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ABSTRACT

Recent detections of thermal inversions in the dayside atmospheres of some hot Jupiters are
motivating new avenues to understand the interplay between their temperature structures and
other atmospheric conditions. In particular, TiO has long been proposed to cause thermal
inversions in hot Jupiters, depending on other factors such as stellar irradiation, C/O, and
vertical mixing. TiO also has spectral features in the optical and near-infrared that have been
detected. However, interpretations of TiO signatures rely on the accuracy of TiO opacity
used in the models. The recently reported TOTO TiO line list provides a new opportunity to
investigate these dependences, which is the goal of this work. First, we investigate how the
TOTO line list affects observable transmission and emission spectra of hot Jupiters at low and
high resolutions. The improvement in the TOTO line list compared to a previous line list results
in observable differences in the model spectra, particularly in the optical at high resolution.
Secondly, we explore the interplay between temperature structure, irradiation, and composition
with TiO as the primary source of optical opacity, using 1D self-consistent atmospheric models.
Among other trends, we find that the propensity for thermal inversions due to TiO peaks at
C/O ∼ 0.9, consistent with recent studies. Using these models, we further assess metrics to
quantify thermal inversions due to TiO, compared to frequently used Spitzer photometry, over
a range in C/O, irradiation, metallicity, gravity, and stellar type.
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1 I N T RO D U C T I O N
In the quest to understand exoplanets in ever-increasing detail,
spectroscopic observations of increasing quality are being used to
study exoplanetary atmospheres. In particular, secondary eclipse
spectra of transiting exoplanets provide a unique opportunity to
constrain both the chemical properties and thermal structures of
their dayside atmospheres (e.g. Seager et al. 2005; Burrows, Ibgui &
Hubeny 2008). Both the chemical and thermal properties of an
atmosphere are deeply intertwined and many works to date have
aimed to shed light on the various processes that shape exoplanet
emission spectra (e.g. Hubeny, Burrows & Sudarsky 2003; Fortney
et al. 2006; Burrows et al. 2008; Zahnle et al. 2009; Madhusudhan
2012; Mollière et al. 2015; Parmentier et al. 2018). In particular, the
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phenomenon of thermal inversions has been the focus of much work
for over a decade, with approaches from both theory and observation
(e.g. Hubeny et al. 2003; Burrows et al. 2008; Fortney et al. 2008;
Spiegel, Silverio & Burrows 2009; Knutson, Howard & Isaacson
2010; Madhusudhan 2012; Menou 2012; Mollière et al. 2015;
Beatty et al. 2017a; Parmentier et al. 2018; Gandhi & Madhusudhan
2019; Lothringer & Barman 2019).
Although thermal inversions are known to exist in the atmospheres of Solar system planets (e.g. Moses et al. 2005; Robinson &
Catling 2014), the molecules that cause them (e.g. ozone in Earth’s
atmosphere and hydrocarbon hazes on Jupiter) cannot exist in gas
phase at the high temperatures present in hot Jupiter atmospheres.
However, Hubeny et al. (2003) suggested that alternative, hightemperature, absorbers such as TiO or VO could produce thermal
inversions in strongly irradiated exoplanets, opening up the field
of exoplanet atmospheres to a new class of thermal structures (e.g.
Fortney et al. 2006; Burrows et al. 2007).
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hot Jupiters, could reduce the amplitude of the H2 O features in
the WFC3 band (e.g. Arcangeli et al. 2018; Lothringer, Barman &
Koskinen 2018; Parmentier et al. 2018).
Among the factors that shape the thermal profile of an atmosphere, chemistry is a critical component. In particular, the C/O
ratio has an important role in determining atmospheric chemistry,
with high C/O ratios limiting the abundance of O-bearing species
including H2 O, TiO, and VO in hot Jupiter atmospheres (Madhusudhan et al. 2011b; Madhusudhan 2012). Here we are focusing on
typical hot Jupiters orbiting Sun-like stars. Since a thermal inversion
requires a high optical opacity relative to the infrared opacity (e.g.
Hubeny et al. 2003; Hansen 2008; Guillot 2010), a decrease in H2 O
abundance due to a high C/O ratio can to some extent make it easier
for a thermal inversion to occur (Mollière et al. 2015; Gandhi &
Madhusudhan 2019). Furthermore, it has been found that the optical
opacity causing thermal inversions may come from a variety of
compounds besides TiO/VO, including sulphur compounds (Zahnle
et al. 2009), Na/K (Mollière et al. 2015), H− ions (Arcangeli
et al. 2018; Lothringer et al. 2018; Parmentier et al. 2018), and
various oxides, hydrides, and atomic metals (Lothringer et al. 2018;
Gandhi & Madhusudhan 2019). State-of-the-art observations and
chemical characterization are allowing the first detections of such
compounds in exoplanet atmospheres. Recent examples include
detections of TiO in high resolution (Nugroho et al. 2017) and low
resolution (Sedaghati et al. 2017, but cf. Espinoza et al. 2019) as
well as an indication of AlO (von Essen et al. 2019), both species
thought to be capable of creating thermal inversions (e.g. Hubeny
et al. 2003; Fortney et al. 2008; Gandhi & Madhusudhan 2019).
These detailed chemical detections rely on the accuracy and
completeness of the molecular cross-sections used to interpret spectroscopic observations (e.g. Schwenke 1998; Patrascu, Yurchenko &
Tennyson 2015). While in the past, cross-sections were not designed
specifically for use with exoplanet spectra, the recent need for such
cross-sections has led to the development of several state-of-the-art
line lists for various molecules at temperatures relevant to exoplanetary atmospheres (e.g. Rothman et al. 2010, 2013; Tennyson et al.
2016). Accurate and complete molecular cross-sections also play a
key role in determining the spectral appearance and thermal profile
of an atmosphere. In particular, for high-resolution spectra, line
position accuracy is important as chemical detections are typically
made using cross-correlation methods, which are very sensitive to
line position (Brogi et al. 2012; Nugroho et al. 2017; Birkby 2018).
Conversely, completeness of a line list affects the strength of spectral
features in low-resolution spectra.
In this work, our goal is to explore important factors for assessing
thermal inversions in the spectra of hot Jupiters. We begin by
investigating the importance of up-to-date molecular cross-sections
of TiO for inferring the effects of this molecule on the thermal
structures and spectra of hot Jupiters. To this end, we compare
the latest TiO line list, TOTO (McKemmish et al. 2019), against
a previous line list (Schwenke 1998), assessing the differences
they make to both transmission and emission spectra for lowresolution as well as high-resolution spectroscopic observations. We
also embark on a reassessment of the criteria used for quantifying
thermal inversions in hot Jupiters. Traditionally, thermal inversions
have been assessed based on the relative flux differential between
the Spitzer IRAC 1 and IRAC 2 bands at 3.6 and 4.5 μm, respectively
(e.g. Knutson et al. 2008; Haynes et al. 2015; Sheppard et al. 2017;
Kreidberg et al. 2018), which relies on the assumption that there is
strong CO opacity in the 4.5 μm band relative to the 3.6 μm band
(i.e. the 3.6 μm band is a continuum) for hot Jupiters. However,
factors such as C/O ratio could affect this assumption. As a result,
MNRAS 496, 3870–3886 (2020)
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Further developments in the theory of thermal inversions have
been driven by both trends observed in exoplanet emission spectra
and theoretical considerations. For example, Fortney et al. (2008)
suggested a two-way classification of hot Jupiters based on stellar
irradiation, arguing that inversion-causing species such as TiO and
VO would only be present in the gas phase for the hotter, more
strongly irradiated class. This was in agreement with inferences of
thermal inversions at the time, with HD 209458 b at the boundary
between the two classes (Burrows et al. 2008; Knutson et al. 2008,
but cf. Diamond-Lowe et al. 2014). Not all stellar irradiation aids
the formation of thermal inversions, however. Knutson et al. (2010)
found a negative correlation between host star activity and the
presence of thermal inversions, leading them to suggest that the
increased UV flux from active stars could result in the photodissociation of inversion-causing compounds and hinder the presence
of thermal inversions. However, inferences of thermal inversions
in some planets have since been updated, e.g. HD 209458b (see
Diamond-Lowe et al. 2014).
Beyond photodissociation, there are further challenges in creating
thermal inversions with TiO/VO. One is the cold trap effect,
whereby these compounds condense out either on the night side
or in certain (cooler) regions in the atmosphere, which can deplete
the abundance of gaseous TiO/VO (Spiegel et al. 2009; Beatty et al.
2017a). Another is the fact that TiO and VO are heavy compounds
relative to an H2 -dominated atmosphere and will gravitationally
settle if they are not kept aloft by other means (Spiegel et al. 2009).
However, both of these effects could be mitigated by vertical mixing
in the most irradiated atmospheres (e.g. Spiegel et al. 2009). Indeed,
Parmentier, Showman & Lian (2013) find that TiO can be kept aloft
in the atmosphere by vertical mixing as long as it forms sufficiently
small particles when condensed on the night side.
To date, three exoplanets are known to host thermal inversions:
WASP-18b (Sheppard et al. 2017), WASP-33b (Haynes et al. 2015),
and WASP-121b (Evans et al. 2017). These inferences are typically
made using a combination of thermal emission spectra obtained
with the HST WFC3 spectrograph (1.1–1.7 μm) and broad-band
photometry in the Spitzer IRAC bands at 3.6 and 4.5 μm. Whereas
the HST WFC3 band is a good probe of H2 O opacity and the spectral
continuum, the IRAC 4.5 μm band has strong opacity due to CO,
which is expected to be abundant in hot Jupiter atmospheres. For
solar compositions and sufficiently high temperatures, the IRAC
3.6 μm band has relatively low opacity and is therefore used
as a measure of the spectral continuum against which the IRAC
4.5 μm band can be compared. Under these conditions, a higher
brightness temperature in the IRAC 4.5 μm band relative to the 3.6
μm band indicates the presence of a CO emission feature and an
inverted temperature profile. This metric has commonly been used to
assess the presence of thermal inversions in hot Jupiter atmospheres
(Burrows et al. 2007; Knutson et al. 2010; Madhusudhan & Seager
2010).
On the other hand, many highly irradiated ultra-hot Jupiters (with
an effective temperature of 2000 K) have emission spectra consistent with blackbody curves in the near-infrared (e.g. Crossfield et al.
2012; Delrez et al. 2018). One explanation for this observation is an
isothermal temperature profile (e.g. Crossfield et al. 2012), though
an absence of strong near-infrared absorbers such as H2 O would
also result in a featureless spectrum in the NIR (e.g. Madhusudhan
et al. 2011a). Such a depletion in H2 O could be caused by either
a supersolar C/O ratio (Madhusudhan 2012; Moses et al. 2013)
or due to its thermal dissociation in ultra-hot Jupiters (Parmentier
et al. 2018). Several recent studies also suggest that the continuum
opacity in the near-infrared due to H− ions, which can exist in ultra-
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2 I M PAC T O F T I O L I N E L I S T S O N
E X O P L A N E T O PAC I T Y
Chemical cross-sections play a crucial role in interpreting atmospheric observations, and their accuracy is important to correctly
infer the presence and abundance of each molecule. New observational needs, new experimental data, and new theoretical techniques
have recently motivated a new line list for TiO absorption. Prior
to 2019, there were two major line lists available for TiO: the
Schwenke (1998) line list developed in 1998 and the Plez line
list originally constructed in 1998 (Plez 1998) with the latest
update in 2012 (Ryabchikova et al. 2015). These line lists were
originally designed for applications in modelling M dwarfs, while
now the community needs data that can model absorption by
TiO in exoplanets including for ultra-high-resolution ground-based
Doppler spectroscopy (e.g. Hoeijmakers et al. 2015) that demands
line position accuracies better than ∼0.1 cm−1 (R  105 ) for strong
lines.
Fortunately, new experimental data are available for many TiO
bands. These new data are combined with old data using a
new algorithm called MARVEL (Császár et al. 2007; Furtenbacher,
Császár & Tennyson 2007; Furtenbacher & Császár 2012) to
produce accurate empirically derived energies for more than 8000
rovibronic states. Next, the new DUO (Yurchenko et al. 2016)
software package is used to fit an accurate spectroscopic model
of TiO with 13 electronic states based on ab initio data and these
MARVEL energy levels (McKemmish et al. 2017), and then to
solve this spectroscopic model to produce a large data set with
over 55 million transitions and 300 000 energy levels. Finally, the
energy levels are ‘MARVELIZED’, i.e. model energies are replaced
with the appropriate MARVEL experimentally derived values to
dramatically improve the accuracy of the predicted line positions.
The resulting new TiO line list, called TOTO (McKemmish et al.
2019), covers the spectral range up to 30 000 cm−1 or 0.33 μm
MNRAS 496, 3870–3886 (2020)

