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Abstract

Atmospheric retrievals are now a standard tool to analyze observations of exoplanet atmospheres. This data-driven
approach quantitatively compares atmospheric models to observations in order to estimate atmospheric properties
and their uncertainties. In this paper, we introduce a new retrieval package, the PHOENIX Exoplanet Retrieval
Algorithm (PETRA). PETRA places the PHOENIX atmosphere model in a retrieval framework, allowing us to
combine the strengths of a well-tested and widely-used atmosphere model with the advantages of retrieval
algorithms. We validate PETRA by retrieving on simulated data for which the true atmospheric state is known. We
also show that PETRA can successfully reproduce results from previously published retrievals of WASP-43b and
HD 209458b. For the WASP-43b results, we show the effect that different line lists and line profile treatments have
on the retrieved atmospheric properties. Lastly, we describe a novel technique for retrieving the temperature
structure and e− density in ultrahot Jupiters using H− opacity, allowing us to probe atmospheres devoid of most
molecular features with the James Webb Space Telescope.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Hot Jupiters (753); Exoplanet atmospheres (487);
Exoplanet atmospheric composition (2021); Planetary atmospheres (1244); Near infrared astronomy (1093)

1. Introduction

Retrieval algorithms are now widely used to infer atmo-
spheric properties, like the composition and temperature
structure, from observations of substellar objects. Retrieval
algorithms have two basic parts: a forward model that produces
a spectrum and a statistical framework that chooses parameters
for that forward model and compares the spectra with
observations. A primary advantage of using retrieval algo-
rithms over grid-based searches is that retrievals provide robust
estimations of parameter uncertainties, correlations, and
degeneracies through efficient sampling of parameter space
and the posterior distribution. While retrieval forward models
are generally not fully self-consistent and require multiple
parameterizations and assumptions for the sake of computa-
tional efficiency, retrievals are a valuable method to interpret
observations.

Retrievals have been used to analyze transit (e.g., Benneke
& Seager 2012; Line et al. 2012; Waldmann et al. 2015;
Barstow et al. 2017; Howe et al. 2017; MacDonald &
Madhusudhan 2017; Mollière et al. 2019) and secondary-
eclipse observations (e.g., Line et al. 2014b; Waldmann et al.
2015; Evans et al. 2017; Gandhi & Madhusudhan 2018;
Mollière et al. 2019; Himes et al. 2020; Kitzmann et al. 2020),
as well as observations of self-luminous objects like directly-
imaged exoplanets (Lee et al. 2013; Lavie et al. 2017; Gravity
Collaboration et al. 2020) and brown dwarfs (Line et al. 2015;
Burningham et al. 2017; Line et al. 2017). Recently, the
application of retrieval algorithms to combine low- and high-
resolution data has been explored (Brogi et al. 2017, 2019;
Fisher et al. 2020; Gandhi et al. 2019; Gibson et al. 2020). See
Madhusudhan (2018) for an overview of many existing
retrieval algorithms and Barstow & Heng (2020) for a
discussion of open problems in retrieval analysis.

PHOENIX is a well-tested self-consistent atmosphere model
that has been used to study the atmospheres of stellar and

substellar atmospheres for decades (Hauschildt et al. 1997, 1999;
Barman et al. 2001, 2011; Allard et al. 2011; Lothringer et al.
2018; Lothringer & Barman 2019). In self-consistent frame-
works, the model is typically iterated until certain convergence
criteria are met (i.e., radiative-convective equilibrium). Self-
consistent models provide us with our best prediction of
the structure and composition of an atmosphere based on the
physical assumptions included in the model. The comparison of
observations with self-consistent models can provide insight into
the processes at work in the atmosphere.
In this work, we introduce a new retrieval framework, the

PHOENIX Exoplanet Retrieval Algorithm (PETRA), which
utilizes PHOENIX as its forward model. PETRA allows us to
combine many of the strengths of one of the most widely used
atmosphere models with the advantages of retrieval algorithms.
PETRA’s use of PHOENIX’s opacity database will prove
useful in the identification and characterization of molecules
and atoms in complex exoplanet atmospheres, as well as in
understanding line list biases. PHOENIX’s line sampling
methods will also be effective at retrieving atmospheric
properties from high-spectral-resolution observations. Addi-
tionally, PHOENIX’s broad applicability is advantageous in a
retrieval forward model, as we will be able to use PETRA to
explore exoplanet, brown dwarf, and stellar atmospheres in
different geometries while being able to compare to self-
consistent predictions from the same model.
Section 2 explains the structure of PETRA, as well as the

parameterizations and statistical framework used. In Section 3,
we validate PETRA by presenting retrievals on simulated data
with known atmospheric parameters. We also compare PETRA
to other retrieval tools by comparing results for WASP-43b and
HD 209458b. Lastly, we demonstrate a novel use of PETRA to
retrieve the temperature structure and -e density in ultrahot
Jupiters from James Webb Space Telescope (JWST) simulated
observations using H− opacity in Section 4.
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2. Methods

2.1. The Forward Model

As mentioned above, the forward model uses a modified
version of the atmosphere code PHOENIX. In its widely-used
self-consistent version, PHOENIX is capable of modeling a
variety of objects from cool, cloudy brown dwarfs to dwarf and
giant stars in both plane-parallel and spherically symmetric
geometry. This breadth in applicability extends to PETRA as
well. Figure 1 illustrates the basic structure of PETRA. The
left-hand column represents the statistical framework, while the
right-hand column shows the steps that utilize PHOENIX for
calculating the spectrum.

