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1 INTRODUCTION

ABSTRACT

We present high-precision photometry of eight separate transit events in the HAT-P-32 plan-
etary system. One transit event was observed simultaneously by two telescopes of which one
obtained a simultaneous multiband 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 defocused
photometry technique, we were able to obtain an extremely high-precision, ground-based
transit in the « band (350 nm), with an rms scatter of ~1 mmag. All 11 transits were modelled
using PrRISM and GEMC, and the physical properties of the system calculated. We find the mass
and radius of the host star to be 1.182 &+ 0.041 M@ and 1.225 &£ 0.015 R, respectively. For
the planet, we find a mass of 0.80 & 0.14 My, a radius of 1.807 £ 0.022 Ry, and a density
of 0.126 £ 0.023 pjyp. These values are consistent with those found in the literature. We
also obtain a new orbital ephemeris for the system 7y = BJD/TDB 2454 420.447187(96) +
2.15000800(10) x E. We measured the transmission spectrum of HAT-P-32 A b and compared
it to theoretical transmission spectra. Our results indicate a bimodal cloud particle distribution
consisting of Rayleigh-like haze and grey absorbing cloud particles within the atmosphere of
HAT-P-32 Ab.

Key words: techniques: photometric—planets and satellites: atmospheres —planets and
satellites: gaseous planets —stars: fundamental parameters —stars: individual: HAT-P-32 A —
planetary systems.

of the radial velocity technique (Butler et al. 1996, 1999; Queloz
et al. 2000). The majority of these are small objects discovered by

The number of currently known extrasolar planets exceeds 3600,
while, the total number of known transiting extrasolar planets
(TEPs) exceeds 1400.> The majority of TEPs have been discovered
from ground-based (e.g. SuperWasp: Pollacco et al. 2006; HATNet:
Bakos et al. 2004) or space-based (CoRoT: Baglin et al. 2006; Ke-
pler: Borucki et al. 2010) transit surveys, and later confirmed by use

* E-mail: j.j.tregloan.reed @ gmail.com

I'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/.

© 2017 The Author(s)

Kepler, however, there are difficulties in studying 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 NASATESS satellite (Ricker et al. 2009), we
are entering a new era of planetary transit detection. These new
surveys are expected to find both mini-Neptune and rocky plan-
ets orbiting K-and M-dwarf stars within our solar neighbourhood,
which will be suitable for ground based follow-up observations, es-
pecially those aimed to probe planetary atmospheres. This is a key
step to finding an Earth-like planet elsewhere in the galaxy, as it will
allow for detailed atmospheric studies. At present, due to observa-
tional constraints, the majority of TEPs suitable for in-depth studies
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are hot Jupiters (e.g. WASP-19b: Hellier et al. 2011; WASP-12b:
Sing et al. 2013; WASP-31b: Sing et al. 2015; HAT-P-1 b: 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 at-
mosphere (Seager & Sasselov 2000; Charbonneau et al. 2002),
where measurements of the planetary radius can be made for dif-
ferent wavelengths. The results are then compared to theoretical
model atmospheres (e.g. Irwin et al. 2008; Fortney et al. 2008;
Madhusudhan & Seager 2009), to determine the chemical com-
position of the outer planetary atmosphere. However, this can be
hampered by condensates that can weaken or mask spectral fea-
tures depending on the height of the cloud deck (e.g. Sudarsky,
Burrows & Hubeny 2003; Fortney 2005). Some theoretical mod-
els predict the presence of spectrally active atmospheric con-
stituents such as TiO and VO, which have been considered re-
sponsible for causing temperature inversions (Hubeny, Burrows &
Sudarsky 2003; Fortney et al. 2008, 2010; Burrows et al. 2010).
These spectral signatures can be observed in the optical ultravi-
olet (UV)-blue region (=350-450nm). 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-6b: Nikolov et al. 2015;
WASP-39 b: Nikolov et al. 2016; Fischer et al. 2016).

For highly irradiated planets, the atmosphere at optical wave-
lengths 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 multiband imagers (e.g. GROND, on the MPG 2.2 m tele-
scope, ESO La Silla, Chile, Greiner et al. 2008), it is possible to view
a transit simultaneously in multiple wavelengths. This then allows
variations as small as an atmospheric scale height in the planetary
radius to be observed over the filter full width at half-maximum
(FWHM, for a Cousins R filter, FWHM = 158 nm). Such varia-
tions can arise from Rayleigh scattering, Mie scattering and from
molecular opacities, so are tracers of the atmospheric conditions and
chemical composition (e.g. Southworth et al. 2012, 2015b; Mancini
etal. 2013b,c, 2014; Chen et al. 2014). By using a wide wavelength
range, a broad-band transmission spectrum can be constructed (e.g.
Nikolov et al. 2013).

One of the inherent difficulties in using ground-based simultane-
ous multiband defocused photometry lies in the fact that the amount
of defocusing is optimized for a single filter (for optimal precision
this is normally an r filter). Subsequently, the quality of the transit
data reduces for the other filters. This usually results in a poor qual-
ity 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 Hart-
man et al. (2011) using photometry from the HATNet telescope.
They determined an orbital period of P = 2.15 d for the planet HAT-
P-32 A b. Reconnaissance spectroscopy and RV measurements were
obtained using the Harvard-Smithsonian Center for Astrophysics
(CfA) Digital Speedometer (DS; Latham 1992) on the FLWO 1.5 m
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telescope. Hartman et al. (2011) determined for a circular orbit
that the stellar mass and radius are M, = 1.160 &= 0.041 Mg
and R, = 1.219 £ 0.016 Ry, respectively. They found the plan-
etary mass and radius to be M, = 0.860 * 0.164M;,, and
R, = 1.789 £ 0.025 Ry,,. They mentioned difficulties in precisely
determining the stellar and planetary properties due to high veloc-
ity jitter (*80ms~!). From the spectroscopic data, they determined
a value for the projected stellar rotational velocity (for a circular
orbit) of vsin/ = 20.7 &+ 0.5kms~! and a macroturbulence (V)
value of 4.69 kms™!.

Between 2008 and 2011, Sada et al. (2012) used the FLAMIN-
GOS infrared camera® on the 2.1 m Kitt Peak National Observatory
Telescope to observe 57 transits of 32 known exoplanets, with the
HAT-P-32 planetary system being 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) and Dressing
et al. (2014) conducted an exhaustive adaptive optics imagining
campaign of 15 known TEPs and 189 Kepler Objects of Interests.
During this campaign, they observed HAT-P-32 A and discovered a
faint companion, HAT-P-32 B at a distance of 2.9 arcsec combined
with a magnitude difference of AK; = 3.4 (Adams et al. 2013),
which was just beyond the detection limit of Hartman et al. (2011).

The atmosphere of HAT-P-32 Ab was studied via transit spec-
troscopy (Gibson et al. 2013), using GMOS on the Gemini North
telescope. Two transits were observed and, using differential spec-
trophotometry, a white light curve and 29 spectral light curves were
generated for each transit. From this, Gibson et al. (2013) were able
to produce a transmission spectrum of the atmosphere of HAT-P-
32 Ab covering 520-930 nm. From their work, Gibson et al. (2013)
were able to refine the system parameters further and found the
orbital inclination to be 89.120¢ deg, and the planetary radius and
density to be R, = 179670035 Ry, and p, = 0.18 & 0.04 py, re-
spectively. The examination of the transmission spectrum revealed
a flat spectrum devoid of any broad features larger than one atmo-
spheric 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 variation (TTV)
analysis of the HAT-P-32 planetary system to determine the pres-
ence of a second planetary body orbiting HAT-P-32 A. They ob-
served 45 transits by using several telescopes and in particular, tele-
scopes which are part of the YETI* network (Seeliger et al. 2014).
Using their times of mid-transit and those from the literature, they
refined the orbital ephemeris by 21 ms and found that the data
showed no evidence of a TTV signal above 1.5 min.