and is suitable for use in both modelling and detecting TiO in
exoplanets.
Our results here extend the original results in McKemmish et al.
(2019) in two ways: (1) quantifying the extent of ‘MARVELIZATION’
in the TOTO line list (Section 2.1) and (2) exploring the impact of
different line lists on predicted hot Jupiter spectra (Sections 2.2 and
2.3).
2.1 Quantifying line list suitability for high-resolution
spectroscopy
The importance of line list choice depends on the resolution of the
observations. Fig. 1 shows the Schwenke (1998) and Plez 2012
(sourced from Ryabchikova et al. 2015) cross-sections (hereafter,
S98 and P12) alongside the TOTO cross-sections in the optical
and near-infrared at 2000 K, as well as the differences between
them. In this spectral range, the two cross-sections differ by up
to almost three orders of magnitude at native resolution and one
order of magnitude when smoothed by a Gaussian point spread
function (PSF) similar to that of HST/WFC3 (see the grey and red
lines in the lower panel of Fig. 1, respectively). This can have a
significant impact on the interpretation of both optical and nearinfrared spectra at low and high resolutions, but it is clearly much
more important for high-resolution observations. In Sections 2.2
and 2.3, we focus on the differences between the TOTO and S98
cross-sections as these differ more in the optical (where TiO is
most spectrally active) than the TOTO-P12 comparison, therefore
providing an upper limit on the effects of these differences on hot
Jupiter spectra.
The use of high-resolution Doppler spectroscopy to identify
molecules in exoplanets relies on the availability of very accurate
line positions. For complex molecules like TiO, the necessary
accuracy can only usually be obtained if model energy levels are
explicitly replaced by experimentally derived energy levels and/or
transition frequencies. This replacement has not been done for the
early 1998 Plez and Schwenke line lists, but it is done for the Plez
2012 line list (sourced from Ryabchikova et al. 2015) and the new
TOTO line list; the former two line lists are thus not preferable for use
in high-resolution cross-correlation techniques. Clear identification
of the line list used in exoplanet high-resolution cross-correlation
studies is thus essential for accurate chemical detections (Brogi
et al. 2012; Hoeijmakers et al. 2015; Nugroho et al. 2017; Birkby
2018).
Previous studies (McKemmish et al. 2019) have compared the
results of the TOTO line list to the Plez 2012 line list (sourced from
Ryabchikova et al. 2015) in the context of high-resolution Doppler
spectroscopy, including cross-correlation of both line lists against
high-resolution M star spectra in different spectral regions. TOTO
had superior performance, which can be attributed to the fact that
the line list is ‘MARVELIZED’.
The extent to which a given line list explicitly includes experimental or experimentally derived (e.g. MARVEL) energy levels
and/or transitions has not previously been quantified, yet this is an
essential factor in determining the suitability of a given line list for
use in high-resolution cross-correlation studies. Note that strong
lines have the greatest contribution in the cross-correlation, so their
accuracy is especially important.
The most straightforward metric is that, in TOTO, 17 365 model
energy levels out of 301 245 (or 5.76 per cent) are replaced by experimentally derived MARVEL energy levels for the main isotopologue.
The energy levels that are MARVELIZED, however, are the most
populated energy levels; MARVELIZED energy levels contribute 95

Downloaded from https://academic.oup.com/mnras/article/496/3/3870/5868254 by University of Cambridge user on 15 January 2021

the IRAC 1/IRAC 2 flux differential may not necessarily be a robust
or optimal metric across all atmospheric chemistries. Furthermore,
chemical properties such as the C/O ratio have also been shown
to influence thermal inversions (e.g. Madhusudhan et al. 2011b;
Mollière et al. 2015; Gandhi & Madhusudhan 2019), so the way in
which they affect the performance of the IRAC 1/IRAC 2 metric
may be non-trivial. In this study, we explore the performance of the
IRAC 1/IRAC 2 metric as well as an alternative metric as a function
of C/O ratio, irradiation, metallicity, and gravity.
In what follows, we begin with comparisons of different TiO line
lists and their effects on model spectra under different conditions in
Section 2. Here we show how the choice of line list could impact
the interpretation of emission and transmission spectra at low and
high resolutions. Using semi-analytic considerations of radiative
equilibrium, we then explore in Section 3 how the optical versus
infrared opacity varies as a function of C/O ratio and temperature,
thereby assessing the dayside equilibrium temperatures at which
thermal inversions could occur when TiO is a primary optical
absorber. In Section 4, we assess metrics for quantifying the
presence and strength of thermal inversions in the context of
solar-composition atmospheres. In Section 5, we then use selfconsistent atmospheric models to explore the dependence of thermal
inversion strength on irradiation, C/O ratio, metallicity, and gravity.
We also use these models to investigate the performance of the
metrics discussed in Section 4 as a function of these atmospheric
parameters. We summarize our findings and discuss our conclusions
in Section 6.
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and 86 per cent to the total partition function at 2000 and 3000 K,
respectively.
In terms of the transitions themselves, 1373 936 out of the
total 58 983 952 transitions for the main isotopologue in TOTO are
between two MARVELIZED energy levels and thus have very accurately determined line positions. We can examine the importance
of these transitions to the overall line list by considering Fig. 2,
which shows the cross-section from only MARVELIZED transitions
compared to the total TOTO line list. The completeness of the
MARVEL-only data varies considerably between spectral bands with
some almost entirely complete, e.g. around 0.71, 0.52, and 0.49 μm,
and some almost entirely missing, e.g. around 0.57 μm. The most
important bands missing in the MARVEL-only data involve v = 2
and higher vibrational excitations of the B 3  state, which have not
yet been experimentally analysed; in light of their importance to
high-resolution Doppler spectroscopy, these levels are thus of most
importance for future experimental study.
More quantitatively, we can quantify the number of MARVELIZED
transitions compared to the total number of transitions in the TOTO
line list at a given temperature above a certain intensity threshold by
computing stick spectra using EXOCROSS (Yurchenko et al. 2018).
Approximately 83 per cent of the 4491 strongest transitions (line
intensities above 10−17 cm/molecule at 2000 K) are MARVELIZED,
with this number dropping to 64 per cent of 50 408 transitions if the
threshold is chosen as 10−18 cm/molecule.

Figure 2. The full TOTO (red) and MARVEL-only (black) cross-sections,
calculated at 2000 K using Gaussian broadening with an hwhm of 2 cm−1
calculated using EXOCROSS (Yurchenko, Al-Refaie & Tennyson 2018). Here,
we focus on comparisons between the strongest lines as these are the regions
where experimentally derived transitions are most accessible. Furthermore,
it is the strongest lines that have the greatest impact on the interpretation of
high-resolution Doppler spectroscopy with cross-correlation.

