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ABSTRACT

We use ground-based and space-based eclipse measurements for the near-infrared (IR) bands
(JHKj) and Spitzer 3.6- and 4.5-um bands to construct colour—colour and colour-magnitude
diagrams for hot Jupiters. We compare the results with previous observations of substellar
objects and find that hot Jupiters, when corrected for their inflated radii, lie near the blackbody
line and in the same region of the colour—-magnitude diagrams as brown dwarfs, including low-
gravity dwarfs that have been previously suggested as exoplanet analogues. We use theoretical
emission spectra to investigate the effects of different metallicity, C/O ratios, and temperatures
on the IR colours. In general, we find that while differences in C/O ratio and metallicity do
correspond to different locations on these diagrams, the measurement errors are too large to
use this method to put strong constraints on the composition of individual objects. However,
as a class, hot Jupiters cluster around the location expected for solar metallicity and C/O ratio.

Key words: radiative transfer —planets and satellites: atmospheres —brown dwarfs.

1 INTRODUCTION

Hot Jupiters were among the first discovered exoplanets because of
their size and proximity to their parent star. Characterization of their
atmospheres still remains a challenge due to limited spectroscopic
measurements available, which prevents discriminating between
the large number of parameters that need to be included in the
models. So far, significant progress has only been possible for the
transiting, short-period planets that are most likely tidally locked.
Their atmospheres are hot and dynamic, with departures from
thermodynamic equilibrium. The expected features in infrared (IR)
spectra of hot Jupiters include molecular absorption of CO, CO,,
H,0, TiO, and possibly CH,4, with hydrocarbons such as C;H,, and
HCN (Madhusudhan 2012; Moses 2014). The actual contribution
of each gas varies significantly depending on the atmospheric
temperature and planetary composition, including the metallicity
and carbon to oxygen ratio in the atmosphere.

Atmospheres are further complicated by the likely presence of
dust, aerosols, and clouds, and in some of the cooler of the hot
Jupiters, these can obscure some spectral features. Likewise, strong
optical or UV absorbers in the upper layers of the atmosphere
can cause thermal inversion (de Pater & Lissauer 2010), which
would cause spectral absorption features to appear in emission,
although a previous analysis of secondary-eclipse spectra of nine
hot Jupiters (Line & Yung 2013) suggests little evidence for thermal
inversions over a wide range of effective temperatures (with the
exception of one of the hottest planets, HD209458b). The nature
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of the possible responsible absorbers is as yet unknown in this
high-temperature regime. It has been proposed that highly irradiated
planets are warm enough for significant amounts of gaseous TiO and
VO to exist in the upper atmosphere, providing the necessary opacity
to generate a temperature inversion (Hubeny, Burrows & Sudarsky
2003; Fortney et al. 2006, 2008; Burrows, Budaj & Hubeny 2008).
No observational evidence for TiO and VO absorption has been
found in the past, until recent detections of TiO in observations of
WASP-33b (Nugroho et al. 2017) and WASP-19b (Sedaghati et al.
2017).

The atmospheres of highly irradiated, tidally locked planets show
large temperature variations between dayside and nightsides, deter-
mined by atmosphere’s ability to transport the energy incident upon
the sub-stellar point to the nightside. The phase-curve measurements
at 8 um for hot Jupiter, HD 189733b (Knutson et al. 2007), show
a minimum and maximum brightness temperature of 973 + 33
K and 1212 + 11 K, respectively, which indicates a relatively
efficient transfer of energy from the dayside to the nightside. This
has contrasted with the most irradiated hot Jupiters, for example,
WASP-18b (Iro & Maxted 2013).

Despite obvious differences in irradiation levels, hot Jupiters
have similar equilibrium effective temperatures to late-type brown
dwarfs, which show characteristic distributions on the colour—
magnitude and colour—colour diagrams that indicate changes in
opacity of their atmospheres (Triaud et al. 2015). It is desirable to
compare where hot Jupiters are placed in such diagrams in order
to understand the differences in their atmospheric composition and
opacities (Triaud 2014; Triaud et al. 2014). Zhou et al. (2015) plot
colours Ky — [3.6] versus Ky — [4.5] derived from the 2.15-pum
K band observed with IRIS2 at the Anglo Australian Telescope
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(AAT) and from Spitzer 3.6-pum and 4.5-um measurements for the
hot Jupiters and brown dwarfs. The systematic offset between two
types of objects is visible despite the large scatter in colour for the
exoplanets. Triaud (2014) reports a similar scatter where diversity
of colour for hot Jupiters increases with decreasing luminosity. This
variety of colour reflects the large range in temperatures of irradiated
planets.

Since these studies were done further data on the Spitzer 3.6 um-,
4.5 um-, and K;-band eclipse depths have become available, and,
in addition, it has become possible to use WFC3 at the Hubble
Space Telescope (HST) to obtain measures of the J- and H-band
eclipse depths to supplement the very small number of ground-
based measurements at these wavelengths. In addition, accurate
GAIA DR?2 parallaxes are now available for most objects (Gaia
Collaboration et al. 2018).

In this paper, we generate a simplified model spectrum of hot
Jupiters within a range of atmospheric parameters, and place them
on the colour—-magnitude and colour—colour diagrams to understand
which parameters generate scatter in the colours. We also aim
to identify trends, which show in the diagrams with changes in
particular parameters of the models. In Section 2, we describe our
derivation of the observed near-IR magnitudes and colours for hot
Jupiters. In Section 3, we introduce the range of parameters that are
used in our models, and describe our modelling technique using the
VSTAR (Versatile Software for Transfer of Atmospheric Radiation)
radiative transfer package. In Section 4, we present and discuss
the colour-magnitude diagrams and in Section 5 the colour—colour
diagrams. In Section 6, we discuss the trends in the diagrams that are
visible when the parameters, such as C/O, metallicity, temperature,
and gravity, are varied. We also compare the models with hot-
Jupiter measurements using our IRIS2 observations and other data
previously published.