One of the main motivations for developing PETRA is to
utilize PHOENIX’s expansive opacity database and opacity
sampling routines. PHOENIX has molecular opacity information
including many isotopologues, deuterated species, and multiple
line lists. Comprehensive atomic line lists are used for elements
from hydrogen to uranium, including many bound–free and
continuous opacities. More information on the opacities used

that are relevant to exoplanet modeling can be found in
Lothringer et al. (2018) and Lothringer & Barman (2019).
New line lists are currently being incorporated into PHOENIX
and PETRA, including HITEMP H2O and CO2 (Rothman et al.
2010), AlO (Patrascu et al. 2015), TiO (McKemmish et al.
2019), and SH (Zahnle et al. 2009; Yurchenko et al. 2018).
PHOENIX uses direct opacity sampling (dOS) to calculate

opacities. dOS operates by taking line list information and
selecting all relevant lines above some flexible cutoff in opacity
relative to the continuum. This is done at the beginning of each
model run without the need for precomputed opacity tables,
allowing a high degree of flexibility when it comes to changing
model resolution, line lists, and included opacity sources. This
flexibility will allow PETRA to retrieve quantities from high-
resolution observations at high accuracy. For each iteration, the
selected lines are broadened and the opacity is then sampled on
a user-defined wavelength grid.
Within PHOENIX, line profiles can be calculated as

Gaussian, Voigt, or special line profiles depending on the
line’s strength. In all cases, the lines are broadened accounting
for the natural line profile, quadratic Stark damping, Van der
Waals damping, and thermal broadening. The linear Stark
effect on atomic hydrogen lines is accounted for by using
special line profiles. The Voigt profiles can be described as

( ) ( ) ( ) ( )l
p l

=
D

V u a
c

H u a, , 1
D

2

1 2

with u=Δλ/ΔλD and a= ( )l g p lDc4 D
2 , where λ is the
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thermal broadening Gaussian width, and c is the speed of light
(Gray 1992; Schweitzer et al. 1996). γ is the Lorentzian
damping constant, which is the sum of the natural, quadratic
Stark, and van der Waals broadening widths. Lastly, ( )H u a, is
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The calculation of the Voigt profile can be computationally
expensive when done for many thousands of lines on the fly, so
Gaussian profiles are sometimes assumed for weak lines. In
Section 3.2.1, we test whether Gaussian profiles can be
assumed within PETRA to speed up the calculation of the
spectrum. Even with calculating Voigt profiles, PETRA can
complete a single iteration modeling the CO bandhead from 2.3
to 2.7 μm at 0.1Å sampling (R∼230,000, ∼0.01 cm−1) in
about 2 s on a single 28-core node of a high-performance
computer.
Chemical equilibrium is calculated with PHOENIX’s

Astrophysical Chemical Equilibrium Solver which we use to
calculate the equation of state for 894 different species. In the
PETRA retrievals shown below, the chemical abundances are
read from a precomputed partial pressure table and then
modified for the species treated as free parameters. PETRA is
also capable of retrieving abundances self-consistently, using
quantities like the metallicity, elemental, or even isotopic ratios
as free parameters.

2.1.1. Temperature Structure

In the retrieval of Earth, solar system, and brown dwarf
atmospheric observations, there is generally enough data for the
temperature structure to be determined layer-by-layer (e.g.,

Figure 1. A flow chart illustrating the structure of PETRA. Boxes 4a–4d
represent the steps that directly utilize PHOENIX.
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Irwin et al. 2008; Gottwald & Bovensmann 2011; Line et al.
2014a). The low signal-to-noise nature of exoplanet atmos-
phere observations often necessitates reducing the number of
free parameters as much as possible. It is therefore advanta-
geous to parameterize the temperature structure.

In PETRA, we have incorporated n-layer models (where
each layer is connected via a logarithmic temperature gradient),
the parameterization of Madhusudhan & Seager (2009), and the
parameterization used in Line et al. (2013). The latter is an
analytic parameterization for atmospheres in radiative equili-
brium using a three-channel Eddington approximation from
Parmentier & Guillot (2014). Because of the physical
motivation of this parameterization and its flexibility, we adopt
it for this work.

2.1.2. Nonuniform Vertical Abundances

In exoplanet atmosphere retrievals, vertical abundances are often
assumed to be constant with pressure. This assumption can break
down at high temperatures in ultrahot Jupiters due to the thermal
dissociation of molecules and at temperatures near the transition in
chemical equilibrium between CH4 and CO as the dominant
carbon-bearing molecule. Within PETRA, the vertical abundances
can be described by three parameters: ηmax (the maximum volume
mixing ratio (VMR) of the species), ò (the power of the slope), and
η0 (the abundance at log(Pcgs)=0 (i.e., P= 1 μbar=1 barye)).
The VMR is thus parameterized as

( ) ( ( ) ) ( )h h= * + Plog VMR min , log . 310 max 10 0

For example, in a typical ultrahot Jupiter undergoing molecular
dissociation at pressures below 1 mbar, CO would have
ηmax∼−3.5, η0∼−7, and ò would be positive (the molecular
abundance would be increasing with pressure). For species like
ions that generally decrease with pressure at photospheric
depths, ò would be negative.