MNRAS 496, 3870–3886 (2020)
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Figure 1. Top panels: the S98 (grey, left-hand panel)/P12 (grey, right-panel panel) and TOTO (red) cross-sections overplotted in the range 0.4–2.0 μm. Bottom
panels: the log difference between the S98 (left)/P12 (right) and TOTO cross-sections in the same wavelength range, at native resolution (grey) and smoothed
with a Gaussian of width 2.3 nm (red, similar to the PSF of HST/WFC3). At certain wavelengths, the cross-sections differ by almost a factor of ∼10 when
smoothed. The amplitudes of the residuals decrease for lower resolutions, indicating that differences in line position contribute significantly to the differences
between the line lists. In all the panels, the cross-sections are taken at 2000 K and 1 bar.

3874

A. A. A. Piette et al.

2.2 Effect of line list choice on transmission spectra

2.3 Effect of line list choice on emission spectra
Here, we consider the effects of the TOTO and S98 TiO cross-sections
on the emission spectrum of a hot Jupiter. We do this by comparing
emission spectra from two models that are identical apart from the
TiO cross-sections used to generate them.
To generate these spectra, we use the GENESIS model (Gandhi &
Madhusudhan 2017), which calculates full, line-by-line radiative
transfer under radiative–convective equilibrium. In order to calculate equilibrium chemical abundances as a function of pressure,
temperature, and elemental abundances, we use the software package HSC CHEMISTRY (version 8). This software has been used in
several studies in the field of exoplanets, planet formation, and the
solar nebula (e.g. Pasek et al. 2005; Bond, Lauretta & O’Brien
2010; Elser, Meyer & Moore 2012; Madhusudhan 2012; Moriarty,
Madhusudhan & Fischer 2014; Harrison, Bonsor & Madhusudhan
2018), and calculates abundances by minimizing the total Gibbs free
energy of the system using the GIBBS solver (White, Johnson &
Dantzig 1958). We include all the chemical species used in Bond
et al. (2010) and Harrison et al. (2018), plus extra ionic and
molecular forms of H, O, C, N, Ti, and OH (listed in Table A1),
including H− . In this section, all elemental abundances are taken to
be solar.
Throughout this work, the cross-sections we use for all molecules
are calculated as in Gandhi & Madhusudhan (2017) from the
MNRAS 496, 3870–3886 (2020)

Teq =

 1/4 
f
Rs
Teff ,
2
a

(1)

(henceforth, referred to as equilibrium temperature) where f is the
fraction of incident irradiation that remains on the dayside, Rs and
Teff are the radius and effective temperature of the star, respectively,
and a is the semimajor axis of the planet. Throughout this work, we
assume a value of f = 1/2 (i.e. full redistribution of incident radiation
around the planet), unless otherwise stated, and a is chosen such
that Teq has the value quoted in each figure. For the incident stellar
irradiation, we use ATLAS model spectra (Kurucz 1979; Castelli &
Kurucz 2003) and both the stellar and planetary properties we use
are listed in Section 2.2.
The spectra in Fig. 4 differ most in the optical range by up to
a factor of 300 ppm. Intuitively, this is because TiO is primarily
active in the optical range, and as such will have a larger impact
on optical spectra. In the near-infrared, the two spectra differ by
up to ∼100 ppm. However, the differences in both the optical
and near-infrared are only visible at higher spectral resolutions.
When the two spectra are smoothed to a resolution similar to
that of HST/WFC3, the residuals between them are of order
∼25 ppm, which is comparable to the signal-to-noise achievable
with HST/WFC3. When interpreting emission spectra, choice of
TiO line list is therefore most important at high resolutions.
In what follows, we choose to use the TOTO cross-sections in
our analysis of thermal inversions caused by TiO. In addition
to the advantages discussed in Section 2.1, TOTO also has better
completeness than previous line lists and takes advantage of more
recent experimental data in fitting the DUO spectroscopic models
(McKemmish et al. 2019).
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The first detections of TiO in an exoplanet atmosphere have
recently been made using transit spectra (Haynes et al. 2015;
Sedaghati et al. 2017). In particular, Sedaghati et al. (2017) have
detected TiO in the transmission spectrum of WASP-19b [though
Espinoza et al. (2019) do not detect TiO at a later epoch]. Here,
we investigate the effect of the TOTO TiO line list, relative to the
S98 line list, on transmission spectra by comparing two spectra
for a canonical hot Jupiter. Throughout this work, model spectra
are calculated for this canonical hot Jupiter using planetary/stellar
properties similar to WASP-12b/WASP-12; the planetary radius
and log gravity are taken as 1.79 RJ and 2.989 (cgs), respectively,
and the stellar radius, log gravity, [Fe/H] metallicity, and effective
temperature are taken as 1.63 R , 4.38 (cgs), 0.3, and 6300 K,
respectively (Hebb et al. 2009; Stassun, Collins & Gaudi 2017).
We generate cross-sections from the TOTO and S98 line lists
using the methods described in Gandhi & Madhusudhan (2017).
Using these, we generate two model transmission spectra that are
identical other than the TiO cross-sections used in each. The model
spectra are generated using the transmission model described in
Welbanks & Madhusudhan (2019) (see also Pinhas et al. 2018).
We assume an isothermal pressure–temperature (P–T) profile at
2000 K and a constant-with-depth TiO mixing ratio of 10−7 .
For simplicity, no other chemical species are included in these
models.
The two spectra and their residuals are shown in Fig. 3. The grey
line in the lower panel shows the residual for smoothed spectra;
spectra in the top panel are smoothed with a Gaussian of width
0.16 nm before calculating the residual, to represent smoothing
by the PSF of a ground-based instrument. At this resolution,
differences of up to 400 ppm can be seen, which are comparable to
observational uncertainties with current instruments. When making
inferences from optical transmission spectra, choice of TiO line
list can therefore have a significant impact on the conclusions
drawn.

HITEMP, HITRAN, and ExoMol line list data bases [H2 O, CO,
and CO2 : Rothman et al. 2010, CH4 : Yurchenko et al. 2013;
Yurchenko & Tennyson 2014, C2 H2 : Rothman et al. 2013; Gordon
et al. 2017, NH3 : Yurchenko, Barber & Tennyson 2011, HCN: Harris
et al. 2006; Barber et al. 2014, VO: McKemmish, Yurchenko &
Tennyson 2016, collision-induced absorption (CIA): Richard et al.
2012]. We also include opacity due to Na and K (Burrows &
Volobuyev 2003; Gandhi & Madhusudhan 2017). The bound–
free and free–free cross-sections of H− are calculated using the
prescriptions of Bell & Berrington (1987) and John (1988) (see also
Arcangeli et al. 2018; Parmentier et al. 2018; Gandhi, Madhusudhan & Mandell 2020).
We also consider the effect of vertical mixing in the GENESIS
code. Spiegel et al. (2009) find that TiO is heavy enough to
gravitationally settle if not kept aloft by mixing, and cold traps
are known to deplete TiO if it is not replenished (e.g. Burrows et al.
2007; Spiegel et al. 2009). We use a simple mixing model in which
the equilibrium abundance is added to a ‘quenched’ abundance in
the range 0.1–10−3 bar. This ‘quenched’ value is taken to be the
equilibrium abundance at 0.1 bar, where we assume that vertical
mixing begins (e.g. Spiegel et al. 2009; Moses et al. 2013). The
resulting abundance profile is effectively equal to the larger of the
equilibrium or quenched values.
Fig. 4 shows the residuals between spectra of two otherwise
identical models generated with each of the TOTO and S98 crosssections with the P–T profile shown in the left-hand panel. The
P–T profile used is a self-consistent P–T profile generated using the
TOTO line list assuming a dayside equilibrium temperature of 3000 K
as well as equilibrium chemistry and vertical mixing as described
above. Note that we define dayside equilibrium temperature as
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Figure 4. Upper right panel: spectra for two model atmospheres with identical P–T profiles, chemical profiles, irradiation, and planetary properties,
but using the S98 (black) and TOTO (red) TiO cross-sections. The planetary
properties are those listed in Section 2 and the semimajor axis is adjusted
such that the dayside equilibrium temperature is 3000 K. Lower right panel:
the residuals between the two spectra (TOTO spectrum–S98 spectrum) at
a resolution of R ∼ 10 000 (red) and smoothed with a Gaussian of width
2.3 nm (black) to represent the PSF of HST/WFC3. The atmospheric model
used is self-consistent for the TOTO cross-sections, and the P–T profile is
shown in the left-hand panel.

