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Abstract

Irradiated Jovian atmospheres are complex and dynamic and can undergo temporal variations due to the close
proximity of their parent stars. Of the Jovian planets that have been cataloged to date, KELT-9b is the hottest gas
giant known, with an equilibrium temperature of 4050 K. We probe the temporal variability of transmission
spectroscopic signatures from KELT-9b via a set of archival multiyear ground-based transit observations,
performed with the TRES facility on the 1.5 m reflector at the Fred Lawrence Whipple Observatory. Our
observations confirm past detections of Fe I, Fe II, and Mg I over multiple epochs, in addition to excess absorption
at Hα, which is an indicator for ongoing mass loss. From our multiyear data set, the Hα light curve consistently
deviates from a standard transit and follows a “W” shape that is deeper near ingress and egress and shallower
midtransit. To search for and quantify any seasonal variations that may be present, we parameterize a “cometary
tail” model to fit for the Hα transit. We find no detectable variations between the different observed epochs.
Though a “cometary tail” describes the Hα flux variations well, we note that such a scenario requires a high density
of neutral hydrogen in the n = 2 excited state far beyond the planetary atmosphere. Other scenarios, such as center-
to-limb variations larger than that expected from 1D atmosphere models, may also contribute to the observed Hα
transit shape. These multiepoch observations highlight the capabilities of small telescopes to provide temporal
monitoring of the dynamics of exoplanet atmospheres.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Hot Jupiters (753); Exoplanet atmospheric composition
(2021); Exoplanet atmospheric variability (2020); Exoplanet evolution (491)

1. Introduction

Deciphering an exoplanet atmosphere signal from that of its
host star has historically been a difficult endeavor, initially
being restricted to either space-based telescopes (e.g., HST and
Spitzer) or large-aperture (�8 m) ground-based telescopes (see
reviews by Seager & Deming 2010; Madhusudhan 2019).
Thanks to advances in our techniques for probing exoplanet
atmospheres and the efforts by ground- and space-based
surveys to identify new transiting planets suitable for
characterization (Knutson et al. 2009; Stevenson et al. 2014;
Birkby 2018), we can now demonstrate that meter-class
facilities are also capable of characterizing exoplanet atmo-
spheres, as presented in this publication.

Many exoplanet atmosphere observations focus around the
primary transit, where we analyze light from the host star that
travels through the day−night terminator region of the planet as
it transits in front of its host star. One of the observational
techniques that captures these transits is known as the high-
resolution spectroscopy technique. This involves using a high-
resolution spectrograph, R � 25,000, to detect the Doppler shift
of the planet as it travels along its orbit over the course of the
transit. For close-in planets, this is achievable owing to the

motion of the planet moving at a larger velocity in comparison
to the simultaneously observed stellar spectra of the host star,
varying as per the barycentric velocity shift and the near-
stationary telluric absorption features (see review by
Birkby 2018). Chemical composition is determined by
comparing the detected spectral lines to high-resolution spectra
generated from modeling codes with the same physical
parameters (such as temperature) that are calculated for the
observed planet. In addition to chemical composition, this
technique can decipher additional physical parameters of an
exoplanet, including true planetary mass (e.g., de Kok et al.
2013), temperature profiles (e.g., Snellen et al. 2010), the
presence of clouds (when optical spectra are used in
conjunction with low-resolution near-infrared transmission
spectra; e.g., Žák et al. 2019; Allart et al. 2020), day-to-night
winds (e.g., Snellen et al. 2010; Louden & Wheatley 2015),
and the rotation period of the planet (e.g., Brogi et al. 2016).

Analyzing the chemical composition of an exoplanet
atmosphere through high-resolution spectroscopy not only tells
us what atoms are in the atmosphere but also can reveal which
ones are escaping it. For exoplanets that reside close to their
host stars, the exposure to extreme levels of irradiation enables
active atmospheric evaporation from the planet (e.g., Lammer
et al. 2003; Yelle 2004; García Muñoz 2007; Murray-Clay
et al. 2009; Owen & Jackson 2012; King & Wheatley 2021;
Kubyshkina 2022). Mass loss through evaporation of a
primordial atmosphere is one of the dominant evolutionary
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drivers for atmospheres, often occurring within the first billion
years after formation (e.g., Owen 2019; Howe et al. 2020; Bean
et al. 2021).