This parameterization is clearly limited as there is no
physical reason to assume a power-law slope. Future studies
may explore layer-by-layer abundance retrievals. This para-
meterization, however, provides necessary flexibility and a
fundamental insight into whether atmospheric species are
increasing or decrease with pressure, which will be important in
Section 4.

2.2. MCMC/Statistical Framework

We utilize Differential Evolution Markov Chains (DEMC)
(Ter Braak 2006) with “snooker” updates (ter Braak &
Vrugt 2008) to explore the parameter space and build our
posterior distributions. DEMC is a type of Markov Chain
Monte Carlo (MCMC) that uses information from other chains
to determine the next step’s size and direction, which is an
improvement on the random direction and manual step size of
traditional Metropolis–Hastings MCMC. DEMC has been
tested and used for a number of exoplanet retrieval applications
(Line et al. 2013; Evans et al. 2017).

We have also implemented a version of parallel tempering
in PETRA. At the beginning of a retrieval when comparing
the likelihoods of the current and proposed state, we raise
each likelihood to a power, ζ, such that it is accepted with
probability
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where ( )qp ¢ is the prior on the proposed state, q¢, ( )qp is the
prior on the current state, q, ( )q¢ is the likelihood of the
proposed state, ( )q is the likelihood of the current state, q,
and ζ is the “temperature”, which we define from 0 to 1. ζ=1
corresponds to no tempering while 0<ζ<1 “flattens”
posterior space. Flatter posterior distributions help the chains
explore different local likelihood minima regions without
getting stuck. We generally begin each retrieval with a short
period of tempering where ζ begins at a minimum, ζmin, usually
between 0.5 and 0.9 and slowly rises for nmax iterations until
ζ=1:
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where n is the current iteration. We usually set nmax between
100 and 1000 so tempering only occurs during the initial burn-
in of the chains. Our choice of nmax helps ensure that we find
the global likelihood maximum.
In a full retrieval using the temperature structure parameter-

ization described above and four to eight molecular abundances
as free parameters for a total of 9–13 free parameters, we use
about 20 chains and can reach convergence, as indicated by a
Gelman–Rubin statistic <1.01 (Gelman & Rubin 1992),3 in
<104 iterations per chain.
In future work, we will incorporate nested sampling, which

is a powerful method to do Bayesian model comparison
(Skilling 2004). This is useful to determine if the complexity of
the model , i.e., the number of free parameters, is justified.

3. Tests

3.1. Simulated Data from PHOENIX

To validate the statistical framework of PETRA, we used our
forward model to compute a hot Jupiter spectrum with
parameters similar to those of WASP-43b. From this spectrum,
we simulated observations from the Hubble Space Telescopeʼs
Wide Field Camera 3 (HST/WFC3) and Spitzer Channels 1
and 2 using the bins and uncertainties from Kreidberg et al.
(2015). We then retrieved the atmospheric parameters using
PETRA from these simulated data for which we know the
“true” values. Our retrieval uses the same parameters as the
input model: five parameters to describe the temperature profile
(discussed above) and four parameters for the H2O, CO, CO2,
and CH4 abundances.
Figure 2 shows the simulated observations compared to the

median retrieved spectrum and the spectrum’s 1σ uncertainty
region. PETRA is able to fit the simulated data well, with
c2=17.23 for the median retrieved spectrum. With 17 data
points, we obtain a c2 per data point of 1.01, quite similar to
the quality of fits obtained with real data in the sections below.
Figure 3 shows the retrieved constraints on the molecular

abundances. The top plot in each column shows the one-
dimensional posterior distribution for each molecular abundance.
Below the one-dimensional posteriors are two-dimensional
posteriors showing how the estimates of each molecular
abundance depend on the other molecular abundances. The
retrieved molecular abundances agree to within 1σ of the input

3 In the simplest terms, the Gelman–Rubin statistic compares the standard
deviation of each chain with the standard deviation of the mean of the chains.
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molecular abundance, indicating that we are retrieving correct
values.

Figure 4 compares the retrieved temperature structure
constraints with the input temperature profile. The retrieved

temperature structure is within 1–2σ of the input temperature
profile in the optical and IR photosphere region between 1 and
100 mbar. The upper atmosphere, above the optical and IR
photosphere deviates from the input temperature profile, but
since none of the simulated observation probe this region, this
is acceptable. Retrieved information about atmospheric depths
not probed by the observations is often biased by the
parameterization of the temperature profile and, thus, do not
provide reliable constraints.
The region being probed by the observations can also be

understood by looking at the contribution functions of the
atmosphere at wavelengths corresponding to the observations.
Figure 5 shows contribution functions at HST/WFC3 wave-
lengths inside and outside the H2O absorption feature, as well
as the two Spitzer photometry points. The peak of each
contribution function shows from which pressure most of the
flux at a given wavelength is radiated. While the HST/WFC3
continuum probes deep in the atmosphere at around 100 mbar,
the other wavelengths probe higher up the atmosphere (due to
increased opacity at these wavelengths) at around 5 mbar.
Therefore, WASP-43b’s temperature is only constrained by the
observations between about 1 and 100 mbar.

