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Abstract

Recent observations have shown that the atmospheres of ultrahot Jupiters (UHJs) commonly possess temperature
inversions, where the temperature increases with increasing altitude. Nonetheless, which opacity sources are
responsible for the presence of these inversions remains largely observationally unconstrained. We used LBT/
PEPSI to observe the atmosphere of the UHJ KELT-20 b in both transmission and emission in order to search for
molecular agents which could be responsible for the temperature inversion. We validate our methodology by
confirming a previous detection of FeI in emission at 16.9¢0. Our search for the inversion agents TiO, VO, FeH,
and CaH results in non-detections. Using injection-recovery testing we set 40 upper limits upon the volume mixing
ratios for these constituents as low as ~1 x 10~° for TiO. For TiO, VO, and CaH, our limits are much lower than
expectations from an equilibrium chemical model, while we cannot set constraining limits on FeH with our data.
We thus rule out TiO and CaH as the source of the temperature inversion in KELT-20 b, and VO only if the line
lists are sufficiently accurate.
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1. Introduction

Hot Jupiters (HJs) offer some of our best chances at present
to characterize exoplanetary atmospheres in detail. These
planets’ large radii, hot temperatures, short orbital periods,
and often bright host stars mean that we can obtain more
frequent observations and overall higher signal-to-noise ratios
(S/Ns) than are possible for smaller, cooler, or longer-period
planets.

Several ultrahot Jupiters (UHJs; planets with equilibrium
temperatures in excess of 2200 K) have recently been shown to
have atmospheric temperature inversions through the presence
of emission lines of atomic species in their spectra; if there was
no inversion, the spectrum would present absorption lines

+x Based on data acquired with the Potsdam Echelle Polarimetric and
Spectroscopic Instrument (PEPSI) using the Large Binocular Telescope

(LBT) in Arizona.
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instead. A temperature inversion occurs when some absorber
exists within the atmosphere, heating the atmosphere and
causing the temperature to increase, rather than decrease, with
increasing altitude. In order to cause an inversion, an absorber
needs to have a very large optical or ultraviolet cross section in
order to deposit a significant amount of energy within a
relatively thin layer of the atmosphere. UHJs had previously
been proposed to harbor thermal inversions, with the transition
temperature in this regime occurring anywhere from 1700 to
2500 K (e.g., Lothringer et al. 2018; Baxter et al. 2020).
Individual planets with detections of line emission due to an
inversion include WASP-33b (e.g., Nugroho et al. 2017),
WASP-121b (Evans et al. 2017), WASP-18 b (Sheppard et al.
2017), WASP-189b (e.g., Yan et al. 2020, 2022a), KELT-9 b
(e.g., Pino et al. 2020), and KELT-20b (Cont et al. 2021a;
Borsa et al. 2022; Fu et al. 2022; Kasper et al. 2022). The
number of possible inversion agents in these planets is limited,
as only a few molecular species can survive at these high
temperatures.

Nonetheless, direct evidence for which species cause these
inversions has been lacking. Nugroho et al. (2017, 2020) and


https://orcid.org/0000-0002-5099-8185
https://orcid.org/0000-0002-5099-8185
https://orcid.org/0000-0002-5099-8185
https://orcid.org/0000-0002-4361-8885
https://orcid.org/0000-0002-4361-8885
https://orcid.org/0000-0002-4361-8885
https://orcid.org/0000-0002-8823-8237
https://orcid.org/0000-0002-8823-8237
https://orcid.org/0000-0002-8823-8237
https://orcid.org/0000-0002-6177-198X
https://orcid.org/0000-0002-6177-198X
https://orcid.org/0000-0002-6177-198X
https://orcid.org/0000-0003-0395-9869
https://orcid.org/0000-0003-0395-9869
https://orcid.org/0000-0003-0395-9869
https://orcid.org/0000-0002-1493-300X
https://orcid.org/0000-0002-1493-300X
https://orcid.org/0000-0002-1493-300X
https://orcid.org/0000-0002-0551-046X
https://orcid.org/0000-0002-0551-046X
https://orcid.org/0000-0002-0551-046X
https://orcid.org/0000-0002-6492-2085
https://orcid.org/0000-0002-6492-2085
https://orcid.org/0000-0002-6492-2085
https://orcid.org/0000-0003-2865-042X
https://orcid.org/0000-0003-2865-042X
https://orcid.org/0000-0003-2865-042X
https://orcid.org/0000-0002-0502-0428
https://orcid.org/0000-0002-0502-0428
https://orcid.org/0000-0002-0502-0428
https://orcid.org/0000-0001-9770-1214
https://orcid.org/0000-0001-9770-1214
https://orcid.org/0000-0001-9770-1214
https://orcid.org/0000-0003-2029-0626
https://orcid.org/0000-0003-2029-0626
https://orcid.org/0000-0003-2029-0626
https://orcid.org/0000-0001-8291-6490
https://orcid.org/0000-0001-8291-6490
https://orcid.org/0000-0001-8291-6490
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7504-365X
https://orcid.org/0000-0002-7504-365X
https://orcid.org/0000-0002-7504-365X
https://orcid.org/0000-0002-6192-6494
https://orcid.org/0000-0002-6192-6494
https://orcid.org/0000-0002-6192-6494
https://orcid.org/0000-0003-0272-0418
https://orcid.org/0000-0003-0272-0418
https://orcid.org/0000-0003-0272-0418
https://orcid.org/0000-0001-9585-9034
https://orcid.org/0000-0001-9585-9034
https://orcid.org/0000-0001-9585-9034
mailto:johnson.7240@osu.edu
http://astrothesaurus.org/uat/486
http://astrothesaurus.org/uat/487
http://astrothesaurus.org/uat/2133
http://astrothesaurus.org/uat/2133
https://doi.org/10.3847/1538-3881/acb7e2
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/acb7e2&domain=pdf&date_stamp=2023-03-13
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/acb7e2&domain=pdf&date_stamp=2023-03-13
http://creativecommons.org/licenses/by/4.0/

THE ASTRONOMICAL JOURNAL, 165:157 (14pp), 2023 April

Johnson et al.

