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ABSTRACT

Context. Early theoretical works suggested that ultrahot Jupiters have inverted temperature-pressure (T-P) profiles in the presence of optical
absorbers, such as TiO and VO. Recently, an inverted T-P profile of KELT-7b was detected, in agreement with the predictions. However, the
diagnosis of T-P inversions has always been recognized to be a model-dependent process.
Aims. We used the Characterising Exoplanet Satellite (CHEOPS), the Transiting Exoplanet Survey Satellite (TESS), and additional literature data
o to characterize the atmosphere of KELT-7b, rederive the T-P profile, provide a precise measurement of the albedo of KELT-7b, and search for a
possible distortion in the precise CHEOPS transit light curve of the planet.
Methods. We first jointly fitted the CHEOPS and TESS data and measured the occultation depths in these passbands. The CHEOPS transits were
also fitted with a model including the gravity-darkening effect. Emission and absorption retrievals were performed to characterize the atmosphere
of KELT-7b. The albedo of the planet was calculated in the CHEOPS and TESS passbands.
Results. When adopting a thermochemical-equilibrium atmospheric composition, the emission retrievals return a non-inverted T-P profile, in
contrast with previous results. When adopting a free-chemistry atmospheric parameterization, the emission retrievals return an inverted T-P profile
= with — likely unphysically — high concentrations of TiO and VO. The 3D general circulation model (GCM) supports a TiO-induced temperature
inversion. We report for KELT-7b a very low geometric albedo of A, = 0.05 £ 0.06, which is consistent with the heat distribution € being close
to zero and also consistent with a 3D GCM simulation, using magnetic drag (T4me = 10*s). Based on the CHEOPS photometry, we are unable to
place any meaningful constraint on the sky-projected orbital obliquity.
Conclusions. The choice of a free-chemistry approach or a thermochemical-equilibrium chemistry is the main factor determining the retrieval
© results. Free-chemistry retrievals generally yield better fits; however, assuming free chemistry risks adopting unphysical scenarios for ultrahot
. — Jupiters, such as KELT-7b. We applied a coherent stellar variability treatment on TESS and CHEOPS observations, commensurate with the known
>< stellar activity of the host star. Other observations of KELT-7b would also benefit from a coherent stellar variability treatment.
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1. Introduction which measures the wavelength-dependent depth of the transit

. . . . . as the planet passes in front of its host star, is primarily sensi-
Hot Jupltgrs are glant gaseous planets with short orl?ltal PeI"tive to the atmospheric composition of the planet at the pres-
ods and high equilibrium temperatures (7). In particular, ul- g, o¢ of - 0.1 — 1000 mbar along the day-night terminator (Sea-
trahot Jﬁlplters’ “lllh ich have hozt (Teq > 2.0001K) and efxtendeﬁ ger & Sasselov|2000; Brown|2001). Transmission spectroscopy
atmospheres (Be &. C,O wan| 2015), are 1dea} targets for both <10 sensitive to clouds and high-altitude hazes, which can
transmission aqd CMISSION SPEclroscopy, owing (o their atmo- ), atmospheric absorption features by acting as a gray opacity
spheric scale heights and brightness. Transmission spectroscopy, ¢ ..o (Fortney|2005; Helling et al]2019). This technique and

* This article uses data from CHEOPS programmes CH_PR110016 its variants have been used to detect several atomic and molec-
and CH PR100047. - ular species in exoplanetary atmospheres, such as Na (Char-
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bonneau et al.|[2002; Snellen et al.|2008; Redfield et al.|[2008}
Nikolov et al.[2018)), K (Sing et al.|[2015} |Wilson et al.|2015),
TiO (Sedaghati et al.|2017), H,O (Deming et al.|2013}; Kreidberg
et al.[2014), CO (Snellen et al.|[2010), CO, (Swain et al.|2009;
Madhusudhan et al.|[2023; JWST Transiting Exoplanet Commu-
nity Early Release Science Team et al.|2023)), CH4 (Swain et al.
2008, 2009; Bell et al.|[2023; IMadhusudhan et al.|[2023)), NH;
(MacDonald & Madhusudhan|2017)), SO, (Tsai et al.|2023; Pow-
ell et al.|2024} Dyrek et al.[2024), and H,S (Fu et al.|2024).

We can also characterize the thermal emission spectra of
transiting planets (Barman et al.[2005}; Burrows et al.|2005; |Sea-
ger et al|2005) by measuring the wavelength-dependent depth
of the secondary eclipse (occultation) as the planet passes be-
hind its host star (see, e.g., [Kreidberg et al.|2014; Stevenson et al.
2014b; Haynes et al.|2015}; Line et al.|2016; Beatty et al.[[2017}
Evans et al.|2017;[Mikal-Evans et al.|2019; Mansfield et al.[2018;
Edwards et al.|2020, or [Pluriel et al. 2020). Unlike transmis-
sion spectroscopy, which probes the atmosphere near the day-
night terminator, these emission spectra tell us about the global
properties of the planet’s dayside atmosphere. They are sensitive
to both the dayside composition and the vertical temperature-
pressure (T-P) profile, which determines if the molecular ab-
sorption features are seen in absorption or emission. In terms
of radiative transport only, the emergence of thermal inversions
can be understood as being controlled by the ratio of opacity at
visible wavelengths (which controls the depth to which incident
flux penetrates) to the opacity at thermal infrared wavelengths
(which controls the cooling of the planetary atmosphere). Gen-
erally, if the optical opacity is high at low pressure, leading to
absorption of stellar flux high in the atmosphere, and the corre-
sponding thermal infrared opacity is low, the upper atmosphere
will have less efficient cooling, leading to elevated temperatures
at low pressure (Madhusudhan et al.[2014)).

Early theoretical works suggested that ultrahot Jupiters have
inverted T-P profiles in the presence of optical absorbers, such as
TiO and VO (Hubeny et al.[2003; Fortney et al.[2008)). H™ is also
considered as a potential absorber, capable of causing thermal
inversion (see, e.g., Lothringer et al.||2018)). The strong opacity
of TiO and VO could result in thermal inversions, that is, ris-
ing temperatures with higher altitudes. Conversely, several stud-
ies explored mechanisms explaining why TiO might not play a
role in the upper atmosphere (Spiegel et al.[2009; Madhusudhan
2012; [Parmentier et al.|[2013)). Thermal inversions were found,
for example, in the ultrahot Jupiters WASP-33b (Haynes et al.
2015), WASP-121b (Evans et al.[2017), WASP-103b (Kreidberg
et al.|[2018), KELT-9b (Pino et al.|2020), and KELT-7b (Pluriel
et al.|2020). The ultrahot Jupiter WASP-12b is an exception; it
shows no signs of TiO absorption or temperature inversion (Sing
et al.[2013;|Akinsanmi et al.|2024])). This is in disagreement with
the predictions, which emphasize the importance of such detec-
tions. Observations of hot Jupiters with Tq < 2000 K, WASP-
43b (Stevenson et al.|2014b) and HD 209458b (Line et al.|2016}
Santos et al.|[2020), detected non-inverted T-P profiles, in agree-
ment with the predictions of [Hubeny et al.| (2003) and [Fortney
et al.[ (2008)). However, the diagnosis of temperature inversions
has always been recognized to be a model-dependent process
(Madhusudhan et al.|2014).

Furthermore, the observed occultation depth can be trans-
lated into a geometric albedo if only reflected starlight is mea-
sured (Heng & Demory|[2013), or if thermal emission contri-
bution is taken into account (Wong et al.|[2020} 2021). The ge-
ometric albedo A, is a wavelength-dependent quantity, defined
as the albedo of the planet at full phase (Russelll[1916} [Seager|
2010). It determines how much starlight enters the planet’s at-
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mosphere without being reflected at its top. The first confirmed
secondary-eclipse detections of the planets HD 209458b (Dem-
ing et al|[2005) and TrES-1b (Charbonneau et al.|2005) were
reported with the Spitzer Space Telescope (Werner et al.|2004)).
Dedicated exoplanet space-based optical telescopes, this means,
the Kepler space telescope (Borucki et al.|2010), the Transiting
Exoplanet Survey Satellite (TESS; |Ricker et al.|2014), and the
Characterising Exoplanet Satellite (CHEOPS; Benz et al.|2021}
Fortier et al.[2024) were also frequently used to measure the sec-
ondary eclipses and geometric albedos of transiting exoplanets
(see, e.g., Heng & Demory|2013;|Angerhausen et al.|2015| or [Es-
teves et al.|2015/|in the case of Kepler, Wong et al.[2020}[2021|in
the case of TESS, and Lendl et al.|2020b; |Brandeker et al.[2022;
Hooton et al.[2022; Deline et al.|2022; |Scandariato et al.|[2022|or
Krenn et al.[2023|in the case of CHEOPS). The unprecedented
precision of these observations reveals that hot Jupiters have, in
general, low geometric albedos, which means A, < 0.3 (Cowan
& Agol| 2011} [Esteves et al.[[2013), in some cases, A; < 0.1
(Angerhausen et al.[2015; Esteves et al.|2015)).

In this work, we selected the KELT-7 system (Bieryla et al.
2015) as a subject of our follow-up. KELT-7b has a short or-
bital period of ~ 2.734d, a mass of ~ 1.28 My, and a ra-
dius of ~ 1.496 Ry,;,. This exoplanet is an ultrahot Jupiter with
Teq = 2028 + 17K (Tabernero et al.|2022b) transiting a bright
(V = 8.54 mag) F2V-type star (see Sect. [3] for further details).
When discovered, this host was the fifth most massive, fifth
hottest, and the ninth brightest star known to host a transiting
planet. Therefore, KELT-7b is an ideal target for atmospheric
characterization. Recent works also focus on the atmosphere of
KELT-7b. Pluriel et al.[(2020) detect strong absorption features
in the transmission spectrum indicative of H,O and H™. On the
other hand, the emission spectrum lacks strong absorption fea-
tures. The analysis reveals temperature inversion. Later, [Stangret
et al.| (2022) searched for absorption features of a broad range
of atomic and molecular species in a sample of six hot Jupiters
based on high-resolution transmission spectroscopy. The nonde-
tection in the case of KELT-7b is explained by stellar pulsations
and the Rossiter-McLaughlin effect. Similarly, Tabernero et al.
(2022b)) are only able to determine upper limits of 0.08 — 1.4%
on the presence of He, Lil, Nal, MgI, and Call.