3.2. Comparison to Previous Retrievals

3.2.1. WASP-43b

In order to compare PETRA with other retrieval suites, we
retrieved the temperature profile and molecular abundances of
hot Jupiter WASP-43b using HST/WFC3 and Spitzer data
from Kreidberg et al. (2014), which was analyzed with the
CHIMERA retrieval suite (Line et al. 2013, 2014b). This same
data was also analyzed in Evans et al. (2017) with the ATMO
retrieval suite. Both frameworks retrieved a noninverted
atmosphere with an approximately solar abundance of H2O.
As was done in the CHIMERA retrievals, we use the

temperature profile parameterization described above and fit for
the H2O, CO, CO2, and CH4 abundances. We analyzed the
WASP-43b data with PETRA using two different H2O line
lists, BT2 (Barber–Tennyson; Barber et al. 2006) and
HITRAN2008 (Rothman et al. 2009). BT2 is a computed list of

Figure 2. Simulated observations of a generic hot Jupiter similar to WASP-43b
from a PHOENIX forward model compared to the retrieved median spectrum
and 1σ uncertainty region. The bottom figure is a zoomed-in version of the top,
highlighting the 1.4 μm H2O feature from HST/WFC3 observations. The
region between the end of the HST/WFC3 bandpass (∼1.7 μm) and the
beginning of the Spitzer Channel 1 bandpass (∼3 μm) was sampled sparsely
for computational efficiency.

Figure 3. Plot of the posterior distributions of molecular abundances from the
WASP-43b simulated data test. The top-most plot of each column shows the 1D
posterior for each molecular abundance included in the test. The middle dotted line
shows the average retrieved value, while the dotted lines to each side bound the 1σ
uncertainty range. The yellow lines indicate the “true” input value that generated the
simulated data. Below the 1D posteriors are the 2D posterior distributions.

Figure 4. Comparison of the input temperature profile (gold) for the WASP-
43b simulated data test compared to the average retrieved temperature profile
(dashed black) and the 1σ uncertainty region (shaded gray region). The region
above 1mbar is not probed by the observations and the constraints shown are
an outcome of the parameterization.

4
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H2O transition frequencies and intensities and comprises over
5×106 transitions. HITRAN2008 is a compilation of transi-
tions from various sources, including over 6.9×104 H2O
transitions.

As mentioned in Section 2, the calculation of the Voigt
profile can be computationally expensive when done on the fly
as in PETRA. Additionally, Barstow et al. (2020) showed that
assumptions in line broadening can lead to significant
differences in forward models and retrieval results. To
understand the overall effect of the line profile shape on
retrieval results and to test whether Gaussian profiles can
provide physically accurate retrieved atmospheric properties,
we ran retrievals with each list assuming Gaussian and then
Voigt line profiles when calculating the opacities.

Figure 6 shows how the observations compare to the median
retrieved spectra and 1σ uncertainties for each retrieval. The
agreement between the models and observations is quite similar
for the two retrievals using the BT2 H2O line list. The median
spectrum retrieved using the BT2 list with Voigt line profiles
has c2=17.39, giving a c2 per data point of c2/17=1.023.
The median spectrum retrieved using the BT2 list with the
Gaussian line profiles matches the data marginally better with
c2=15.97 and a c2 per data point of 0.939. Both of the
retrievals are comparable to the c2 per data point of 1.2 found
with CHIMERA in Kreidberg et al. (2015).

The HITRAN2008 list provides a somewhat worse fit, with
c2=31.54 and a c2 per data point of 1.86 using Gaussian
profiles and with c2=39.16 and a c2 per data point of 2.3
using Voigt profiles. This may provide some evidence that the
BT2 list is more capable of producing hot Jupiter spectra that
better match observations. This is expected since the BT2 list is
constructed with special attention paid to the high temperatures

found in hot Jupiter atmospheres and considers many more
transitions.
Each temperature profile in Figure 7 is qualitatively similar

in shape and temperature range. There are some subtle
differences, with the BT2 retrievals having a slightly different
lapse rate than the BT2 retrieval with Voigt profiles. The
HITRAN2008 retrieval with the Gaussian approximation
exhibits a highly constrained lower atmosphere, uncharacter-
istic of the other profile. Additionally, the temperature profile
was uniformly moved to lower pressures in the retrievals with
Voigt line profiles compared to the same retrieval with
Gaussian line profiles. This underestimation is because a
Gaussian line profile will systematically underestimate the
opacity for a given line, particularly the line wings. This means
that the photosphere of the retrieved model will be deeper in
the atmosphere when Gaussian line profiles are assumed. The
BT2 retrieval with Gaussian line profiles, however, matched
very closely with the CHIMERA retrieval, though they used a
HITEMP H2O line list (Rothman et al. 2010), presumably with
Voigt profiles. The HITEMP line list, an updated version of the
HITRAN2008 list more appropriate for hot atmospheres like
we consider here, uses the BT2 line list as its starting point.
The four different retrieved H2O and CO2 abundances are

compared in Figure 8. Only the H2O abundance is published in
Evans et al. (2017). In general, all abundances agree quite well
and are close to the solar abundance VMR of H2O of about
10−3.6. The H2O abundance found in the BT2 retrieval with
Voigt profiles was slightly higher than the other retrievals. In
general, there is a correlation between the pressure of the
temperature profile (parameterized through κIR in Line et al.
2013) and the molecular abundances. When the temperature
profile is moved to lower pressures, the molecular abundances,
particularly H2O, must compensate by becoming larger to keep
the same brightness temperature at a given wavelength. This

Figure 5. Contribution functions for WASP-43b’s dayside atmosphere at 1.25,
1.4, 3.6, and 4.5 μm, corresponding to outside the 1.4 μm H2O feature, inside
the 1.4 μm H2O feature, Spitzer channel 1, and Spitzer channel 2, respectively.