Table 1
Log of Observations
Date (UT) Type Nypec Exp. Time (s) Airmass Range Phases Covered S/Nojue S/Nied
2019 May 4 Transmission 23 600 1.00-2.01 —0.023-0.034 288 308
2021 May 1 Emission 47 300 1.01-2.03 0.529-0.582 301 340
2021 May 18 Emission 45 300 1.00-1.48 0.422-0.473 347 397

Note. N, is the number of spectra obtained on that night. Exp. time is the exposure time in seconds. S/Nyue and S/Nieq are the nightly average of the 95th quantile

per-pixel S/Ns in the blue and red arms, respectively.

Cont et al. (2021b) detected TiO in WASP-33 b, but Herman
et al. (2020) and Serindag et al. (2021) were unable to
confidently detect TiO with their own data or methods. Prinoth
et al. (2022) detected TiO in absorption in WASP-189b. VO
has been detected at low resolution in WASP-121 b, but high-
resolution observations have been unable to confirm this
detection, likely due to inaccuracies with the VO line list
(Hoeijmakers et al. 2020a; Merritt et al. 2021; de Regt et al.
2022). Additionally, however, low-resolution observations
generally probe lower pressure levels than high-resolution
data, which could have different chemistry. No molecular
inversion agent candidate has been definitively detected in
either KELT-9b or KELT-20 b despite the presence of atomic
emission lines, motivating further searches. KELT-9b, how-
ever, may be too hot for any molecular agent to exist, but
Changeat & Edwards (2021) found evidence for molecular
absorption at low resolution. They attributed this absorption to
TiO, VO, FeH, and H™, but none of these species has been
individually confirmed at high resolution. Cooler planets have
also been subject to extensive searches for TiO, most notably
WASP-76 b; Tsiaras et al. (2018) found evidence for TiO and
VO, and von Essen et al. (2020) found marginal evidence for
TiH. Edwards et al. (2020), however, showed that these were
due to an unaccounted for stellar companion but still found
evidence for an atmospheric inversion, and Tabernero et al.
(2021) found no evidence of these species at high resolution.

A number of molecular species, including TiO, VO (Fortney
et al. 2008), SiO, metal hydrides (Lothringer et al. 2018), AlO,
CaO, NaH, and MgH (Gandhi & Madhusudhan 2019), have
been proposed to cause inversions. Alternately, in the hottest
HlJs, atomic species such as Fe or Mg, or continuum H™
opacity, could give rise to inversions (Lothringer et al. 2018).
All of these species fulfill the criterion of possessing large
optical or UV cross sections that could give rise to inversions.

KELT-20 b/MASCARA-2 b (hereafter KELT-20 b for brev-
ity) is an UHJ discovered independently by both the Kilodegree
Extremely Little Telescope (KELT) and Multi-site All-Sky
CAmeRA (MASCARA) ground-based transit surveys (Lund
et al. 2017; Talens et al. 2018). With a V-band magnitude of
7.58, the host star HD 185603 is one of the five brightest stars to
host a known transiting giant planet. It has thus been a target for
atmospheric observations using broadband phase curves, high-
resolution transmission spectroscopy, and emission spectroscopy at
both high and low resolution (e.g., Casasayas-Barris et al. 2018;
Cont et al. 2021a; Wong et al. 2021; Fu et al. 2022).

Many observations of the atmosphere of KELT-20b have
already been obtained via high-resolution transmission
spectroscopy. These have allowed the detection of several
atomic species in the planet’s atmosphere: H I, Na I, (Casasayas-
Barris et al. 2018), Ca 11, Fe 1II (Casasayas-Barris et al. 2019;
Nugroho et al. 2020; Bello-Arufe et al. 2022), Fe I (Stangret
et al. 2020), Mg 1, and Cr T (Hoeijmakers et al. 2020b).

Critically, however, Nugroho et al. (2020) reported non-
detections of the potential thermal inversion agents NaH,
MgH, AlO, SH, CaO, VO, FeH, and TiO, while Kesseli et al.
(2020) found a low-confidence signal for FeH.

An alternative method is to use emission spectroscopy.
Although emission signals are overall smaller than transmis-
sion signals, emission spectroscopy directly probes the altitudes
around the temperature inversion, since this is where the
emission lines must be formed.

Several species have already been detected in emission for
KELT-20b at high resolution: Fe I (Yan et al. 2022b; Borsa
et al. 2022), Si I (Cont et al. 2021a), Fe 11, Cr I (Borsa et al.
2022), and Ni i (Kasper et al. 2022). Fu et al. (2022) also
detected H,O and CO emission at low resolution. These
detections of emission lines not only add to the detected
atmospheric species but also demonstrate the presence of an
inverted temperature profile. A monotonically-decreasing
pressure—temperature (P-T) profile would result in absorption
rather than emission lines.