2 OBSERVED MAGNITUDES AND COLOURS
OF HOT JUPITERS

To obtain the absolute magnitudes of a hot Jupiter, we need, for
each required band, the secondary eclipse depth that measures the
flux of the planet as a fraction of that from the star and also the
apparent magnitude of the star. In addition, we need the parallax of
the object.

Table 1 lists the eclipse depths for 28 systems, which are all hot
Jupiters except for the hot brown dwarf KELT-1b. We have included
all systems that have both published Spitzer 3.6-um and 4.5-um
measurements and ground-based K;-band measurements. We also
added the two well-studied systems HD 189733b and HD 209458b,
which lack a K,-band measurement but are two of the coolest hot
Jupiters included. There are many more systems that have Spitzer
measurements (e.g. Garhart et al. 2019) but are excluded from our
sample as they have no Ks-band measurements.

The K;-band eclipse depths are from published ground-based
near-IR photometry and include our own measurements with the
IRIS2 instrument on the AAT (Zhou et al. 2014, 2015; Kedziora-
Chudczer et al. 2019). These ground-based observations are chal-
lenging and there have been suggestions that the results should be
treated with caution and the uncertainties may be underestimated
(e.g de Mooij et al. 2011). However, note that in Table 1, there
are 11 systems that have two K-band eclipse depth measurements
from independent groups and these are in good agreement, given the
quoted errors. As there is currently no space instrument making such
measurements at this wavelength, the ground-based measurements
are the only way of obtaining these eclipse depths.
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For the J and H bands, there are a few ground-based eclipse
depth measurements but these wavelengths are more difficult due
to the usually smaller eclipse depths, and the errors are generally
large. However, the J band and part of the H band are covered by
the HST/WFC3 instrument that produces spectra over the range
1.1-1.7 um. This instrument has been used to obtain emission
spectra (by measuring the eclipse depth) for a number of hot
Jupiters. We used the published spectra to obtain J and H eclipse
depths by summing the spectral bins that fall within the J and H
filter passbands as defined by Tokunaga, Simons & Vacca (2002).
These measurements are indicated by an H in Table 1. It should
be noted that while the J band is fully covered by WFC3, the
coverage of the H band, which extends to 1.78 pm, is only partial.
Therefore, if the eclipse depth is increasing with wavelength, it may
be underestimated by this method. The J-band measurements from
HST/WFC3 should therefore be regarded as more reliable than the
H-band measurements.

The apparent magnitudes for the host stars have, where possible,
been taken from the compilation by Triaud et al. (2014). For eight
stars not included in that study, we used the JHK; magnitudes from
the 2MASS all-sky catalogue (Cutri et al. 2003). The [3.6] and
[4.5] magnitudes for these objects were taken from the W1 and
W2 magnitudes in the ALLWISE source catalogue (Wright et al.
2010; Mainzer et al. 2011). Triaud et al. (2014) show that there is
good agreement between the W1 and W2 WISE bands and the [3.6]
and [4.5] bands as measured with Spitzer. Two of the new objects
(Kepler-13A and KELT-2A) are in blended binaries and we have
corrected the magnitudes using the dilution factors given in Shporer
et al. (2014), Martioli et al. (2018), and Garhart et al. (2019). We
note that since the dilution factor is applied to both the eclipse
depth, and to the host star magnitude, it cancels out in the eventual
determination of the planet absolute magnitude and therefore does
not contribute to the uncertainty in that determination.

In the analyses of Triaud (2014) and Triaud et al. (2014), few
objects had well-determined parallaxes and photometric distances
were used for many objects. We can now replace these with GAIA
DR2 (Gaia Collaboration et al. 2018) parallaxes which are available
for most of our objects and have typical precisions of ~1 per cent
or better. This means that the error in the parallax is negligible
compared with the errors in the apparent magnitudes and eclipse
depths. However, for WASP-103, the Gaia DR2 parallax has a
very large error (15 percent) and we used instead the distance of
470 £ 35 pc from Gillon et al. (2014).

Our final absolute magntiudes derived from the eclipse depths
and other information described above are given in Table 2. Where
there was more than one measurement of eclipse depth in Table 1, a
weighted combination was used. Of the 28 systems in the table,
26 have K, magnitudes, 17 have H magnitudes, and 14 have
J magnitudes. The results from our study are mostly in good
agreement with those in Triaud et al. (2014), but our errors are
generally smaller, due largely to the improved parallaxes, and that
study only included one J magnitude and four H magnitudes.