Zhao et al. (2014) observed a secondary eclipse of HAT-P-32 Ab
using Spitzer/IRAC at 3.6 and 4.5 pm, and Hale/WIRC in the H
and K, bands. Adaptive optics imaging was performed and HAT-
P-32 A and HAT-P-32 B were visually resolved. The flux ratios of
the binary components were measured in six bands (including »’
and K;) and the effective temperature of HAT-P-32 B was found
to be Ter = 3564 £ 82K, indicating that HAT-P-32 B is an M1.5
dwarf star (Zhao et al. 2014). Due to obtaining secondary eclipse
timing offset data, Zhao et al. (2014) were able to confirm an or-
bital eccentricity of HAT-P-32 A b to be e = 0.00727)07%, which
is consistent with a circular orbit. Zhao et al. (2014) then compared

3 The observations were preformed in the J, H, and JH bands.
4 The Young Exoplanet Transit Initiative (Neuhéuser et al. 2011).
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Table 1. Log of the observations presented for HAT-P-32. N, 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 mid-point of the transit.

Telescope / Date of Start time End time  Ngps Texp Tqeaq  Filter Airmass Moon Moon  Aperture  Scatter
Instrument  first observation uT) (UT) (s) (s) illum.  dist. sizes (px) (mmag)
CAHA 1.23 2011 Aug 24 23:22 04:43 212 40—175 22 R 1.62 — 1.01  0.200 59.9 18,30, 50 3.54
BUSCA 2011 Aug 24 23:28 04:47 129 120 30 u 1.67 — 1.03  0.200 59.9 10, 60, 80 1.08
BUSCA 2011 Aug 24 23:28 04:45 122 120 30 b 1.67 — 1.03  0.200 59.9 15,20, 80 1.04
BUSCA 2011 Aug 24 23:28 04:57 125 120 30 y 1.67 — 1.03  0.200 59.9 15,20, 80 0.97
CAHA 1.23 2011 Oct 04 19:57 02:30 134 80—100 94 R 1.90 — 1.01 0.588 109.4 18,26,50 0.86
CAHA 1.23 2014 Jan 11 19:44 00:28 77 120—150 14 \% 1.03 - 2.05 0.838 38.2  32,42,70 0.65
CAHA 1.23 2014 Aug 31 22:18 04:39 204 100 11 1 1.83 — 1.01 0354 1452 25,35,70 1.09
SPM 0.84 2014 Sept 05 06:12 11:45 218 40 13 R 1.67— 1.04 0.806 108.7 15,35,40 1.61
CAHA 1.23 2014 Oct 24 18:17 00:23 153 120—130 12 \% 2.09 — 1.01 0.010 1459 23,33,60 0.85
Cassini 1.5 2014 Dec 21 16:47 22:32 172 100 21 % 1.20 - 1.00 0.003 127.2 20,28,50 0.55
CAHA 1.23 2015 Aug 25 22:55 04:12 181  85—100 11 1 1.78 - 1.01 0.821 115.0 25,35,45 0.66

their secondary eclipse depths with theoretical model atmospheres
(e.g. Fortney et al. 2008). Their analysis showed that the data either
matched a temperature inversion caused by a high-altitude absorber
within the atmosphere of HAT-P-32 Ab combined with an ineffi-
cient heat redistribution from the dayside to the nightside of the
planet, or alternatively a blackbody model with 7, = 2042 + 50 K.

More recently in 2016, three studies into the atmosphere of HAT-
P-32 Ab were conducted (Mallonn & Strassmeier 2016; Mallonn
et al. 2016; Nortmann et al. 2016). These studies utilized tran-
sit spectroscopy using the Large Binocular Telescope (Mallonn &
Strassmeier 2016) and the 10.4m GTC (Nortmann et al. 2016).
The third study used transit photometry from 21 new transit light
curves combined with 36 previously published light curves to ex-
amine changes in the planetary radius from the near-UV to the
near-infrared (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 opti-
cal passbands, for which three passbands were chosen: Stromgren
u, b, and 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 Stromgren filters were /-band
filters (e.g. the Cousins I filter), 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 arcsec pixel™!
and a field of view of 12 x 12arcmin, and were operated with
2 x 2 binning. The instrument was defocused and the telescope was
autoguided throughout the observations. Due to the same transit
being observed in a Cousins R filter on the CAHA 1.23 m, it was
decided to select filters to give observations in the optical-UV-blue
spectrum. With known difficulties in obtaining precise light curves
in the optical-UV from simultaneous multiband photometry (e.g.
Southworth et al. 2012, 2015b), the amount of defocusing used was
calibrated in the Stromgren b passband, to optimize the precision of
the light curves from all three Stromgren 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
~1 mmag per point (see Table 1). In particular, the precision in
the resulting u#-band light curve is a major improvement (rms scat-
ter: 1.08 mmag) on previous u-band light curves from simultane-
ous multiband photometry (e.g. rms scatter: 3.46 mmag: South-
worth et al. 2015b; 2.37 mmag: Mancini et al. 2013a; 3.55 mmag &
2.88 mmag: Ciceri et al. 2015).

2.2 CAHA 1.23m telescope observations

Six transits of the HAT-P-32 planetary system were observed using
the CAHA 1.23m telescope, Calar Alto, Spain. The CCD detec-
tor has a plate scale 0.32arcsec pixel™' and a field of view of
21.5arcmin x 21.5 arcmin. Two transits were observed using the
Johnson V filter (V1:2014 January 11 and V2:2014 October 24),
two in the Cousins R filter (R1: 2011 August 24 and R2:2011 Oc-
tober 04) and two in the Cousins I filter (I1: 2014 August 31 and
12: 2015 August 25). All six transits were observed by defocusing
the telescope and the telescope was autoguided throughout the ob-
servations. The two Johnson V transits were only partially covered,
due to an ephemeris error (V1) and scheduling requirements (V2).

The transit I1 proved to be a poor fit. The initial modelling result
disagreed with the 1o 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 second transit model: JKTEBOP (see
Southworth 2008, for more details). Because the results from both
models agreed within their 1o 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
December 21 using BFOSC on the Cassini 1.5 m telescope, Loiano
Observatory, Italy, using a Johnson V filter (labelled V3). The
BFOSC focal-reducing imager has a plate scale 0.58 arcsec pixel .
The telescope was defocused to allow exposure times of 100s 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 (0.55 mmag) of the transit light curves presented
in this work.

MNRAS 474, 5485-5499 (2018)
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2.4 San Pedro Martir 0.84 m telescope observation

A transit of the HAT-P-32 planetary system was observed on 2014
September 05 using the San Pedro Martir (SPM) 0.84 m telescope,
Baja California, Mexico, using a Bessell R filter (labelled R3).
The telescope was moderately defocused to allow exposure times
of 40's and the pointing of the telescope was maintained through-
out the night using the autoguider. The transit light curve was ob-
tained as part of The SPM 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 L
implementation of paoPHOT (Stetson 1987), and the aperture sizes
were adjusted manually on a reference image to obtain the best rms
scatter for the out-of-transit data (see Table 1). A first-order polyno-
mial was then fitted to the outside-transit data whilst simultaneously
optimizing the weights of the comparison stars. Both master bias,
sky 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 science light curves. The resulting data have scat-
ters 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
BID/TDB. An observing log is given in Table 1.

3 UPDATES TO PRISM AND GEMC

The analysis of the transit light curves presented in this work was
conducted by using prisMm (Planetary Retrospective Integrated Star-
spot Model)’ alongside with the optimization algorithm Gemc (Ge-
netic Evolution Markov Chain) (see Tregloan-Reed, Southworth &
Tappert 2013; Tregloan-Reed et al. 2015). The codes are written in
L® (Interactive Data Language) and were developed to model the
transit, limb darkening (LD), and starspots on the stellar disc simul-
taneously. The LD was implemented using the standard quadratic
law. prisM uses a pixellation approach to represent the star and planet
on a two-dimensional array in Cartesian coordinates. Six parame-
ters are used to model the transit: the ratio between the planetary
and stellar radii, the sum of the fractional radii,’ 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 colatitude 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 (/) of the starspot and the
surrounding photosphere, pspot = Ispot/Iphoto)-

GEMC was created in conjunction to PRISM to improve the efficiency
of finding a global solution in a complex multivariate parameter
space compared to conventional MCMC algorithms (Tregloan-Reed
etal. 2013, 2015). gemc is a hybrid between an MCMC and a genetic
algorithm® and is based on the Differential Evolution Markov Chain

3 The latest versions of both prisM and GEmc are directly available from the
author via email.

SFor further details, see http://www.harrisgeospatial.com/Productsand
Technology/Software/IDL.aspx.