Here, we aim to detect or constrain which species may be
responsible for this inversion. Yan et al. (2022b) already
obtained non-detections for TiO, VO, and FeH in their
CARMENES data, while Borsa et al. (2022) did the same for
AlO, TiO, and VO with HARPS-N; however, both of those
spectrographs are fed by 4 m class telescopes, motivating an
independent search with 8 m class telescopes and including
additional potential inversion agents.

The PEPSI Exoplanet Transit Survey (PETS) is a large
(~400 hr) survey of transiting exoplanets using the Potsdam
Echelle Polarimetric and Specrographic Instrument (PEPSI)
high-resolution spectrograph on the Large Binocular Telescope
(LBT). The first paper resulting from the survey set limits on
the atmospheric presence of atomic species that could be
vaporized from the crust of the super-Earth 55 Cnce (Keles
et al. 2022). In this second paper in the series, we analyze our
emission and transmission spectra of KELT-20b.

2. Observations

We obtained our data on KELT-20b with PEPSI (Strass-
meier et al. 2015) on the 2 x 8.4 m LBT located on Mt.
Graham, Arizona, USA. We observed using the 1”5 fiber,
giving a resolving power of R=130,000. We used cross
dispersers (CDs) III and V, covering 4300-5441 A and
6278-7419 A in the blue and red arms of the spectrograph,
respectively. The 2019 transit observations were unbinned and
used 600 s exposures, while the 2021 emission observations
used 2 X 1 binning on the chip and 300 s exposures.

We observed one transit of KELT-20b and two ~4.5 hr
segments near secondary eclipse. We list the key parameters of
our data sets in Table 1, and show the phases covered by our
observations graphically in Figure 1.
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Figure 1. Graphic illustrating the phases at which our observations of KELT-
20 b took place. Different nights are marked by different colors. The planetary
orbit and the stellar surface are the large and small circles, respectively. The
observer is viewing from the bottom, and the illustration is looking down on
the north pole of the star, such that the planet moves in a counter-clockwise
direction; transit occurs at the bottom, and secondary eclipse at the top. The
dotted lines denote the edges of the secondary eclipse and the transit.

We reduced the data using the Spectroscopic Data Systems
(SDS) pipeline, as described in Ilyin (2000) and Strassmeier
et al. (2018). The pipeline performs bias subtraction and flat
field correction, order tracing and extraction, cosmic ray
correction, wavelength calibration, normalization, and combi-
nation of all orders in each arm (red versus blue). The pipeline
also estimates the variance in each pixel, which we pipe
through our analysis procedure described below.

3. Analysis
3.1. Overall Procedure

After receiving the reduced and normalized PEPSI spectra,
more steps are necessary in order to detect the atmospheric
signal. Our overall procedure is inspired by that of Nugroho
et al. (2017), although with significant differences. We first run
the molecfit package (Kausch et al. 2015; Smette et al.
2015) on the red arm of each PEPSI spectrum to model out the
telluric lines, as is described in more detail in Section 3.3; no
such treatment is necessary for the largely telluric-free blue
arm. We median-stack the telluric-corrected spectra and
subtract this median spectrum from each of the time-series
spectra in order to remove the stellar lines and the time-
invariant component of the telluric lines. We then run the
SYSREM algorithm (Tamuz et al. 2005) on these residuals, as
described in Section 3.3. Next, we cross-correlate a model
spectrum generated as described in Section 3.2 with each
spectrum. The cross-correlation algorithm is adapted from that
in the BANZAI-NRES package (McCully et al. 2022). These
procedures, and the tests that we conducted to show that this is

Johnson et al.

the optimal method, are detailed in Section 3.3. We show the
spectra and the results of molecfit in Figure 2.

Finally, for a grid of possible radial velocity (RV) semi-
amplitude Kp values for the planet, we shift each of the time-
series cross-correlation functions (CCFs) to remove the
expected Doppler shift from that Kp at the observation time;
that is, we shift the spectra into the planetary rest frame. We
assumed the ephemeris from Lund et al. (2017). We then stack
the resulting shifted CCFs. For the transmission data we only
combine the CCFs derived from the in-transit spectra. In this
step we combine the CCFs derived from the blue and red arm
data, and data taken on different nights. The exceptions are for
FeH, where there are no lines present in the blue arm so we use
only the red arm, and CaH, where we use only the blue arm due
to the lack of red lines. We combine the CCFs using a weighted
sum, where the weights are the 95th percentile S/N from that
arm multiplied by the total equivalent width in the model
emission or transmission lines within that bandpass.

We search for a CCF peak near the expected values of Kp
and v in this space; we calculated Kp given the system
parameters from Lund et al. (2017), and vy, was measured by
the PEPSI pipeline. These parameters are listed in Table 2. We
measure the S/N of the peak (if any) present at the location
expected from the known parameters of the planet. We estimate
the significance of any peaks using the standard deviation of
the points in the shifted and combined CCFs with |v| > 100 km
s~ from the expected location of the planetary signal.