3 HOT-JUPITER MODELS

We used the VSTAR, an atmospheric radiative transfer software
package (Bailey & Kedziora-Chudczer 2012), to construct our
models of hot Jupiter spectra. This code is designed for application
to a wide range of atmospheres, including those of the Earth, planets,
brown dwarfs, and cool stars. VSTAR solves the radiative transfer
problem in a plane-parallel atmosphere by combining a line-by-
line treatment of the molecular absorption with a full multiple-
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Table 1. Eclipse depths (in per cent) for hot Jupiters.
Name J H K [3.6] [4.5] Reference
WASP-3b 0.181 % 0.020 0.20970:039 0.282 + 0.012 1,2
0.193 £ 0.014 3
WASP-4b 0.057 £ 0.008H 0.086 + 0.010H 01850014 0319 =+ 0.031 0343 + 0.027 4,56
0.16 % 0.04 7
WASP-5b 0.168 % 0.05G 0.269 + 0.062 0.197 + 0.028 0.237 + 0.024 8,9
0.20 % 0.02 7
WASP-10b 0.137+0:013 0.100 + 0.011 0.146 + 0.016 10,11
WASP-12b 0.119 + 0.017H 0.192 £ 0.017H 0.296 + 0.014 0.421 + 0.011 0428 + 0.012 3,12, 13
0.139 + 0.027G 0.191 £ 0.016G 0.323 £ 0.011 14,15, 16
WASP-14b 0.172 £ 0.025 0.182 + 0.007 0.216 % 0.009 16,17
WASP-18b 0.0847 £ 0.0026H 0.1014 £ 0.0038H 0.13 + 0.03 0.304 % 0.017 0.379 £ 0.018 7,18, 19,20
0.149 + 0.014 21
WASP-19b 0.171*397°G 0.276 + 0.044G 0.366 + 0.072 0.483 =+ 0.025 0.572 + 0.03 22,23,23a
0.287 % 0.02 24
WASP-33b 0.115 + 0.007H 0.119 + 0.010H 0.27 + 0.04 0.26 + 0.05 041 + 0.02 25,26
0.24470:021 27
WASP-43b 0.045 £ 0.002H 0.060 £ 0.002H 0.181 £ 0.027 0.345 + 0.013 0.382 £ 0.015 24, 28,29
0.103 £ 0.017 0.194 + 0.029 30
WASP-46b 0.2610:03 0.136 £ 0.070 0.445 + 0.059 7,17
0.129 + 0.055G 0.194 + 0.078G 0.25310:063 31
WASP-48b 0.047 £ 0.016G 0.109 = 0.027 0.176 % 0.013 0.214 % 0.020 32
0.136 + 0.014 33
WASP-103b 0.126 + 0.007H 0.158 + 0.008H 0.35770:03 0.335 £ 0.022 0471 % 0.036 17,34,35
CoRoT-1b 0.145 + 0.049 0336 + 0.042 0.415 + 0.042 0482 + 0.042 36,37, 38
CoRoT-2b 0.032 £ 0.004H 0.051 £ 0.004H 0.16 % 0.09 0.355 % 0.02 0.51 % 0.041 37,39, 40
KELT-1b 0.149 £ 0.009G 0.16 + 0.018 0.195 + 0.01 02 + 0.012 3,41,42
KELT-2Ab 0.118 £ 0.017 0.0739 £ 0.0043 0.0761 £ 0.0053 16,17
HAT-P-1b 0.109 % 0.025 0.08 + 0.008 0.135 + 0.022 43,44
HAT-P-23b 0.234 £ 0.046 0.248 % 0.019 0.309 % 0.026 32
HAT-P-32b 0.035 + 0.010H 0.090 + 0.033G 0.178 =+ 0.057 0.364 £ 0.016 0438 £ 0.02 45,46
HAT-P-33b 0.153 £ 0.022 0.166 % 0.013 0.190 £ 0.021 16,17
TReS-2b 0.06270:013 0.127 + 0.021 0.23 + 0.024 47,48
TReS-3b 0.038 + 0.011H 0.064 + 0.010H 0.133F0:018 0.346 £ 0.035 0.372 £ 0.054 49, 50, 6
Kepler-5b 0.080 = 0.025 0.103  0.017 0.107 £ 0.015 16,51
Kepler-13Ab 0.051 + 0.007H 0.109 + 0.008H 0.122 + 0.051 0.156 + 0.031 0.222 + 0.023 52,53
Qatar-1b 0.136 % 0.034 0.151 % 0.045 0.291 % 0.42 3,17
0.19675:071 54
HD 189733b 0.0076 £ 0.0040H 0.0152 £ 0.0040H 0.147 £ 0.004 0.179 £ 0.004 55,56
HD 209458b 0.0109 £ 0.0009H 0.0148 =+ 0.0010H 0.094 £ 0.009 0.213 £ 0.015 57,58

References. (1) Zhao et al. (2012b); (2) Rostron et al. (2014); (3) Croll et al. (2015); (4) Beerer et al. (2011); (5) Caceres et al. (2011); (6) Ranjan et al. (2014);
(7) Zhou et al. (2015); (8) Chen et al. (2014a); (9) Baskin et al. (2013); (10) Cruz et al. (2015); (11) Kammer et al. (2015); (12) Stevenson et al. (2014b); (13)
Swain et al. (2013); (14) Croll et al. (2011); (15) Crossfield et al. (2012); (16) Martioli et al. (2018); (17) Garhart et al. (2019); (18) Nymeyer et al. (2011);
(19) Maxted et al. (2013); (20) Arcangeli et al. (2018); (21) Kedziora-Chudczer et al. (2019); (22) Gibson et al. (2010); (23) Anderson et al. (2013); (23a)
Lendl et al. (2013); (24) Zhou et al. (2014); (25) Haynes et al. (2015); (26) Deming et al. (2012); (27) de Mooij et al. (2013); (28) Stevenson et al. (2014a);
(29) Blecic et al. (2014); (30) Wang et al. (2013); (31) Chen et al. (2014b); (32) O’Rourke et al. (2014); (33) Clark et al. (2018); (34) Delrez et al. (2018); (35)
Cartier et al. (2017); (36) Rogers et al. (2009); (37) Deming et al. (2011); (38) Zhao et al. (2012a); (39) Alonso et al. (2010); (40) Wilkins et al. (2014); (41)
Beatty et al. (2014); (42) Beatty et al. (2017b); (43) de Mooij et al. (2011); (44) Todorov et al. (2010); (45) Zhao et al. (2014); (46) Nikolov et al. (2018); (47)
Croll et al. (2010a); (48) O’Donovan et al. (2010); (49) Fressin et al. (2010); (50) Croll et al. (2010b); (51) Désert et al. (2011); (52) Shporer et al. (2014); (53)
Beatty et al. (2017a); (54) Cruz et al. (2016); (55) Knutson et al. (2012); (56) Crouzet et al. (2014); (57) Knutson et al. (2008); (58) Line et al. (2016). Note.