7 Where the fractional stellar and planetary radii are defined as the absolute
radii scaled by the semimajor axis (r,p = Rup/a).

8 A genetic algorithm mimics biological processes by spawning successive
generations of solutions based on breeding and mutation operators from the
previous generation.
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(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 parameter
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 made to
PRISM to aid in the analysis of the HAT-P-32 planetary system light
curves. To take into account the blended M-dwarf companion, HAT-
P-32 B, a third light ratio parameter was added. A Gaussian prior
is used in fitting the third light ratio, to limit the sampled solutions
to a Gaussian probability distribution centred around a known flux
ratio. The flux ratios used in this work and how they were calculated
are given in Section4.1.

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 (F;), by adding an Mth-order polynomial (evaluated at
the model point) to the original flux () of the model point:

M
FizF()"_Zcu(-xi_xp)n ey

n=1

where x, is the selected pivot point, x; is the model points, and
¢y 1s the corresponding nth-order coefficient. For a data set which
has already been detrended by an Mth-order polynomial, the optimal
solutions for the M detrending coefficients will be zero (e.g. ¢, = 0),
and so, there will be no net change in flux (i.e. F; = Fy).

4 DATA ANALYSIS

All 11 transits of HAT-P-32 were modelled using prismM and GEMC
(see Table 2, and Figs 1 and 2). This was accomplished by selecting
a large parameter search space to allow the global best-fitting solu-
tion 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 detrending 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 (w) were set to zero and not fitted.

For the two incomplete transits V1 and V2, the sum of the frac-
tional radii was fixed to the value found by Gibson et al. (2013):
0.1890, this was done to maintain homogeneity with the results from
the planetary radius variations (see Section 5), while, also agreeing
within the 1o uncertainties with the remaining data sets.
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Table 2. Derived photometric parameters from each light curve using Gemc. Incomplete transits (denoted by *) were fitted keeping the sum of the
fractional radii fixed to a value of 0.1890 in keeping with the results from (Gibson et al. 2013).

Date Label Filter Radius Sum of Orbital inclination Transit epoch

ratio fractional radii (deg) (BJD/TDB)
2011 Aug 24 Rl R 0.1479 £ 0.0031 0.1918 + 0.0070 89.25 + 1.37 2455798.60255 + 0.00051
2011 Aug 24 Ul u 0.1505 £ 0.0019 0.1931 £ 0.0027 89.19 + 0.88 2455798.60246 + 0.00024
2011 Aug 24 Bl b 0.1537 £ 0.0015 0.1903 + 0.0024 88.81 + 0.83 2455798.60239 + 0.00020
2011 Aug 24 Y1 y 0.1510 £ 0.0013 0.1904 £ 0.0025 88.32 £+ 0.86 2455798.60223 £ 0.00020
2011 Oct 04 R2 R 0.1512 £ 0.0013 0.1906 + 0.0023 88.69 + 0.85 2455839.45261 £ 0.00017
2014 Jan 11 Vi \Y 0.1502 £ 0.0014 0.1890* 89.34 £ 0.56 2456669.35548 £ 0.00037
2014 Aug 31 11 I 0.1553 £ 0.0017 0.2021 + 0.0034 86.55 + 1.10 2456901.55634 £ 0.00016
2014 Sept 05 R3 R 0.1529 + 0.0014 0.1877 £ 0.0019 89.08 + 0.88 2456905.85649 £ 0.00022
2014 Oct 24 V2 \% 0.1578 £ 0.0012 0.1890* 89.57 £ 0.63 2456955.30654 £ 0.00043
2014 Dec 21 V3 \Y 0.1515 £ 0.0008 0.1901 £ 0.0004 88.94 + 043 2457013.35687 £ 0.00008
2015 Aug 25 12 I 0.1512 £ 0.0007 0.1892 + 0.0009 88.60 £ 0.50 2457260.60777 £ 0.00010
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Figure 1. Transit light curves, best-fitting models, and the residuals of
HAT-P-32 from BUSCA. The best fits are shown where purple, blue, and
gold represent the Stromgren u, b, and y bands, respectively. The residuals
are displayed at the base of the figure.

4.1 Third light ratios

Due to the blended M-dwarf companion (HAT-P-32 B) within the
HAT-P-32 defocused point spread function (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 » and K 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 extrapolation to the passbands needed in this
work. For the analysis, we took the Stromgren filter profiles from
the Calar Alto observatory.’. The profiles from Bessell & Murphy
(2012) were used for the V, R, and I passbands as these are by design
an approximation and improvement of the Johnson V, Cousins R,
and I filter profiles. From this analysis, we determined the third
light ratios (see Table 3) needed for the different passbands used
to observe the transits in this work. All the light ratios are below
the 1 per cent flux contamination level. We then used the respective
passband light ratios in prisM and GEMC to model (see Section 3) the
11 transits presented in this work.

4.2 Photometric results

The photometric parameters for the HAT-P-32 system are given in
Table 2. The weighted means of the system parameters and with
their 1o uncertainties together with their comparisons to published
values are given in Table 4. The combined photometric results show
excellent agreement with previous published results. Figs 1 and 2
compare the light curves to the best-fitting models, including the
residuals.

The available times of mid-transit for HAT-P-32 were collected
(see Table 5) from the literature (Hartman et al. 2011; Sada
et al. 2012; Gibson et al. 2013; Seeliger et al. 2014; Mallonn &
Strassmeier 2016; Nortmann et al. 2016). The value used from
Mallonn & Strassmeier (2016) was calculated as the weighted mean
between the independently fitted blue and red values. All timings
were converted to the BID/TDB time-scale and used to obtain an
improved orbital ephemeris:

To = BID/TDB 2454 420.447187(96) + 2.15000800(10) x E

where E represents the cycle count with respect to the reference
epoch and the bracketed quantities represent the uncertainty in the
final two digits of the preceding number. Fig. 3 and Table 5 show

9 See https://www.caha.es/guijarro/BUSCA/caracter.html.

MNRAS 474, 5485-5499 (2018)

020Z 1890190 Z0 U0 Jasn (BAOpEd Ip 0JIWIOUO.]SY OLI01BAIaSSQ) BAOPEd JYNI AQ 91650/ 1/S8YS/v/ . b/eloIle/seluw/wod dno-olwapeoe//:sdiy Wwol) papeojumo(]


https://www.caha.es/guijarro/BUSCA/caracter.html

5490  J. Tregloan-Reed et al.

AL s s s e e L e e e e e IR e e e
1.00 2014/01/11 CAHA 1.23m 1.00
L [ 2014/08/31 CAHA 1.23m
[ 2014/10/24 CAHA 1.23m [2015/08/25
0.95r b 0.95r 1
x x x
=) = 3
el O el
[0} [0 [0}
Ry 0 0
o L 2014/12/21 Loiano 1.5m 5 5
£ £ £
o) 9] 9]
z =z z
0.90r b 0.90r b
P At e
E— U L e Ot
0.85 Lan o e o e 0.85r b
Lo v b v o | oo b e e b oo b e e b
-0.10 -0.05 0.00 0.05 0.10 -0.05 0.00 0.05 -0.05 0.00 0.05
Phase Phase Phase

Figure 2. Transit light curves, best-fitting models, and the residuals of HAT-P-32 for the eight transit light curves observed using the CAHA 1.23 m, SPM
0.84 cm, and Cassini 1.5 m telescopes. Left: the three transits observed using a Johnson V filter. Middle: three transits observed using the Cousins R and Bessell
R filters. Right: two transits observed using a Cousins I filter. The dates of the observations are on the left-hand side of each transit, and the telescope used is

on the right-hand side of each transit.

Table 3. Extrapolated third light ratios for the passbands
used in the modelling of the HAT-P-32 transit light curves.