Atmospheric escape can be identified via absorption lines by
atoms with a planetary radius beyond the Roche limit (a region
where the gravity of the planet equals that of the parent star).
Absorption by species close to the Roche limit, and at high
velocities with respect to the planet, can also be tracers of
ongoing escape. The most successful observational tracer for
atmosphere evaporation involves searching for excess Lyα
(e.g., Vidal-Madjar et al. 2003; Lecavelier Des Etangs et al.
2010; Ehrenreich et al. 2015; Bourrier et al. 2018; Odert et al.
2020), while He I λ10830 has also been identified as invaluable
(e.g., Allart et al. 2018; Mansfield et al. 2018; Salz et al. 2018;
Spake et al. 2018; Alonso-Floriano et al. 2019; Kirk et al. 2020;
Ninan et al. 2020; Kirk et al. 2022). However, with the Lyα
absorption line occurring in UV (1215.67 Å) and He I λ10830
occurring in the near-infrared, detection of these species is
mostly limited to space-based telescopes or large ground-based
telescopes. Fortunately, the optical transmission absorption line
of Hα has also been identified as a potential indirect probe for
ongoing atmosphere evaporation, enabling this process to be
observed with ground-based high-resolution spectroscopic
facilities (e.g., Cauley et al. 2017; Casasayas-Barris et al.
2018; Cabot et al. 2020; Yan et al. 2021; Czesla et al. 2022).
Observing absorption lines alluding to planetary mass loss will
help resolve exoplanet evolutionary enigmas, such as the hot
Neptune “desert” and the radius valley, both of which have
been proposed to be the product of atmosphere evaporation
during the late stages of planet formation (e.g., Beaugé &
Nesvorný 2013; Lundkvist et al. 2016; Mazeh et al. 2016;
Fulton et al. 2017; Fulton & Petigura 2018; Van Eylen et al.
2018; Venturini et al. 2020; Rogers & Owen 2021).

One of the notable exoplanets where ongoing detections of
Hα have been observed in its upper atmosphere is the ultrahot
Jupiter KELT-9b (Yan & Henning 2018). With
Teq = 4050 ± 180 K, KELT-9b is the hottest Jovian exoplanet
discovered thus far, having a dayside temperature (∼4900 K)
equivalent to the photospheric temperature of K stars (Gaudi
et al. 2017; Hooton et al. 2018). A number of chemical
elements have been detected in both primary and secondary
transit observations of KELT-9b (Cauley et al. 2019; Hoeij-
makers et al. 2019; Yan et al. 2019; Turner et al. 2020; Pino
et al. 2020; Changeat & Edwards 2021), including Fe II, which
had never been observed in an exoplanet atmosphere prior to
KELT-9b (Hoeijmakers et al. 2018; Bello-Arufe et al. 2022).
Detections of excess Hα absorption in the atmosphere of
KELT-9b have been repeatedly linked to atmosphere evapora-
tion (Yan & Henning 2018; Cauley et al. 2019; Wyttenbach
et al. 2020), which has been proposed to be the product of
thermal dissociation and recombination of H2 in the upper
atmosphere of the planet in the presence of strong UV
irradiation (Kitzmann et al. 2018; Yan & Henning 2018;
García Muñoz & Schneider 2019; Mansfield et al. 2020).
Cauley et al. (2019) pointed out significant substructure in the
absorption time series of metal and Balmer lines for their 2019
transit using the PEPSI instrument on the Large Binocular
Telescope. They especially noted the blueshifted absorption
extending to ∼100 km s−1 in the line profile during egress, and
they hypothesized it to be due to a wind-like geometry where
material is being accelerated away from the planet toward the
observer. They proposed that this wind is due to a temporal

spike in the planet’s mass-loss rate caused by a stellar flare.
Such phenomena were not present in the two Hα absorption
time series observed in Yan & Henning (2018) using
CARMENES; however, the signal-to-noise ratio (S/N) in their
data set prohibited them from resolving and measuring velocity
centroids of individual transmission spectra.