Furthermore, the rapid rotation of the host star, with v sin Iy =
71.4 + 0.2km.s™! (Tabernero et al|2022b), makes this system
even more interesting. The rapid rotation at early-type stars leads
to an oblate shape of the star and induces an equator-to-pole
gradient in the effective temperature, called gravity darkening
(von Zeipel [1924alb). The so-called von Zeipel theorem pre-
dicts that the flux emitted from the surface is proportional to the
local effective gravity, and thus the effect induces cooler tem-
peratures at a rapidly rotating star’s equator and hotter tempera-
tures at the poles. If an exoplanet transits a rapidly rotating star,
distorted transit light curves are expected, as was predicted by
Barnes| (2009). If such asymmetries are measured (see, e.g., Sz-
abo et al.|[2011} [Lendl et al.[2020b; [Hooton et al.|2022; [Deline
et al.|2022] or Jones et al.|2022), this can be used to determine
the sky-projected angle A between the stellar rotational axis and
the planet orbit normal; that is, we can detect the spin-orbit mis-
alignment. In addition, the stellar inclination /5 can be derived,
and thus the true misalignment ¥ is possible to obtain.

We observed KELT-7b photometrically using the CHEOPS
space observatory. In addition, we used TESS photometric data
and literature data (see Sect.[2). We aim to characterize the atmo-
sphere of the planet mainly via emission spectroscopy, to provide
a precise measurement of the albedo of KELT-7b, and to search
for a possible distortion in the CHEOPS transit light curve of the



Table 1. Log of CHEOPS photometric observations of KELT-7 used in this work.

Z. Garai et al.: The KELT-7b atmospheric conundrum revisited

Visit Start date End date File Efficiency RMS  Number
No. [UTC] [UTC] key [%] [ppm] of frames
Occultations
1 2021-10-16 14:33  2021-10-17 03:10 CH_PR100016_TGO13901 54.0 270 945
2 2021-10-27 12:14  2021-10-28 01:39 CH_PR100016_TGO13902 57.6 262 1071
3 2021-10-30 05:13  2021-10-30 18:28 CH_PR100016_TGO13903 51.3 348 941
4 2022-01-01 02:48  2022-01-01 14:25 CH_PR100016_TG0O13904 58.5 264 941
5 2022-01-03 20:26  2022-01-04 08:03 CH_PR100016_TGO13905 56.4 264 907
6 2022-01-09 08:15 2022-01-09 18:54 CH_PR100016_TGO13906 59.8 277 882
7 2022-01-20 06:50  2022-01-20 18:27 CH_PR100016_TGO13907 55.8 323 897
8 2022-02-02 22:55 2022-02-03 12:24 CH_PR100016_TG0O13908 54.6 332 1021
9 2022-12-03 13:02  2022-12-04 01:29 CH_PR100016_TGO15801 60.3 264 1039
10 2022-12-3021:00 2022-12-3107:50 CH_PR100016_TGO16201 61.2 325 918
11 2023-01-08 02:49  2023-01-08 13:37 CH_PR100016_TG016202 61.3 254 918
12 2023-01-18 23:40  2023-01-19 12:27 CH_PR100016_TG016203 54.4 272 963
Transits
13 2021-11-08 18:16  2021-11-09 05:42 CH_PR110047_TGO0O501 56.8 340 837
14 2022-10-27 13:07 2022-10-28 02:23 CH_PR110047_TGOOO502 56.8 421 970

Notes. The table lists the time interval of individual observations (time notation follows the ISO-8601 convention), the file key, which supports
fast identification of the observations in the CHEOPS archive, the efficiency, which is the ratio between the amount of science observing time
available during a visit and the total amount of time in a visit, the point-to-point root mean square (RMS) of the DRP-processed light curves with

an aperture radius of 24 pixels, and the number of obtained frames.

planet. The paper is organized as follows. In Sect.[2] we provide
a brief description of observations and data reduction. In Sect.
[l we summarize the most important stellar parameters based on
Tabernero et al.|(2022b). The data analysis, including light-curve
fitting, secondary eclipse detection, and search for transit asym-
metry, is described in Sect.[d Atmosphere modeling of KELT-7b
is the subject of Sect.[5] In Sect. [6] we discuss the results of the
atmosphere modeling. We conclude with the results in Sect.

2. Observations and data reduction
2.1. CHEOPS data

CHEOPS performed a total of 14 observations (visits) of KELT-
7 between October 2021 and January 2023 (see Table [T] for fur-
ther details). The secondary eclipse observations were performed
within CHEOPS programme CH_PR110016, while the transits
of KELT-7b were observed under programme CH_PR100047.
The CHEOPS observations are available as subarray data prod-
ucts (Benz et al.[2021) at a cadence equal to the exposure time
(26.0s for occultation and 28.0s for transit observations). The
subarrays contain a circular region around the target with a ra-
dius of 100 pixels. Aperture photometry is available for the sub-
arrays via the official CHEOPS Data Reduction Pipeline
(DRP; [Hoyer et al.|2020). It performs several image corrections,
including bias, dark, and flat corrections, contamination estima-
tion, and background-star correction. We processed all CHEOPS
observations with the DRP version 14.1.2 using an aperture radius
of 24 pixels.

In general, CHEOPS observations are affected by instrumen-
tal noise such as stray light from the Earth and the Moon (Moon
glint), smearing effects, or spacecraft jitter. The flux measure-
ments usually show a particularly strong correlation with the
spacecraft roll angle (see, e.g., [Lendl et al.[2020b; Bonfanti et al.
2021). The spacecraft rotates around itself exactly once every or-
bit. Therefore, the roll-angle parameter is directly linked to the
orbital position of the spacecraft. Instrumental noise must be ac-
counted for during the data analysis to identify the transit and

occultation signals of the planet (see Sect. [). Before perform-
ing the data analysis, we removed all points flagged by the DRP;
this includes those points contaminated, for example, by cosmic
rays. We also removed points with peculiarly high backgrounds
by removing any points with a background larger than four times
the median background value, as well as points with unusually
high pointing offsets by removing all points with a centroid off-
set of more than 1 pixel. Finally, we also removed points with a
smearing estimate larger than 3 x 1073, In the case of the occul-
tation data, we also performed sigma clipping and removed all
points with median absolute deviation (MAD) higher than four
to discard outliers.

2.2. TESS data

In this work, we used TESS photometric data of KELT-7 from
Sectors 19, 43, 44, 45, 59, 71, and 73 at 2 min cadence. The
TESS photometric baseline, therefore, spans from November
2019 to January 2024 (see Table[2)for further details). In the case
of Sectors 59, 71, and 73, there are also 20 s cadence data avail-
able, which, however, were not used in this work. In our anal-
ysis, we used the Pre-search Data Conditioning Simple Aper-
ture Photometry (PDCSAP) flux, provided by the Science Pro-
cessing Operations Center (SPOC) pipeline (Smith et al.[2012}
Stumpe et al.| 2012, 2014} Jenkins et al.|[2016). Contrary to
the Simple Aperture Photometry (SAP) flux, the PDCSAP light
curve product has long-term trends removed from the data us-
ing Co-trending Basis Vectors (CBVs). The pipeline attempts to
remove systematic artifacts while keeping planetary transits in-
tact. Therefore, PDCSAP flux has fewer systematic trends and is
specifically intended for detecting exoplanets. In principle, the
PDCSAP light curve product should also be corrected for light
dilution. The data were downloaded from the Mikulski Archive
for Space TelescopesE] (MAST). The average uncertainty of the

! https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
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Table 2. Log of TESS photometric observations of KELT-7 used in this
work.

Sector  Start date End date Number of PDCSAP
No. [UTC] [UTC] data points
19 2019-11-27 2019-12-24 16741
43 2021-09-16  2021-10-12 16268
44 2021-10-12  2021-11-06 16244
45 2021-11-06  2021-12-02 16 149
59 2022-11-26  2022-12-23 16734
71 2023-10-16  2023-11-11 15114
73 2023-12-07 2024-01-03 12489
Total - - 109739

109 739 data points is 400 ppm. We did not apply outlier removal
in the TESS dataset.

2.3. Additional data

During the analysis, we also used the following literature data.
Martioli et al.| (2018) present near-infrared high-precision pho-
tometric observations of secondary eclipses for eight transiting
hot Jupiters, including KELT-7b. The observations were carried
out using the Wide-field InfraRed Camera (WIRCam) instru-
ment (Puget et al.[2004) installed on the Canada-France-Hawaii
Telescope (CFHT). KELT-7b was observed using the K. filter
(at a wavelength of 4 ~ 2.2 um). The observations reveal an oc-
cultation depth of Docc crur = 400+ 120 ppm. However, we later
discarded this data point from the analysis, because it was very
probably inconsistent with any tested model (see Fig.[7). Unfor-
tunately, ground-based observations are often affected by strong
correlated noise (see, e.g., [Hooton et al.|[2019). |Garhart et al.
(2020) report transit depth and occultation depth measurements
for a sample of 36 transiting hot Jupiters observed at A ~ 3.6 um
and 1 ~ 4.5 um using the Spitzer space telescope (Werner et al.
2004) and its InfraRed Array Camera (IRAC) instrument (Fazio
et al.|2004). For KELT-7b, the authors report transit depths of
Dtra,Spitzer,3.6 =7925+62 ppm and Dtra,Spitzer,4.5 =8092+36 ppm.
The observed occultation depths of KELT-7b are Do spitzer;3.6 =
1688 + 46 ppm and Docc spitzers.s = 1896 + 57 ppm. Finally, we
also used literature transit depth and occultation depth data ob-
tained from 25 spectral bins (1 ~ 1.12—1.63 um) using the Wide
Field Camera 3 (WFC3) instrument (Leckrone et al.|[{1998) in-
stalled on the Hubble Space Telescope (HST), which were pub-
lished by [Pluriel et al.| (2020)).