3 I N F L U E N C E O F C H E M I S T RY O N T H E R M A L
INVERSIONS
The thermal profile in a hot Jupiter atmosphere is dictated by
the incident stellar irradiation and the sources of opacity in the
atmosphere. In this section, we briefly investigate the relationship
between atmospheric chemistry and temperature structure using
a semi-analytic approach. A key component in determining the
opacities is the abundance of each chemical species. We therefore begin by calculating equilibrium abundances for a range
of chemical species as a function of temperature and C/O ratio
using the HSC CHEMISTRY software as described in Section 2.3.
By considering radiative equilibrium, we then use these chemical
abundances to explore the range of thermal solutions that are
possible under various conditions. We vary the C/O ratio by

using solar elemental abundances but varying the C abundance.
In the later sections, we also vary metallicity by keeping solar elemental ratios but scaling abundances by a constant factor.
Fig. 5 shows the calculated equilibrium abundances for H2 O,
CO, and TiO as a function of C/O ratio and temperature. The
HSC CHEMISTRY software includes the effects of condensation and
thermal dissociation, which can be seen in the top panel of Fig. 5
as the abundance of TiO decreases rapidly at temperatures below
∼1750 K (condensation), and both TiO and H2 O are depleted at
temperatures above ∼3000 K (thermal dissociation). As expected,
the abundances of both species drop by several orders of magnitude
as the C/O ratio increases above unity, consistent with previous
studies (Madhusudhan et al. 2011b; Madhusudhan 2012; Moses
et al. 2013). In contrast, the CO abundance remains high across both
low and high C/O ratios, and at cooler temperatures (∼1300 K), CO
abundance decreases as CH4 takes over as the dominant carrier of
carbon (Madhusudhan 2012).
These abundances affect the temperature in a region of the
atmosphere through the ratio of visible to infrared opacity, κ vis /κ ir
(Hubeny et al. 2003; Guillot 2010; Hubeny 2017). κ vis determines
the amount of incident radiation that can be absorbed, while κ ir
dictates the efficiency with which the gas is able to radiate away
energy, both of which affect the steady-state temperature of the gas.
These quantities are defined by
∞

κν Jν dν
,
κvis = 0 ∞
0 Jν dν
∞
κν Bν dν
.
κir = 0 ∞
0 Bν dν

(2)

Bν is the thermal emission of the gas (a Planck function of
temperature T) and κ ν is the opacity of the gas as a function of
frequency, defined as
κν =



σi ni ,

i
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Figure 3. Upper panel: Transmission spectra calculated using the TOTO (red) and S98 (black) cross-sections at a resolution of R ∼ 10 000. The P–T profile is
assumed to be an isotherm at 2000 K, and the planetary properties are those listed in Section 2. Lower panel: The red line shows the residual between the red
and black spectra in the top panel (TOTO spectrum–S98 spectrum). The grey line is calculated by smoothing the red and black spectra with a Gaussian of width
0.16 nm (to represent the PSF of a ground-based instrument) and finding the residual between them.
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where the sum is over all species and σ i and ni are the crosssection and number density of each species, respectively. Jν is
the zeroth
 1 moment of spectral intensity of incident irradiation,
Jν = 12 −1 Iνμ dμ, where Iνμ is the spectral intensity of incident
irradiation at an angle θ (μ = cosθ ) to the local normal.
The effect of κ vis /κ ir on the atmospheric temperature gradient
can be seen using the analytic P–T profile of Guillot (2010). This
profile parametrizes atmospheric temperature (T), as a function of
optical depth (τ ), intrinsic planetary temperature (Tint ), dayside
MNRAS 496, 3870–3886 (2020)

4 METRICS FOR ASSESSING THERMAL
INVERSIONS
In this section, we assess metrics for inferring the presence and
strength of thermal inversions in exoplanet atmospheres with solarlike compositions. A common way to do this involves comparing
two photometric measurements, e.g. using the Spitzer IRAC 1 and
IRAC 2 channels (e.g. Burrows et al. 2007; Knutson et al. 2010;
Madhusudhan & Seager 2010). Assessing the presence of a thermal
inversion with two or more spectral or photometric bands requires at
least one band that probes a high-opacity region of the spectrum and
an opacity window that probes as little line opacity as possible, i.e.
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Figure 5. Equilibrium abundances of TiO, H2 O, and CO as a function of
temperature (upper section of top panel) and C/O ratio (upper section of
bottom panel), for a pressure of 1 mbar. In each plot, the lower section
shows the log of the ratio of optical to infrared opacities, log(κ vis /κ ir ).
The bold black dashed lines highlight κ vis /κ ir = 1. Values of κ vis /κ ir  1
correspond to a thermal inversion in the atmosphere. In the upper panel, the
dotted black lines show κ vis /κ ir as a function of photospheric temperature
(temperature at an optical depth of 2/3), calculated using the P–T profile
of Guillot (2010) and assuming equilibrium temperatures of Teq = 1500,
2000, and 2500 K, respectively. In the top (bottom) panels, different line
colours indicate different values of the C/O ratio (temperature), with darker
shades indicating smaller values as shown by the legend. In the top panel,
the dashed coloured lines correspond to C/O = 0.9, while in the bottom
panel the dashed coloured lines correspond to a temperature of 1700 K. For
these values, κ vis /κ ir has the highest peak in each plot, respectively.

temperature, and κ vis /κ ir . As such, dT/dτ can be calculated as a
function of κ vis /κ ir . Assuming a negligible Tint , dT/dτ is negative
(i.e. there is a thermal inversion) when κ vis /κ ir > 1, for all finite
values of τ and dayside temperature (Guillot 2010; Gandhi &
Madhusudhan 2019).
In Fig. 5, we show κ vis /κ ir as a function of C/O ratio and
temperature. For simplicity, we use a single pressure of 1 mbar
to represent the upper atmosphere. To calculate κ vis /κ ir , we include
opacity contributions from TiO, H2 O, CH4 , NH3 , CO, CO2 , HCN,
C2 H2 , Na, K, VO, and CIA, using equilibrium chemical abundances
from HSC CHEMISTRY. From Fig. 5 (top panel), we see that κ vis /κ ir
only has values above unity for temperatures greater than ∼1500.
This suggests that thermal inversions caused by TiO can only occur
for atmospheric temperatures above 1500 K. This temperature
limit corresponds to C/O = 0.9, while lower and higher C/O
ratios begin to exceed κ vis /κ ir only at higher temperatures. Larger
values of κ vis /κ ir coincide with larger values of TiO abundance,
which is expected since TiO is a primary visible absorber in
this scenario. Outside the range of large κ vis /κ ir , condensation
and thermal dissociation of TiO both diminish its value at low
and high temperatures, respectively. Na and K can also contribute
significantly to the optical opacity, and hence thermal inversions,
for C/O1 (see also Mollière et al. 2015). For example, at C/O≥1,
where TiO is strongly depleted, optical opacity due to Na and K
results in κ vis /κ ir >1 for temperatures greater than ∼1750 K.
We can use κ vis /κ ir as shown in Fig. 5 to broadly assess the
feasibility of thermal inversions for a given Teq . To do this, we again
use the analytic temperature profile from Guillot (2010), setting
τ = 2/3 (i.e. corresponding to the photosphere) and assuming that
intrinsic heat is negligible compared to the irradiation. For a chosen
equilibrium temperature, this results in a relation between κ vis /κ ir
and photospheric temperature. This is shown by the dotted black
lines in the upper panel of Fig. 5 for three equilibrium temperatures (1500, 2000, and 2500 K). Solutions for the photospheric
temperature occur at the intersection points between these lines and
the values of κ vis /κ ir calculated independently from the molecular
opacities (coloured lines in the lower section of the upper panel in
Fig. 5). Where these intersections happen at κ vis /κ ir > 1, a thermal
inversion is possible.
Fig. 5 therefore shows that inversions start to become possible at
temperatures in the range ∼1500–2000 K, depending on the C/O
ratio. For example, for C/O = 0.9, thermal inversions are possible
at equilibrium temperatures just above 1500 K, while for C/O≥1.0
equilibrium temperatures 1750 K are required. This is comparable
to the equilibrium temperature at which Fortney et al. (2008) begin
to see thermal inversions for a Sun-like host star (∼1800 K). To
fully understand the effects of equilibrium chemical abundances on
the P–T profile of an atmosphere, we extend our analysis with full
numerical atmospheric models in Section 5.
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a spectral continuum. The continuum band probes deeper regions
of the atmosphere while the high-opacity band probes higher up in
the atmosphere. The difference in brightness temperature between
these bands provides a measure of the temperature gradient in the
photosphere. While a ‘perfect’ opacity window would contain no
line opacity at all, this is not realistic. Furthermore, continuum
opacity such as CIA opacity is itself wavelength dependent. Therefore, different continuum bands can have varying levels of both line
opacity contamination and continuum opacity. A continuum band
with less line opacity probes deeper into the atmosphere and therefore has the potential to probe a larger temperature contrast when
compared to the ‘high-opacity’ band. Therefore, when looking for
metrics to assess thermal inversions it is advantageous to consider
the clearest possible continuum bands. For example, Stevenson
(2016) use the J band as a continuum compared to a water absorption band when quantifying absorption features in transmission
spectra.
The IRAC 1 and IRAC 2 channels (at 3.6 and 4.5 μm, respectively) are commonly used to infer the presence of thermal
inversions in hot Jupiters as the 3.6 μm band does not contain
very strong molecular features for solar-composition atmospheres
while the 4.5 μm band probes a strong CO feature (e.g. Burrows
et al. 2007; Knutson et al. 2009; Madhusudhan & Seager 2010).
This property has also been used to construct colour–magnitude
diagrams for exoplanets and brown dwarfs and to subsequently
compare irradiated exoplanets to other types of sub-stellar object
(Triaud 2014; Triaud et al. 2014). For a hot Jupiter with solar
composition and a thermal inversion, the brightness temperature
contrast between the IRAC 2 and IRAC 1 channels, T4.5 μ m −
T3.6 μ m , is expected to be positive. On the other hand, an atmosphere
with solar composition but without a thermal inversion would be
expected to have T4.5 μ m − T3.6 μ m < 0. However, in reality, the
IRAC 1 band is not a perfect opacity window. In particular, it
has contributions from CH4 , H2 O, and HCN (Madhusudhan 2012).
This is particularly evident for high C/O ratios close to 1 where

CH4 and HCN can have significant opacity contributions. Under
such circumstances, an atmosphere without a thermal inversion
can still have significantly low flux in the IRAC 1 band due to
CH4 and/or HCN absorption compared to the IRAC 2 band with
CO. This situation can give rise to a positive T4.5 μ m − T3.6 μ m
contrast that can mimic the behaviour of a thermal inversion
(Section 5.2). Other photometric bands may therefore provide a
better opacity window compared to the IRAC 1 channel, and planets
with different chemistries may require different bands to probe the
spectral continuum.
Here, we use theoretical models to assess metrics for temperature
gradients in atmospheres with solar-like compositions. We calculate
brightness temperatures using the method described by Garhart
et al. (2020); for a spectral bin in the wavelength range λmin –λmax
and a normalized instrument sensitivity function ζ , the brightness
temperature, Tb , is chosen such that