Passband Third light ratio

0.00036 + 0.00014
0.00114 £ 0.00058

Stromgren u
Stromgren b

Stromgren y 0.00213 £ 0.00088
Johnson V 0.00212 £ 0.00084
Cousins R 0.00354 £ 0.00132
Bessell R 0.00354 £ 0.00132
Cousins I 0.00714 £ 0.00154

Table 4. Combined photometric parameters for HAT-P-32, compared to
the values found by Hartman et al. (2011, H11), Sada et al. (2012, S12),
Gibsonetal. (2013, G13), Seeligeretal. (2014, S14), Mallonn & Strassmeier
(2016) blue (M16B), red (M16R), and Nortmann et al. (2016, N16). The
photometric parameters are the weighted means from the data sets, which,
have measured uncertainties.

p/Ts re +1p i

This work  0.1515£0.0004  0.1902 £ 0.0003  88.98 +0.21
HI1 0.1508 + 0.0004  0.1902 % 0.0005 88.9 +0.4
S12 0.1531 + 0.0012  0.1928 & 0.0029 88.1671 0
G13 0.1515 £ 0.0012  0.1890 % 0.0015 89.12705¢
S14 0.1510 + 0.0004  0.1901 + 0.0005*  88.92 +0.10
M16B 0.1515 & 0.0012  0.1904 & 0.0030  88.61 +0.84
MI6R 0.1505 + 0.0005  0.1903 & 0.0018*  88.56 % 0.57

0.0009 0.0018 0.58
Nle 0.1516 5 600 0188175 6007 * 89.3374%0

Note. “The sum of the fractional radii from the literature was calculated
using the respective values for R, /R, and a/R,.
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the residuals of these times against the ephemeris. The overall fit of
the times of mid-transit are in agreement with a linear ephemeris by
1.60, which, indicate that the results show no evidence for TTVs.
When the two major outliers, at 7.60 (56245.80345: Mallonn &
Strassmeier 2016) and 4.90 (55843.75341: Sada et al. 2012), are
removed from the analysis the overall fit improves to 0.90.

The times of mid-transit from Seeliger et al. (2014) were taken
from the 20 ‘good’ transits presented in their work. However, the
transit they obtained on 2013 January 04 was not used in this analysis
due to the reported mid-transit time not agreeing with the reported
date.

4.3 Physical properties of the HAT-P-32 planetary system

We used the same approach'® as described by Tregloan-Reed et al.
(2015), in that we used the photometric properties of HAT-P-32 to
determine the physical characteristics. The analysis used a set of
parameters which were obtained from the analysed light curves and
previously published spectra, plus tabulated predictions of theoret-
ical models. We adopted the values of i, r,,/r,, and r, + r, from
Table 4, while, the orbital velocity amplitude K, = 110 & 16 m s!,
the stellar effective temperature 7o = 6269 £+ 64 K, and metal
abundance [%} = —0.04 4+ 0.08 from Zhao et al. (2014).

The standard formulae and the physical constants listed by South-
worth (2011) were used in conjunction with a starting value of K, to
calculate the physical properties of the system. The stellar expected
T.ir and radius was determined through interpolating the mass and
[%] of the star within a set of tabulated predictions from theoret-
ical stellar models. At each iteration, K|, was refined until the best

agreement was found between the expected and observed Tes, and

10 For a detailed discussion on the methodology used in the analysis, see
Southworth (2009).
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Table 5. Times of minimum light of HAT-P-32 and their residuals versus
the ephemeris derived in this work.

Time of minimum Cycle Residual Reference
(BJD/TDB — 2400000) number (BJD)

54420.44712 0.00009 0.0 —0.00007 1
55798.60255 0.00051 641.0 0.00023 7
55798.60246 0.00024 641.0 0.00014 7
55798.60239 0.00020 641.0 0.00007 7
55798.60223 0.00020 641.0 —0.00009 7
55839.45261 0.00017 660.0 0.00014 7
55843.75341 0.00019 662.0 0.00092 2
55845.90287 0.00024 663.0 0.00038 2
55845.90314 0.00040 663.0 0.00065 2
55867.40301 0.00073 673.0 0.00044 4
55880.30267 0.00033 679.0 0.00005 4
55895.35297 0.00016 686.0 0.00029 4
55895.35249 0.00080 686.0 —0.00019 4
55897.50328 0.00033 687.0 0.00059 4
55910.40274 0.00043 693.0 0.00001 4
55923.30295 0.00031 699.0 0.00017 4
55942.65287 0.00064 708.0 0.00002 4
56155.50385 0.00026 807.0 0.00020 4
56157.65470 0.00072 808.0 0.00105 4
56177.00392 0.00025 817.0 0.00020 3
56183.45364 0.00085 820.0 —0.00011 4
56183.45361 0.00049 820.0 —0.00014 4
56185.60375 0.00033 821.0 —0.00001 4
56185.60379 0.00011 821.0 0.00003 6
56211.40361 0.00056 833.0 —0.00024 4
56220.00440 0.00019 837.0 0.00051 3
56245.80345 0.00007 849.0 —0.00053 5
56254.40404 0.00022 853.0 0.00003 4
56542.50538 0.00032 987.0 0.00029 4
56542.50530 0.00018 987.0 0.00021 4
56542.50522 0.00052 987.0 0.00013 4
56572.60532 0.00018 1001.0 0.00012 4
56598.40539 0.00017 1013.0 0.00009 4
56600.55546 0.00017 1014.0 0.00016 4
56628.50585 0.00031 1027.0 0.00044 4
56656.45533 0.00045 1040.0 —0.00018 4
56669.35548 0.00037 1046.0 —0.00008 7
56901.55634 0.00016 1154.0 —0.00008 7
56905.85649 0.00022 1156.0 0.00005 7
56955.30654 0.00043 1179.0 —0.00008 7
57013.35687 0.00008 1206.0 0.00003 7
57260.60777 0.00010 1321.0 0.00001 7

References: (1) Hartman et al. (2011); (2) Sada et al. (2012); (3) Gibson
et al. (2013); (4) Seeliger et al. (2014); (5) Mallonn & Strassmeier (2016);
(6) Nortmann et al. (2016); (7) This Work.
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Table 6. Physical properties of the HAT-P-32 system. Where two error
bars are given, the first is the statistical uncertainty and the second is the
systematic uncertainty. The values found by Hartman et al. (2011, H11) are
given for comparison.

Parameter This work HI11

Ma (M) 1.182 £ 0.041 +£ 0.026 1.160 £ 0.041
Ra (R@) 1.225 + 0.015 =+ 0.009 1.2194£0.016
log g (cgs) 4.3349 % 0.0054 + 0.0032 4.33£0.01
pa (PQ) 0.6435 =+ 0.0032

My (Myyp) 0.80 + 0.14 + 0.01 0.86+0.164
R (Ryyp) 1.807 + 0.022 £ 0.013 1.789£0.025
g (ms™2) 6.0+ 11 6.6717
b (Piup) 0.126 % 0.023 % 0.001 0.143£0.030
7 (K) 1801 + 18 1786 26
) 0.0256 % 0.0046 £ 0.0002 0.028 £0.005
a (au) 0.03448 = 0.00041 = 0.00025 0.0343 £ 0.0004
Age (Gyr) 2.2+07%02 27408

the expected % and measured r,. This was performed from the
zero age to the terminal-age main sequence, in steps of 0.01 Gyr.
This approach then yielded the estimates of the system physical
parameters and the evolutionary age of the star.

Due to the differing agreements and systematic errors between
various theoretical stellar models, this methodology was repeated
separately using five different sets of stellar theoretical models (see
Southworth 2010), and the Gaussian distribution of the parameter
output values was used to determine the systematic error. A pertur-
bation algorithm was then used to propagate the statistical errors
(see Southworth 2010).

The final results of this process are in agreement with themselves
and are in excellent agreement with published results for HAT-P-32
(see Table 6). The final physical properties are given in Table 6
and contains the individual statistical and systematic error bars for
the parameters which have a dependency on the theoretical models.
The largest of the five statistical error bars from the five theoretical
stellar models, is used for the final statistical error bar, for each
parameter. The same is true for the systematic error bar which is
calculated from the standard deviation (1o) of the parameter values.