3. The planet’s host star

Properties of the planet’s host star, KELT-7, were obtained by
Tabernero et al.|(2022b) only recently. The authors employed the
SteParSyn cod (Tabernero et al.|2022a) to retrieve the stellar
atmospheric parameters and their associated uncertainties. Us-
ing these stellar parameters, they calculated the age of the star,
its mass, and its radius with the PARAM web interfacxﬂ(da Silva
et al. [2006), and the PARSEC stellar evolutionary tracks and
isochrones (Bressan et al.|[2012). During the joint fit and eclipse
detection (see Sect. 4.4), we used stellar parameters derived by
these authors, including the stellar radius Ry = 1.712+0.037 R,
the stellar mass Mg = 1.517+0.022 My, the effective temperature
Ter = 6699 + 24 K, the surface gravity log g = 4.15 + 0.09 dex,

2 https://github.com/hmtabernero/SteParSyn
3 http://stev.oapd.inaf.it/cgi-bin/param
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and metallicity [Fe/H] = 0.24 + 0.02 dex. The age of the star is
estimated to be 1.2+0.7 Gyr. Further stellar parameters are listed
in Table 1 in|Tabernero et al.| (2022b).

4. Data analysis
4.1. CHEOPS instrumental noise

CHEOPS flux measurements are known to often show a strong
correlation with the spacecraft roll angle (see Sect. [2.1)). How-
ever, in the case of the KELT-7 CHEOPS observations, we do
not find such a strong correlation. For this reason, we refrained
from using a more elaborate roll-angle correction and only used
a first-order linear model of the sine and cosine of the roll-angle
parameter to remove roll-angle-related trends. We also added a
first-order linear detrending model on the offsets of the x- and
y-centroid positions relative to their mean values. All of the lin-
ear detrending vectors were fitted simultaneously with the astro-
physical model.

4.2. Stellar activity

Tabernero et al.| (2022b)) show that KELT-7 TESS light curves
are heavily affected by stellar activity due to the rapid rotation
of the star. Accordingly, the authors obtain a stellar rotation pe-
riod of Pyors = 1.38 + 0.05d. Following their findings, we also
observe periodic flux changes in the TESS data that most likely
are caused by stellar activity (see Figs. and left pan-
els). We note that the same variability signal can be seen in both
the PDCSAP and SAP flux. The effects of stellar activity must
be accounted for in both TESS and CHEOPS observations when
deriving the transit and eclipse parameters. To properly model
the stellar noise, we employed a Gaussian process (GP) model.
It was built using a Simple Harmonic Oscillator (SHO) kernel
based on celeritmodels (Foreman-Mackey et al.2017)). The
kernel is parameterized with an undamped angular frequency of
the oscillator wy, a quality factor Q, and the amplitude of the
power spectral density Sy at w = wp (Foreman-Mackey et al.
2017; [Foreman-Mackey|2018):

4
S 0(1)0

2
S(a)) = \/;(wz ~ w%)z n w%wZ/QZ'

The parameters wy and Q can also be expressed via the un-
damped period of the oscillator psgo and the damping timescale
of the process Tsyo:

ey

2r

PSHO = —, @)
wo
2

TSHO = —Q 3)
wo

To model stellar activity, the parameters pspo, Tsuo, and Sg
can be interpreted as the stellar rotation period P;os, the char-
acteristic damping timescale of star spot dissipation 745, and
the amplitude of the activity-induced variations S o, respectively.
Both P, s and 745 are independent of time of observation and
observed filter, while Sy depends on the observed wavelength
range. Therefore, we assumed a common Py and 745 across

4 https://github.com/dfm/celerite
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Fig. 1. Periodograms of KELT-7 TESS PDCSAP observations. The blue dashed line represents the fitted orbital period of the planet. The red
dashed line represents the median value of the prior imposed on the stellar rotational period. Left panel: Periodogram of TESS Sector 59 raw
data, which was used to determine the prior. Middle panel: Periodogram of the residuals of TESS Sector 45 data after removal of the transits and
occultations. Right panel: Periodogram of the residuals of TESS Sector 45 data.

all observations while accounting for independent S ¢ parameters
for TESS and CHEOPS observations. We also added a white-
noise term o per instrument. To constrain the GP parameter pspo
(i.e., the proxy of the stellar rotation period), we analyzed the pe-
riodogram of TESS Sector 59 (see left panel of Fig. [T). We find
the maximum peak of the periodogram at 1.368 d. Assuming a
Gaussian distribution to fit for the width of the peak we defined
a prior on P of 1.368 + 0.030d and translated it to a prior
on wy of 4.59 + 0.10 following Eq. (Z). A similar peak can be
found when analyzing the periodograms of all the other TESS
sectors. We note that this prior on the stellar rotation period is
very similar to half of the orbital period of the planet, which
would be 1.3674 d. To ensure that this peak in the periodograms
is not caused by the planet, but due to the stellar variability, we
also checked the periodograms of the TESS sectors after remov-
ing the transits and occultations, which still contain the identical
peak (see middle panel of Fig.[I). Additionally, we also note that
the final fitted rotational period of the star is 1.320+0.020d (see
Sect. @]} which is more than 3o different from half of the or-
bital period of the planet.

4.3. Planetary model and limb darkening law

To fit the planetary model, we adopted wide uniform priors on
the impact parameter b, the total transit duration Wy,, the ref-
erence mid-transit time 7., and the orbital period P. The val-
ues of the adopted priors are listed in Table [3] We also fitted
individual planet-to-star radius ratios and occultation depths for
each of the observed filters (TESS and CHEOPS), which were
also subject to uniform priors. We did not incorporate ellip-
soidal variation and Doppler beaming into our planetary model,
as their theoretical estimates are only a few ppm, and there-
fore do not significantly impact our model fitting. Additionally,
based on the TESS phase-curve analysis, we found insignificant
nightside flux estimates, which means that we could not account
for any meaningful heat-distribution efficiency. To account for
limb darkening (LD), we adopted a quadratic LD law. We com-
puted theoretical LD coeflicients, including their uncertainties
for KELT-7 using the LDCU Python package (see Table . LDCLE]
is a modified version of the Python routine implemented by [Es-
pinoza & Jordan| (2015) that computes the LD coefficients and
their corresponding uncertainties using a set of stellar intensity
profiles that account for the uncertainties in the stellar param-
eters. The stellar intensity profiles are generated based on two

> https://github.com/delinea/LDCU

libraries of synthetic stellar spectra: ATLAS (Kurucz||1979) and
PHOENIX (Husser et al.[2013)).

4.4. Joint fit and eclipse detection

To retrieve the secondary eclipse depths, we proceeded by jointly
fitting all planetary parameters, the basis vectors of the linear-
detrending models for CHEOPS, and the GP parameters within a
Markov chain Monte Carlo (MCMC) framework, using the COde
for transiting exoplaNet ANalysis 3 (CONAN3) Python
package (Lendl et al.|2017,[2020a). We used 40 chains, with each
chain performing 30000 steps, of which the first 10000 steps
were discarded. We used the Gelman-Rubin test (Gelman & Ru-
bin(1992) to check the convergence of our fit. We also analyzed
the periodograms of the residuals to ensure that the combined
variability and planetary model can account for all periodic vari-
ations in the data (see right panel of Fig. [I). The medians and
1o confidence intervals of the fitted parameters, including the
secondary eclipse depths, are listed in Table [3] The derived pa-
rameters are presented in Table 4} The phase-folded and fitted
CHEOPS and TESS light curves are depicted in Fig. 2] Supple-
mentary figures can be found in Appendix [A]

Finally, we performed a test fit — reran the described joint-
fit procedure, keeping everything identical except for the stellar
parameters. In this case, we applied the stellar parameters pub-
lished by [Bieryla et al.| (2015) — and used previously by [Pluriel
et al| (2020) — instead of the stellar parameters presented by
Tabernero et al.| (2022b). We tested the impact of the change
on the fitted parameters. We do not detect any significant differ-
ence. The fitted parameters are well within the 1o uncertainties,
similarly to the two sets of stellar parameters, which are also
consistent with each other within 1o of their uncertainties.

4.5. Search for transit asymmetry

Based on spectroscopy, Bieryla et al| (2015) find that the nor-
mal of the orbit of the planet is likely to be well-aligned with
the stellar spin axis, with a projected spin-orbit angle of 4 =
9.7 + 5.2deg. Later, [Zhou et al.| (2016) confirm the spin-orbit
alignment of the system with an improved value of 4 = 2.7 +
0.6 deg. Tabernero et al.| (2022b) obtain a projected spin-orbit
angle of 1 = —10.55 + 0.27 deg, and a 3D spin-orbit angle of
Y =124+ 11.7deg.

Given the rapid rotation of KELT-7 (see Sect. E]), we tried
fitting the transit photometric data from CHEOPS with a model
that includes the gravity-darkening effect. We used the Transit
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Table 3. Fitted CONAN3 parameters of the KELT-7 planetary system.

Parameter [unit] Description Prior Value
T. [BJDtpg — 2457000] reference mid-transit time U(2880.34,2880.35)  2880.342376 + 0.000023
Ry, creops /R CHEOPS planet-to-star radius ratio U-1,1) 0.08998 + 0.00020
Ry 1ESs /R, TESS planet-to-star radius ratio U-1,1) 0.08956 + 0.00009
b impact parameter UuQ,1) 0.607 + 0.004
Wi [d] total transit duration U(0,0.3) 0.14449 + 0.00011
Py [d] orbital period UR.73,2.74) 2.73476613 = 0.00000013
Doce.curops [ppm] CHEOPS occultation depth U(0,500) 36 +11
Dycctess [ppm] TESS occultation depth U0, 500) 69+9
U] CHEOPS CHEOPS quadratic LD coeflicient N(0.35,0.03) 0.319 £ 0.016
U3 CHEOPS CHEOPS quadratic LD coefficient N(0.31,0.04) 0.242 +0.021
U1 TESS TESS quadratic LD coefficient N(0.21,0.04) 0.220 £ 0.016
U2 TESS TESS quadratic LD coeflicient N(0.33,0.05) 0.212 +0.022
log ocurops [log relative flux] CHEOPS white-noise term in the GP U-20,-1) -9.17 £ 0.03
log o1gss [log relative flux] TESS white-noise term in the GP U-20,-1) —8.540 + 0.008
log S o.cuEOPS CHEOPS scaled amplitude in the SHO GP U-30,-1) —15.85+0.22
log S o1Ess TESS scaled amplitude in the SHO GP U-30,-1) -16.28 +0.19
log O quality factor in the SHO GP U-10,5) -1.15+0.12
log wy [logd™'] frequency in the SHO GP N(1.52,0.02) 1.560 + 0.015

Table 4. Derived CONAN3 parameters of the KELT-7 planetary system.