In this paper, we use two epochs of archival observations of
KELT-9b taken on a 1.5 m telescope to characterize its
atmosphere. We also debut a geometric model to monitor
temporal variability between epochs, which is derived using the
“W” profile displayed in the Hα transit photometry. In
Section 2, we outline how the observations were taken and
our method for telluric subtraction. Section 3 details the
extraction of the Hα absorption, construction of our geometric
model, and comparison of it against our photometric data sets.
Section 4 presents our additional detections of metals and our
mass estimations for KELT-9 and KELT-9b, followed by our
discussion and conclusion in Sections 5 and 6, respectively.

2. Observations and Telluric Subtraction

We used archival observations available for KELT-9 from
the Tillinghast Reflector Echelle Spectrograph (TRES) on the
1.5 m reflector at the Fred Lawrence Whipple Observatory
(FLWO; Mount Hopkins, Arizona, USA). TRES is a fiber-fed
echelle with a resolving power of λ/�λ ≡ R = 44,000, cover-
ing the spectral range of 3850–9100 Å over 51 echelle orders
(Szentgyorgyi & Furész 2007).

These archival observations are the same data set presented
in the KELT-9b discovery paper (Gaudi et al. 2017), with a
total of 75 spectra being observed over three separate transit
epochs (UT: 2014 November 15, 2015 November 6, 2016 June
12). Observations on 2014 November 15 were obtained at an
exposure time of 720 s, achieving S/N ≈ 300 per resolution
element over the Mg b lines. Observations on 2015 November
06 had an exposure time of 540 s, achieving S/N ≈ 140.
Observations on 2016 June 12 yielded far lower S/N spectra
and were subsequently not used in the remainder of this
analysis.

Ground-based observations are always contaminated by
telluric absorption through Earth’s atmosphere. These absorb-
ing species within Earth’s atmosphere (H2O and Na in
particular) interact with the incoming light from the host star
prior to reaching our detectors. These features contaminate the
minute absorption signatures we are attempting to retrieve. We
follow the general techniques adopted by similar previous
analyses (e.g., Cabot et al. 2019) and remove these telluric
features via a set of synthetic models. In this paper, we make
use of the telfit module (Gullikson et al. 2014) to model the
atmosphere via the Line-by-Line Radiative Transfer Model
(Clough et al. 1992).

To fit the observed telluric lines, we produced a set of
∼10,000 models to sufficiently explore a parameter space
varying for humidity, oxygen mixing ratio, zenith angle, and
instrument resolution. This library is interpolated using a
gradient boosting regressor via the scikit-learn package
(Grisel et al. 2021). The best-fitting telluric model is identified
via a least-squares fit between the observations and the telluric
library. Despite the telluric corrections, we still discard spectral
orders severely influenced by the telluric O2 absorption bands
at 7534–7682 Å and 8922–9097 Å. A portion of the telluric-
corrected spectrum is presented in Figure 1.
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3. An Extended H� Atmosphere

Highly irradiated gas giants are expected to undergo
atmospheric escape throughout their lifetimes (see review by
Owen 2019). Excess absorption in Lyα has been a predominant
tracer for atmosphere escape (e.g., Vidal-Madjar et al. 2003),
with “photoevaporation” and core-powered mass loss being the
widely accepted models used to explain this process (Owen
et al. 2023). Likewise for optical band observations, excess
absorption of Hα is being increasingly reported near the Roche
radius for numerous highly irradiated hot Jupiters (Casasayas-
Barris et al. 2019; Chen et al. 2020; Cauley et al. 2021; Yan
et al. 2021; Czesla et al. 2022), including KELT-9b (Yan &
Henning 2018; Cauley et al. 2019; Wyttenbach et al. 2020).
While the detection of Hα in KELT-9b has been interpreted as
a signature of active mass loss by some (e.g., Yan &
Henning 2018; García Muñoz & Schneider 2019), it has been
contested by others (e.g., Turner et al. 2020; Fossati et al.
2020).

PEPSI observations in 2018 by Cauley et al. (2019) showed
that KELT-9b exhibits a strong Hα absorption in transit, with a
“W”-shaped transit light curve. We describe below our efforts
to recover and model this effect in our observations from 2014
and 2015.