λmax

π ζ Bλ (Tb )dλ =

λmin

Fp Rs2
×
Fs Rp2



λmax

π ζ Is dλ,
λmin

F

where Fps is the observed planet–star flux ratio in the photometric
band, π Is is the stellar surface flux [we use ATLAS model spectra:
Kurucz (1979) and Castelli & Kurucz (2003)], and Rp is the
planetary radius.
We begin by investigating optimal continuum bands for hot
Jupiter atmospheres of solar composition. In particular, we compare
the H and J bands to the IRAC 1 band according to their performance
as continuum bands for solar-composition spectra (see Fig. 6). Both
the H and J bands coincide with local minima in H2 O opacity, so,
for spectra dominated by H2 O, they should probe deeper regions
of the atmosphere relative to bands that probe stronger features
(Stevenson 2016). We demonstrate this property here using two
self-consistent atmospheric models for which the P–T profiles and
spectra are shown in Fig. 6. Both models are generated using the
GENESIS self-consistent modelling code (Gandhi & Madhusudhan
MNRAS 496, 3870–3886 (2020)
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Figure 6. Temperatures and pressures probed by the J, H, IRAC 1 and IRAC 2 photometric bands. Red and blue spectra in the right-hand panel correspond to
the P–T profiles of the same colour in the left-hand panel; both are generated using the properties listed in Section 2 and the red spectrum includes TiO while
the blue one does not. Markers in the left-hand panel show the brightness temperatures (and corresponding pressures) of the IRAC 1, IRAC 2, H-band, and
J-band photometric points from each of the spectra, respectively. Each of these bands is shown by the grey shaded regions in the right-hand panel and their
transmission functions are shown in black. The blue and red shaded regions in the left-hand panel show the pressure ranges of the photospheres for the blue
and red P–T profiles, respectively.
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5 M E T R I C S A S A F U N C T I O N O F P L A N E TA RY
A N D H O S T S TA R P RO P E RT I E S
Figure 7. Optical depth as a function of wavelength and pressure (i.e.
altitude) in the atmosphere for the two P–T profiles shown in Fig. 6. The
left-hand panels show the P–T profile with the photosphere (calculated as
the extent of the τ =1 surface) shaded in grey. In the right-hand panels, the
τ = 1 surface is shown as a function of wavelength and pressure by the grey
line. Opacity windows, including the J, H, and IRAC 1 bands, occur where
the optical depth reaches unity at deeper pressures. The emergent spectrum
of the planet is shown in black. The horizontal black lines indicate the J, H,
IRAC 1, and IRAC 2 bands.

2017). The equilibrium chemical abundances are calculated using
HSC CHEMISTRY assuming a C/O ratio of 0.5. The model shown in
blue does not include TiO and has a non-inverted profile, while the
model shown in red does include TiO and has a thermal inversion.
For each model, we compute a simulated photometric measurement
for each of the four bands mentioned above, and calculate the
brightness temperature of each measurement. These temperatures
are plotted over the P–T profiles in the left-hand panel of Fig. 6 and
indicate which part of the photosphere is probed by each band.
We find that the H and J bands probe deeper atmospheric
pressures compared to the IRAC 1 band for these models. This
is clearly demonstrated in Fig. 7, which shows optical depth as
a function of wavelength and pressure in the atmosphere (i.e.
altitude). The J, H, and IRAC 1 bands all correspond to windows
in opacity, where optical depth reaches unity at deeper pressures.
However, in the J and H bands, unit optical depth is reached at
pressures of ∼1 order of magnitude greater than that for the IRAC
1 band. Fig. 7 also shows that deeper pressures can be probed at
higher spectral resolutions by sampling very narrow windows in
opacity and avoiding contamination from higher opacity regions.
We demonstrate this concept in greater detail in Appendix B (see
also de Kok et al. 2014). Despite this effect, wider photometric
bands are still observationally favourable as they are less sensitive
to small wavelength shifts in the detector.
Since, in the cases shown here, the J and H bands are better
opacity windows than the IRAC 1 band, the brightness temperature
contrasts between the IRAC 2 channel and the H band (T4.5 μ m −
TH ) or between the IRAC 2 channel and the J band (T4.5 μ m −
TJ ) are greater than the contrast between the two IRAC channels
MNRAS 496, 3870–3886 (2020)

In this section, we use self-consistent models to investigate in
detail how chemical composition, incident irradiation, and gravity
affect the strength of thermal inversions in hot Jupiters as well
as the performance of temperature gradient metrics. We use the
GENESIS code (Gandhi & Madhusudhan 2017) to generate selfconsistent model atmospheres and their spectra for various C/O
ratios, equilibrium temperatures, metallicities, stellar types, and
gravities. The equilibrium chemical abundances are calculated with
HSC CHEMISTRY, and we also include the effects of vertical mixing
by quenching all chemical abundances between 0.1 and 10−3 bar
(see Section 2.3). In addition to vertical mixing, we also consider
the redistribution of incident flux to the night side of the planet.
Following Garhart et al. (2020), we approximate the redistribution
factor, f, as a step function where planets with Teq ≤ 2500 K transport
50 per cent of incident flux to the night side (f = 1/2), while planets
with Teq > 2500 K retain all incident energy on the dayside (f = 1)
(see also Cowan & Agol 2011).
Using these equilibrium models, we calculate P–T profiles and
model spectra for a range of Teq , C/O ratios, metallicities, stellar
types, and gravities. Since we are focusing on thermal inversions
due to TiO, we explore C/O ratios ≤1 as TiO is significantly
depleted at higher C/O ratios. The opacity sources we include
in our models are those listed in Section 2.3. We note that other
sources of optical opacity not considered here (e.g. atomic Fe
and Mg; Lothringer & Barman 2019) can also cause thermal
inversions, though we focus on thermal inversions due to TiO
in this work. We then use these models to explore temperature
gradient as a function of these parameters, and compare different
empirical metrics for assessing this gradient. In order to test the
performance of the empirical metrics, we compare them to the
true temperature gradient derived from the model P–T profiles.
This is found by considering the temperature contrast across the
photosphere, which we take to be in the range 1–10−3 bar. For
highly irradiated atmospheres, it is well known that the temperature
profile becomes isothermal in the high optical depth limit before
becoming steeper again at even higher pressures (Guillot 2010).
Note that, since we are using an internal temperature of 100 K
that is much smaller than the irradiation temperature, the isotherm
extends to the bottom of our computational domain and we do not
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(T4.5 μ m − T3.6 μ m ). For both the inverted and non-inverted model
P–T profiles, an inversion/non-inversion could be inferred based
on the brightness temperatures of the IRAC 2 channel and any
of the other three bands, since the IRAC 2 channel probes the
shallowest pressures (highest altitudes) in both cases, corresponding
to the hottest/coolest brightness temperature for the inverted/noninverted profile. However, a larger brightness temperature contrast
provides more information about the atmospheric temperature
gradient and can potentially allow for a more robust inference of
an inversion/non-inversion. In this case, the J band would therefore
be the best suited for comparison to the IRAC 2 band, as it probes
deeper into the atmosphere. Although the H and J bands may not be
optimal probes of the continuum for spectra that are not dominated
by H2 O opacity, this demonstrates that it can be beneficial to
consider bands other than the IRAC 1 channel when seeking to
determine the presence of a thermal inversion based on photometric
measurements alone. In Section 5, we extend this assessment to a
wider range of C/O ratios, equilibrium temperatures, metallicities,
gravities, and stellar types.
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5.1 Inversion strength
The true temperature contrasts shown in the top rows of Figs 8, 9,
and 10 show that a wide variety of P–T profiles are possible in this
parameter space, including strong thermal inversions, isotherms,
and non-inverted profiles. This is in accordance with observations
of hot Jupiters, which have revealed spectra with emission features
(e.g. Haynes et al. 2015; Evans et al. 2017; Sheppard et al. 2017;
Arcangeli et al. 2018), flat spectra (e.g. Swain et al. 2013; Cartier
et al. 2017; Mansfield et al. 2018), and absorption features (e.g.
Beatty et al. 2017b). We also plot contours of κ vis /κ ir = 1 (calculated
at a nominal pressure of 1 mbar) in the top panels of Fig. 8 to show
the regions of parameter space expected to host thermal inversions
(Section 3). Note, however, that these contours do not include effects
due to vertical mixing and are only calculated at a single pressure,
whereas thermal inversions can happen at different pressures for
different cases. Nevertheless, the κ vis /κ ir = 1 contours roughly
outline the regions of the parameter space where thermal inversions
occur.
The models in Figs 8, 9, and 10 suggest that strong inversions are
more likely to occur at higher C/O ratios in the C/O<1 regime, as
has been previously discussed in other works (e.g. Mollière et al.
2015; Gandhi & Madhusudhan 2019). This is consistent with the
trend seen in Section 3 and in the κ vis /κ ir = 1 contour that thermal
inversions are possible for a C/O of 0.9 at a lower equilibrium
temperature compared to other C/O ratios. In addition, for a C/O
ratio of one, only weak thermal inversions or non-inverted profiles
are seen in the models, consistent with the strong depletion of TiO
at C/O = 1 (Madhusudhan et al. 2011b). As discussed in Section 3,
these thermal inversions are caused by optical opacity from Na and
K (also see e.g. Mollière et al. 2015) as TiO abundance is strongly
depleted for C/O ≥ 1 (e.g. Madhusudhan 2012).
Another clear trend is that for increasing metallicity, peak
inversion strength occurs at higher Teq (Fig. 8). This is because TiO
is depleted by condensation and thermal dissociation at relatively
higher temperatures for higher metallicity (Fig. C1), so a higher
equilibrium temperature is needed to obtain κ vis /κ ir = 1 [see
Appendix C and Mollière et al. (2015)]. Furthermore, the strongest
thermal inversions are stronger for high-metallicity models, as seen
in Fig. 8. Compared to variation in metallicity, changes in stellar
type have a more subtle effect on thermal inversion strength in
the parameter space tested here. However, Fig. 9 does show that