Parameter [unit] Value
R;,CHEOPS [Ryup] 1.499 + 0.036
R;,TESS [Ryyp] 1.492 +0.034
Do crrops [ppm] 8097 + 36
Dya1ESs [ppm] 8022 + 17
a/Ry 5.510+0.016
a [au] 0.0439 + 0.0010
i [deg] 83.68 = 0.06
Wocc [d] 0.158 + 0.004
3 [pol 0.302 + 0.002
Prol,s [d] 1.320 + 0.020
Tgis [d] 0.133+0.018

Notes. *Derived based on a stellar radius of R, = 1.712 + 0.037 R,
(Tabernero et al.||2022b)). **Derived based on a stellar radius of R, =
1.712+0.037 Ry, and a stellar mass of M = 1.517+0.022 My, (Tabernero
et al.[2022b).

and Light Curve Modeller code (TLCM; |Csizmadial 2020
Csizmadia et al. |2023)), which was previously used to model
gravity-darkened transits in the WASP-189 (Lend] et al.[2020b),
MASCARA-1 (Hooton et al.|[2022), WASP-33 (Kalman et al.
2022), and KELT-20 (Singh et al.|[2024) systems. Alongside
the usual parameters to describe the transit (Pogw, Rp creops/Rs,
a/Rs, b, and the LD coeflicients), we fitted for the stellar incli-
nation I, and longitude of the node € of the stellar rotation
axis. To account for the systematic noise in the light curve, in-
cluding the roll-angle effect, we tried three different approaches,
each of which introduces additional fitting parameters. The first
approach was to fit the roll-angle effect with two sine and two
cosine terms per transit. The second was to rely solely on the
wavelet method of red-noise fitting (Csizmadia et al.| [2023]
Carter & Winn|[2009), which involves fitting for the red- and
white-noise levels of the light curve, o, and o,. Finally, we tried
a combination of the previous two approaches, employing both
trigonometric terms and wavelets.

We obtain consistent results from all three methods of deal-
ing with correlated noise in the light curves. The transit parame-
ters resulting from these fits are also in good agreement (within
1) with those presented in Table 3} We find no significant dif-
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ference in the quality of the fits obtained from TLCM with and
without gravity darkening. In other words, we find no evidence
of significant transit asymmetry. We find Iy = 86 + 25 deg, and
we are unable to place any meaningful constraint on the sky-
projected orbital obliquity (1 = 8 = 105 deg)E]

5. Atmosphere modeling

The observed emission of KELT-7b, as measured by CHEOPS
and TESS, may include contributions from both reflected stellar
light (characterized by its albedo properties) and thermal emis-
sion from the planet (characterized by its thermal structure and
composition). To distinguish between reflected and thermal sig-
nals, we focused on the thermal emission of KELT-7b using
atmospheric retrievals from its infrared emission observations
(HST and Spitzer, see Sect. 2.3)). To avoid biasing the results
with data points affected by reflected light, which is not mod-
eled in this case, we excluded the CHEOPS and TESS occul-
tation observations from the retrieval (see Table [3). To perform
a robust assessment of our atmospheric analysis, we conducted
Bayesian retrievals using two independent frameworks. To eval-
uate the impact of our model assumptions and to compare our
findings with those in the literature (Pluriel et al.|2020; |Changeat]
et al.[[2022), we systematically tested multiple model assump-
tions by applying equivalent assumptions across both frame-
works, adapted where necessary to their respective implementa-
tions. Throughout our retrieval analyses, we assumed the system
parameters reported by [Bieryla et al.|(2015) and used by [Pluriel
et al.| (2020), unless otherwise specified.

5.1. Atmospheric retrieval with Pyrat Bay

To characterize the atmospheric properties of KELT-7b, we em-
ployed the open-source Pyrar Bay modeling framework (Cubil-
los & Blecic|[2021). The Pyrar Bay package combines parame-
terized atmospheric modeling, spectral synthesis, and Bayesian
posterior sampling, which together constrain the planetary at-

® In general there is a four-way degeneracy in I, and A deduced from
gravity darkening, such that we are unable to distinguish between A, —A4,
180° — 4, and 180° + A (see Smith et al. in prep. for more details). Here,
A is so poorly constrained that we report only one of these solutions,
and draw no conclusions from the result.
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Fig. 2. Phase-folded, detrended, and binned CHEOPS (top panels) and TESS (bottom panels) transit (left panels) and occultation (right panels)
light curves of KELT-7b, overplotted with the best-fitting CONAN3 model. Residuals are also shown.

mospheric profiles based on the occultation observations. In
this work, we modeled the dayside KELT-7b atmosphere as a
one-dimensional (1D) profile as a function of pressure, adopt-
ing a temperature profile (Madhusudhan & Seager|[2009). For
composition, we tested two alternatives: one following the free-
chemistry parameterization (i.e., modeling the abundance of
each absorber as a constant-with-altitude free parameter), and
another one assuming thermochemical equilibrium consistent
with the temperature profile (Cubillos et al., in prep.). We pa-
rameterized the composition with two free parameters that de-
termine the atmospheric metallicity (abundance of all metal el-
ements, relative to solar [M/H]) and the carbon elemental abun-
dance (relative to oxygen, C/O).

The radiative-transfer calculation considered opacities from
the main molecular species expected for hot Jupiters, including

CO (Li et al|2015), CO, (Rothman et al|[2010), CH, (Harg-
reaves et al.|2015), H,O (Polyansky et al.|2018), HCN (Harris

et al. 2006, 2008), NH; (Yurchenko| 2015 2019),
FeH (Bernath|[2020), TiO (McKemmish et al|[2019), and VO

(McKemmish et al| 2016). We pre-processed the larger Exo-
Mol line lists with the REPACK algorithm 2017) to ex-

tract the dominant transitions before sampling them to a fixed
grid at a resolving power of 15000. The code also included
Rayleigh scattering by H, H,, and He (Kurucz|[1970); H,—H»
and H,—He collision-induced absorption
Borysow & Frommhold|[T989; [Borysow et al|[1989] 2001}
rysow| 2002} Jgrgensen et al.|2000); and H™ continuous absorp-
tion (John|[1988). For transmission geometry, we also included

the opacity from the Na and K resonant lines (Burrows et al|

2000). The posterior sampling was handled by the mc3 package
(Cubillos et al.|2017), using the Nested-sampling algorithm (via
PYMULTINEST, [Feroz et al|2009; Buchner et al|2014) with 2000
live points.

5.2. Atmospheric retrieval with pLATON

To test the robustness of our atmospheric characterization and
its sensitivity to different modeling assumptions, we employed a
second atmospheric retrieval tool. We adopted the open-source
PLATON software, version 6.2 (Zhang et al[2025). For the eclipse
retrieval, we assumed a cloud-free atmosphere using the default
opacities provided by pLaTON at a resolution of R = 20 000, which
include gas and collision-induced absorption from H,O, CO,
CO,, CHy, TiO, VO, Na, K, and FeH (see the aforementioned
release paper for further details). We also included H™ bound-
free and free-free continuous absorption given the high expected
temperature of the planetary atmosphere (see, e.g.,
|Arcangeli et al.|2018).

The emission spectroscopy retrievals were carried out for
both the thermochemical-equilibrium (where abundances are de-
scribed through metallicity [M/H] and the C/O ratio parameters)
and the free-chemistry scenarios (where species abundances are
directly fit as constant-with-altitude volume mixing ratios). We
adopted Madhusudhan & Seager] (2009)’s parameterization for
the temperature profile. To sample the parameter posterior dis-

tributions, we used pymurriNest (Feroz & Hobson|[2008
et al.|2009] 2019; Buchner et al|2014) with the uniform priors

shown in Table[5] and 1000 live points. For the thermochemical
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Fig. 3. KELT-7b atmospheric retrieval of the infrared occultations. Top left panel: Retrievals assuming thermochemical equilibrium with Pyrar
Bay (blue) and pratoN (pink). The solid curves with shaded areas show the median and 1o span of the posterior model spectra, displayed at a
resolution of R = 150. The black circle markers with error bars show observations used to constrain the models (HST and Spitzer). The green
square markers show the CHEOPS and TESS occultation depths (not used as retrieval constraints). The diamond markers show the model spectra
integrated over the observing bands. The insets zoom in on the regions probed by the observations. Top right panel: Retrieved T-P profiles for each
retrieval code (median and 10 span from the posterior distribution, same color coding as previous panel). The gray hatched area denotes the range
of pressures probed by the observations. Middle panels: Same as above, but for the free-chemistry retrievals. Bottom panels: Posterior distribution
of the atmospheric composition parameters (same color coding as above). The labels on top of each posterior show the mean and 10 uncertainties
for each parameter posterior (denoted with a dashed line and shaded area, respectively). Some parameters have been omitted from this figure (see
Table[3]for the full list of free parameters).

5.3. Occultation retrieval results

equilibrium scenario, we explored the full metallicity and C/O
ratio ranges allowed by pLATON’s model grid, while in the free
chemistry scenario, all absorbers were assigned a prior on the

Figure [3] shows the Pyrar Bay and pLATON retrieved occultation

volume mixing ratio ranging from 10~'2 to 1072,
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spectra, T-P profiles, and parameter posteriors (see Table [3] as
well). We find that both retrieval codes produce consistent results
when subjected to the same set of assumptions. When assum-
ing a thermochemical-equilibrium atmospheric composition, the
retrievals return a non-inverted T-P profile (probing mainly the
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(pink), displayed at a resolution of R = 150. The black circle markers with error bars show observations used to constrain the models. The diamond
markers show the model spectra integrated over the observing bands. Bottom panels: Posterior distribution of the model parameters (same color
coding as above). The labels on top of each posterior show the mean and 1o uncertainties for each parameter posterior (denoted with a dashed line
and shaded area, respectively). Some parameters have been omitted from this figure (see Table[5]for the full list of free parameters).

1 — 10* bar range) with a composition characterized by a C/O
ratio greater than one (C/O > 1.1, at the 30~ lower boundary) and
a super-solar metallicity in the 170 — 400x solar range ([M/H] =
2.6f8§ for Pyrar Bay, [M/H] = 2.2 + 0.5 for pLaToN). The main
driver for this behavior is the relatively weak H,O absorption
feature at 1.4 um, since a C/O > 1 scenario leads to a depletion

of H,O abundance. In contrast, when adopting a free-chemistry

atmospheric parameterization, the retrievals return an inverted T-
P profile between 0.1 — 107 bar. In this case, the strong optical
absorbers TiO and VO are the only species with well-constrained
abundances, albeit at —likely unphysically — high concentrations.
The retrievals constrain the water abundance (volume mixing ra-
tio) to less than ~ 10 — 100 ppm. Once again, this may be due to
the absence of a clear H,O absorption feature at 1.4 um.
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We tested a range of configurations to explore the depen-
dence of the retrieval results on the model assumptions. We per-
formed three additional comparisons: (1) retrievals adopting the
system parameters from this work and those used in|Pluriel et al.
(2020), (2) retrievals employing a different thermal profile pa-
rameterization (Guillot|2010), and (3) retrievals including only
the molecular absorbers of Pluriel et al.| (2020) versus a larger
set of absorbers (see Sect.[5.1). None of these tests led to quali-
tatively different retrieval results.