3.2. Model Spectra

We generate model spectra using the petitRADTRANS
package (Molliere et al. 2019). We assumed the stellar and
planetary parameters from Lund et al. (2017), which are listed
in Table 2. We assumed a P-T profile of the form given by
Equation (29) of Guillot (2010) as implemented in peti-
tRADTRANS. We tested this profile with a simple grid search
for the parameters xjr and <, along with the P-T profiles
retrieved for KELT-20 b by Yan et al. (2022b), Fu et al. (2022),
Borsa et al. (2022), and Kasper et al. (2022). We computed a
model Fe I spectrum for each profile assuming a volume mixing
ratio (VMR) of 5.4 x 1077, cross-correlated it with the data as
described below, and logged the S/N of the resulting detection.
Our best model is a Guillot profile with v= 30 and g = 0.04,
which resulted in a 16.94¢ detection. We adopt this P-T profile
for the remainder of this work. None of the published retrieved
profiles outperformed our model, the best being that from
Borsa et al. (2022) with 16.430. We show these profiles in
Figure 3, and list the results of the P-T profile comparison in
Table 3. We note that we used only an approximation to the
P-T profile retrieved by Fu et al. (2022), as they used a more
sophisticated profile tied to an atmospheric model. Instead, we
approximated their profile using a simple model which is
isothermal above and below the inversion, with a transition
between the two regimes which is linear in log space, similar to
those of Borsa et al. (2022) and Yan et al. (2022b). We also
note that we only tested the best-fit P-T profile from each of the
cited works and did not attempt to account for the quoted
uncertainties on the profile parameters. For simplicity we use
the same P-T profile for both the emission and transmission
spectra; although in reality the P-T profile is likely to be
different on the dayside versus the terminator, the dependence
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Figure 2. Example PEPSI data displaying our procedure to telluric-correct the
spectra. The figure shows one PEPSI spectrum from 2021-05-1 in black, with
the blue and red arms in the top and bottom panels, respectively. The
molecfit-corrected spectrum is shown in red for the red arm. For that arm
we also highlight the wavelength regions fit by molecfit in gray, and those
which we mask out when performing our analyses due to poor telluric
correction in red.
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Figure 3. P-T profiles considered in this work. Our best P-T profile which we
adopt is shown in red, along with the published P-T profiles retrieved by Yan
et al. (2022b), Fu et al. (2022), Borsa et al. (2022), and Kasper et al. (2022).

of the transmission spectrum on the details of the P-T profile
is weak.

We  generate spectra over the wavelength range
3850-7500 A, covering the full PEPSI CD III+V bandpass,
with an even spacing of 0.01 A. We set up a model atmosphere
with 130 grid points spanning pressures from 10% to 10" bar.

We include continuum opacity due to H~  bound-free
absorption, H,-H, and H,-He collisions, and Rayleigh
scattering due to H, and He. We assume a cloud-free
atmosphere. We conservatively assumed an H- VMR of
1 x 107, similar to that found by Arcangeli et al. (2018) for
WASP-18b, a planet several hundred Kelvin hotter than
KELT-20b. This is the major source of continuum opacity in
the optical in our models, and is degenerate with the VMR
ratio limits that we set using our transmission spectra
(Section 3.4; Section 4.2). Including this level of H™
absorption worsens the transmission VMR limits by approxi-
mately two orders of magnitude over no H™ absorption;
however, this has no significant effect on the emission results.

Johnson et al.

Table 2
System and Atmospheric Model Parameters

Parameter Value Source
Rp (Rs) 19.51 Lund et al. (2017)
Mp (M) 1072 Lund et al. (2017)
Teq (K) 2262 Lund et al. (2017)
P (d) 3.4741085 Lund et al. (2017)
T, (BID_TDB) 2457485.74965 Lund et al. (2017)
R. (R>) 1.565 Lund et al. (2017)
M, M) 1.76 Lund et al. (2017)
Tetr (K) 8720 Lund et al. (2017)
[Fe/H] —0.29 Lund et al. (2017)
Kp (km s~ 169 £ 6 Lund et al. (2017)
Veys (kms™") —26.0
vsinip (km s~ 2.5 Lund et al. (2017)
RIR 0.04
04 30
P, (bar) 1
Xu, 0.7496
XHe 0.2504
VMR (H) 1x107°

Table 3

P-T Profile Comparison Results

Source FelS/N (o)
Guillot v = 30, kg = 0.04 (this work) 16.94
Borsa et al. (2022) 16.43
Kasper et al. (2022) 16.06
Yan et al. (2022b) 13.97
Fu et al. (2022) 12.98

Note. The Fe1 S/N is the S/N with which we measured the Fel cross-
correlation signal assuming the specified P-T profile for a fixed Fe 1 VMR of
54 %1077

We also note that we assume a reference pressure level Py of
1 bar; changing P, to 1 mbar has a similar effect upon the
VMR limits to including the noted H™ absorption. We
conservatively assume the high H™ abundance in order to
account for the unknown P, level and H™ abundance. The
single line absorber in question is the only line opacity source
we include in our models.

After computation of the model spectra, we convolve the
models with a rotational broadening kernel and an instru-
mental broadening kernel. For the emission spectra we
assume an analytic form for the rotational broadening kernel
from Equation (18.14) of Gray (2005). For the transmission
spectra we instead assume the form from Equation (15) of
Gandhi et al. (2022), which results in a double-peaked profile
from the limbs of the planet. We further assume that KELT-
20b is tidally locked; given the planetary parameters from
Lund et al. (2017), this implies an equatorial velocity of
2.5 km s~ '. For the instrumental broadening, we assume a
Gaussian line spread function with a width corresponding to
the PEPSI resolving power of R = 130,000 (Strassmeier et al.
2018).