Section 3.1 presents an overview on the removal of the
stellar spectrum, the white-light Doppler tomographic planetary
transit, and recovery of the planetary Hα excess signal through
the transit event. Section 3.2 presents a toy transit model to
describe the Hα transit light curves from our observations.

3.1. H� Transit Light Curves

In this section, we detail the analysis of the Hα excess
absorption of KELT-9b from our TRES observations. We
detected the excess Hα absorption of KELT-9b at the expected
orbital velocity of the planet during both TRES transit
observations. The Hα transit light curve, which maps the
temporal variation of the Hα excess through the transit, does
not follow the shape expected for a standard white-light transit.
We discuss our interpretation of this signal and offer a simple
“cometary tail” model that replicates the observed transit shape.

We first normalize the spectral region within 200 km s−1 of
the 6562.8 Å Hα absorption feature for each TRES observa-
tion. The planetary and stellar signals dramatically differ in
their velocity variation over the course of the transit, allowing
us to differentiate between the two signals despite their

contrast. The planetary transmission signal is expected to vary
over ∼130 km s−1 during the course of the transit owing to its
orbital motion, while the stellar Doppler motion is only
expected at the ∼0.25 km s−1 level. We generate a master
spectral template from a median combination of the observed
stellar spectra for a given night of observations, and we remove
this from each observed TRES spectrum via division.

During a transit, the residual spectral signatures comprise
contributions from the Doppler shadow (the Rossiter-
McLaughlin effect; McLaughlin 1924; Rossiter 1924) and the
transmission spectroscopic signatures from the atmosphere of
the planet. Depending on the projected orbital obliquity and the
velocity amplitude of the planet’s orbit, there is a region in the
transit where the Doppler and transmission signals can overlap
and cancel each other’s effects. When this occurs, the Doppler
shadow manifests as a reduction in the apparent absorption in a
spectral line, while the transmission signal manifests as an
excess of absorption. To correct for this, we simultaneously
model for Doppler shadow and planetary transmission
spectrum.

The trail of the Doppler shadow is modeled as per Zhou et al.
(2016), with the transit parameters describing the transit
centroid t0, period P, normalized semimajor axis a/Rå,
inclination i, and radius ratio rp/Rå fixed to that reported in
Gaudi et al. (2017). From observation of the secondary eclipse
phase of KELT-9b, Wong et al. (2020) measured an
eccentricity of e < 0.007 to 2σ significance; therefore, the
planet transmission spectrum is assumed to have the orbital
velocity of a circular orbit. We perform a cross-correlation
between the spectral residuals and a synthetic planetary
spectrum, as is appropriate to reveal the planetary transmission
spectrum. The Doppler transit signal is best revealed when the
template best matches that of the host star spectrum, and the
relative cross-correlation function height between the planetary
signal and the Doppler signal changes based on the specific
synthetic planetary spectrum and the specific species adopted
for a given analysis. Therefore, to best remove the Doppler
shadow signal, we scale the relative depths of the Doppler
shadow and the transmission spectrum trail in our simultaneous
fit. The Doppler shadow is then subtracted from our spectral
data, leaving only the contribution from the planet’s atmos-
phere trail. The Hα transmission and Doppler shadow transit
signals before and after subtraction are presented in Figure 2
via the top two panels.

To estimate the detection significance of the Hα transmission
signal, we compute its S/N over an array of possible orbital
velocities for the planet. We perform a grid search over the
systematic velocity of the KELT-9 system, vsys, and the radial
velocity semiamplitude of the planet, Kp. At each grid point, we
align the Hα residuals as per a circular orbit and average over
all exposures captured between second and third contact (i.e.,
full transit). Figure 2 shows the S/N of the cross-correlation
peak as a function of Kp and vsys (third panel), as well as the
cross-correlation function S/N at the predicted vsys of the
system (bottom panel). We find that the Hα transmission signal
can be best traced by a circular orbit with Kp =
260 ± 110 km s−1 and vsys = −24 ± 18 km s−1.

The Hα transit light curve describes the strength of the Hα
absorption during a transit observation. To determine the Hα
flux for a given observation, we model the planetary Hα line
profile as a Gaussian, with its integral defining its absorption
strength.