For the J and H bands, G indicates ground-based measurements, and H indicates measurements derived from published HST/WFC3 spectra.

scattering solution of the radiative transfer equation. Our models
are for a planet around the sun-like star (G2V). The mass and
equatorial radius of the planet are assumed to be identical to Jupiter
(71492 km), giving a surface gravity of g = 24.8 ms~2. Previous
applications of VSTAR to exoplanet atmospheres are described in
Zhou et al. (2014), Zhou et al. (2015), Kedziora-Chudczer et al.

(2019), and Bailey, Kedziora-Chudczer & Bott (2018).

The models have been calculated with a range of metallicity
and C/O ratios with the aim of investigating whether the observed

colours of a hot Jupiter can be used to constrain the composition of
the planet’s atmosphere.

The atmospheric pressure—temperature structures are shown in
Fig. 1 and are adapted from the profile we have used for modelling
HD 189733b (Bailey et al. 2018), which will be referred to as the
standard P-T profile (ST). The low (LT), high (HT), and very high

(VHT) temperature models were derived from this as specified in

Table 3 and translated into different orbital distances of the planet
from the star.

MNRAS 494, 4939-4949 (2020)
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Table 2. Absolute magnitudes for hot Jupiters derived from the data in Table 1 on the zero Vega magnitude convention

as described in Section 2.

Name M, My Mk Mi3.6) M5

WASP-3b 9.34 £+ 0.07 9.23 £ 0.18 8.89 + 0.08
‘WASP-4b 12.14 £ 0.16 11.36 & 0.13 10.45 £+ 0.08 9.80 £ 0.12 9.74 £ 0.10
WASP-5b 10.42 4+ 0.33 9.84 £+ 0.10 9.83 £+ 0.17 9.68 £+ 0.13
WASP-10b 11.39 £+ 0.09 11.67 £ 0.12 11.33 £ 0.12
WASP-12b 9.55 £ 0.12 8.85 + 0.07 8.27 + 0.04 7.87 £ 0.05 7.84 £ 0.05
WASP-14b 9.47 £+ 0.16 9.38 £+ 0.06 9.18 £ 0.06
WASP-18b 10.62 + 0.14 10.25 £+ 0.07 9.75 £ 0.10 8.92 + 0.08 8.70 + 0.07
WASP-19b 10.67 £+ 0.50 9.84 £ 0.18 9.65 £ 0.07 9.08 £ 0.07 8.93 + 0.07
WASP-33b 9.49 £+ 0.07 9.39 £+ 0.09 8.53 + 0.09 8.45 + 0.22 7.97 £ 0.08
WASP-43b 13.67 £ 0.05 12.17 £ 0.18 11.39 £+ 0.12 10.59 £ 0.08 10.56 £+ 0.07
WASP-46b 11.08 £+ 0.50 10.35 + 0.46 9.98 £+ 0.15 10.62 £+ 0.62 9.36 £ 0.15
WASP-48b 10.45 £+ 0.39 9.27 £ 0.10 8.91 + 0.10 8.72 + 0.12
WASP-103b 9.99 + 0.07 9.50 £+ 0.06 8.52 + 0.12 8.54 + 0.08 8.20 + 0.09
CoRoT-1b 9.78 £ 0.38 8.80 + 0.14 8.54 + 0.16 8.38 + 0.13
CoRoT-2b 12.86 + 0.14 12.01 £+ 0.09 10.64 £+ 0.69 9.76 £+ 0.09 9.38 £+ 0.12
KELT-1b 9.41 £ 0.10 9.27 £ 0.12 9.00 £ 0.08 9.08 £ 0.09
KELT-2Ab 9.15 £ 0.06 9.64 £+ 0.07 9.56 £+ 0.08
HAT-P-1b 10.25 £+ 0.25 10.60 £+ 0.13 10.01 £+ 0.19
HAT-P-23b 9.54 £ 0.22 9.50 £ 0.11 9.16 £ 0.11
HAT-P-32b 11.57 £ 0.32 10.32 £+ 0.42 9.54 £ 0.36 8.68 + 0.05 8.48 + 0.05
HAT-P-33b 9.03 £ 0.16 8.93 + 0.09 8.80 + 0.12
TReS-2b 11.19 £+ 0.21 10.34 £ 0.19 9.71 £ 0.12
TReS-3b 12.73 £+ 0.32 11.80 £+ 0.17 10.96 £+ 0.14 9.87 £ 0.13 9.84 £+ 0.17
Kepler-5b 9.70 £ 0.35 9.34 £ 0.18 9.35 £ 0.15
Kepler-13Ab 9.82 £+ 0.14 8.98 + 0.08 8.83 + 0.48 8.52 + 0.22 8.16 + 0.11
Qatar-1b 11.11 £ 0.22 11.02 £+ 0.33 10.38 4+ 0.16
HD 189733b 14.89 + 0.64 13.65 + 0.29 11.05 £+ 0.07 10.92 £+ 0.07
HD 209458b 13.07 £+ 0.09 12.52 4+ 0.08 10.40 £+ 0.11 9.56 £ 0.04

PT Profiles for 4 Models

104+ — Low Temperature
— Standard Temperature
1 0-7.
10-%4 .
_ Very High
= 105 Temperature
£
o 10
=
=]
g 103
<
o 102
1 0-1.
100.
10! v v T J
0 1000 2000 3000 4000

Temperature (K)

Figure 1. P-T profiles used in our grid of models. Medium temperature
(green) profile is referred to as the standard temperature P-T profile.