The treatment of the emission versus transmission spectra
is slightly different. For the emission spectra, after calculating
the planetary flux using petitRADTRANS, we generate a
blackbody spectrum corresponding to the stellar 7.¢ and use
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top panel shows the emission spectrum of Fe 1. The bottom panels show the emission (left) and transmission (right) spectra, respectively, of (top to bottom) TiO, VO,
FeH, and CaH. The spectra shown for the molecular constituents are generated with the minimum VMR which would give a 40 detection in our injection-recovery

testing; see the main text for more details.

this to estimate the planet-to-star flux ratio Fp/F,. It is this
quantity that we use as as our model spectrum for the cross-

correlation.

For the transmission spectra, petitRADTRANS calculates
the planetary radius as a function of wavelength Rp(\). As our

spectra have been normalized by the data reduction pipeline
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Table 4 Table 5
Opacity Data Sources” Optimal Number of SYSREM Iterations

Species Reference 1 Reference 2 Date Arm TiO VO FeH CaH

TiO McKemmish et al. (2019) B. Plez (priv. comm.) 2019 May 4 red 1 1 1

VO McKemmish et al. (2016) B. Plez (priv. comm.) 2021 May 1 red 1 9 0

FeH Wende et al. (2010) 2021 May 18 red 0 2 0

CaH Li et al. (2012) Adopted red 1 2 0

Fel Kurucz 2019 May 4 blue 1 4 1
2021 May | blue 3 0 1

Note. Reference 1 is the opacity table used to generate the CCF template, and 2021 May 18 blue 14 5 3

Reference 2 is that used to generate the spectrum injected for injection-recovery Adopted blue 2 3 2

testing, if different. The opacity data for all species were obtained from the
petitRADTRANS website The reference Kurucz refers to data from http://
kurucz.harvard.edu/.

% https: / /petitradtrans.readthedocs.io/en /latest/content /available_
opacities.html

and are not flux-calibrated, we do not have any information in
our data on the planetary radius, only the differential change in
radius as a function of wavelength. We therefore estimate the
transmission spectrum as:

~ Re(V)? — Riy

FO) =1 7

1

where Rpq is the broadband planetary radius, which we adopt
following Lund et al. (2017).

We list the species considered and the sources of the
opacity data used in Table 4, and show example spectra in
Figure 4. We chose to search for the “classical” inversion
agents TiO and VO (Fortney et al. 2008), and the metal
hydrides FeH and CaH. petitRADTRANS does not
currently have high-resolution opacity tables for several
other species of interest, such as AlO, CaO, NaH, or MgH
(Gandhi & Madhusudhan 2019). In the interests of
simplicity, for TiO we only use the single isotope **TiO,
as it makes up the majority of Ti atoms, and ignore the other
stable isotopes. Likewise, for FeH the opacity table only
considers the most common isotopologue, but unlike for TiO
there are no pet1tRADTRANS opacity tables available for
the other isotopologues.

3.3. Comparison of Telluric and Systematics Correction
Methods

In order to detect the minute planetary signal, it is
necessary to correct for systematic sources of error, most
notably the presence of telluric absorption lines in the
spectra, but also systematics due to detector imperfections,
etc. Most recent studies of exoplanetary atmospheres at high
resolution use one of two methods to correct systematics:
SYSREM (e.g., Nugroho et al. 2020; Cont et al. 2021a;
Merritt et al. 2021) or molecfit (e.g., Cabot et al. 2021;
Stangret et al. 2021; Kesseli et al. 2022). The SYSREM
algorithm (Tamuz et al. 2005) is a principle component
analysis (PCA)-based algorithm that removes common linear
or time-varying systematics. The molecfit package
(Kausch et al. 2015; Smette et al. 2015) fits and removes
the telluric lines in the spectrum. After implementing both
methods, we performed tests to evaluate which method
works best for our PEPSI data.

In order to implement SYSREM, we modified the source
code from the PySysRem package'” to handle the PEPSI data.
We added code to propagate uncertainties formally through the
SYSREM algorithm. For all runs, we used the airmass of the
exposure as the initial guess for the starting values of the first
systematic removed. For the red arm, we split the spectra into
regions with telluric contamination versus no telluric contam-
ination, with a threshold of >1% absorption over multiple
nearby lines, varying the number of systematics removed for
the former regions and removing one systematic from the latter.
Our tests indicated that the recovered S/N did not change
significantly if we removed two versus one systematic(s) from
the telluric-free regions.

Although molecfit was designed to work on data from ESO
facilities, it has also been used for data from other spectrographs
(e.g., Cabot et al. 2021). We only used molecfit to correct the
PEPSI red arm data, as there are no significant telluric lines in the
blue arm. We fit three narrow regions spanning the red arm
(6290-6320 A, 6470-6520 A, and 7340-7410 A) containing
moderately strong telluric lines, and included H,O and O, in
our models. While the telluric model removes weak lines
adequately, it does not fit the strong lines to any good precision
as they are saturated, and we consequently mask out regions of the
spectra containing poorly corrected lines in our further analysis.
The telluric correction is sufficiently good for weak lines that any
remaining residuals can be removed well by SYSREM (see
below).