earlier stellar types can allow somewhat stronger thermal inversions,
e.g. inversion strengths for a K7V host star are typically weaker
compared to F6V and G0V host stars in this parameter space
(see also Lothringer & Barman 2019). Furthermore, a later stellar
type can allow thermal inversions to occur at lower equilibrium
temperatures. In particular, for the K7V host star, thermal inversions
start to become possible at 1750 K and C/O = 0.7–0.8, which is not
the case for the F6V and G0V host stars.
We also test the effect of increasing the planetary surface gravity
in Figs 8 and 10. In the centre column of Fig. 8, the surface
gravity is chosen to be similar to WASP-12b [log(g/cm−2 ) = 2.99],
while in Fig. 10 we use a larger gravity similar to WASP-18b
[log(g/cm−2 ) = 4.26]. Between these two extremes, there are only
minimal differences in inversion strength in the parameter space
investigated here. One difference is that in the high-gravity case,
slightly higher inversion strengths are typically found for lower
Teq and lower C/O ratio. There are also a few cases for which the
high- and low-gravity models disagree on the presence of a thermal
inversion. However, the P–T profiles in these cases are in fact similar
between the high- and low-gravity models, and the difference in
inversion classification is due only to small differences between the
profiles. Since the two gravities investigated here are extremes of
the range expected for hot Jupiters, we conclude that gravity has a
relatively small impact on inversion strength compared to factors
such as metallicity. We also note that in our models, the gravity
impacts the thermal profile only through the scale height and the fact
that the photosphere is at higher pressure and therefore has greater
pressure broadening of the chemical cross-sections. However, a
varying gravity could impact the gravitational settling of heavier
species such as TiO, which we do not consider here (Beatty et al.
2017a).
5.2 Performance of metrics
We also use these models to test the performances of the Spitzer and
J-band metrics discussed in Section 4. As discussed in Section 4,
each of the photometric bands used by these metrics probes either
a spectral feature (i.e. the IRAC 2 band) or a spectral window
(e.g. the IRAC 1 and J bands), allowing different pressures in the
atmosphere to be probed. In Section 4, the efficacy of these bands in
probing spectral features and windows was explored for a solar-like
composition and a single equilibrium temperature. Here, we extend
this analysis to a range of C/O ratios, equilibrium temperatures,
metallicities, stellar types, and gravities. Fig. 8 shows brightness
temperature contrasts for these metrics between equilibrium temperatures of 1500–3000 K, for C/O ratios of 0.1–1.0, and for
metallicities of 0.1, 1, and 10× solar. The middle row of Fig. 8
shows brightness temperature contrasts between the Spitzer IRAC
1 and IRAC 2 bands, T4.5 μ m − T3.6 μ m , while the bottom row shows
the T4.5 μ m − TJ contrast. Similarly, these contrasts are shown for
different stellar types (K7V, F6V, and G0V) and planetary gravities
in Figs 9 and 10, respectively.
Across the parameter space we explore, the IRAC 2 channel
probes a CO spectral feature, as CO is abundant at all of the
temperatures and C/O ratios modelled (Fig. 5). However, the
spectral features or windows probed by the IRAC 1 and J bands
can vary depending on chemistry. For example, the IRAC 1 band
coincides with CH4 and HCN opacity features. Therefore, for an
atmosphere with high CH4 and/or HCN abundance, the IRAC 1
band will no longer probe a spectral window and the performance
of the Spitzer metric may not be optimal. This can be seen in Figs 8,
9, and 10 at low equilibrium temperatures (Teq ≈ 1500 K) and high
MNRAS 496, 3870–3886 (2020)
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see the steeper gradient. For the dayside of irradiated atmospheres
such as those modelled here, the base of the photosphere coincides with the top of this isotherm in the lower atmosphere (e.g.
Hubeny et al. 2003; Burrows, Sudarsky & Hubeny 2006; Guillot
2010). The temperature of the isotherm is therefore a consistent
measure of the temperature at the bottom of the photosphere
across all the models we consider. For profiles with a thermal
inversion, the temperature contrast is defined as the maximum
photospheric temperature minus the minimum temperature between
the bottom of the photosphere (∼1 bar) and the location of
the temperature maximum. For profiles with no inversion, the
contrast is defined as the minimum atmospheric temperature minus
the temperature at the bottom of the photosphere (at 1 bar, i.e.
the temperature of the isotherm). We consider a P–T profile to
have a thermal inversion if the inversion strength is greater than
30 K. Maps of inversion strength as a function of C/O ratio
and equilibrium temperature are shown in Figs 8, 9, and 10
for varying metallicities, stellar host types, and planetary surface
gravities.

3879

3880

A. A. A. Piette et al.

C/O, where T4.5 μ m − T3.6 μ m has positive values, despite the lack of
thermal inversion in the models in this region of parameter space.
Overall, the J-band metric provides a slightly better match to the
true contrast than the IRAC 1 band. However, since the J band is
chosen as a continuum relative to H2 O absorption, the J-band metric
will not necessarily work for atmospheres that are water poor, e.g.
for C/O>1 or other compositions not considered here. We explore
this phenomenon further in Section 5.3.
While the Spitzer and J-band metrics largely agree as to whether
an inversion is present or not, there are two main exceptions to
this trend. The first is at low equilibrium temperatures and high
C/O, for reasons described above. The second is at Teq ∼1750 K
where, for some C/O ratios, the J band incorrectly infers a noninversion. For example, this occurs with a K7V host star (Fig. 9).
Nevertheless, the two metrics agree for most Teq and C/O ratios.
This is consistent with the fact that our analysis is for oxygen-rich
compositions where H2 O absorption dominates and the J band and
IRAC 1 band do indeed probe the continuum. Furthermore, where
this agreement exists, the T4.5 μ m − TJ contrast is consistently larger
than the T4.5 μ m − T3.6 μ m contrast. This effect is visible in Fig. 6
for a solar-like composition, and Figs 8, 9, and 10 confirm that
it holds across the range of Teq , C/O ratios, metallicities, stellar
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types, and gravities explored here. This suggests that, as in Fig. 6,
the J band is consistently probing deeper pressures than the IRAC
1 band. For an oxygen-rich atmosphere with a thermal inversion,
one would therefore expect that TJ < T3.6 μ m < T4.5 μ m . Similarly,
T4.5 μ m < T3.6 μ m < TJ would be expected for an oxygen-rich
atmosphere with no thermal inversion. In Section 5.3, we compare
these brightness temperatures for hot Jupiters with spectral and
photometric observations. By looking for outliers to this trend, we
can therefore identify which planets have different chemistries or
disequilibrium processes compared to those we consider in our
models.

5.3 Comparison of data to models
While we have so far discussed photometric bands for assessing
thermal inversions in oxygen-rich spectra, we now consider a more
general approach by directly considering brightness temperatures
probed by existing data. We do this by plotting the brightness
temperatures of HST/WFC3 and Spitzer IRAC 1 and IRAC 2
observations for seven planets (Fig. 11). Here, we choose to use
IRAC 1 and IRAC 2 brightness temperatures from Garhart et al.
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Figure 8. Inversion maps showing the strength of the inversion/non-inversion of equilibrium P–T profiles as a function of equilibrium temperature and C/O
ratio. Equilibrium P–T profiles are calculated as described in Section 2. The left, middle, and right columns correspond to metallicities of 0.1, 1, and 10× solar,
respectively. Top row: colour scale shows temperature contrast within the pressure range 1–10−3 bar (see Section 5 for definition of the temperature contrast).
The dashed black line shows contour of κ vis /κ ir = 1 at a pressure of 1 mbar (see Section 3). This predicts that models inside the contour should have thermal
inversions, though note that this contour does not include effects due to vertical mixing and does not account for the fact that thermal inversions can happen at
different pressures for different cases. Middle and bottom rows: performance of the Spitzer and J-band metrics throughout the parameter space. Colour scale
shows brightness temperature contrasts between the IRAC 1 and IRAC 2 bands (T4.5 μm − T3.6 μm , middle row) and between the J band and IRAC 2 band
(T4.5 μm − TJ , bottom row). Positive (negative) values indicate a thermal inversion (non-inversion).
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(2020) as they perform a uniform analysis across many Spitzer
secondary eclipse observations. However, we note that the Spitzer
data for a given object can differ depending on the way it is analysed
[e.g. Garhart et al. (2020) compared to Kreidberg et al. 2018].
As discussed in Section 5, oxygen-rich atmospheres are expected
to have TJ < T3.6 μ m < T4.5 μ m or T4.5 μ m < T3.6 μ m < TJ for
cases with and without a thermal inversion, respectively, and under
the assumptions of our models (e.g. chemistry and prescriptions
for vertical mixing). Here, we investigate whether the planets in
Fig. 11 also exhibit this trend. To do this, we use HST/WFC3
brightness temperatures in the J band as a proxy for J-band
photometric brightness temperatures and compare these to Spitzer
brightness temperatures. We also consider how this trend compares
to inferences of thermal (non-)inversions from retrievals in the
literature.
WASP-43b and HD 209458b are ideal cases to demonstrate
the trend found in our models as they have water detections
(Kreidberg et al. 2014; Line et al. 2016), suggesting an oxygen-rich
composition. Both planets have also been found not to host thermal
inversions using retrieval techniques (Blecic et al. 2014; DiamondLowe et al. 2014; Kreidberg et al. 2014; Stevenson et al. 2014; Line
et al. 2016). Therefore, we expect both planets to have T4.5 μ m <
T3.6 μ m < TJ as described above. Indeed, Fig. 11 shows that this is
the case. The HST/WFC3 brightness temperatures in the J band are
consistent with or hotter than that for IRAC 1 (within error bars),
and both are higher than the IRAC 2 brightness temperature. WASP-