The molecular composition of the atmosphere is calculated
under the assumption of chemical equilibrium using the methods
described in Bailey & Kedziora-Chudczer (2012). We do not include
non-equilibrium processes such as photochemistry which is mostly
important at higher levels in the atmosphere (Madhusudhan et al.
2014) than are important for the emission spectrum. We calculated
models for each of the four P-T profiles from Fig. 1 for a different
combination of metallicity and C/O ratio as listed in Table 4. We
used the Ionization and Chemical Equilibrium (ICE) package of
VSTAR to determine the equilibrium abundances, expressed in terms
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Table 3. PT profiles considered in our models.

Name Temperatures Orbital radius
TOA BOA of the planet
Units (K) (K) (AU)
Low (LT) 896 1500 0.12
Standard (ST) 1160 2250 0.07
High (HT) 1508 2600 0.04
Very high (VHT) 1836 3000 0.027

Table 4. List of parameters and their values tested.

Name List of values

Z defined as [Fe/H] —-0.6 —04 0 0.48 0.6
VSTAR ZxSg 0.25 04 1 3 4
C/O ratio 0.1 0.4 0.7 1.6 2.0

of mixing ratios, in every atmospheric layer using a data base of
143 compounds in gaseous and condensed phases.

In the next step, multiple-scattering, radiative transfer calcula-
tions were performed for wavelengths from 0.324 to 28.6 um giving
a spectrum with 304 501 points (0.1 cm™! resolution). The opacities
in this final spectrum were derived by using a comprehensive data
base of molecular spectral lines as described in Bailey & Kedziora-
Chudczer (2012). We include spectral lines of the following species:
H,0, CO, CH4, CaH, MgH, CrH, FeH, TiH, Na, K, Rb, Cs,
HCN, C,H;, CO,, TiO, and VO. In addition, we included Rayleigh
scattering by H,, He, H, the opacities from the collisionally-induced
absorption due to Hy-H, and Hp-He (Borysow 1998), and the free—
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Figure 2. Emission spectra for the selected parameters. Top panel shows different metallicity ratios for the VHT models. Middle panel shows the difference
in spectra at four considered P-T profiles assuming solar metalicity and C/O ratio of 1.6. Bottom panel shows the differences in the VHT spectra under solar

metallicity and changing C/O ratio.

free and bound-free absorption from H, H™, and H; . These cal-
culations were performed at each wavelength in the spectral range
considered for each of 42 pressure layers between 1077 and 5 bars.

The VSTAR models are are used to derive the wavelength-
dependent flux at the top of the exoplanet atmosphere. To derive the
magnitudes and colours from these modelled spectra, we used the
average intensities over the bands with ranges corresponding to the
bands of the IRAC/Spitzer camera and the J, H, and K bands of the
IRIS2/AAT imager. Absolute magnitudes were derived according to

M:Zﬂ%(%?>, (1

*

where fluxes were standardized at a distance of 10 pc and absolute
magnitudes calculated using the Vega zero-point appropriate for
each spectral band (Bessell, Castelli & Plez 1998). Colours used
in our plots were calculated by taking a difference of magnitudes
derived from equation (1).

Fig. 2 shows examples of the model spectra when one of the
parameters is varied. They are smoothed to the resolution of R ~
1000 at the K band. In the top panel, we varied the metallicity

for the very high temperature (VHT) models under the same Solar
value of C/O ratio. In the middle panel, the models with different
temperature profiles for the same Solar metallicity and C/O ratio
are plotted. Finally, in the bottom panel, we present the results of
changes in the C/O ratio for models with VHT profile and with
assumed Solar metallicity.

The graphs in Fig. 2 show the importance these different param-
eters have on absorption features due to different molecules in the
planetary atmosphere. For example, the most significant absorption
in the range of temperatures considered is due to H,O in near-IR
and mid-IR. When the temperature is reduced, the scale height of
the atmosphere is smaller, which leads to shallower features in the
spectrum. Similarly, the increase in metallicity has the same effect
on the scale height. Variation in the C/O ratio has more complex
effect on the spectra and it shows most strongly around C/O=1
where the dominance of absorption from oxygen-rich species like
H,O is being replaced with increasing contribution of carbon-rich
species such as CHy, HCN, and H,C,.

Of course the relative contributions of these molecules depend on
the temperature and composition of the atmosphere (Seager et al.

MNRAS 494, 4939-4949 (2020)

220z 8unf 0z Uo Jesn puejsusany uiayinog 1o Ausisaiun Aq vy91Z8S/6€61/7/761/o10nie/seiuw/woo dno-olwepese//:sdiy woll papeojumod



4944  G. Melville, L. Kedziora-Chudczer and J. Bailey

2005; Madhusudhan et al. 2011; Moses et al. 2011; Kopparapu,
Kasting & Zahnle 2012). For example, the high-temperature spectra
will show a significant continual decrease in atmospheric H,O with
increasing metallicity. This is because generally an enhancement
of metallicity in H/He-dominated atmospheres of gas giant planets
favours an increase in the abundances of molecules that contain
multiple heavy atoms, i.e. CO and N, are favoured over the lighter
CH,4, NH3, and H,0. Molecules with more than two heavy atoms
are even more favoured, as occurs in the case of CO,, whose
abundance increases as the square of metallicity (Zahnle, Marley &
Fortney 2009a; Zahnle et al. 2009b). Their simulations indicate that
H,0 forms more easily in planetary atmospheres when both the
metallicity and the C/O ratio are relatively low.