Pluriel et al.| (2020) and (Changeat et al| (2022) have pre-
viously presented atmospheric retrieval analyses of KELT-7b
based on the HST/WFC3 and Spitzer occultations. Adopting a
free-chemistry parameterization, they both find an inverted T-P
profile, a nondetection of H,O, and a detection of H™ absorp-
tion. |Changeat et al.|(2022)) further performed retrievals assum-
ing equilibrium chemistry, finding solar to super-solar metallic-
ities, C/O ratios greater than one, and a different thermal struc-
ture. These findings are well in agreement with our results, with
the main difference being the optical absorber found for the free-
chemistry parameterization. This is not unexpected — as both TiO
and VO or H™ optical absorbers are not strongly constrained by
the near-infrared observations, in both scenarios, they contribute
to a higher brightness temperature at the blue end of the WFC3
band. Thus, our comparison tests and the agreement with pre-
vious analyses from the literature lead us to conclude that the
choice of free or thermochemical-equilibrium chemistry is the
main factor driving the retrievals to different atmospheric sce-
narios.

We note that the free-chemistry retrievals generally yield bet-
ter fits to the observations than the thermochemical-equilibrium
retrievals. However, assuming free constant-with-altitude abun-
dances risks adopting scenarios at odds with plausible physical
conditions. The dayside atmosphere of ultrahot Jupiters sim-
ilar to KELT-7b is expected to reach temperatures exceeding
2000 K. Since disequilibrium-chemistry processes, such as pho-
tochemistry and transport-induced quenching, become less and
less important with increasing effective temperature, at these ex-
treme temperatures the chemical reaction rates are fast enough
to overcome the effect of disequilibrium chemistry (Kopparapu
et al.|2012; Moses|2014; Madhusudhan et al.|2016; [Venot et al.
2018). Thermochemical equilibrium is therefore the expected
assumption to model the dayside atmospheric composition of
planets similar to KELT-7b and their resulting emission spec-
tra. If disequilibrium chemistry occurs at all (e.g., photochem-
istry), it would occur at high altitudes above the pressures probed
by the observations presented in this work, and thus the mod-
eled emission spectra of planets similar to KELT-7b would not
be significantly impacted (Shulyak et al.| 2020). In contrast,
thermochemical-equilibrium calculations indicate that we ex-
pect a strong variation in abundances with altitude at the pres-
sures where H, dissociates into H, which can occur precisely
at the pressures probed by near-infrared observations. In the
specific case of KELT-7b, the free-chemistry retrievals point to
high abundances of TiO (this work) or e” (Pluriel et al.[2020;
Changeat et al.|2022), which are orders of magnitude above ex-
pected values from self-consistent chemical models. The subop-
timal thermochemical-equilibrium fit suggests that there may be
missing physics in these retrieval models, which may be resolved
with the availability of improved data.

Lastly, we must consider that combining multi-epoch obser-
vations can lead to biases in the atmospheric interpretation due
to stellar activity, instrumental systematics, or different assump-
tions made for each data reduction (Edwards et al.|[2024). Ob-
servations with the James Webb Space Telescope (JWST) have
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demonstrated that not only can there be transit- or eclipse-depth
offsets between different observations (see, e.g., [Fu et al|2024}
Madhusudhan et al.|2023;; [Louie et al.|2025; [Mayo et al.[2024)),
but also between different detectors in the same observation (see,
e.g., Carter et al|2024} |Gressier et al.|[2024; |[Fournier-Tondreau
et al.|[2025). JWST depth offsets can be effectively detrended in
retrievals by applying ad-hoc, offset-free parameters; however,
for the sparse, low-resolution wavelength coverage of HST and
Spitzer, the addition of offset parameters will likely lead to a
strongly degenerate solution with the astrophysical signal.

Considering the model-dependent outcome of the KELT-
7b atmospheric retrievals and the discussion above, we should
be cautious when interpreting the retrieval results. Qualitatively
speaking, extending the retrieved emission models over the
CHEOPS and TESS optical bands suggests that the planet’s ther-
mal emission is consistent (equilibrium chemistry) or larger (free
chemistry) than the observed occultation depths, which suggests
that the planet has a low albedo, producing little reflected light.
Section[5.6]presents an alternative analysis of the albedo proper-
ties of KELT-7b that relies on the observed brightness tempera-
tures.

5.4. Transmission retrieval results

In addition, we also retrieved the atmospheric properties of
KELT-7b from the HST and Spitzer transmission observations
using Pyrat Bay and pLaTON. Since, in transmission geome-
try, stellar reflected light is negligible, we also included the
CHEOPS and TESS measurements as retrieval constraints.

Our transmission retrievals also considered the impact of
clouds and hazes through an opaque cloud deck, parameterized
by a cloud-top pressure pcoud, and Rayleigh scattering, param-
eterized by the opacity slope ar,y and strength ky (Lecavelier
Des Etangs et al.|2008). We adopted an isothermal temperature
profile at T, given the weaker sensitivity of transmission to the
thermal structure, and fitted the planet radius at a reference pres-
sure of 10 bar to solve the hydrostatic equilibrium equation. For
the composition parameterization, we also tested both equilib-
rium and free chemistry.

Figure [4] and Table [5] present our transmission retrieval re-
sults. Both of our retrieval tools yield consistent results. In the
thermochemical-equilibrium case, they favor a 10 — 100 X solar
metallicity, with < 1 X solar C/O and no clouds (pcioud =
1 bar). An upper limit is recovered on the strength of scatter-
ing (= 2.5 x Rayleigh), and the scattering slope remains un-
constrained. For the free-chemistry case, both of our retrievals
detect H,O at a temperature range where this molecule does not
dissociate (Parmentier et al.|2018)), and require the presence of
an additional optical absorber. Pyrar Bay finds absorption from
FeH and hazes, whereas pLaToN finds H™ absorption. This dis-
crepancy is not unexpected, given the limited spectral resolution
and coverage in the optical range, which preclude unambigu-
ous identification of the source of the optical opacity (see, e.g.,
Kesseli et al.|[2020). As in the case of the occultation retrievals,
the transmission free-chemistry retrievals in general yield a bet-
ter fit than the equilibrium retrievals.

Our results also qualitatively agree with the previous anal-
yses of the transmission observations. When adopting a free-
chemistry parameterization, |Pluriel et al.| (2020) and |Changeat
et al.| (2022) find a cloud-free atmosphere with absorption from
H,O and an optical absorber (H"), whereas their equilibrium-
chemistry retrievals do not fit the transit data well.
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Table 5. Priors and posterior parameter estimations (median and 68% credible intervals) for the atmospheric retrievals.

PyraT Bay retrievals PLATON retrievals
Parameter Prior Equilibrium  Free-chemistry Prior Equilibrium  Free-chemistry
Occultation
log p U-9,2) —2.22:3 —6.2’:{:;‘ U9, 1) 54%07 —I.Sf}z
log p> U-9,2) -5.9*30 —0.23:;‘ e e e
log p3 U-9,2) 0.65f?:?2 -0.5*17 U-9,1) 3.538 50714
a U(0.2,2.0) 1274038 1.33*044 U0.2,2) 0.871%).22 1194947
as U(0.2,2.0) 0.78*931 0.69*013 U0.2,2) 1167034 1 .32fgf’§
Ty (K) U(500, 5000) 22843 2650*}_28 UX, X) 20597, 2695*}22
T3 (K) e e U(500,3000) 2232731, 221810
[M/H] U(-1,3) 2.6070% U-2,3) 2.22+046
C/O U(0.01,2.0) 1667033 e U(0.001,2) 1.641033 e
log Xm0 U-12,-1) e -6.9*33 U-12,-2) e -7.5%3%
log Xco U-12,-1) —6.8?% U-12,-2) —7.53:?
log Xcon U-12,-1) —7.632 U-12,-2) -850
log Xcs U-12,-1) 44452 U-12,-2) -7.2%33
log Xtio U-12,-1) —2.4jg:§ U-12,-2) -3.3198
log Xvo U-12,-1) -3.571 U(-12,-2) -5.0107
log Xren U-12,-1) -7.6%3% U-12,-2) -7.2%34
log X.- U-12,-1) -6.8"33 U-12,-2) -7.253%9
log Xy U-12,-1) —-6.8731 U-12,-2) -7.1*%3
Transmission
Tis0(K) U(200, 3500) 721438 2094338 U (200, 3000) 496119 981*1 7>
Ry (Ryup) U(0.65,1.94) 1.4861j8'88;‘% 1.431f8-8}% U(0.65,1.94) 1.486f8-88‘6‘ 1.486j8-88;
[M/H] U(-1,3) 1.47+0%6 e U(-2,3) 1.36+064 e
C/O U(0.01,2.0) 0.3011):%2 e U(0.001,2) O.48f(1)12§ e
log Xm0 U-12,-1) -3.1840%9 U-12,-2) —2.4%03
log Xco U-12,-1) —6.8’:%:? U-12,-2) —7.33:3
log Xcoz U-12,-1) -8.2*39 U-12,-2) -7.8%34
log Xcha U-12,-1) -8.5*21 U-12,-2) -9.0"19
log Xtio U-12,-1) —10.88+58 U-12,-2) 10.9*98
log Xvo U-12,-1) -10.50%09 | U-12,-2) 10.8*0-2
log Xren U-12,-1) 26102 U-12,-2) -7.6'3%
log Xe- U-12,-1) -6.9*32 U-12,-2) -4.3*24
log Xu U-12,-1) -7.0*33 U-12,-2) -4.3%23
Qray U-10,0) —5.73:(7) -8.4+20 U(-10,0) —4.5:31:2 496%2
log Kray U-3,5) —O.Sf}:?; 2.56f8:gg U-3,5) -1.4742 -1.1*3
log peioud U-1,2) —0.6" 17 —O.Zf{:i U(-5.99,0) —0.64f8:§j 0.92f8:%

Notes. Using pyraT BAY and PLATON, assuming thermochemical-equilibrium and free-chemistry abundances. X, denotes the volume mixing ratio

for the given species. All pressure values are in bar units.