18b shows the opposite trend, TJ < T3.6 μ m < T4.5 μ m , which would
suggest a thermal inversion and indeed agrees with the inference of
a thermal inversion by Sheppard et al. (2017). WASP-103b also has
an inferred thermal inversion (Kreidberg et al. 2018). The brightness
temperatures shown in Fig. 11 are inconclusive as the errorbars on
the Spitzer brightness temperatures are quite large, though note that
Kreidberg et al. (2018) reduce the Spitzer data differently to Garhart
et al. (2020).
In contrast, WASP-121b, WASP-12b, and WASP-33b show
evidence for different chemistries/disequilibrium processes to our
models. WASP-121b has been inferred to host a thermal inversion
(Evans et al. 2017), but it has a high J-band brightness temperature
relative to IRAC 1 and IRAC 2, which are consistent within the
errorbars. Furthermore, for WASP-12b the J-band and IRAC 2
brightness temperatures are significantly lower than that for IRAC
1. In the case of WASP-33b, the opposite is true: The J-band and
IRAC 2 brightness temperatures are both significantly higher than
that for IRAC 1. Thus, all three planets show a different brightness
temperature trend compared to our oxygen-rich models. This could
be due to chemical species that we have not considered here
(e.g. FeH and TiH), other chemical disequilibrium mechanisms,
a C/O ratio greater than 1, or offsets between instruments that
are not considered here. Ultimately, while photometric metrics for
assessing temperature gradients provide a useful initial assessment,
their dependence on chemistry and the inherent complexity of
planetary atmospheres is such that atmospheric retrievals are needed
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Figure 9. Inversion strength as a function of equilibrium temperature, C/O ratio, and stellar type of the host star. The left, middle, and right columns correspond
to the stellar types K7V, F6V, and G0V, respectively. The stellar properties used for each stellar type are those of WASP-43, WASP-18, and HD 209458,
respectively (Hellier et al. 2011; Southworth 2012; Stassun et al. 2017). Colour scales show the same temperature contrasts as in Fig. 8. Contours of κ vis /κ ir =
1 in the top row are calculated in the same way as for Fig. 8 but using the appropriate host star temperature for each case.
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to confidently assess the presence of a thermal inversion or lack
thereof.
Another use for comparing brightness temperatures for observed
spectra is to provide a quick and empirical lower limit on the
photospheric temperature gradient in the atmosphere. The larger the
contrast between the maximum and minimum measured brightness
temperatures, and the more precise they are, the stronger the constraints that can be placed on the photospheric temperature contrast.
In particular, HST/WFC3 data can significantly improve the temperature contrasts determined with IRAC 1 and IRAC 2 data alone.
For example, in the case of WASP-121b, the brightness temperature
contrast based on the IRAC 1 and IRAC 2 measurements alone is
70 K ± 100 K, which is consistent with an isotherm. However, the
range of brightness temperatures probed by the HST/WFC3 data is
wider than that for the Spitzer data, and results in a temperature
contrast of 380 K ± 70 K. Similarly, for WASP-33b, WASP-12b,
and WASP-18b, the HST/WFC3 data also make significant improvements to the brightness temperature contrast. Note that uncertainty
in the host star temperature can affect the errors in these brightness
temperatures. In the cases shown here, we find that the largest
error contributions from the stellar temperature are comparable to
MNRAS 496, 3870–3886 (2020)

those from the flux uncertainties alone (i.e. the errorbars shown in
Fig. 11) and therefore do not impact our assessment significantly.
However, this effect should be treated rigorously for more detailed
studies.
One of the reasons that the HST/WFC3 data help to place
tighter constraints on some brightness temperature contrasts is that
the signal-to-noise of the data is very good and results in tight
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Figure 10. Same as centre column of Fig. 8 but for a planet with a
higher gravity [log(g/cm−2 ) = 4.26, similar to WASP-18b, compared to
log(g/cm−2 ) = 2.99 in Fig. 8].

Figure 11. Brightness temperatures probed by HST/WFC3 and Spitzer
IRAC 1 and IRAC 2 data for seven planets, ordered by equilibrium
temperature. Nominal equilibrium temperatures are calculated assuming
dayside-only redistribution and are labelled for each planet. The bottom
panel shows the spectrum from Fig. 6 that corresponds to a non-inverted
P–T profile, for reference. Spitzer brightness temperatures for WASP-33b
and HD 209458b are calculated using data from Deming et al. (2012) and
Diamond-Lowe et al. (2014), respectively. Other Spitzer temperatures are
from Garhart et al. (2020). HST brightness temperatures are calculated using
spectra from Haynes et al. (2015) (WASP-33b), Kreidberg et al. (2014)
(WASP-43b), Evans et al. (2017) (WASP-121b), Sheppard et al. (2017)
(WASP-18b), Kreidberg et al. (2018) (WASP-103b), Stevenson et al. (2014)
(WASP-12b), and Line et al. (2016) (HD 209458b). WASP-33b, WASP-18b,
WASP-103b, and WASP-121b are reported to have thermal inversions in the
literature while WASP-12b, WASP-43b, and HD 209458b have non-inverted
profiles (see the references above). Planetary and stellar properties used to
calculate the brightness temperatures are from Collier Cameron et al. (2010),
Collins, Kielkopf & Stassun (2017), Gillon et al. (2012, 2014), Hellier et al.
(2009, 2011), Southworth (2010, 2012), Delrez et al. (2016), and Stassun
et al. (2017).
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In this work, we investigate the importance of TiO in the spectral
appearance and temperature structures of hot Jupiter atmospheres.
To this end, we first examine the importance of the accuracy of
TiO line lists for determining its observable spectral signatures in
transmission and emission spectra, both at low and high resolutions. We further investigate the effect of TiO on the temperature
structure of an atmosphere. To do this, we investigate the strength
of thermal inversions as a function of C/O ratio, equilibrium
temperature, metallicity, stellar type, and gravity, considering TiO
as the inversion-causing molecule. In addition, we assess the
performance of temperature gradient metrics as a function of these
parameters.
We begin by comparing the recent TOTO TiO line list (McKemmish et al. 2019) to those of Schwenke (1998) and Plez
2012 (sourced from Ryabchikova et al. 2015) (hereafter, S98 and
P12 line lists, respectively), focusing on the consequences for
the interpretation of transmission, emission, and high-resolution
Doppler spectra. Interpretation of high-resolution Doppler spectra
using cross-correlation methods relies on accurate line positions
and sufficiently strong planetary spectral features. We assess the
accuracy of line positions in the TOTO line list by considering the
fraction of energy levels and transitions that are taken from experimental data. For example, at 2000 K, there are 4491 transitions
with line intensities above 10−17 cm/molecule, of which 83 per cent
are from experimental data and have high accuracy. Furthermore,
experimental data for the v = 2 and higher vibrational excitations
of the B 3  state are needed to fill in the strong spectral bands that
are currently calculated theoretically.
For both transmission and emission spectra, we find that the
differences between the TOTO and S98 line lists have the greatest
impact on model spectra in the optical range. As a result, optical
transmission spectra are strongly affected and the spectra generated
with each line list can differ significantly depending on the spectral