Spiegel, Silverio & Burrows (2009) suggested that TiO and VO
may be depleted from the upper atmospheres due to gravitational
settling coupled with condensation. Since they are significantly
heavier than molecular hydrogen, the primary constituent of a
hot Jupiter atmosphere, this would lead to a requirement of a
significant turbulent diffusion or large-scale advection to maintain
a high abundance of heavy species at high altitudes. Cross-planet
circulation dominated by strong equatorial jets may also deplete
TiO and VO from the planetary dayside. However, HCN, TiO, and
H,C,; are very prominent in our HT and VHT models, that is, above
1500 K where they are in the gas phase.

4 COLOUR-MAGNITUDE DIAGRAMS

In Fig. 3 , we show colour-magnitude diagrams for hot Jupiters
using the data described in Section 2. We compare the hot Jupiter
results with data for brown dwarfs, noting that these are mostly
objects with higher mass but similar sizes and temperatures to hot
Jupiters. Sub-stellar objects have radii largely independent of mass
and so most brown dwarfs have radii not far from 1Ry, (Bailey
2014). Highly irradiated hot Jupiters, however, have inflated radii
(Baraffe, Chabrier & Barman 2010) up to around 2Ry, and so
are typically somewhat larger than the brown dwarfs despite their
generally lower mass. On a colour-magnitude diagram, a change
in radius results in a change in absolute magnitude and therefore
a vertical shift on the diagram. To aid comparison with brown
dwarf data and models, we have therefore plotted each hot Jupiter
data point on the diagram twice, once at its observed position (in
grey) and, secondly, shifted vertically on the diagram (in black)
to the position corresponding to a radius of 1Ry,,. The radii of
these transiting planets are well determined and were taken from
the Extrasolar Planets Encyclopedia (exoplanet.eu).

Red, blue, and green crosses on the diagram are taken from the
Database of Ultracool Parallaxes (Dupuy & Liu 2012; Dupuy &
Kraus 2013; Liu, Dupuy & Allers 2016). Gold points are data for
low-gravity dwarfs taken from Faherty et al. (2016), which have
been suggested as possible exoplanet analogues. The photometry
from both these sources are plotted without error bars to avoid
cluttering the diagram.

Also included on these diagrams are the blackbody line for
an object of 1Ry, and the BT-Settl brown dwarf models (Allard,
Homeier & Freytag 2012). These are brown dwarf models including
clouds that do a reasonable job of fitting the transition from L to
T dwarfs, which can be seen near the bottom of the M; versus J —
H and Mg, versus J — K diagrams where the T dwarfs have bluer
colours resulting in a sudden move to the left in the diagram away
from the sequence shown by the M and L dwarfs. In brown dwarfs,
this transition is attributed to the disappearance of clouds that are
important in the L dwarfs (Allard et al. 2001; Charnay et al. 2018).
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The two upper panels of Fig. 3 show the M, versus J — H and M
versus J — K diagrams. In both of these, the hot Jupiters are found
to lie roughly along the blackbody line and in the same region as
the M and L dwarfs, and the low-gravity dwarfs from Faherty et al.
(2016), which tend to lie a little to the right of the normal brown
dwarfs on these diagrams. These low-gravity dwarfs are suggested
by Faherty et al. (2016) to be exoplanet analogs, and this seems
consistent with what we see on these diagrams.

The bottom left-hand panel showing M[3¢ versus K; —[3.6]
presents a somewhat different picture with most of the hot Jupiters
now lying to the left of the blackbody line (i.e. bluer K; — [3.6]
colours) and to the left of the brown dwarfs (although there are
relatively few brown dwarfs with measured Spizzer colours that can
be included on this plot). There are a few points with very blue
colours (negative K — [3.6]). Systematic errors in the magnitudes
(the K, magnitudes would have to be too bright, or the [3.6]
magnitudes too faint) seems unlikely to explain this as it would
lead to an opposite shift in the other diagrams involving these
magnitudes, which is not seen. However, it is possible that some
of the objects with smaller eclipse depths are misplaced on this
diagram due to overestimated Kj eclipse depths, as some of these
objects do not have J and H measurements. Three of the objects that
that lie at the bottom left-hand panel of this diagram are WASP-
10b, KELT-2Ab, and HAT-P-1b, all of which have only a single
Ks-band observation and among the lowest eclipse depths (~0.1
per cent).

At least the most extreme point, the leftmost one with the large
error bars (which is WASP-46b), is probably due to a problem with
the [3.6] eclipse depth measurement, which has a large error and
appears too low. This point deviates in the other direction on the
M3 versus [3.6] — [4.5] diagram.

In the bottom right-hand panel showing M3 versus [3.6] —
[4.5], the points once again scatter around the blackbody line.

5 COLOUR-COLOUR DIAGRAMS

In Fig. 4, we present H — K versus J — H diagrams that show
tracks resulting from changes of metallicity and C/O ratio. For the
VHT and HT models, we see that with increased metallicity, the J
— H colours become redder regardless of the C/O ratio. Increasing
the C/O ratio causes the H — K colours to become bluer, though
with a turnaround in the sequence when C/O reaches 1.0.

With sufficiently accurate observations these colours may be
useful to set constraints on the atmospheric composition of hot
Jupiters. However, it can be seen from Fig. 4 that the error bars
and scatter of the current hot Jupiter observations are such that
it is not possible to put strong constraints on any individual
object. However, in general, the points cluster around the right-
hand end of the model tracks. which is consistent with solar-like
C/O ratios rather than the carbon rich values that are found at the
left end.

The lower temperature ST models show larger colour dependen-
cies on metallicity and C/O but are outside the temperature range of
the hot Jupiters for which JHK colours are available. For ST models
with C/O > 1, we find relatively blue colours in both J — H and
H — K similar to the colours seen for T dwarfs (the green crosses
in the top left-hand panel of Fig. 4). The LT models, which are not
plotted here, show even larger metallicity and C/O dependences.