5.5. Independent reduction of the HST/WFC3 transmission
spectrum

To test whether any instrumental artifact could explain the poor
fit of the transmission spectrum thermochemical-equilibrium re-
trievals in the near-infrared band, we independently reduced the
two HST/WFC3 transits obtained for Hubble proposal 14767 (PI
D. Sing), publicly available on MAST. We used the Intermedi-
ate MultiAccum (IMA) files and both scanning directions, and
adopted the method described in|Bruno et al.| (2018). Each scan-
ning direction was analyzed individually, resulting in two sep-
arate transit datasets. In particular, because of the brightness of
the star, its two-dimensional spectral width in the detector scan-

ning direction required an extraction window as large as 50 rows
per nondestructive read. We did not observe any problematic fea-
tures in the spectra (see Fig. [B.T).

We retained the spectra in the 1.115 — 1.617 ym range and
binned them using 6-pixel-wide bins to obtain the spectropho-
tometric transits. The full-range light curves were fitted with a
least-squares minimization algorithm implementing the BATMAN
transit model (Kreidberg|2015)). We assumed a circular orbit and
relied on the scaled semi-major axis and orbital inclination re-
ported by [Bieryla et al.| (2015), while fitting for the transit depth
and mid-transit time. The stellar parameters obtained by the
same authors were used to compute quadratic LD coefficients
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Fig. 5. Comparison of our independent extraction of the HST/WFC3
transmission spectrum and the one published by [Pluriel et al.| (2020).

using the Exoctk package (Stevenson et al|2018} [Fowler et al.
2018 [Bourque et al.[2021)).

The transit model was multiplied by an exponential function
to include the HST ramp, a second-degree polynomial to model
stellar flux variations around the transits, and a scaling constant
C, following standard practice (see, e.g., Stevenson et al.[2014a):

S(t) = C(1 + rof + 161 = e + ry9). )

Here, 6 is the planetary orbital phase, ¢ is the HST orbit phase
(with an additional phase offset fixed at 0.15, determined through
trial and error), and ry_4 are parameters to fit. Once the param-
eters for the systematic noise were determined, all but the scal-
ing constant were fixed to their best-fit value, and EMCEE, version
3.1.6 (Foreman-Mackey et al.|2013)), was used to sample the pos-
terior distributions of C and the transit parameters. Setting 200
walkers and 2500 steps for the MCMC chains, and discarding the
first 500 iterations as burn-in, was enough for each chain to be
longer than 50 times its integrated autocorrelation time (Good-
man & Weare[2010).

For all spectroscopic channels, the transit depth posterior dis-
tributions of the two transits were merged, and the final trans-
mission spectrum was derived from the 16th, 50th, and 84th
percentiles of the combined posterior distribution. Our output
is compared to [Pluriel et al.| (2020)’s in Fig. E} and confirms the
transmission spectrum trend in the WFC3 band.

5.6. Albedo

A planetary brightness at occultation — that is, the brightness of
the dayside hemisphere — can be expressed as the sum of the ther-
mal emission (E), which is a function of the brightness tempera-
ture (T4ay), and reflection (R) of the incident stellar light, which
depends on the geometric albedo (A,). The resultant brightness
can be expressed as follows:

Fyp

7= Doce = R(Ag) + E(Tday). 5)
Following the methodology described in |Singh et al.[(2024),

we estimated the respective thermal emission and reflec-

tion/scattering contributions to the planetary brightness by as-

suming a gray-sky atmosphere, such that the geometric albedo
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Fig. 6. Geometric albedo (A,) as a function of the dayside brightness
temperature for the estimated occultation depths in CHEOPS (blue) and
TESS (red) passbands. The plot shows where the two curves intersect
as well as the values of the two parameters. The black concentric curves
depict 1, 2, and 30 distributions. The inset shows the reflection and
emission contributions to the occultation depth for a gray-sky atmo-
sphere.

and the brightness temperature are identical in the CHEOPS
and TESS passbands. We obtain a very low geometric albedo
of A; = 0.05 = 0.06 (<10). This corresponds to a brightness
temperature of Tg,y = 2387i}§3 K (see Fig. [6). These numbers
indicate the 1o~ upper limit of approximately 40% and 20% re-
flection contamination in the CHEOPS and TESS passbands, re-
spectively. For comparison, the brightness temperature retrieved
at 107! bar — where the atmosphere is most sensitive to optical
wavelengths — is ~ 2500 K (see Fig.[3). Following this analytical
approach, the brightness temperatures at A, = 0 (no reflection)
in TESS and CHEOPS are 2462*3 K and 25479 K, respec-
tively.

Utilizing the eclipse (see Fig.[3) and transit spectra (see Fig.
M), we determined the planetary bolometric temperature. The re-
sulting temperatures are approximately 2470 K and 2415 K, cor-
responding to the cases of equilibrium chemistry and free H™
chemistry, respectively. Based on these temperature estimates,
we derived upper limits for the Bond albedo (e = 0, |(Cowan &
Agol|2011): 0.0 £ 0.2 and 0.1 + 0.2, respectively. In both cases,
the Bond albedo remains consistent with zero within the given
uncertainties. This indicates that the planet effectively absorbs
nearly all incoming stellar irradiation to heat its dayside atmo-
sphere.

5.7. 3D climate atmosphere modeling

As a sanity check for the retrieval models, we also simulated the
dayside emission of the planet with the 3D general circulation
model (GCM) expeRT/MITgcm (Schneider et al.|[2022) as part
of the ExoRad climate framework (Carone et al.[2020). We used
the planetary parameters from Table ] and the stellar parame-
ters adopted from [Tabernero et al.| (2022b), described in Sect.
[3] assuming solar metallicity and equilibrium chemistry for the
planetary atmospheric composition. We further employed tab-
ulated opacities for the following species: H;O from ExoMol
(Tennyson et al.[2016, 2020), Na (Allard et al.|2019), K (Al-
lard et al.|2019), CO,, CH4, NH3, CO, H,S, HCN, SiO, PH3;,
and FeH, as well as H™ absorption and electron scattering, suit-
able for an ionized atmosphere (see, e.g., [Helling et al.[[2023).
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Fig. 7. Left panel: Theoretically calculated dayside emission from the 3D GCM expeRT/MITgcm for KELT-7b including TiO and VO as well as
high magnetic drag (blue line) compared to the observational data (black dots). The model data are binned down for better comparison with the
observational data (blue dots, assuming the same uncertainty as the observational data). The 3D GCM model agrees within 10~ with the CHEOPS
and TESS observations. Right panel: Associated dayside averaged T-P profile.

Appendix [C] contains a more detailed description of the model
setup.

We find that to match the eclipse depths of KELT-7b in the
CHEOPS and TESS bands simultaneously with those observed
with Spitzer in the IRAC 1 and 2 bands, TiO and VO opacities
and strong magnetic drag with 7gr,e = 10* s are needed. Ultrahot
Jupiters similar to KELT-7b exhibit a strong horizontal gradient
in ionization, as the dayside is thermally ionized, in contrast to
the nightside (Helling et al.|[2019| [2021)). The degree of ioniza-
tion also decreases with depth on the dayside, enabling magnetic
coupling of the atmosphere to a global magnetic field (Rauscher|
& Menou|2013;Helling et al.[2023;; |Beltz et al.|2022)). The inclu-
sion of magnetic drag, which mimics the coupling of magnetic
fields with the partially ionized flow, has become state-of-the-art
for ultrahot Jupiters (see, e.g.,Wardenier et al.[2023; Demangeon
et al.|2024). The exact choice of 74, is still debated, especially
in the context of the uniform-drag assumption implemented here
(Tan & Komacek|2019; Coulombe et al.|[2023; Beltz et al.[2022).
In this work, we used the smallest 74y, that effectively disrupts
superrotation on the dayside in our GCM and shifts the onset
of the dayside temperature inversion to deeper, higher-pressure
layers compared to a simulation without drag, which retains effi-
cient superrotation and horizontal wind transport (see Appendix
Q). Given the limited data, we only tested a few scenarios to con-
strain the range of the problem. One model without TiO and no
drag, and two models with TiO — with and without strong drag —
were explored. The latter two are shown in Appendix[C] We find
that, of these models, the one using strong drag with TiO best
matched the data.

We further used an interface between expeRT/MITgcm and
petitRADTRANS (Molliere et al.2019)) to generate dayside emis-
sion spectra. While the 3D climate model matches the TESS,
CHEOPS, and Spitzer 4.5 um observations well, it significantly
underestimates the flux measured by HST/WFC3. At 3.6 um,
the predicted flux appears to be lower by about 20~ compared
to Spitzer observations. The CFHT data point could not be rec-
onciled with any tested atmospheric scenario; therefore, we dis-
carded it from the analysis (see Fig.[7). Notably, the 3D climate
model yields a temperature inversion that was not recovered by
either retrieval model under the thermochemical-equilibrium as-
sumption, only when adopting a free-chemistry parameteriza-

tion. These models, however, use the HST/WFC3 data, which
disagree with the predictions of the 3D GCM model. On the
other hand, the choice of high magnetic drag in our 3D cli-
mate model yields inefficient horizontal heat distribution, which
is consistent with the albedo results.

6. Discussion

Our attempt to understand the atmosphere of KELT-7b yields
disparate results, depending on the approach and data used. As-
suming the same geometric albedo and dayside temperature in
the CHEOPS and TESS passbands, we find a low geometric
albedo (A; = 0.05+0.06) and high dayside temperatures, consis-
tent with inefficient horizontal heat distribution € close to zero.
Likewise, a 3D GCM simulation yields inefficient heat transfer,
a TiO-induced temperature inversion, and a hot dayside temper-
ature that fits the CHEOPS, TESS, and Spitzer data but not the
HST/WFC3 data. The retrievals with Pyrar Bay and pLATON also
confirm the low albedo result (see Sect. [5.3).