5 VARIATION OF PLANETARY RADIUS WITH
WAVELENGTH

The 11 data sets of the HAT-P-32 planetary system presented in this
work were obtained using seven different passbands. One data set
was observed simultaneously in three passbands (Stromgren u, b,
and y from BUSCA), and the other eight were observed using John-
son V, Bessell R, and Cousins R and I passbands (from the CAHA
1.23m, SPM 0.84 m, and Cassini 1.5 m telescopes). Due to this,
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Figure 3. Residuals of the available times of mid-transit versus the orbital ephemeris found for HAT-P-32.
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Table 7. Values of r;, and R, for each light curve. The uncertainties exclude all common uncertainties in r, and R}, and so, should only be used to
compare different values of r,(1) and R, (1). The final column gives the uncertainty in R, in units of the atmospheric scale height, H.

Telescope/ Label Passband Acen FWHM Tp R, o(H)
Instrument (nm) (nm) (Ryup)

BUSCA Ul Stromgren u 350 30 0.02513 £ 0.00008 1.850 £ 0.006 0.39
BUSCA Bl Stromgren b 467 18 0.02497 £ 0.00007 1.838 £ 0.005 0.35
BUSCA Y1 Stromgren y 547 23 0.02486 £+ 0.00007 1.830 £ 0.005 0.36
CAHA 1.23m Vi Johnson V 544.8 84 0.02496 £ 0.00007 1.837 £ 0.005 0.33
CAHA 1.23m V2 Johnson V 544.8 84 0.02592 £+ 0.00009 1.908 £ 0.007 0.43
Cassini 1.5m V3 Johnson V 544.8 84 0.02489 £ 0.00005 1.832 £ 0.004 0.23
CAHA 1.23m R1 Cousins R 640.7 158 0.02423 £+ 0.00041 1.784 £ 0.030 1.96
CAHA 1.23m R2 Cousins R 640.7 158 0.02468 4 0.00007 1.816 £ 0.005 0.33
SPM 0.84 m R3 Bessell R 630 118 0.02506 £+ 0.00009 1.845 £ 0.006 0.42
CAHA 1.23m 12 Cousins T 798 154 0.02491 £ 0.00006 1.834 £ 0.004 0.27

it is only natural to search for possible variations in the planetary
radius in these passbands. For this, we follow the same procedure
of Southworth et al. (2015b), in that we refit the light curves with all
the parameters fixed, except for k, T}, and the detrending polyno-
mial coefficients. We keep T fixed for the two incomplete transits
(V1 and V2). As mentioned in Section 2.2, the I1 transit was not
used in this analysis, so only 10 data sets were used.

The fractional planetary radius, 7, is represented in our modelling
of the light curves by the parameter k, which is directly linked to
the primary observable: the transit depth. The parameter which is
directly comparable to theoretical predictions is the absolute plan-
etary radius (R,). In prism, the fractional radii are used,!! so a
transformation using the semimajor axis, a is required to find R,
from r,: Ry = a - r,. However, a (and its associated uncertainty) is
an absolute property of the system and therefore will be the same,
irrespective of which passband is used to observe a transit. Refitting
the light curves by using a fixed a allows to find a set of Ry, values
and uncertainties which are directly comparable to each other (see
Table 7).

Our 10 planetary radius measurements cover the optical wave-
length range from 350 to 798 nm. In order to increase the scope
of our analysis, we include the results from Gibson et al. (2013)
(520-930 nm). To obtain a direct comparison between the two sets
of results, we fixed the fractional stellar radius and the orbital incli-
nation to the values found by Gibson et al. (2013), when we refitted
the light curves. This was made possible due to the fact that our
results for these two parameters are in agreement to the values from
Gibson et al. (2013) (see Table 4).

Figs 4 and 5 show the transformed R, values as a function of the
central wavelength of the passband from the analysis. The FWHM of
each passband is shown as a horizontal line for reference. The fitted
parameter r;, and the passband characteristics are given in Table 7
together with the uncertainties in R, given in units of pressure scale
height, H. We calculated H using the planetary equilibrium tem-
perature, 1801 £ 18 K (see Table 6) and found an agreement with
the approximation (H ~ 1100km) given by Gibson et al. (2013),
with H = 1070 £ 170 km. The relative uncertainties for 90 per cent
of our measured radii of HAT-P-32 A b are smaller than one atmo-
spheric pressure scale height. This indicates that our measurements
are sensitive to radius variations at the 1 H level. Our data therefore,
are in principle, sensitive to the properties of the atmosphere of
HAT-P-32 Ab.

' The fractional radii share a correlation with the other photometric param-
eters (see Southworth 2008).
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By examining Table 7, it can be seen that the refitted planetary
radius from data set V2 is larger than expected (considering the
values from the remaining Johnson V passbands). As this is one
of the partial transits, the anomalous result can be explained as an
artefact from the data reduction stage. We therefore did not use
the R, from this transit in the comparison to the theoretical model
spectra. The transit observed with the Cousins R filter on the CAHA
1.23 m telescope, R1 appears to be shallower than expected. This
smaller radius can be accounted for by the poor quality of the light
curve, due to the contribution of systematics and the small amount
of defocus used. We therefore used the weighted mean of R, from
the two observed transits in the Cousins R filter (R1 and R2) for our
comparisons to the theoretical model spectra.

5.1 Theoretical transmission model spectra

We initially compared our planetary radius measurements to 15
theoretical transmission spectra which, were generated'> by the
model atmosphere code of Molliere et al. (2015, 2017). petit-
CODE (Molliere et al. 2015, 2017) is a model which calculates
exoplanet atmospheric structures in radiative—convective equilib-
rium, including absorption and scattering processes, and the self-
consistent treatment of clouds. As an output, the code returns the
planet’s emission and transmission spectra. For the model cal-
culations presented here, a two-pronged approach for generating
cloudy spectra was followed: (i) using the planet—star system pa-
rameters (host star temperature and radius, planet’s semimajor axis,
radius, and mass), and assuming a fiducial atmospheric enrichment
of [Fe/H] = 0.55, we calculated self-consistent clear and cloudy
structures and spectra for HAT-P-32 A b. For these calculations, the
cloud model parameter choice as defined in Molliere et al. (2017,
table 2) was used, while the atmospheric enrichment was chosen
following the method described in section 4.1 of Molliere et al.
(2017). (ii) In addition to these spectra with a self-consistent cloud
treatment, we also considered the standard approach (see e.g. Sing
et al. 2016) to take our fiducial cloud-free atmospheric structure of
this planet, and adding a grey cloud deck and/or a Rayleigh scat-
tering haze, the latter of which was included by scaling the H,/He
Rayleigh cross-sections by a given factor.

Cloud modelling following approach (i): in the self-consistent
cloud calculations, the particle opacities for the clouds are

12 Three additional transmission spectra were generated as variations of a
bimodal cloud particle distribution by altering different atmospheric model
parameters.
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determined from either Mie theory or the distribution of hollow
spheres (DHS) approach (Min, Hovenier & de Koter 2005). Mie
theory uses the classical assumption of spherically homogeneous
grains. DHS uses a distribution of hollow spheres to determine the
optical properties of irregularly shaped dust aggregates. The model
assumes zero interaction between the different chemical species of
clouds. The different species considered are MgAl,O4, Mg,SiO4,
Fe, KCl, and Na,S (Molliere et al. 2017).

The 15 theoretical transmission spectra generated and used in
this work span a range of different atmospheric model parameters:
metal enrichment, C/O number ratio, TiO/VO opacity, cloud particle
settling parameter, cloud mass fractions, cloud deck pressures, and
Rayleigh haze scaling factors.!® The first theoretical transmission
spectrum which was generated, represents a clear cloudless model
using a scaled solar metal enrichment level ([%] = 0.55) com-
bined with a solar C/O number ratio. TiO/VO opacity was not added.
This spectrum can be considered as the ‘base’ spectrum in this work.
Five more base transmission spectra were generated with the fol-
lowing variations: an order of magnitude increase and decrease in
the metal enrichment (e.g. [%} = —0.45 and [%] =1.55), and a
doubling and halving of the C/O number ratio. TiO/VO opacity was
added to the fifth base transmission spectrum.