For all our tests, we inject a model emission spectrum of
TiO, VO, FeH, or CaH into the PEPSI data. We constructed the
model spectra as described in Section 3.2, using VMRs chosen
to give a moderate but not overwhelming detection signifi-
cance. We passed these spectra through SYSREM and then
attempted to recover the signal using the cross-correlation
methodology described in Section 3.1. We evaluated different
numbers of SYSREM systematics removed in order to find the
optimal number. For the red arm, we evaluated using SYSREM
alone, molecfit alone, ormolecfit followed by SYSREM.

We show the results of these tests in Figure 5. In all cases for
the red arm, using molecfit alone outperforms using
SYSREM alone. In many cases, the combination of molec-
fit and SYSREM outperforms using either alone. For most of
the data sets, the optimal number of systematics removed is
small (1-4). In only two of the eighteen data sets considered
(arms X nights) is the optimal number greater than five.

We summarize the optimal number of systematics removed
that we use for the remainder of the paper in Table 5.

15 https: //github.com/stephtdouglas /PySysRem


http://kurucz.harvard.edu/
http://kurucz.harvard.edu/
https://petitradtrans.readthedocs.io/en/latest/content/available_opacities.html/
https://petitradtrans.readthedocs.io/en/latest/content/available_opacities.html/
https://github.com/stephtdouglas/PySysRem

THE ASTRONOMICAL JOURNAL, 165:157 (14pp), 2023 April

TiOo
@]
20{ @
154
<
Y 10
o 2 4 6 8 10 12 14
Nsysrem
FeH
@®
10
®
8-
« O
x 67
=
n
4- .........................................................................................
2 V@5 v v v r ¥ ¥ ¥ ¥y
—0—0—90 00 —0—90—0—0—0—0—0—0—0—0
0l =@ == 5 5 & » & = » = = ===

0 2 4 6 8 10 12 14
Nsysrem

Johnson et al.

o)
16
141
121
104 o @ X

?//

Nsysrem

CaH

12

101

0 2 4 6 8 10 12 14
Nsysrem

Figure 5. Results of the tests of the systematics correction methods. Lines of the same color show the same method and PEPSI arm: blue arm SYSREM (blue), red
arm SYSREM (red), red arm molecfit (dark red), and red arm molecfit + SYSREM (orange). Circles and stars show the 2021 May 1 data set, squares and
diamonds the 2021 May 18 data set, and triangles and Xs the 2019 May 1 data set; the latter data set is the transmission data. The x-axis shows the number of
systematics that have been removed with SYSREM. The plots show the results for TiO (upper left), VO (upper right), FeH (lower left), and CaH (lower right).
Injections resulting in peaks below 4o (the horizontal dashed line) are not considered to be recovered but are shown for completeness. The arm/method combination
resulting in the highest S/N for each data set is highlighted with a black circle. In all cases for the red arm using only molecfit outperforms using SYSREM only,

and in many cases using both offers further improvements.

For the blue arm, the optimal number of SYSREM iterations
is generally <5, except for one TIO data set which attained a
maximum S/N after 14 iterations.

We did not inject the FeH signal in the blue arm because it
does not have any significant lines in that region of the spectrum,
and similarly we did not inject the CaH signal into the red arm.

Overall, the optimal strategy that we have used as is follows. For
TiO and VO, we use both molecfit and SYSREM. For FeH, we
use only molecfit, while for CaH, we use only SYSREM, since
its lines are only present in the blue arm. For each species we adopt
a number of SYSREM iterations approximating the average of the
best number for the three data sets, which we list in Table 5.

3.4. Injection-recovery Testing

In cases where we obtain a non-detection, it is useful to
attempt to quantify these non-detections. Do the data constrain
the non-detection to an interesting level, or are the data simply
not high enough quality to place useful limits? We attempt to
address this issue through injecting a model spectrum into our
data before treating the data with SYSREM, and then recovering

it with our cross-correlation process described in Section 3.1. For
each species, we inject models with VMRs spaced 0.25 dex
apart, i.e., VMR=[1.0, 1.8, 3.2, 5.6] x 10*, and find the
smallest VMR for which we can recover the signal at >4 (see
Kesseli et al. 2020). We note that these results are contingent
upon the choice of P-T profile, as the strength of the inversion
affects the strength of the emission lines, and thus the inferred
VMR limit. However, Yan et al. (2022b), Fu et al. (2022), Borsa
et al. (2022), and Kasper et al. (2022) all independently retrieved
broadly similar P-T profiles using independent methodology and
data, giving us some confidence in the broad accuracy of our P-T
profile. Additionally, the presence of additional or stronger
continuum opacity sources than we have assumed could affect
the limits. These results should therefore only be taken as
approximate under the assumption of the P-T profile and other
model atmospheric parameters.

One other potential issue is with the inaccuracy of line lists,
which can cause systematic reductions in signals strong enough
to result in a non-detection when a detection would otherwise
be expected (e.g., de Regt et al. 2022). In order to attempt to
account for this issue, for species with multiple opacity tables
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Table 6
Summary of Results

Species Emission VMR Limit Recovered S/N Transmission VMR Limit Recovered S/N Expected VMR
TiO 1x107° 4.29 32 % 107° 430 1.4 x 1077
VO (cross) 1x1077 4.63 8.0 x 107°
VO (self) 5.6 %1077 463 1.8x107° 4.60 8.0x 107°
FeH 32x 1077 5.35 5.6 x 1077 4.84 9.3 x 107
CaH 32%x 1078 6.61 1x10°® 4.02 34 %1077