resolution (almost 1000 ppm at R ∼ 104 ). Since thermal emission
spectra of exoplanets are largely observed in the infrared spectral
range, the differences between the TOTO and S98 line lists have a
more subtle effect. For two model spectra generated with the same
P–T profile but using each of the TiO line lists, the differences are
only observable at higher resolutions (e.g. up to ∼100 ppm at a
resolution of R ∼ 104 in the near-infrared).
Beyond the effects of TiO line lists, we also explore how
TiO equilibrium chemistry can shape the thermal profile of an
atmosphere. We investigate the equilibrium abundances of chemical
species (calculated using the HSC CHEMISTRY software package) as
a function of equilibrium temperature, Teq , C/O ratio, metallicity,
stellar host type, and planetary surface gravity. In turn, this allows an
exploration of thermal inversions in this parameter space. Through
semi-analytic considerations of radiative equilibrium, we find that
thermal inversions can occur at the coolest equilibrium temperature
for a C/O ratio of ∼0.9, consistent with previous studies (e.g.
Mollière et al. 2015; Gandhi & Madhusudhan 2019).
We further calculate self-consistent 1D model atmospheres and
their spectra for a range of C/O ratios Teq , metallicities, stellar
types, and gravities. We include the effects of vertical mixing,
as well as the variation of the energy redistribution factor as a
function of Teq . These models confirm the trend found by our simple
analysis by which thermal inversions happen at cooler Teq at C/O
≈ 0.9. Furthermore, the transition from non-inverted to inverted
P–T profiles happens at the expected temperature range of ∼1750–
2000 K for models with solar-like composition, where TiO is known
to condense. We also find that for higher metallicity models, a higher
equilibrium temperature is needed to cause a thermal inversion.
Conversely, a later stellar type can result in thermal inversions
occurring at cooler Teq . We find that gravity has a smaller effect
on thermal inversion strength compared to other parameters.
In order to characterize the strength of the inversions/noninversions in our models, we assess a range of metrics based on the
contrast in brightness temperature between two photometric bands.
Although the brightness temperature contrast between Spitzer’s
IRAC 1 and IRAC 2 channels is commonly used as an indication
of inversion strength (e.g. Burrows et al. 2007; Knutson et al.
2010; Madhusudhan & Seager 2010), we find that in the case
of H2 O-dominated spectra a stronger temperature contrast can be
observed by comparing the IRAC 2 channel to the H band or J band.
Furthermore, we find that for high C/O ratios and low equilibrium
temperatures, the IRAC 1 band contains significant opacity from
CH4 and HCN and, as such, does not provide a good measure of the
spectral continuum. In this regime, an atmosphere without a thermal
inversion can have a larger IRAC 2 flux compared to the IRAC 1 flux,
mimicking the signature of a thermal inversion for lower C/O ratios.
Similarly, the J band incorrectly infers a non-inversion at some
C/O ratios for Teq ∼ 1750 K, for example with a later stellar host
type. Therefore, neither metric works optimally across the whole
parameter space considered. We investigate this for observed spectra
by finding the brightness temperature contrasts between the WFC3
and Spitzer IRAC 1 and IRAC 2 bands for various planets. While
our oxygen-rich models show the trend that the J band is a clearer
continuum band than the IRAC 1 band, several of these planets
do not follow the same pattern. This is likely due to differences
in chemistry and/or disequilibrium effects not considered in our
models. Overall, we suggest that continuum opacity bands depend
on the atmospheric chemistry and that temperature gradient metrics
should therefore be used with caution as a single metric does not
necessarily apply to all atmospheric chemistries.
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constraints on brightness temperature. This is despite the fact that, as
shown by the blackbody curves in Fig. 6, a greater precision in flux
is needed at shorter wavelengths for the same precision in brightness
temperature. As a result, fairly precise spectral/photometric measurements are needed at shorter wavelengths in order to place tight
constraints on brightness temperature. However, since the precision
available with HST/WFC3 allows excellent brightness temperature
precision (reaching ∼10 K for some cases in Fig. 11), this effect does
not preclude shorter wavelengths from this type of analysis. When
using observations from other instruments, however, it is important
to consider how the uncertainties in the fluxes will correspond to
uncertainty in brightness temperature, which will depend on the
wavelength range of the observations.
While we have used examples with the HST/WFC3 and Spitzer
data here, this analysis can also be performed with other observations and at different wavelengths. It is important to note that
when comparing brightness temperatures from different instruments
(including the analysis above), systematic offsets between the
instruments can bias the temperature contrast obtained. One way
to test for and characterize such offsets is by performing an atmospheric retrieval that includes a freely varying ‘offset’ parameter,
which can then be retrieved from the data. Furthermore, future
instruments such as the James Webb Space Telescope’s (JWST’s)
NIRSpec will have much larger spectral ranges, allowing brightness
temperatures to be measured across a wide range of wavelengths
with the same instrument.
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Thermal inversions and the role of TiO in producing them
remain a key part in understanding exoplanet atmospheres and the
processes that shape them. As exoplanetary atmospheric observations continue to improve, it will be necessary to use the highest
quality chemical cross-sections and understand the role of the many
parameters that dictate the structure of an atmosphere in order to
demystify these exotic worlds.
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A P P E N D I X A : E Q U I L I B R I U M C H E M I S T RY
C A L C U L AT I O N S
In the equilibrium chemistry calculations performed using the HSC
CHEMISTRY software package, we use the species given in Bond et al.
(2010) and Harrison et al. (2018) and include additional relevant
species, as listed in Table A1. Although potassium and vanadium
are not present in the equilibrium chemistry calculations, we include
them in our atmospheric models by giving them the same vertical
profiles as sodium and titanium, respectively, scaled according to
the solar K/Na and V/Ti ratios, respectively.

Table A1. Species added to the HSC CHEMISTRY equilibrium chemistry
calculations, on top of those used in Bond et al. (2010) and Harrison et al.
(2018). All species listed here are in the gas phase.
Element
H
O
C
N
Ti
Na
Other

Species added
+
+
H− , H+ , H−
2 , H2 , H3 , H3 , (H3 )2 , H(H3 )
+
−
O− , O+ , O− 2, O−
2 , O2 , O2 2, O3
−
+
−
+
C , C , C2 , C2 , C2 , C3 , C4 , C5 , C6 , C7 , C8 , C60 , C70
+ −
N− , N+ , N−
2 , N2 N3 , N3
−
+
3
Ti , Ti , Ti +, Ti2
Na, Na− , Na− , Na2
OH, OH− , OH+ , C2 H2 , C2 H4 , e−

Figure B1. Line strengths of high-resolution (R ∼ 105 ) spectra compared
to a blackbody spectrum for different temperature gradients. Residuals are
calculated as the planet–star flux ratio of the atmosphere in question minus
the planet–star flux ratio of an atmosphere whose P–T profile is a 2000 K
isotherm (dashed black line in the left-hand panel). Right-hand panel: red
and blue residuals correspond to the red and blue P–T profiles in the lefthand panel, respectively. The dashed grey lines correspond to isothermal P–T
profiles at 2200, 2400, 2600, and 2800 K, respectively (shown by dashed
grey lines in the left-hand panel). The solid back line is the residual for the
same spectra as the red line, but with both spectra smoothed by a Gaussian
of width 2.3 nm (similar to the PSF of HST/WFC3) to show representative
line strengths for low-resolution spectra. The 100 ppm level is shown by the
solid light grey line. These models only include opacity from TiO and CIA
to highlight the TiO spectral lines. A constant-with-depth TiO mixing ratio
of 10−7 is used.

A P P E N D I X B : E F F E C T O F T E M P E R AT U R E
GRADIENT ON HIGH-RESOLUTION SPECTRA
Beyond line position accuracy, detecting a chemical signature from
high-resolution Doppler spectra with cross-correlation methods also
requires the planetary spectral features to be sufficiently strong.
A significant factor in determining the strength of features in
a spectrum is the atmospheric temperature gradient; a steeper
temperature slope results in stronger absorption or emission lines
(depending on the direction of the gradient).
Here, we consider the effect of the temperature gradient on
line strength in high-resolution spectra. Fig. B1 shows highresolution spectra for two different temperature gradients relative
to an isotherm (the red and blue lines correspond to the steep
and shallow temperature gradients, respectively). It is clear that
the steeper temperature gradient results in significantly stronger
features. This suggests that chemical signatures are acutely sensitive
to the temperature gradient, especially at high resolution. For
example, a 400 K temperature difference at 1 mbar can cause
differences in the spectrum of up to 200 ppm, which may be
observable. Conversely, the absence of any detectable chemical
signatures in a high-resolution Doppler spectrum could be the
result of a P–T profile that is very close to isothermal. Although
this is also true of low-resolution spectra, high-resolution spectra
are more sensitive to temperature gradient and a lack of spectral
features could potentially place a tighter constraint on this gradient
compared to low-resolution spectra. This can be seen from Fig. B1;
the solid black line in the right-hand panel shows the residual
spectrum at lower resolution (to generate this, the spectra used to
calculate the red line are smoothed by a Gaussian of width 2.3 nm
before calculating the residual, to represent smoothing by the PSF
of HST/WFC3). By comparing the high-resolution (red) and lowresolution (black) residuals, we see that the features are smoothed
MNRAS 496, 3870–3886 (2020)
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out and weakened at low resolution and, as such, high-resolution
spectra are more sensitive to shallow temperature gradients given a
fixed observation sensitivity. This effect can be seen in greater detail
in Fig. B2, which shows a zoomed-in view of the high-resolution
spectra corresponding to the blue and red P–T profiles from Fig. 6.
Fig. B1 also demonstrates that high-resolution spectra are sensitive to very low pressures in the atmosphere. The dashed grey
lines in the right-hand panel correspond to isotherms at 2200, 2400,
2600, and 2800 K, and their crossing points with each residual
spectrum indicate the temperatures probed by the spectrum at those
wavelengths. For example, the strongest features in the red spectrum
cross the spectrum corresponding to 2800 K, showing that this
high-resolution spectrum is sensitive down to pressures of ∼10−4
bar or lower (i.e. the pressure at which the temperature of the red
P–T profile is 2800 K). Conversely, the low-resolution residual
spectrum does not probe temperatures hotter than ∼2600 K, which
corresponds to a pressure of ∼3 × 10−4 bar for this P–T profile,
and does so with a significantly smaller signal.
A P P E N D I X C : E F F E C T O F M E TA L L I C I T Y O N
E Q U I L I B R I U M C H E M I S T RY
Fig. C1 shows the effect of metallicity on the equilibrium abundances of TiO, H2 O, and CO as well as κ vis /κ ir . As expected, the
abundances increase with metallicity. Furthermore, as metallicity
increases, the partial pressure of TiO also increases and the
temperatures at which TiO is depleted by condensation or thermal
dissociation also increase. As a result, κ vis /κ ir peaks at higher
temperature for higher metallicity.
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Figure C1. Top panel: abundances of TiO (red), H2 O (blue), and CO (green)
as a function of temperature for metallicities of 0.1, 1, and 10× solar (dotted,
solid, and dashed lines, respectively). Abundances are shown for a pressure
of 1 mbar and a C/O ratio of 0.9. Lower panel: κ vis /κ ir for metallicities of
0.1, 1, and 10× solar (dotted, solid, and dashed lines, respectively), also
evaluated at 1 mbar and C/O = 0.9.
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Figure B2. High-resolution (R ∼ 105 ) model spectra corresponding to a steep (red) and shallow (blue) P–T profile (steep and shallow P–T profiles are shown
in the left-hand panel of Fig. B1 in red and blue, respectively). The spectra are calculated in the same way as in Fig. B1. Each panel spans 0.01 μm in the range
0.62–0.83 μm to give an overview of the differences in line strength between the two spectra in this range.