Cloud opacity was added to a further six generated base transmis-
sion spectra. The cloud opacity was treated using the self-consistent
coupling (SCC) method as described by Molliere et al. (2017). One
of the cloud transmission spectra used the Ackerman & Marley
(2001, AO1) cloud model to allow the coupling between the effects
of clouds with the atmospheric temperature iteration. It should be
noted that for this work the implementation of the Ackerman &
Marley (2001) model differs from the original, by accounting for
the vertical mixing induced by insolation and setting the radiative
layer mixing length equal to the atmospheric pressure scale height
(see Molliere et al. 2017). For this, transmission spectrum DHS was
used to describe the cloud particles with the cloud particle settling
parameter set to: fieg = 1, which is the ratio between the mass-
averaged grain settling velocity and the atmospheric mixing veloc-
ity (Molliere et al. 2017). It was found by Molliere et al. (2017) that
it is only possible to replicate a steep Rayleigh slope in the optical,
if small cloud particles (*0.06—0.12 um) are placed into the atmo-
sphere at high layers. Therefore, the other five base cloudy trans-
mission spectra using the SCC method used a parametrized cloud
model, corresponding to vertically homogeneous clouds, however,
not larger than a given maximum value, which is a simple way of
treating settling, and used a mono-disperse particle size of 0.08 pm.
The first spectrum used Mie theory (homogeneous spherical grains)
to describe the cloud particles and used a parametrized cloud model
with a maximum cloud mass fraction within the atmosphere set to:
Xmax = 3 x 107* - Zp (where Zp; is the atmospheric metal mass
fraction). Three spectra were generated using DHS to describe the
cloud particles but each had a different maximum cloud mass frac-
tion: Xpax = 1072 . Zp1, 3 X 107 - Zp, and 3 x 1073 . Zpi. The
final base cloudy transmission spectrum generated using the SCC
method had a maximum cloud mass fraction of X = 3 x 107#
- Zp1, however, Fe opacity was added to the clouds. This has the

13 As written above, in the calculations in which the clouds are not included
in a self-consistent fashion, the use of a Rayleigh scattering haze does
not stem from Hy/He, however, it is how the haze is implemented: small
particle clouds (i.e. hazes) with particle sizes smaller than the observation
wavelength, lead to a Rayleigh scattering signal. But as the cloud species
are unknown, the H,/He cross-sections are scaled, to mimic the haze.
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effect of dampening any Rayleigh scattering in the optical due to
the strong absorbing nature of Fe in the optical (Molliere et al. 2017).

Cloud modelling following approach (ii): three theoretical trans-
mission spectra were generated by using the cloudless self-
consistent atmospheric structures, obtained as described above, and
then adding cloud opacity only for the spectral calculations. The
properties of the added cloud opacity are determined from the cloud
pressure deck and a Rayleigh haze scaling factor. Each of the three
transmission spectra had a metal enrichment level: [%} =0.55
combined with a solar C/O number ratio. One of the spectra had a
cloud pressure deck set at 0.001 bar. For the second transmission
spectrum, a Rayleigh haze scaling factor of 100 was used with an
omitted cloud pressure deck. The final transmission spectrum had
both a 0.001 bar cloud pressure deck and an added Rayleigh haze

scaling factor of 100.

5.2 Fitted theoretical transmission spectra results

We fitted the radial offset of each model spectrum to the planetary
radius measurements via an MCMC algorithm and determined the
reduced chi squared, x2 between all the theoretical transmission
spectra and the planetary radius measurements, whilst taking into
account the FWHM of each passband.

2 x

A P—

@

where x? is the chi-squared value, 7 is the total number of data
points, 6 is the number of fitted model parameters, and so, (n — 6)
is the number of degrees of freedom.'*

The x2 results from fitting the 15 theoretical transmission spectra
to the planetary radius measurements are presented in Table 8.

Fig. 4 shows the comparison between the best fit of four of
the theoretical transmission spectra and the planetary radius mea-
surements. The two upper panels of Fig. 4 show two of the clear
cloudless transmission spectra: the base transmission spectrum and
the transmission spectrum with added TiO/VO opacity. The two
bottom panels of Fig. 4 show two of the cloud spectra which were
generated using the SCC method: the AO1 cloud model (Acker-
man & Marley 2001) and the cloud spectrum generated using DHS
to describe the cloud particles and using a maximum cloud mass
fraction, Xpax = 3 x 107 - Zpy.

Fig. 5 shows the comparison between the best fit of four of the
theoretical transmission spectra with added cloud opacity;!® and
with that of the planetary radius measurements. The two upper
panels of Fig. 5 show two transmission spectra: a spectrum with
an added cloud pressure deck set at 0.001 bar and the transmission
spectrum with an added Rayleigh haze scaling factor of 100. The
two bottom panels of Fig. 5 show two transmission spectra where a
bimodal cloud opacity was added.

The best-fitting theoretical transmission spectrum to the planetary
radius measurements (in Table 8) is the base spectrum with clouds
from the cloud approach (i), generated using the AO1 cloud model
(x2 = 1.4). Equally in agreement though, at x> = 1.4, is the fitted
spectrum generated with approach (ii), i.e. a model with a metal
enrichment of [E] = 0.55, an added cloud opacity using a cloud

H
pressure deck of 0.001 bar, and a Rayleigh haze scaling factor of

14 The number of degrees of freedom (dof) used in this work was dof = 36.
I3 Three of these spectra can be found in Table 8. The bottom right panel
of Fig. 5 shows a spectrum with an added bimodal cloud opacity generated,
using an alternate set of parameters (see Section 5.3).

MNRAS 474, 5485-5499 (2018)

020Z 1890190 Z0 U0 Jasn (BAOpEd Ip 0JIWIOUO.]SY OLI01BAIaSSQ) BAOPEd JYNI AQ 91650/ 1/S8YS/v/ . b/eloIle/seluw/wod dno-olwapeoe//:sdiy Wwol) papeojumo(]



5494 J. Tregloan-Reed et al.

Clear base spectra
, .

VOZET TR Y N P ' ] 1.
L 2 4 9 4
1.90 : - 1.
1.88F - 1.
- E 1 a
2 1.86 -1 2 .
53 r 1 &
& 1.84 ?,J)\ 1 e 1.
1.82F - 1.
1.80F 3 1.
1.78E . . . . . . ] 1
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
AO1 cloud model DHS Xpee = 3x107° « Z,
.92 TRy /N ' i ' ] 1.92F77 TRy /T ' P ' ]
F =14 4 F 2 =2.3 4
1.90F X - 1.90F Xv =< -
1.88F 3 1.88F
a £ 173 £
5 1.86F 4 5 1.86F
& F I T = L I{ 1 & E
g 184 B ] | . 1 o 1.84F
@ F —_ q = F
1.82F t 1 W = 1.82F
1.80F I T | - 1.80F I
1.78E . L . . . . ] 1.78E .
300 400 500 600 700 800 300 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 4. Measurements of the planetary radius compared to predicted theoretical model atmospheres from the pet i tCODE Molliere et al. (2015, 2017).
The data points show the measured R, from each light curve, where the vertical error bars represent the relative uncertainty in R}, and 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 Xf for each model spectrum.
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Figure 5. Measurements of the planetary radius compared to predicted theoretical model atmospheres from the petitCODE Molliere et al. (2015, 2017).
The data points show the measured R, from each light curve where, the vertical error bars represent the relative uncertainty in R, 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 X\% for each model spectra.
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Table 8. Best-fitting statistics for the theoretical transmission spectra and
the planetary radius measurements. The theoretical transmission spectra are
split into three distinct groups; cloudless clear spectra, cloudy spectra using
the SCC method, and cloudy spectra by adding cloud opacity. The two
best-fitting spectra are highlighted in bold.