Note. The “recovered S/N” is the S/N of the CCF peak recovered for the injected model spectrum at the quoted VMR. For VO, we quote the results using both
injecting and recovering a spectrum from the same line list (“self”) and differing line lists (“‘cross”).
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Figure 6. Shifted and combined CCFs for emission from Fe 1. We detect the
Fe I emission at a significance of 16.9¢, reproducing the results of Yan et al.
(2022b), Borsa et al. (2022), and Kasper et al. (2022).

derived from different line lists available (i.e., TiO and VO),
we generate separate model spectra using the two line lists,
inject one into the data, and attempt to recover it using the other
line list. We have found that this worsens the detectable VMR
by approximately one order of magnitude for TiO. For VO, on
the other hand, this worsens the limits by two orders of
magnitude for the emission spectra and the transmission spectra
are not detectable at any VMR when using a different template
due to their lower S/N. For completeness we quote the VO
limits using both the same and differing line lists.

4. Results
4.1. Recovery of Previous Detections

In order to perform a final validation of our methodology and
data, we attempt to reproduce the detections of emission from
Fel from Yan et al. (2022b), Borsa et al. (2022), and Kasper
et al. (2022). We estimated the VMRs for this model using a
FastChem (Stock et al. 2018) equilibrium chemical model as
implemented in PyFastChem. We assumed a solar abundance
mixture, and the same P-T profile and pressure grid that we
used to construct our model spectra. We assumed the maximum
VMR present in the FastChem models, 5.4 x 10~ for Fel.

1073
Tio
< VO
10743 < FeH
< CaH l
—~ 10731 )
©
2
a. 10—2 E
107 T
10° ' - '
10-10 10-° 10-8 1077 10°6 107>
VMR

Figure 7. Graphical summary of our limits on the abundances of inversion
agents. For each species, the left-pointing arrow shows our upper limit set upon
the VMR, while the error bar shows the range in altitudes which contribute 68%
of the emission or absorption from that species within the PEPSI bandpass at the
VMR limit. The filled point for each species is from the emission data, and the
empty points from the transmission data. The vertical lines show the VMRs
expected from a chemical equilibrium calculation at 1 bar, assuming that this is
the quenching pressure and that the VMR is constant above this point. Solid lines
assume solar metallicity, and dotted lines 10X solar. The colors of the lines
correspond to those of the data points for each species. If the data point is to the
left of the colored bar, the observation is in conflict with the expectation.

We show the model spectra in the left panels of Figure 4, and
the CCFs shifted and stacked according to the expected
planetary orbit in Figure 6.

We were able to recover a signal from Fe I near the expected
(v, Kp) values at a significance of 16.90. Yan et al. (2022b)
obtained a 7.7¢ detection, and Borsa et al. (2022) obtained a
7.10 detection. It is unsurprising that we obtain a stronger
detection, due to the much larger aperture of LBT (2 x 8 m)
versus the smaller telescopes used by those works (3.5m at
Calar Alto Observatory, and 3.58 m at the Telescopio
Nazionale Galileo), although our bandpass is smaller than that
of these instruments, partially offsetting this advantage.

4.2. Limits on Inversion Agents

We searched for TiO, VO, FeH, and CaH emission and
transmission in our spectra of KELT-20b, and did not make
any detections with a signficance of >4¢. Although the TiO
transmission data do contain a bump near the correct (v, Kp)
peaking at 2.940 (Figure 8), due to the presence of other
similarly strong peaks elsewhere in the (v, Kp) space we do not
consider this to be a robust detection. We show the data and
minimum recovered peaks in the Appendix.

Instead, we set limits upon the VMRs of these species as
described in Section 3.4. These limits range from 3.2 x 107’
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for FeH to 1 x 10~ for TiO for the emission data, and from
5.6 x 10~ for FeH to 3.2 x 107 for TiO for the transmission
data. We list the full results in Table 6, and show the results
graphically in Figure 7.

We derive the pressure levels for the VMR limits shown in
Figure 7 from the contribution functions calculated by peti-
tRADTRANS; we calculate the pressure of peak contribution and
show as the error bars the range of pressures over which 68% of
the contribution takes place. Counterintuitively, in our models the
transmission spectra probe deeper into the atmosphere than the
emission spectra. This is because, in our models, the lack of other
optical opacity sources besides the absorber in question allows the
transmission rays to penetrate deep into the atmosphere, below the
temperature inversion. The emission lines, on the other hand, by
definition are formed only in the inversion. Although the nominal
transmission and emission models are consistent with each other,
they are unlikely to be completely realistic. We also calculated
spectra with an artificially increased VMR of H™ to 1 x 107,
similar to the maximum VMR found by Arcangeli et al. (2018) for
WASP-18b, a planet ~600 K hotter than KELT-20 b. Including
this artificially increased H™ absorption does not significantly
affect the emission results, but for the transmission results the
limits worsen by 1-2 orders of magnitude, and the contribution
moves by ~1 dex lower in pressure.