Two independent retrieval pipelines (Pyrar Bay and pra-
ToN) yield consistent atmospheric results with each other,
though they lead to different physical implications depend-
ing on the assumed modeling framework. Retrievals assum-
ing thermochemical-equilibrium and free-chemistry abundances
produce non-inverted and inverted thermal profiles, respectively.
We note that the free-chemistry retrievals provide a better fit to
the observations than the equilibrium-chemistry retrievals, even
though the high brightness temperature of the occultations sug-
gests that the atmosphere should be in thermochemical equi-
librium. These inconclusive results may reflect limitations in
both the physical models and data analysis methods. We also
performed an independent reduction of the HST data using the
method described in [Bruno et al.|(2018)). This yields similar re-
sults to those published by |Pluriel et al.| (2020). Offsets between
atmospheric spectra of the same planet obtained with different
instruments are not uncommon (see, e.g., [Murgas et al.|2020j
Wilson et al.|[2020; [Yip et al.|2021; [Edwards et al.|2024). Fur-
thermore, some observations may be affected by stellar activity
in this case, which could significantly hinder the correct inter-
pretation of the brightness temperature (Tabernero et al.|2022b;
Saba et al.|2025)). Additionally, we note that stellar pulsations
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are reported for KELT-7b (Zhou et al.[2016; [Stangret et al.[2022;
Sicilia et al.|2025), which might additionally contaminate the
planetary signal.

With a very simple calculation using Ry = 1.712 + 0.037 R,
vsinly = 71.4 + 0.2km.s™! (Tabernero et al|2022b), and I, =
86 + 25 deg (see Sect. we can find a stellar rotational period
of Py s = 1.22 + 0.36 d, which is consistent with the maximum
peak of the periodogram at 1.368 d (see middle panel of Fig.
[I). This means that — given the planet’s host star is an F2V-type
star with a convective envelope — in addition to the weak pulsa-
tions, mentioned earlier, the stellar variability (see Figs. [AZI] and
[A.5} left panels) is very probably dominated by star spots, co-
rotating with the star surface. Unocculted star spots can reduce
the apparent stellar brightness, potentially deepening the mea-
sured planetary eclipse signal and leading to an overestimated
planet’s dayside temperature (Zellem et al.|2017). The large in-
ferred temperature variations of 400 K for KELT-7b in a narrow
wavelength range suggest, however, a more complex scenario.
In such a fast-rotating host star (P s = 1.368 d), star spots may
have rotated in and out of view during the HST/WFC3 obser-
vation. In addition, the oblateness of the rapidly rotating host
star is expected to result in a stellar flux gradient from the equa-
torial (cooler) to the polar (hotter) regions according to the von
Zeipel theorem (von Zeipel|1924alb). The appearance and disap-
pearance of star spots at different stellar latitudes during the ob-
servation may thus lead to nontrivial changes in the HST/WFC3
eclipse depth. However, a detailed assessment of stellar activity’s
impact on the HST/WFC3 measurement lies beyond the scope of
this work.

In this study, we accounted for the relatively high stellar vari-
ability of the fast-rotating host star KELT-7 when analyzing the
TESS and CHEOPS data (see Sect.[4.2)). Furthermore, our phys-
ically consistent atmospheric model fits the CHEOPS, TESS,
and Spitzer data well, with the latter likely being least affected
by stellar variability. We therefore consider our conclusions re-
garding the dayside temperature, low albedo, and inefficient heat
transport — based on the combined CHEOPS and TESS data —
to be robust. In any case, the example of the exoplanet KELT-
7b underscores the need for a coherent modeling framework that
incorporates physical noise sources, including stellar variability.

7. Conclusions

In this work, we analyzed the exoplanet KELT-7b with the main
scientific goal of characterizing the atmosphere of the planet.
Furthermore, we aimed to provide a precise measurement of
KELT-7b’s albedo and to search for a possible distortion in its
transit light curve caused by the rapid rotation of the host star.
To fulfill these aims, we performed several photometric obser-
vations of KELT-7b secondary eclipses and transits using the
CHEOPS space observatory. Moreover, we also used TESS pho-
tometric observations from seven sectors and literature data,
which include published occultation and transit depths from
HST/WFC3 and Spitzer/IRAC.

We first processed and jointly fitted the CHEOPS and TESS
photometric data to detect the secondary eclipse of the planet
in these passbands and to probe a potential asymmetry in the
CHEOPS transit light curve. We were able to measure the oc-
cultation depths of KELT-7b with a ~ 30~ and ~ 8o significance
in the CHEOPS and TESS passbands, respectively. Our analy-
sis yields the occultation depths of Dycccapops = 36 + 11 ppm
and Docc tess = 69 =9 ppm. We can conclude that the secondary
eclipses of KELT-7b are relatively shallow in the CHEOPS and
TESS passbands, which is characteristic of hot Jupiters (see,
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e.g.,|Singh et al.[2024} [Pagano et al.[2024). In the optical wave-
length range, the measured occultation depths are typically be-
low 100 ppm.

Our most interesting results are related to the atmosphere
modeling of KELT-7b. Based on the HST and Spitzer dataset,
we performed occultation retrievals, and based on the CHEOPS,
TESS, HST, and Spitzer dataset, transmission retrievals. We
used two retrieval tools by applying the same set of assump-
tions to both frameworks as closely as permitted by their re-
spective constraints. In all cases, we tested two alternatives, one
following the free-chemistry parameterization and another as-
suming thermochemical equilibrium. We also tested a range of
configurations to explore the dependence of the retrieval results
on our assumptions. We can conclude that both retrieval codes
produce consistent results when subjected to the same set of
assumptions. When adopting a thermochemical-equilibrium at-
mospheric composition, the occultation retrievals return a non-
inverted T-P profile with a composition characterized by C/O
> 1, a super-solar metallicity, and a relatively weak H,O abun-
dance. In contrast, when adopting a free-chemistry atmospheric
parameterization, the occultation retrievals return an inverted T-
P profile with — likely unphysically — high concentrations of
TiO and VO. None of the additional tests resulted in qualita-
tively different retrieval results. The transmission retrievals in the
thermochemical-equilibrium case support high metallicity, low
C/O, and a cloud-free atmosphere; in the free-chemistry case,
they detect H,O and an additional optical absorber.

Adopting a free-chemistry parameterization, [Pluriel et al.
(2020) and |Changeat et al.| (2022)) find, via occultation retrievals
on the HST/WFC3 and Spitzer data of KELT-7b, an inverted
T-P profile, a nondetection of H,O, and a detection of H™ ab-
sorption. Although these findings are in agreement with our re-
sults assuming free chemistry, and although the free-chemistry
retrievals generally yield better fits to the observations, we can
conclude that assuming free constant-with-altitude abundances
risks adopting unphysical scenarios. The dayside atmosphere
of ultrahot Jupiters similar to KELT-7b is hot enough, and the
chemical reaction rates are fast enough to overcome the effect of
disequilibrium chemistry. The equilibrium-chemistry approach
was also previously applied by |(Changeat et al.| (2022), finding
via occultation retrievals solar to super-solar metallicities, C/O
> 1, and a different thermal structure from the ones found by the
free-chemistry runs. The equilibrium-chemistry retrieval on the
transit spectrum does not lead to strong constraints in the trans-
mission retrieval performed by [Changeat et al.| (2022)), whereas
only the free-chemistry retrieval returns H,O and H™ absorption,
in agreement with the results presented by |Pluriel et al.| (2020)
and our findings. We can therefore conclude that the choice
of a free-chemistry approach or a thermochemical-equilibrium
chemistry is the main factor determining the retrieval results.

Given KELT-7b is an ultrahot Jupiter, although near the
lower limit from the viewpoint of equilibrium temperature, the
preferred non-inverted T-P profile does not support the predic-
tions of [Hubeny et al.|(2003) and [Fortney et al.|(2008), similarly
to the case of WASP-12b (Sing et al.|2013; |Akinsanmi et al.
2024)). However, as we mentioned in Sect. E], and as we showed
in Sect. 53] the identification of T-P inversion is a model-
dependent process. The 3D GCM results support a TiO-induced
temperature inversion, in tension with the results obtained via the
thermochemical-equilibrium-based atmospheric retrievals. We
can conclude that this discrepancy is because the occultation-
retrieval models focus mainly on the HST data, while the 3D
GCM model fits the CHEOPS, TESS, and Spitzer data, but un-
derestimates the HST observations. Based on the retrieval re-
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sults, we can also conclude that there might be a problem with
the HST/WFC3 data in the case of this particular planet, which
could be due to contamination of the data by stellar activity.
As a consequence, the HST observations of KELT-7b suggest
a high brightness temperature gradient that is difficult to rec-
oncile with self-consistent atmospheric models. To support this
argument, we independently reduced the HST/WFC3 transmis-
sion spectrum. Our output is in full agreement with [Pluriel et al.
(2020)’s, which means that with instrumental artifacts we cannot
explain the poor thermochemical-equilibrium-retrievals fit of the
HST/WFC3 transmission spectrum. We applied coherent stellar
variability treatment on TESS and CHEOPS occultation mea-
surements of KELT-7b, commensurate with the known stellar ac-
tivity of the host star (Tabernero et al.|2022b)). We conclude that
HST/WFC3 observations of KELT-7b would also benefit from a
coherent stellar variability treatment as proposed by [Saba et al.
(2025).

Although our attempt to understand the atmosphere of the
ultrahot Jupiter KELT-7b with CHEOPS, TESS, and additional
data ended with a discrepancy in the T-P profiles, depending on
which approach and data are used, we report for the exoplanet
KELT-7b a very low geometric albedo of A; = 0.05 +0.06 in the
CHEOPS and TESS passbands, which corresponds to a bright-
ness temperature of Ty, = 2387%123 K. This supports previous
observations that hot Jupiters have, in general, low geometric
albedos. The very low geometric albedo is consistent with heat
distribution € being close to zero, and also consistent with the
occultation retrieval results and with a 3D GCM simulation that
includes magnetic drag (Tag = 10*s). Utilizing the eclipse and
transit spectra, we also derived upper limits for the Bond albedo,
assuming € = 0, finding values consistent with zero within the
given uncertainties. We can conclude that the planet effectively
absorbs nearly all incoming stellar irradiation to heat its dayside
atmosphere.