Figure 6. Observations of hot Jupiter WASP-43b from Kreidberg et al. (2015)
compared to the retrieved median spectrum and 1σ uncertainty region for
retrievals using different H2O line lists and line profile treatment (see the text).
The region between the end of the HST/WFC3 bandpass (∼1.7 μm) and the
beginning of the Spitzer Channel 1 bandpass (∼3 μm) was sampled sparsely
for computational efficiency.

5
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Figure 7. Comparison of the retrieved temperature profiles from real WASP-43b HST/WFC3 and Spitzer data from Kreidberg et al. (2014) using different H2O line
lists and line profile treatment (see the text) compared to previous median retrieved temperature profiles (CHIMERA and ATMO from Kreidberg et al. 2014 and Evans
et al. 2017, respectively). The colors for the PETRA retrievals match those in Figure 6.

Figure 8. Posterior distributions of H2O and CO2 from real WASP-43b HST/WFC3 and Spitzer data from Kreidberg et al. (2014) using different H2O line lists and/
or molecular profiles, compared to previous retrieved (same colors and labels as Figures 6 and 7). Retrieved abundances and 1σ from Kreidberg et al. (2014) are in
black and from Evans et al. (2017) are in purple. Note that Evans et al. (2017) only presents the H2O abundance.

6
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correlation is shown in Figure 9, which displays the posteriors
of the WASP-43b BT2 Voigt profile retrieval. The correlation
between κIR and the chemical abundances likely explains some
of the differences between the exact temperature profiles and
abundances found in the ATMO, CHIMERA, and PETRA
retrievals.

Three of the PETRA retrievals show a somewhat higher CO2

abundance, but they agree at about the 1σ level with the
CHIMERA value, which used the HITEMP database (Rothman
et al. 2010). The HITRAN2008 retrieval with Gaussian profiles
showed a significantly lower CO2 abundance, closer to the
CHIMERA value. Additionally, note that most of the
information for the CO2 and CO abundances relies on the
single Spitzer 4.5 μm point. PETRA and CHIMERA both seem
to prefer fitting the Spitzer data with CO2 rather than CO,
however. Removing CO2 does not change the goodness of fit,
because CO can compensate; however, removing both CO and
CO2 changes the Bayesian information criterion (BIC) by
about 20, indicating strong evidence for their inclusion in the
model. The BIC quantifies whether the complexity of a given
model is justified by the data by penalizing the likelihood by a
factor proportional to the number of free parameters
(Schwarz 1978). We also tested whether there was any
evidence of a evidence of a vertically nonuniform H2O
abundance by running a retrieval using the parameterization
described in Section 2.1.2. While such a retrieval was able to
constrain the H2O abundance consistent with the uniform
model, we find that the nonuniform model is not justified given
the data, with a ΔBIC of 31.95 in favor of the simpler uniform
abundance model. This is in agreement with the theoretical
expectation that the H2O abundance should be roughly uniform
with pressure throughout much of the observable atmosphere in
hot Jupiters in this temperature regime. On the whole, assuming
Gaussian line profiles can provide results qualitatively similar
to Voigt line profiles. However, because we do not expect
thermal broadening to be the main source of line broadening in
most exoplanet retrieval applications, assuming Voigt line
profiles will provide the more physically accurate results. This
exercise illustrates the model uncertainties present in retrieval

analyses that emerge as a result of, e.g., line list choices. While
we can assume that Voigt line profiles will provide a more
realistic match to observations than Gaussian line profiles,
some choices can be more arbitrary. When such cases arise, it is
best to evaluate observations using a variety of model
assumptions whenever possible, which can begin to quantify
our systematic model uncertainties.

3.2.2. HD 209458b

In order to further compare PETRA with other retrieval
suites, we retrieved the temperature profile and molecular
abundances of hot Jupiter HD 209458b using HST/WFC3 and
Spitzer data from Line et al. (2016). This same data was
analyzed in Line et al. (2016) with the same CHIMERA
retrieval suite as WASP-43b above and was found to show
evidence for a noninverted atmosphere with an approximately
solar abundance of H2O. For this retrieval, we use the BT2 line
list with Voigt line profiles, which should most closely match
the CHIMERA retrieval.
Our retrieval results agree quite well with the CHIMERA

retrieval. Figure 10 shows the retrieved spectrum compared to
the observations from Line et al. (2016). The median retrieved
spectrum has c2=15.2 with 14 data points, leading to a c2 per
data point of 1.08. As with WASP-43b, PETRA fits the data as
well as CHIMERA, which obtains a c2 per data point of 1.03.
Figure 11 shows that PETRA’s retrieved median temperature

profile agrees quite well with CHIMERA’s, but is more tightly
constrained than the CHIMERA profile using the same
parameterization (that of Parmentier & Guillot 2014). The
PETRA profile is most similar to the CHIMERA retrieval using
the simplified PT profile, which consists of a deep isothermal
region and 2 “T linear-in-P” regions. This simplified
CHIMERA profile also exhibits a more constrained profile
compared to the CHIMERA retrieval with the five-parameter
Parmentier & Guillot (2014) parameterization. The CHIMERA
retrieval also utilized nested sampling rather than DEMC,

Figure 9. Posterior distribution for some parameters in the WASP-43b BT2
Voigt profile retrieval. Gold lines indicate the values found in Kreidberg
et al. (2014).