Model spectra Best fit BUSCA agreement
(x) (@)
Cloudless clear spectra
Base 4.9 3.0
TiO/VO 21.6 7.3
[Fe/H] = 1.55 4.5 39
[Fe/H] = —0.45 4.5 1.5
Twice solar C/O ratio 5.6 2.8
Half solar C/O ratio 4.9 33
SCC cloud spectra
AO01 cloud model 14 0.94
Mie cloud particles® 1.6 0.63
DHS Xppax = 1072 - Zp) 1.7 1.2
DHS Xpax =3 x 1074 . Zp, 1.8 1.3
DHS Xpax =3 x 107 - Zp 2.3 0.46
DHS Fe clouds” 2.1 1.4
Added cloud opacity
Cloud only 2.1 1.6
Haze only 22 1.2
Cloud and haze 14 0.19

Note. “The Mie and DHS Fe cloud models have an Xmax = 3 X 10~% - Zpy,
see Molliere et al. (2017, table 2). In addition, the DHS Fe clouds model
also has all the other cloud species in it, but with the addition of Fe, while
the nominal DHS/Mie-X,x models have no Fe included.

100. This confirms and agrees with previous studies (e.g. Gibson
et al. 2013; Mallonn et al. 2016) in detecting a grey absorbing
cloud deck within the atmosphere of HAT-P-32 A b. When the two
best-fitting spectra are examined (bottom left of Figs4 and5), it is
seen that both have the same agreement over the entire wavelength
range (350-798 nm) of radius measurements. However, when the
two spectra are compared to the BUSCA data (350-547 nm) alone, it
can be clearly seen that the combined cloud deck and haze spectrum
gives a superior agreement at: 0.190 compared with 0.940 for
the AO1 cloud model spectrum (see Table 8). The detection of a
Rayleigh-like scattering haze between 350 and 547 nm agrees with
the previous study by Mallonn & Strassmeier (2016).

5.3 Theoretical transmission spectra with added bimodal
cloud opacity

The ensemble of different wavelength dependent radii variations
used in this work were observed independently on different nights,
with the exception of the three BUSCA radius measurements. This
leads to an addition of an unquantifiable uncertainty into the radius
measurements due to temporal effects.'® However, the BUSCA ra-
dius measurements were collected simultaneously and therefore
are not affected by temporal effects. Examining the BUSCA radius
measurements, we can see a linear negative gradient (A — oo, while
R, — 0). This is indicative of a Rayleigh-like scattering slope. The
theoretical transmission spectrum which was generated with the
cloud modelling approach (ii) used a bimodal cloud particle dis-
tribution to simulate a cloud pressure deck (0.001 bar) combined

16 Such as stellar noise (e.g. unocculted starspots) and different atmospheric
observing conditions.
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with a joint Rayleigh haze (scaling factor 100). The base spectra
using the AO cloud model did not exhibit a behaviour equivalent to
a Rayleigh-like scattering haze, due to large cloud particle sizes and
added Fe droplets (see Molliere et al. 2017). This explains how the
two best-fitting transmission spectra disagree below 550 nm. The
bimodal cloud particle distribution transmission spectrum gives a
superior agreement to the BUSCA radius measurements.!” When
taking into account that the BUSCA measured radii are free from
temporal uncertainties, there is a greater likelihood that the bimodal
cloud particle distribution transmission spectrum is the correct in-
terpretation of the data.

To explore the bimodal cloud particle distribution solution fur-
ther, 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.
<0.50), whilst still achieving a good fit (e.g. x; ~ 1.4) with the
entirety of the radius measurements used in this work. Increas-
ing the cloud deck pressure will result in different temperatures
being probed during the transmission observation, because the at-
mospheric temperature is a function of pressure. Moreover, 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 structure to lower pressures for higher metal en-
richment or higher pressures for lower metal enrichment (Molliere
et al. 2015).

To show this, we took our clear base transmission spectra, one
with an increase and the other with a decrease by an order of magni-
tude in the metal enrichment (e.g. [%] = —0.45 and [%] = 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 trans-
mission spectrum with [£2] = —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 [%} = 1.55. The two transmis-
sion spectra were then fitted to the planetary radius measurements as
described in Section 5.2. The best fit for the high and low pressure
transmission spectra was found to be x2 = 1.8 and 1.3, respec-
tively. The low pressure transmission spectrum with [%] =1.551s
shown in the lower right panel of Fig. 5. The agreement between
the two new bimodal cloud particle distribution transmission spec-
tra and the BUSCA radius measurements was 0.21c (0.01 bar) and
0.370 (0.0001 bar). Fig. 6 shows the comparison between the three
bimodal transmission spectra and the three radius 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 importance of the molecules with respect to Rayleigh scatter-
ing 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 plan-
etary radius measurements do though, constrain the ratio between

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).
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Figure 6. The three BUSCA planetary radius measurements compared to
the three bimodal cloud particle distribution transmission spectra generated
using petitCODE (Molliere et al. 2015, 2017). The transmission spectra
are represented by the three solid lines: Red [%} = —0.45,0.01 bar and 10x
Rayleigh scaling. Green [%] = 0.55,0.001 bar and 100x Rayleigh scaling.
Blue [££] = 1.55,0.0001 bar and 1000x 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 passbands. The insert
shows the comparison between the BUSCA radius measurements and the
bimodal cloud particle distribution transmission spectrum with [%] =0.55,
0.001 bar and 100x Rayleigh scaling.

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 mea-
surements 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
variations of the same solution, their unison good fit to the planetary
radius measurements combined with their excellent 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 explain 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 distribution, we
looked into two different scenarios: A Rayleigh-like haze stacked
above a grey absorbing cloud deck,'® or a Rayleigh-like haze and a
grey absorbing cloud which are homogeneously extended through-
out the atmosphere. To ascertain which scenario best agreed with
the planetary radius measurements in this work, we generated a new
transmission 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 dependence (A~*), while at longer

18 This is the bimodal cloud particle distribution transmission spectrum
using a metal enrichment [%} = (.55, Rayleigh haze scaling factor x 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 (Molliere 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 represents 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.

wavelengths, the grey absorbing clouds overcome the Rayleigh-
like scattering. To better understand, this one can use a variation of
equation (1) from Lecavelier Des Etangs et al. (2008).

R(X) = Ry + Hlog [k (M)] 3

where R()) is the planetary radius at the evaluated wavelength (1),
Ry is the base planetary radius, H is the atmospheric scale height,
and « (%) is the wavelength-dependent opacity.

In the two different scenarios, «(A) is determined differently.
When the grey absorbing cloud particles are homogeneously ex-
tended throughout the atmosphere, x(A) can be calculated as fol-
lows:

o\
(L) = Kkr (7) + k¢ (€]

where kr and «¢ are the opacities for the Rayleigh haze and grey
cloud deck, respectively, A is a reference wavelength point, and A
is the wavelength at which « (1) is being evaluated.

Equation (4) shows that while « ¢ is constant at all wavelengths,
kr is dependent on wavelength. This allows a homogeneously ex-
tended Rayleigh-like haze and grey absorbing cloud to produce both
a Rayleigh-like scattering slope at short wavelengths and a flat grey
absorption at longer wavelengths.

For the new transmission spectrum, we introduced a grey absorber
with an opacity of 0.01 cm? g~', instead of using a cloud pressure
deck. The grey absorber was spread homogeneously throughout the
entire atmosphere. We then fitted the transmission spectrum to the
planetary radius measurements and obtained x2 = 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 homogeneous
grey absorber transmission spectrum agrees with the three BUSCA
radius measurements at 0.27¢. Fig. 7 shows the comparisons be-
tween the two bimodal cloud particle distributions; the stacked spec-
trum and the homogeneous grey absorber spectrum and with that
of the three BUSCA radius measurements. From examining Fig. 7,
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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 measure-
ments, would be needed to allow for a distinction between the two
bimodal scenarios. Combined with this, both transmission spectra
equally agree with the entirety of the radius measurements in this
work. Therefore, it is not possible to describe the cloud/haze prop-
erties any further, other than to mention the existence of a bimodal
cloud particle distribution within the atmosphere of HAT-P-32 A b.
However, 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-32 A b is an inflated, low-density hot-Jupiter planet orbiting
a hot (Teir > 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 (Table 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 £ 0.041 M and 1.225 & 0.015 Ry, respectively.
For the planet, we find a mass of 0.80 & 0.14 My, a radius of
1.807 £ 0.022 Ryyp, and a density of 0.126 £ 0.023 pyyp.