Given the rapid rotation of the host star, we also probed
the precise CHEOPS transit light curves from the viewpoint of
transit asymmetry. Unfortunately, several astrophysical effects in
such systems remain poorly understood. The von Zeipel theo-
rem (von Zeipel|1924alb) is not strictly valid, and hence it needs
further investigation. For example, |Claret| (2012) found signif-
icant deviations from the von Zeipel theorem at the upper lay-
ers of a distorted star in radiative equilibrium. Based on the
CHEOPS photometry, we are unable to place any meaningful
constraint on the sky-projected orbital obliquity. The obtained
value is 4 = 8 £ 105deg. On the other hand, we find that the
stellar inclination is Iy = 86 + 25 deg. We can conclude that ad-
ditional CHEOPS observations would be necessary to put signif-
icant constraints on the sky-projected orbital obliquity via pho-
tometric methods.

Data availability

Photometry data of KELT-7 used in this work are avail-
able in electronic form at the CDS via anonymous ftp
to |cdsarc.u-strasbg.fr (130.79.128.5) or via http://
cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/.
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Appendix A: Supplementary light curves

Here we present supplementary light curves related to the joint
fit of the CHEOPS and TESS data for eclipse detection (see Sect.

G3).
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Fig. A.1. Phase-folded, and binned individual CHEOPS secondary eclipse observations of KELT-7b from visits 1 — 6, overplotted with the best-
fitting CONAN3 model and arbitrarily shifted in flux for clarity. The left panel shows the nondetrended data overplotted with the full model, while
the right panel shows the detrended data overplotted with the occultation model.
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Fig. A.2. As in Fig.[A.1] but for CHEOPS visits 7 — 12.
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Fig. A.3. Phase-folded, individual CHEOPS transit observations of KELT-7b from visits 13 — 14, overplotted with the best-fitting CONAN3 model
and arbitrarily shifted in flux for clarity. The left panel shows the nondetrended data overplotted with the full model, while the right panel shows
the detrended data overplotted with the transit model.
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nondetrended data overplotted with the full model, while the right panels show the detrended data overplotted with the transit and occultation

model.
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Fig. A.5. As in Fig.[A.4] but for the TESS Sectors 45, 59, 71, and 73.
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Appendix B: Independent HST/WFC3 transit data
reduction

Here we present diagnostic plots of the HST/WFC3 data reduc-
tion discussed in Sect. [5.5] Each plot, corresponding to one tran-
sit, shows all spectra of that visit divided by the median of the
visit’s first ten spectra.
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Fig. B.1. Normalized time sequence of the HST/WFC3 spectra corre-
sponding to the two transits reduced as in Sect. 5.5} The y-axis repre-
sents increasing time with increasing frame number.

Appendix C: Detailed GCM set-up, chemistry and
climate diagnostics

The GCM expeRT/MITgcm (Schneider et al.[|2022) used in this
work as part of the ExoRad climate framework (Carone et al.
2020) uses the MITgcm dynamical core that solves the hydro-
static primitive equations (see, e.g.,/Showman et al.[[2009) in an
Arakawa C-type cubed-sphere (Adcroft et al.|[2004). The hori-
zontal grid comprises 128 x 64 cells in longitude and latitude,
respectively. The vertical grid consists of 47 cells in total: 41
logarithmically spaced cells between 107> bar and 100 bar, and
six linearly spaced cells between 100 bar and 700 bar.

A fourth-order Shapiro filter is applied to the horizontal wind
field, which suppresses small grid-scale noise. The damping
timescale of the filter is set to Tgap = 258, equal to the dynam-
ical time step At = 25 s The GCM is further stabilized against
gravity wave reflection on top of the modeling domain with a
sponge layer between 10~ and 107>, In this layer, the zonal hor-
izontal velocity u is damped towards its longitudinally averaged
mean # via the following relation:

du

— =—ku—-1u).
a (u—u)
Here, ¢ is time and £ is the strength of the Rayleigh prescription
applied in the sponge layer, depending on pressure p as

(C.1)

2

(C2)

2
k = kiop - max 0,1—( P )
Psponge

The control parameters pgyonge and kiop determine the position
and strength of friction in the sponge layer. In this paper, the
default values of ki, = 20days™ and peponee = 107 bar are
used (Carone et al.[2020).

To stabilize the model against shear flow instabilities at the
bottom boundary, basal drag is applied to the zonal wind velocity
u and meridional wind velocity v in pressure layers deeper than
400 bar via:

du

E = _kdeep - u, (C.3)
dv
E = _kdeep v, (C4)
where the control parameter ke, is defined as

—-490b
kdeep = kpottom * max (0 P a (C5)

> 700 bar — 490 bar

with kpoom = 1 day ™.

The model is started without wind flow and an initial ana-
lytical 1D temperature profile, following the formalism of |[Par-
mentier et al.| (2015) with the host star’s parameters as listed in
Sect.[3} a semi-major axis of 0.0442 AU, and an interior tempera-
ture of Tipe = 663 K, following the fit of Thorngren et al.| (2019).
The model is run with the dynamical timestep of Ar = 255,
where fluxes are recalculated every fourth dynamical timestep.
The model is run for a 1000-day simulation time to ensure that

7 The damping timescale Tg,, corresponds to the dissipation time T,
used in/Heng et al.|(2011) to compare horizontal dissipation in different
dynamical cores.
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the temperature structure does not evolve further in the modeling
domain in the last 100 days. The final model output is derived
by time averaging over the last 100 days of the whole simula-
tion run. We note that there is some discrepancy in the host star
parameters because some data were reduced based on the pa-
rameters from [Pluriel et al. (2020). However, we note that the
GCM here is used to provide a physical background to the pos-
sible climate state of this planet. A small change in the host star
temperature will not strongly shift the climate states, for exam-
ple, the need to include TiO/VO and magnetic drag to explain
the overall flux. Furthermore, we note that we match CHEOPS,
TESS, and Spitzer data sufficiently well to give us confidence
that we capture the basic thermodynamics of the planetary at-
mosphere. Performance and stability tests for the sponge layer
and basal drag are presented in |Carone et al.| (2020). A more
detailed description of the radiative transfer implementation and
performance tests can be found in|Schneider et al.[(2022)).

In addition, a more detailed diagnostic of the climate state
is useful to understand the impact of model choice on the day-
side emission spectrum based on the GCM (see Fig. [7). Figure
[C.T]shows that for a climate model with TiO and magnetic drag,
the dayside is heated up strongly between p = 1072 — 1073 bar
(see also Fig. [/| right panel). Due to strong magnetic drag, su-
perrotation (fast eastward wind jet along the equator) is effec-
tively suppressed. Instead, direct radial flow from the day to the
nightside is present for p < 1072 bar. This climate state leads to
a strong divergence in the horizontal wind flow field, which is
closed by wind flow convergence in deeper layers (p > 1 bar).
The choice of T4 = 10* s has been shown in several GCM
simulations for similar ultrahot Jupiters such as WASP-76b (De-
mangeon et al.[2024) and WASP-18b (Deline et al., in review)
to consistently lead to a climate state with no superrotation, and
consequently, no eastward hot spot shift, as also shown here. In
particular, for WASP-18b it becomes apparent that T4 = 10%s,
which effectively prohibits the formation of superrotation, ap-
pears to yield dayside emission that agrees remarkably well even
with the JWST data. In contrast, a climate model containing TiO
and no magnetic drag shows that the dayside hot spot is partly
shifted eastwards due to the presence of a superrotating jet (see
Fig. [C.3). Here, the regions of wind flow convergence are the
Rossby gyres located at the morning terminator. Thus, with these
two extreme choices in drag, we can explore two possible cli-
mate states or regimes that shape the dayside 3D temperature
and chemistry that are measured with the eclipse spectra. Thus, a
simulation with 7gp,e = 10* s represents a markedly different cli-
mate regime, dominated by radial wind flow rather than eastward
jets. Such extreme scenarios can be used to meaningfully dis-
cuss efficient versus inefficient day-to-nightside heat transport.
Higher 74, (not explored here) typically leads to a climate with
some remnant of superrotation, which would be an intermediate
step, and here of limited usability.

Figures [C.2) and [C.4] show the dayside-averaged abundances
and T-P profile for the GCM with and without drag, respectively.
The model expeRT/MITgcm uses the equilibrium-chemistry
package of petitRADTRANS (Molliere et al.|[2019). Thus, we
also use this package to derive the chemical abundances of
species on the dayside of KELT-7b. It is evident that in the model
with strong magnetic drag, the temperature inversion occurs at
deeper pressures compared to the model with no magnetic drag.
Furthermore, in both models, partial ionization of the atmo-
sphere is evident in the upper atmosphere (p < 1072 bar) as the
abundances of H, drop. Interestingly, the magnetic-drag model
exhibits a temperature regime between 1 and 10 bar, where TiO
and VO are less thermally stable, resulting in a local minimum
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for these two species. Because the region between 1 and 10 bar
in the GCM with drag also represents the coldest part of the
dayside atmosphere, the degree of ionization is particularly low
there, resulting in a minimum of electron and atomic hydro-
gen abundances. It should be noted that in the model without
drag, the coldest temperature regions lie comparatively higher
at p ~ 107! bar. Consequently, a local minimum in electron
and atomic H abundances at the same pressure levels can be
found. TiO and VO are, however, more thermally stable at these
lower pressures. In fact, the TiO and VO abundances do not vary
strongly on the dayside in the vertical direction in this drag-free
simulation.

The comparison of temperatures and equilibrium chemistry
in the GCMs with and without magnetic drag reveals that there is
no direct causal connection between electron abundance minima
and TiO and VO abundance minima. The question of whether
and where TiO and VO may condense out of the atmosphere
in hot Jupiters is, however, an ongoing research question (Roth!
et al.|2024} Beatty et al.[2017;|Evans et al.|2016; Parmentier et al.
2013)). In this work, the presence of TiO and VO may be favored
due to the relatively high eclipse depths measured in the optical
with CHEOPS, TESS, HST, and Spitzer.
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Fig. C.1. Horizontal slices in the GCM with TiO and strong magnetic drag of T4, = 10*s across four representative pressure levels. Colors
denote the local gas temperatures, white lines and arrows depict the horizontal wind flow, including regions of strong divergence/convergence at
the substellar point (lat.: 0°, lon.: 0°).
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Fig. C.2. Left panel: Dayside averaged equilibrium gas-phase chemistry from the GCM with TiO and VO and with strong magnetic drag. Right
panel: Dayside average T-P profile.
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Fig. C.3. Horizontal slices in the GCM with TiO and with no magnetic drag across four representative pressure levels. Colors denote the local gas
temperatures, white lines and arrows depict the horizontal wind flow.
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Fig. C.4. Asin Fig but with no magnetic drag.
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