Figure 10. Retrieved planet spectrum with its 1σ uncertainty region, convolved
to the HST/WFC3 instrument resolution of R∼130, compared to observa-
tions of HD 209458b from Line et al. (2016). Green points represent the binned
median retrieved spectrum. The bottom figure is a zoomed-in version of the
top, highlighting the 1.4 μm H2O feature from HST/WFC3 observations.
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which may explain some of the differences with the PETRA
retrieval.

Contribution function profiles are plotted in Figure 12,
demonstrating that pressures between 5 and 100 mbar are
constrained by the observations. As with WASP-43b, all
constraints on the temperature profile outside this range are a
consequence of the parameterization of the temperature profile.

Figure 13 shows that the molecular abundance constraints
PETRA retrieves are also well within 2σ of CHIMERA’s
retrieved constraints, despite the different statistical framework
and different line lists being used between the two suites. Line
et al. (2016) uses HITEMP H2O, CO, and CO2 (Rothman et al.
2010), while we use CO2 from (Rothman et al. 2009), CO from
Goorvitch (1994), and H2O from Barber et al. (2006).

The inclusion of H2O is strongly favored with change in the
BIC of 35. When we neglected CO and CO2, PETRA
attempted to compensating by increasing the HCN abundance
to a log10(VMR)=2.7. Because HCN also absorbs 1.53 μm,
this also resulted in the H2O abundance decreasing by about an
order of magnitude. When CO, CO2, and HCN are all ignored,
we calculate a BIC of 5.06, indicating positive evidence for
absorption by a carbon species in the atmosphere of HD
209458b, in agreement with Line et al. (2016).

4. Characterizing Ultrahot Jupiters with Retrievals of H−

Ultrahot Jupiters are among the most ideal targets to observe
because of their hot and bright daysides, their inflated radii, and
their short periods. However, the atmospheres of ultrahot Jupiters
are often hot enough to dissociate the very molecules we hope to
observe. The absence of molecules is exacerbated by the fact
that H− bound–free and free–free opacity becomes significant at
temperatures above 2500 K, which will move the photosphere to
lower pressures and mask the spectral features of molecules like
H2O (Arcangeli et al. 2018; Kitzmann et al. 2018; Lothringer et al.
2018; Parmentier et al. 2018). This phenomenon is thought to
explain the absence of H2O in WASP-12b, WASP-18b, WASP-
103, and HAT-P-7b (Arcangeli et al. 2018; Kreidberg et al. 2018;
Mansfield et al. 2018).

In order to characterize the atmospheres of ultrahot Jupiters,
we must look to nonmolecular spectral signatures. While H−

opacity mutes molecular spectral features, it also has the
potential to help characterize ultrahot Jupiter atmospheres. H−

opacity is dominant at the temperatures and pressures in
ultrahot Jupiters and, importantly, is nongray, which means
that we can use H− to probe different pressures in ultrahot
Jupiters. In fact, H− opacity increases steadily with increasing
wavelength from its minimum at about 1.6 μm because of its
free–free interactions:

( )n + + « +- -h e eH H 6

(Wildt 1939). Similarly, H− opacity increases toward short
wavelengths from the minimum at 1.6 μm until 0.85 μm
because of its bound–free interaction

( )n + « +- -h eH H 7

(Pannekoek 1931). Fortunately, this near-IR wavelength range
will be explored to great precision with JWST.
Taken a step further, we can use H− to constrain the e−

density. H− opacity will scale with the product of the e− and H
densities in LTE:

( )a s=- - -n n 8eH H H

where a -H is the absorption coefficient for H−, nH is the
number density of atomic H, -ne is the e− number density, and
s -H is the cross section for H− in cm5 from John (1988). nH will
remain relatively constant with height at pressures above
1μbar, so we chose to use its equilibrium abundance rather
than allow it to be a free parameter. Note that neither
Equation (7) nor (8) contain the actual abundance of H−, as
it is ill-defined in the free–free interaction

Figure 11. Retrieved temperature profile of the HD 209458b data compared
with the median retrieved temperature profile from Line et al. (2016). Our
median retrieved temperature profile agrees with those from the CHIMERA
retrieval suite, though our 1σ range is much tighter. This may be because of
differences in line lists and statistical framework.

Figure 12. Contribution functions for HD 209458b’s dayside atmosphere at
1.25, 1.4, 3.6, and 4.5 μm, corresponding to outside the 1.4 μm H2O feature,
inside the 1.4 μm H2O feature, and channel 1, 2, 3, and 4 from Spitzer,
respectively.
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4.1. KELT-9b

KELT-9b is the hottest known Jovian planet with a dayside-
redistribution equilibrium temperature of about 4500 K (Gaudi
et al. 2017), over 1000K hotter than the next hottest Jovian
planet, WASP-33b.4 KELT-9b provides an ideal example to
explore ultrahot Jupiter characterization through H−. In a
planet like KELT-9b, the brightness temperature observed in
secondary eclipse can vary by nearly 1000K between 2 and
10 μm due to H− opacity (see Figure 14 here and see Figure 15
in Lothringer et al. 2018). This corresponds to probing about an
order of magnitude in pressure between 10 and 100mbar,
useful for determining the presence and magnitude of
temperature inversions which are predicted to be ubiquitous
in the hottest Jovian planets (Lothringer et al. 2018). Indeed, a
temperature inversion has recently been detected in KELT-9b
from ground-based high-resolution observations of neutral Fe
(Pino et al. 2020).