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 directly related to the transit duration. It
was set to the value from Gibson et al. (2013) to maintain homo-
geneity with the second analysis into the variations of 7, with wave-
length. This though, did not help with the partial transit observed
on 2014 October 24. All of the parameter best fits from the partial
transit observed on 2014 January 11 and the full transit observed in
the Johnson V passband agree within their 1o uncertainties. While,
for the partial transit observed on the 2014 October 24 this is not
the case for k, which disagrees with the other two Johnson V light
curves by 20, however, the remaining parameters do agree within
the 1o uncertainties.

We observed one of the transits of HAT-P-32 using a simultaneous
multiband imaging instrument: BUSCA (using the Stromgren u, b,
and y passbands). Due to the known difficulty in attempting to obtain
a high-precision light curve in the optical-UV via this technique,
it was decided to select three passbands close to the UV-blue side
of the optical spectrum. In conjunction with this, we optimized the
amount of defocusing used in the Stromgren b passband to maximize
the precision of the light curves in all three passbands. The resulting
light curves produced are of decent quality (1 mmag scatter per
point). In terms of the optical-UV, we were able to obtain a light
curve with an rms scatter 1.08 mmag per point. Our new u-band light
curve has a threefold increase in precision compared to previous
optical-UV light curves obtained using BUSCA (i.e. Southworth
et al. 2015b). This has allowed an accurate measurement 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-32 B)
within the defocused PSF of HAT-P-32 A, combined with needing to
study variations in the planetary radius with respect to wavelength,

Bimodal cloud distribution in HAT-P-32A b
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modifications were made to the modelling and optimization 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 atmospheres, confirms
the results from Gibson et al. (2013) and Mallonn et al. (2016)
by the detection of a grey absorbing cloud deck within the upper
atmosphere of HAT-P-32 A b. The planetary radius measurements
from each passband were compared to the cloudy spectra, gener-
ated using a bimodal cloud particle distribution which consisted
of a Rayleigh haze combined with a grey absorbing cloud pressure
deck, showed the same level of agreement and confirms the possible
presence of a Rayleigh haze within the atmosphere of HAT-P-32 A b
as found by Mallonn & Strassmeier (2016). However, the bimodal
cloud particle distribution spectra give a superior agreement to the
three radius measurements obtained from the BUSCA observations
using the Stromgren 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 — allows for a greater weight
to be placed on the accuracy of the set, compared to the remain-
ing radius measurements individually. A similar argument can be
used to explain the discrepancy between Mallonn & Strassmeier
(2016) and Mallonn et al. (2016). Mallonn & Strassmeier (2016)
used transit spectroscopy where the observations were simultane-
ously obtained, while, Mallonn et al. (2016) used an ensemble of
photometric transit observations spanning from 2007 to 2016.

At present, there is supporting evidence for the presence of a
Rayleigh scattering haze in the upper atmosphere of HAT-P-32 Ab
from a prior investigation. Mallonn & Strassmeier (2016) performed
transit spectroscopy to observe a transit of HAT-P-32 A b. The data
agreed with a Rayleigh scattering model in the optical-UV, with
greater clarity below 550 nm. However, a second study using pho-
tometric observations by Mallonn et al. (2016) seemed to contradict
the original results. Mallonn et al. (2016) mention a discrepancy
between the two data sets in the redder wavelengths and attributed
this to systematics in the measurement from Mallonn & Strass-
meier (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 L < 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) and Mallonn et al. (2016)
gives a continuous gradient from 350 to 950 nm. However, in other
cases where a Rayleigh scattering slope has been found, it is gen-
erally detected below 550 nm (e.g. WASP-12b: Sing et al. 2013).
When examining the combined data from both Mallonn & Strass-
meier (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 magnetic field of TrES-3 b, Turner et al. (2013) ob-
tained nine transits, four of which was observed using a Bessell U
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filter between 2009 June and 2012 April. When examining the
transit depths, they determined a non-detectable change in the plan-
etary radius between the Bessell U and Harris V filters. 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 simul-
taneously and have an average rms scatter of ~1 mmag. While, the
Bessell U transits from Turner et al. (2013) were each taken on dif-
ferent nights (introducing temporal uncertainties) and are of poorer
quality, with an rms scatter of 4.1 mmag for the four combined
phased Bessell U transits. Therefore, masking any spectral features
or changes between the near-UV bands.

Turner et al. (2016) recently completed an observational 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-UYV, for 10 of the exoplanets, while, the other five exoplan-
ets results; indicate 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-32 A b'® using GMOS on the Gemini North
telescope. Through their analysis, they determined that a grey ab-
sorber (cloud) was masking spectral 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 anal-
ysis, it was found that the data from Gibson et al. (2013) agreed with
the AO cloudy (Ackerman & Marley 2001) transmission spectrum
(sz = 0.8) and the bimodal cloud particle distribution spectrum
(x2 = 0.9). Therefore, we confirm that a grey absorber/cloud deck
is present within the atmosphere of HAT-P-32 A b.

The variations between the observed planetary radius with wave-
length due to Rayleigh scattering is dependent on a power-law
relation between wavelength and the mean cross-section of the at-
mospheric scattering particles (Lecavelier Des Etangs et al. 2008).
The power-law coefficient which corresponds to Rayleigh scatter-
ing is « = —4 (Lecavelier Des Etangs et al. 2008). To ascertain
the validity of the Rayleigh scattering slope detection, we fitted a
straight line to the Stromgren u, b, and y radii against wavelength
and determined the gradient (%) . We then calculate the temper-
ature of the planet’s terminator T, due to the slope of the planetary
transmission spectrum being proportional to o T;:

ug dRy (A)
T = ks dlnn (5
where p is the mean molecular weight, which is taken as 2.3 amu,
g is the surface gravity, and kg being the Boltzmann constant.

By assuming that the gradient is induced by Rayleigh scattering
and therefore setting @« = —4, gives a temperature for the termina-
tor of 1518 £ 345K, which fits (within the 1o uncertainty) with
the equilibrium temperature, Te/q ~ 1800 K (see Table 6) and is still
below the dayside temperature of 22050 K (see Zhao et al. 2014).
Though it is not in agreement with the value found by Mallonn
& Strassmeier (2016) (890 + 228 K), however, Mallonn & Strass-
meier (2016) state that their value appears to underestimate the true
temperature of the terminator.

As a second validation check, the slope of the planetary transmis-
sion spectrum can be used to calculate the planetary mass and the
result then compared to our previous result (see Table 6). For this,

19 The results of their analysis are included in this work.
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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 atmospheric scattering particles, we can use our derived gra-
dient to calculate the planetary mass using the following equation
(see Southworth et al. 2015a, and references therein):

ok T,y [Ry )T ©
b= T R0
nG G

where G is the gravitational constant.

We applied MassSpec to our determined gradient and by assum-
ing @ = —4, we find a planetary mass of 0.94 £ 0.167 My, for
HAT-P-32 Ab. This is in good agreement to the value found from
analysing the transit light curves (0.80 & 0.14Mj,;).

Recently, Batalha, Kempton & Mbarek (2017) have called in
question the use of MassSpec for determining the mass of small
planets (<3 Rg), due to the uncertainty in different types of dom-
inant atmospheres (e.g. CHs or CO,), and so, it is not possible to
assume a value for p. 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 bi-
modal cloud particle distribution (x2 = 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-32 A b. The results from this
work help towards confirming the tentative findings from Mallonn
& Strassmeier (2016). The gradient of the Rayleigh-like haze scat-
tering slope provides an extra validation by allowing the determi-
nation of the temperature at the terminator (1518 + 345 K) and the
planetary mass (0.94 £ 0.16 My,p), which, are confirmed through
the separate analysis of the transit light curves. By obtaining high-
precision (=~ 1 mmag) transit light curves in the optical-UV, this
work shows that these measurements are important in the detection
of either a Rayleigh scattering haze or a rich TiO atmosphere from
ground-based simultaneous multiband photometry.
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