Combining data obtained in near-IR and mid-IR can be a
potentially useful determinant of the atmosphere properties. We
examined colour indices that involve at least one band measure-
ment in each of these spectral regions and used the K band,
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Figure 3. Colour-magnitude diagrams (M versus J — H, Mg versus J — K, M{36) versus Ks —[3.6], M|3¢6) versus [3.6]—[4.5]). Hot Jupiters are shown as
grey points with error bars at the observed position and as black points with error bars at the position corrected for a radius of 1Rjyp. Red, blue, and green
crosses are ultracool dwarfs from the Database of Ultracool Parallaxes. Gold points are low-gravity dwarfs from Faherty et al. (2016). The blackbody line for
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since currently most measurements in near-IR are done in this
band due to favourable brightness of objects and a possibility of
water absorption detection. We tested different combinations of
such colours and found that some of them are more useful than
others because different parameters led to very distinct colour
indices.

In Fig. 5, we present K — [3.6] versus Ky — [4.5] colours. The
left-hand panel shows a number of observed hot Jupiters along with
brown dwarfs. It indicates that many of the observed hot Jupiters
tend to lie near the blackbody line. However as was seen in the
colour-magnitude diagrams, many hot Jupiters have blue K; —
[3.6] colours, putting them at the left of this diagram in a region

bluer than any of the brown dwarfs and also bluer than our model
predictions for the HT and VHT models (seen in the right-hand
panel). As discussed in Section 4, some of these cases may be due
to overestimated K eclipse depths, but this seems unlikely to explain
all these cases. Alternatively, the placement of these objects may
indicate that our models do not correctly represent the temperature
pressure profiles needed for these objects. For example, they may
have temperature inversions that are not considered in the models
used here.

In this diagram, models of different metallicity and C/O ratio
all lie close to the blackbody line, and thus provide even less
discrimination of composition than was seen in the near-IR colours.
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6 DISCUSSION

We find that hot Jupiters occur in the same region of the JHK|
colour-magnitude and colour—colour diagrams as brown dwarfs.
These brown dwarfs share many characteristics with planets in-
cluding a range of temperatures, which leads to a change in
their atmospheres from M-dwarf-like spectra to planet-like spectra.
Brown dwarfs atmospheres are heated from below and as such have
a PT profile that steadily decreases in temperature with decreasing
pressure. Hot Jupiter atmospheres, however, have a PT profile where
the temperature decreases up to around 1 bar and then remains fairly
steady, as in Fig. 1. Late M and L Dwarfs have dusty atmospheres

MNRAS 494, 4939-4949 (2020)

(Allard et al. 2001) that tend to suppress spectral features and cause
them to cluster around the blackbody line. However, the cooler T
Dwarfs have largely clear atmospheres and are found to have bluer
colours away from the blackbody line (Figs 3 and 4). Their spectra
are dominated by absorption bands from methane and water, and
have very broad absorption features from the alkali metals Na and
K. They also lack the FeH and CrH bands that L-type dwarfs exhibit.
Another contributing factor affecting all brown dwarf atmospheric
profiles in general, is their higher gravity. This is due to their larger
compact mass then hot , which leads to a different atmospheric scale
height.
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positions of WASP-19b and WASP-12b are also shown on the right-hand panel.

Although hot Jupiters are found in the same region of the
diagrams as these dusty brown dwarfs, it seems unlikely that they
are there for the same reason. Many hot Jupiters are simply too
hot for dust to condense (e.g. WASP-18b; Kedziora-Chudczer et al.
2019). Many hot Jupiter’s have very low geometric albedos as seen
in Kepler secondary eclipse measurements (Bailey 2014) implying
a lack of reflecting clouds, although there are exceptions such as
Kepler-7b that do show clouds (Demory et al. 2013). The analysis
of transit spectra shows a range from clear to cloudy atmospheres
(Sing et al. 2016). Thus, while some hot Jupiters have clouds, they
do not have the uniformly dusty atmospheres found in brown dwarfs
of the same temperature range.

In the case of hot Jupiters, the reason for the blackbody like
colours is more likely to be the steeper temperature variation with
pressure that arises in an externally heated atmosphere, and leads to a
near constant temperature over a wide range of pressure. This has the
effect of suppressing spectral features and leading to a blackbody-
like spectrum. The agreement between the colours of brown dwarfs
and hot Jupiters is because both, for different reasons, are behaving
like blackbodies.

The models presented in this paper represent a fraction of the
total number of cases analysed, although the key ones are shown
here. Diagrams have been constructed for objects over a wide range
of temperatures as well as the C/O ratio and metallicity. This seems
particularly needed in the current situation where the large number
of discovered hot Jupiters are indeed in the hottest range of models
considered here. However, some of these hottest planets are likely
to have more complex atmospheric profiles that include temperature
inversions due to heat trapping molecules of TiO and VO, and could
not be uniformly compared in this study.

We also ran some simulations to look at how a change in gravity
could affect the colours of a planet and its position on the various
diagrams such as the K; — [3.6] versus K; — [4.5] diagrams.
We found small there were small shifts in position but they were
not substantial. We ran simulations for [HT] profiles with surface

gravity lower than, 24.8 ms~2, of a Jupiter-like planet, such as might
be encountered in a more inflated planet. For a constant metallicity
and C/O ratio, decreasing surface gravity makes both colour indices
redder. This behaviour is consistent for higher C/O ratios and
metallicity range tested in our models. When we compare this trend
to the variation in C/O ratio for the single value of Jupiter surface
gravity, it appears that both tracks are almost overlapping leading
to potential degeneracy between both parameters. This degeneracy
can be lifted when the data is examined at the diagram that involves
only near-IR colours where the variable C/O sits at a lower J —
H and H — K. It is worth noting that the effect of shifting the
colour indices towards red is of the order of 0.2, that is, below the
typical error bar on the current measurements of magnitudes for hot
Jupiters.