4.1.1. Retrieval with PETRA

In order to explore the possibility of retrieving atmospheric
properties from ultrahot Jupiters using H− opacity, we
simulate a single secondary eclipse of KELT-9b with both
JWST/NIRSPEC/G235H and G395H with PandExo (Batalha
et al. 2017). We input to PandExo a fully self-consistent
model of KELT-9b, assuming dayside heat redistribution,
from Lothringer et al. (2018). The use of a self-consistent

model helps to test the retrieval forward model parameteriza-
tions and assumptions described below.
The G235H and G395H grisms span 1.67–5.14 μm at

resolutions of about R∼2700 with some overlap between 2.87
and 3.05 μm. Shorter-wavelength and lower-resolution obser-
vations are difficult because of saturation from KELT-9b’s
bright A0 host star (V=7.6). The broad wavelength coverage
afforded by JWST is essential to maximizing brightness–
temperature contrasts since H− opacity increases steadily but
slowly across the wavelength range. Figure 14 shows the
simulated observations with black bodies overplotted for
reference, demonstrating that the brightness temperature of
KELT-9b changes by over 300 K in the G235H and G395H
wavelength region. The contribution functions plotted in
Figure 15 show that about an order of magnitude in pressure
between 10 and 100 mbar is probed between 1.6 and 5 μm.
We then used PETRA to retrieve atmospheric properties

from the simulated KELT-9b observations. We chose to
retrieve the temperature structure, the CO abundance, and the
e− density using H− opacity as a proxy, while holding other
abundances to their chemical equilibrium value. Besides H−,
our models suggest CO is the only opacity source detectable at
low resolution. Molecular, atomic, and ion abundances will
likely not be uniform with altitude in KELT-9b’s atmosphere
due to thermal ionization and photoionization, as well as the
thermal dissociation of molecules. It is therefore necessary to
parameterize retrieved chemical abundances. We ran three
different scenarios where (1) CO is assumed to be in chemical
equilibrium, (2) the CO abundance is retrieved assuming a

Figure 13. Posterior distributions for the molecular abundances from PETRA’s retrieval of HD 209458b (Line et al. 2016). Gold lines represent the approximate
maximum of the posterior from Line et al. (2016) for the two species with obvious maxima, H2O and CO2.

4 https://exo.mast.stsci.edu/
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vertically uniform abundance, and (3) the CO abundance is
retrieved using the evidence of a vertically nonuniform H2O
abundance parameterization described in Section 2.1.2. For
each of these scenarios, the e− abundance is also retrieved,
assuming a nonuniform abundance.

Figure 14 shows the retrieved median spectrum for the
retrieval where CO is assumed to be in chemical equilibrium
with the 1σ uncertainty region compared to the simulated
observations. The uncertainties on the flux for a given
wavelength point are much smaller than an individual bin’s
observational uncertainty.

Figures 16 and 17 show the retrieved constraints on the
temperature structure and chemical abundances (in the form of
the VMR), respectively, for each retrieval. The temperature
structure is tightly constrained by the retrieval, clearly

Figure 15. Contribution functions for KELT-9ʼs dayside atmosphere at 1.6,
3.0, and 5.0 μm from the median retrieved model.

Figure 16. Simulated constraints on the temperature structure of KELT-9b for
the three retrieval scenarios, where CO is assumed to be in chemical
equilibrium, have a vertically uniform abundance, or a parameterized evidence
of a vertically nonuniform H2O abundance abundance.

Figure 14. Retrieved median spectrum (blue) for the retrieval where CO is assumed to be in chemical abundance, normalized by a 4500 K black body and compared to
the simulated observations for the KELT-9b retrieval (black). The 1σ uncertainty region is shaded, but small compared to the individual error bars. The green dots
represent the binned flux of the median retrieved model.

Figure 17. Simulated constraints on the abundances of e− and CO for the three
KELT-9b retrieval scenarios, where CO is assumed to be in chemical
equilibrium, have a vertically uniform abundance, or a parameterized evidence
of a vertically nonuniform H2O abundance abundance.
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identifying the strong temperature inversion, however accurate
temperatures are only retrieved near the photosphere. Further,
the retrieval where CO is parameterized as having a nonuni-
form abundance (i.e., the model with the most free parameters),
actually has the least accurate fit and is biased toward a lower-
pressure photosphere. Figure 17 shows the retrieved chemical
abundances compared to the actual abundances of e− and CO
in the input model. When CO is assumed to be in chemical
equilibrium, accurate constraints on the e− density can be
obtained. Similarly, if CO is assumed to have a vertically
uniform abundance, accurate e− and CO abundances are
retrieved, albeit with the foreknowledge that the uniform CO
abundance can only be an approximation. Interestingly,
however, when both CO and e− are retrieved using the
nonuniform parameterization, the abundances are biased to
higher values, which help place the photosphere at a lower
pressure as described above. The reason for the behavior seen
when CO and e− are retrieved nonuniformly is due to the fact
that there is a degeneracy between the photospheric level and
the chemical abundances. In the Parmentier & Guillot (2014)
temperature structure parameterization, the pressure level of the
photosphere is controlled through the κIR parameter which
physically represents the mean opacity of the IR and sets the
relation between the optical depth and pressure. Figure 18
shows the posterior distribution for the chemical abundance
parameters and the κIR parameter. A clear correlation exists
between κIR and the e− abundance parameters. There is also