In order to interpret the results, we used a FastChem (Stock
et al. 2018) equilibrium chemical model as implemented in
PyFastChem. We constructed two models, one assuming a
solar abundance mixture and the other 10 x solar metallicity, with
the same P-T profile and pressure grid that we used to construct
our model spectra. We assumed that quenching occurs at a
pressure of 1 bar, such that the VMRS of our species of interest are
constant at P < 1bar (see Zahnle & Marley 2014; Marley &
Robinson 2015; Fortney et al. 2020). FastChem does not include
photoionization or photodissociation, which may be important
processes in the upper atmosphere of KELT-20 b. Photodissocia-
tion should serve to depress the concentrations of molecules
including inversion agents, while photoionization should increase
the concentrations of ionized species and H™. These effects are
counteracted by the replenishing process of vertical mixing when
we assume a quench pressure at 1 bar. Although these assump-
tions regarding quenching and the model’s disregard of irradiation
effects are likely to be only approximately correct, this nonetheless
serves as a useful tool to help interpret our limits.

We show these predicted VMRs from FastChem as vertical
lines in Figure 7. Our VMR limits for TiO and CaH lie several
orders of magnitude below the expectations for those species at
both metallicities. Our limits for FeH lie above the expected
concentrations for all metallicities and are thus not constraining.
Most of the strong FeH lines lie redward of the PEPSI CD V
bandpass; new observations with PEPSI CD VI (which covers
7419-9067 A; Strassmeier et al. 2015) would be required to better
constrain FeH with PEPSI. For VO, our limits are constraining only
if the ExoMol line list (McKemmish et al. 2016) is accurate;
otherwise, we cannot claim a constraining limit (see de Regt et al.
2022). We again note that our VMR limits are only approximate,
and in detail subject to our assumptions regarding the P-T profile,
continuum opacity from H™, and reference pressure level.
Nonetheless, the large mismatch between the expected VMRs
and our limits for TiO and CaH suggest that these species are
depleted in the atmosphere of KELT-20b and cannot be
responsible for the temperature inversion, while VO may also be
depleted if the ExoMol line list is sufficiently accurate.

Johnson et al.

This could be due to cold trapping of these species by rainout of
condensed species on the cold planetary nightside (e.g., Spiegel
et al. 2009; Parmentier et al. 2013), which was previously
suggested to occur for KELT-20b by Nugroho et al. (2020). If
these species can condense out into particles that are large enough
to settle deep into the atmosphere despite any convection on the
nightside, then these constituents will be depleted from the upper
layers of the atmosphere that we can probe with transmission or
emission spectroscopy. Neither atomic Ti nor V have been detected
in the transmission spectrum of KELT-20b (Nugroho et al. 2020).
Since neither the expected atomic nor molecular Ti- and V-bearing
species are seen in the atmosphere of KELT-20 b, it is plausible that
rainout has removed these molecules from the upper atmosphere.
Rainout, however, cannot explain the lack of detections of CaH, as
Nugroho et al. (2020) and Casasayas-Barris et al. (2019) detected
Ca in their transmission spectra, indicating that this species does not
rain out. Alternately, molecular species could be photodissociated
by the intense ultraviolet radiation from the early-type host star
KELT-20. Tsai et al. (2021), however, found that for the even
hotter UHJ WASP-33 b that photochemistry should dominate only
at high altitudes (P < 10~* bar).

5. Conclusions

We presented observations of the atmosphere of KELT-20 b
with LBT/PEPSI in both emission and transmission. We
recovered the previously detected Fel emission from the
planetary atmosphere at a significance of nearly 170.

We set strict limits upon the presence of the possible inversion
agents TiO, VO, FeH, and CaH in the atmosphere of KELT-20b
(Figure 7, Table 6), although these limits are subject to our
assumptions regarding the P-T profile and continuum opacity, and
the accuracy of the VO line list. Nonetheless, together with
expectations from simple chemical models, this suggests that TiO,
CaH, and possibly VO are depleted in the atmosphere of
KELT-20b and cannot be responsible for the temperature
inversion. Either a different molecular agent is responsible for
the inversion in KELT-20b, or, as suggested by Nugroho et al.
(2020), atomic species such as Fel could be responsible.
Alternately, if there is indeed significant H™ opacity in the
atmosphere of KELT-20b it could be the opacity responsible for
the inversion (Lothringer et al. 2018).

In this paper we have presented our results on KELT-20b. As
part of the PETS survey we have already gathered similar
observations of other UHJs, with the aim of conducting a
population study of inversion agents, which we will present in a
future paper along with improved analysis techniques. These data
will also be more broadly useful for characterizing these planets.
Given the strength of our Fe I detection, we may be able to use the
time-resolved emission to constrain the nightside brightness and
hotspot offset of KELT-20 b much like Herman et al. (2022) were
able to do for WASP-33 b, but doing so is beyond the scope of the
present paper and will be presented in a future work along with a
further analysis of the other atomic species.
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Software: astropy (Astropy Collaboration et al. 2013,
2018), jupyter (Kluyver et al. 2016), matplotlib (Hunter
2007), molecfit (Kausch et al. 2015; Smette et al. 2015),
numpy (van der Walt et al. 2011), pet1tRADTRANS (Molliere
et al. 2019), PyFastChem (Stock et al. 2018), uncertainties
(Lebigot 2017).

Appendix
CCFs for Inversion Agents

In this Appendix we show the shifted and combined CCFs
for the inversion agents TiO (Figure 8), VO (Figure 9), FeH
(Figure 10), and CaH (Figure 11).
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Figure 8. Shifted and combined CCFs for TiO, in emission (left panels) and transmission (right panels). The top panels show the data, and the bottom panels the data

with a signal from the minimum VMR that can be recovered at >4¢ injected.
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Figure 9. Same as Figure 8 but for VO. We show the results for both injecting and recovering the ExoMol McKemmish et al. (2016) line list.
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