To look at some specific cases of well-studied hot Jupiters, we
consider the cases of WASP-12b and WASP-19b. WASP-19b is
a hot-Jupiter that has published measurements in all bands and
was previously modelled with an atmospheric profile similar to our
[VHT] profile (Zhou et al. 2013). That study concluded that models
with a high C/O ratio best fit the data. We show the position of
WASP-19b on the top right-hand panel of Fig. 4. In this figure, it
does lie near the region of the VHT models for a high C/O ratio.
However, the error bars are large and consistent with a wide range
of compositions. When the object is placed on the K — [3.6] versus
K, — [4.5] diagram (Fig. 5), it again falls into the region of [VHT]
models, but it is not possible to say anything significant about its
C/O ratio from its position in this diagram. WASP-12b is another
hot Jupiter that has been suggested as having a high C/O ratio on the
basis of its dayside emission spectrum (Madhusudhan et al. 2011).
It can be seen however that on the J — H versus H — K diagram
(Fig.4), it falls on the region of VHT models for alow C/O ratio, and
on the Ky — [3.6] versus K; — [4.5] diagram, it is part of the large
group of objects that lie at bluer colours than any of the models.
It can be seen that no strong conclusions about the composition of
these atmospheres can be drawn on the basis of these diagrams.
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The detection of H,O absorption in WASP-19 (Sedaghati et al.
2017) indicates that the C/O ratio is probably less than 1. Generated
spectra from all models could also be valuable and compared to
future spectra from the James Webb Space Telescope (JWST).

A number of simulations show a sharp change in trend direction
on the C/O diagrams such as Fig. 4. This sharp trend change,
as mentioned earlier, is due to the variation in the C/O ratio
and shows most strongly around C/O = 1, where the dominance
of absorption from oxygen-rich species is being replaced with
increasing contribution of carbon-rich species. This can also be seen
in Fig. 2. At the lowest temperatures, the horizontal V-shape (Fig. 4)
becomes more prominent at higher metallicities. This could possibly
be caused by the widening and deepening methane absorption
band at 3.3 um. This has been stated to occur in brown dwarfs’
atmospheres (e.g. Patten et al. 2006) and leads to increasingly redder
colours with increasing magnitudes.

Although the simulations in this paper are based on specific
ranges in temperature, metallicity, C/O ratio, and mostly a fixed
gravity value, they are not unreasonable values considering the
available data on these parameters from observational studies and
theoretical work. That is, these parameter values are expected to
cover the vast majority of hot Jupiters. In addition, although the
modelling assumes no prominent atmospheric inversions, there has
been growing evidence that temperature inversions are nowhere
near as common as previously thought. As for the likelihood of
dust, aerosols, clouds, or haze, research is continuing.

7 CONCLUSIONS

This paper has presented colour—-magnitude and colour—colour
diagrams for hot Jupiters using near-IR (JHK;) and Spitzer 3.6-
pm and 4.5-um photometry. The number of objects available for
such analysis is much increased since the previous studies of Triaud
(2014), Triaud et al. (2014), and Zhou et al. (2015), particularly in
the near-IR bands. The availability of Gaia DR2 parallaxes for most
objects also increases the accuracy of the absolute magnitudes.

On colour—magnitude diagrams involving the JHK, magnitudes,
hot Jupiters are found to lie close to the blackbody line and in
the same region as late M and L dwarfs, agreeing well with the low
gravity dwarfs suggested to be exoplanet analogues by Faherty et al.
(2016). We suggest the reasons for this location may be different
in brown dwarfs and hot Jupiters. For brown dwarfs, it is well
established that dust clouds are important in these systems, and it is
the presence of this dust that causes the flux distribution to approach
that of a blackbody. In hot Jupiters, where clouds are probably less
important, as indicated by the low albedos, it is the approximately
isothermal temperature profile (such as those in Fig. 1), which
causes the spectrum to be similar to a blackbody.

Using a set of models with different metallicities and C/O
ratios, we investigate whether these diagrams can help constrain
the atmospheric composition of hot Jupiters. We find that there
are systematic trends with metallicity and C/O particularly on the
shorter wavelength diagrams such as H — K versus J — H. However,
the error bars on current observations at these wavelengths are such
that we cannot make conclusive statements about the composition
of individual objects. As a class, however, hot Jupiters cluster
around the colours expected for solar metallicity and C/O on this
diagram. The trends with metallicity and C/O become larger for
lower temperature objects (our ST and LT models), but the currently
available eclipse observations do not extend to planets as cool as
this.

MNRAS 494, 4939-4949 (2020)

Diagrams involving the longer wavelength colours such as Ky —
[3.6] versus K — [4.5] are less helpful for constraining composition
since the effects of metallicity and C/O are smaller, but also because
many observed hot Jupiters have bluer Ky — [3.6] colours than
any of the models. This might indicate that some systems have
overestimated K eclipse depths, or that the T-P profiles of our
models do not properly represent these objects.

At present, there are very limited IR spectral data on hot Jupiters
due to observational challenges. The observational data to come in
the following years, especially from the JWST, will undoubtedly
test present hot Jupiter models. The large error bars in the IR bands
of observational ‘hot Jupiter’ exoplanets, which make comparative
work on temperature, metallicity and C/O using our models very
difficult, will be overcome by the JWST, which will provide full
spectra. The JWST will open a new phase in our understanding
of exoplanets with transit spectroscopy of relatively short-period
planets and coronagraphic imaging of ones with wide separations
from their host stars (Beichman & Greene 2018). Of course, the
complex chemistry at play further complicates things but as we
build up more information on what is happening in hot-Jupiter
atmospheres, over time, the many pieces of the jigsaw will slowly
fall into place.
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