Figure 1. Example telluric correction over the Hα wavelengths for the 2014
KELT-9b observations. We generate a library of synthetic telluric spectra using
the telfit implementation of the Line-by-Line Radiative Transfer Model.
The observations are then matched against the interpolated library. The
resulting corrected spectrum is shown at the bottom.

3

The Astronomical Journal, 165:101 (16pp), 2023 March Lowson et al.



Due to the intrinsic low S/N of the planetary absorption
feature, we seek to reduce the flexibility of the Gaussian model
fit during each epoch. We assume that the line profile width
does not vary over the course of the observations. We also
assume that the velocity of the planetary transmission signal
follows that of the planetary circular orbit prescribed above.

The width σ, orbital velocity amplitude Kp, and systemic
velocity vsys are determined from a 2D elliptical Gaussian
function fit to the master line profile, constructed from a
median combination of all in-transit observations.

To compute the transit light curve, we model the local stellar
spectrum blocked by the traversing planet via a Gaussian
profile. The Gaussian profile has width σ and follows an orbit
with amplitude Kp and systemic velocity vsys. The resulting
light curve describing the strength of the planetary Hα
absorption through the transits is shown in Figure 4. We note
that the per-point uncertainties of the light curve have been
scaled such that the reduced χ2 of the eventual light curve is at
unity, after removal of the best-fit model from Section 3.2.

3.1.1. Estimating the Effect of Center-to-Limb Variations

The light curves representing transmission spectroscopic
signals of deep Fraunhofer lines can be significantly affected by
center-to-limb (CLV) effects. During a transit, the line profile
of the planetary atmospheric spectrum is modulated by the flux
of the deep stellar absorption feature. This effect naturally
induces a “W” shape to the observed transmission spectrum
light curve (e.g., Snellen et al. 2008; Zhou & Bayliss 2012;
Wyttenbach et al. 2015; Cauley et al. 2016; Khalafinejad et al.
2017; Cauley et al. 2019).

To model this effect, we first compute the Hα line of KELT-
9 at different limb angles corresponding to the phases of each
spectral observation. We make use of the SPECTRUM spectral
synthesis code (Gray & Corbally 1994) to compute the local
Hα line profile as per Czesla et al. (2015). The planetary
absorption feature is modeled as a Gaussian of width 18 km s−1

(as per its measured width) at the Keplerian velocity of the
planet. The result is a net decrease in the relative absorption of
the planet during midtransit, where the velocity of the
planet aligns with that of the systemic velocity of the star.
This model is incorporated in the following modeling described
in Section 3.2. The dotted line in Figure 4 represents the best-fit
model of the Hα absorption light curve accounting only for this
center-to-limb effect.

3.2. H� Light-curve Model

Yan & Henning (2018) showed that the Hα radius of KELT-
9b extends to 70% that of its Roche lobe, inferring that
atmospheric escape may be ongoing for the highly irradiated
planet. If the extended atmosphere of KELT-9b is nonspherical,
as may be the case owing to significant ongoing mass loss, then
the observed transits will be asymmetric.

To examine and quantify any temporal variability in the Hα
transit light curve, we present a toy model that parameterizes a
cometary-tail-shaped transit geometry to model the observed
“W”-shaped transit. The model illustrates a neutral hydrogen
tail being directed radially away from the star, toward the
observer. We note, however, that neutral hydrogen in the n = 2
excited state is not expected to be present far from the planet
atmosphere (Section 5.2). This toy model nevertheless presents
few free parameters and helps to quantify any variations
between the multiple epochs of observations.

In this model, the in-transit absorption is “W” shaped
because we see more of the tail during ingress and egress and
less when it is aligned with our line of sight. Additional
asymmetry in the transit, after inclusion of the center-to-limb
effects described in Section 3.1.1, can be explained by a slight

Figure 2. Cross-correlation between the ensemble of observations against the
Hα absorption of KELT-9b. From top to bottom: the cross-correlation function
analysis without the Doppler shadow subtracted (the solid cyan line represents
the trail of the planet, and the dashed cyan line represents its Doppler shadow),
the cross-correlation function analysis with the Doppler shadow subtracted, the
cross-correlation S/N as a function of the planet’s orbital velocity amplitude Kp

and systemic velocity vsys, and the cross-correlation function at the best-fit
orbital velocity.
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