some degeneracy between the slope of the e− density, h -e0, , and
the CO abundance parameters.
A degeneracy between the abundance parameters and κIR

exists because there is no nonretrieved opacity that can set the
photospheric level. In the case where CO is assumed to be in
chemical equilibrium, the relation between the brightness
temperature at 2.3 and 4.5 μm and the CO opacity at those
wavelengths effectively anchors the temperature structure.
Indeed, the degeneracy is broken in the retrieval where CO is
in chemical equilibrium and can be used as such an anchor.
This situation is similar to the well-known degeneracy in transit
spectra between the reference radius and pressure (Griffith
2014; Heng & Kitzmann 2017). This degeneracy can be broken
through information about the scale height from the Rayleigh
scattering slope (Benneke & Seager 2012; Line & Parmentier
2016) or from the continuum level from H2 collision-induced
absorption opacity (Welbanks & Madhusudhan 2019). H−

opacity would serve to similarly break the degeneracy in for
ultrahot Jupiters. In our retrieved emission spectrum, however,
we retrieved both the continuum opacity and the CO abundance
and had nothing to anchor the photospheric level of the
atmosphere. An assumption, like chemical equilibrium of CO,
provides this anchor and breaks the correlation.
The power of H− retrievals lies not only in their ability to

constrain ultrahot Jupiter temperature structures, but also in the
retrieval’s measurement of -ne . A deviation in -ne from
chemical equilibrium could identify and measure the effects
of photoionization in these highly irradiated atmospheres.

Figure 18. Posterior distributions for the KELT-9b retrieval where a evidence of a vertically nonuniform H2O abundance CO abundance parameterization was used.
For clarity, most temperature structure parameters were not included. Note the correlations between kIR, -emax, and h -e0, , as well as the correlations between h -e0, ,
h0,CO, and 0,CO.
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Additionally, a direct measurement of the ion density will
provide a path forward to understanding magnetohydro-
dynamic (MHD) effects in ultrahot Jupiters, which are likely
affecting atmospheric circulation through magnetic drag forces
(Rogers & Komacek 2014; Komacek & Showman 2016;
Rogers & McElwaine 2017). The combination of ion density
measurements through H− retrievals along with wind speed
measurements from high-dispersion spectroscopy (e.g., Brogi
et al. 2016) and day–night temperature contrasts from phase
curves will provide direct insight into MHD effects. We also
note that rather than using H− as a free variable, it can be used
in retrievals of metallicity that assume chemical equilibrium
(Arcangeli et al. 2018; Mikal-Evans et al. 2019). When used in
this fashion, H− can help constrain the metallicity because it
will depend on the number of free electrons, which will be
supplied from metals like Na, K, and Ca. This would not
account for the effect of photoionization, however. Lastly, we
mention that direct H− retrievals have recently been explored in
the context of WASP-18b (Gandhi et al. 2020).

5. Conclusion

We have introduced the PHOENIX Exoplanet Retrieval
Algorithm, or PETRA, which is a retrieval framework built
around the PHOENIX atmosphere model. PETRA is flexible
enough to retrieve atmospheric properties from observations of
exoplanets, brown dwarfs, and even stars for a variety of
situations, including transit and eclipse spectroscopy, as well as
self-luminous/directly-imaged objects.

We have validated PETRA by retrieving properties from
data simulated from PHOENIX models, for which the correct
atmospheric properties are known. PETRA is successfully able
to retrieve these correct properties. We have further validated
PETRA against previous retrieval results for actual HST/
WFC3 and Spitzer observations of WASP-43b and HD
209458b, showing that PETRA can agree with well-tested
retrievals like CHIMERA and ATMO. For WASP-43b, we also
investigated the effect that different H2O line lists and line
shape treatments have on retrieved quantities, showing
significant differences especially in the retrieved temperature
profiles. Our results are similar to those of Barstow et al.
(2020), which demonstrated comparable agreement between
retrieval suites and the importance of line broadening
treatment.

We then used PETRA to demonstrate a novel technique to
characterize ultrahot Jupiters through retrieving H−. Retrievals
using current techniques (i.e., retrieving molecular abundances)
are hampered by the thermal dissociation of molecules and
presence of H− opacity at high temperatures. Using simulated
JWST/NIRSPEC data, we showed that retrieving the H− can
constrain the temperature structure and e− density, providing a
unique path forward toward characterizing the hottest Jovian
exoplanets. We discovered that an assumption about the CO
opacity is critical to using H− in a retrieval due to correlations
between the parameters that set the photospheric level of the
temperature structure and the chemical abundances. We note
that ground-based high-resolution studies will be insensitive to
the continuous opacity of H−, meaning that JWST may be the
only facility capable of this experiment until the ARIEL
mission (Pascale et al. 2018).

PETRA will be continually improved. We plan to incorpo-
rate PHOENIX’s cloud modeling capabilities into PETRA to
perform retrievals of cool objects. We will also improve the

statistical framework by implementing nested sampling in order
to robustly perform model complexity comparison. In the
future, we will apply PETRA to a variety of situations, from
transmission spectra of sub-Neptunes to high-resolution
spectroscopy of giant planets.
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