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A B S T R A C T 

Most ultra-hot Jupiters (UHJs) show evidence of temperature inversions, in which temperature increases with altitude o v er a range 
of pressures. Temperature inversions can occur when there is a species that absorbs the stellar irradiation at a relatively high level 
of the atmospheres. Ho we ver, the species responsible for this absorption remains unidentified. In particular, the UHJ KEL T -20b 

is known to have a temperature inversion. Using high resolution emission spectroscopy from LBT/PEPSI we investigate the 
atomic and molecular opacity sources that may cause the inversion in KEL T -20b, as well as explore its atmospheric chemistry. 
We confirm the presence of Fe I with a significance of 17 σ . We also report a tentative 4.3 σ detection of Ni I . A nominally 

4.5 σ detection of Mg I emission in the PEPSI blue arm is likely in fact due to aliasing between the Mg I cross-correlation 

template and the Fe I lines present in the spectrum. We cannot reproduce a recent detection of Cr I , while we do not have the 
wav elength co v erage to robustly test past detections of Fe II and Si I . Together with non-detections of molecular species like 
TiO, this suggests that Fe I is likely to be the dominant optical opacity source in the dayside atmosphere of KEL T -20b and may 

be responsible for the temperature inversion. We explore ways to reconcile the differences between our results and those in 

literature and point to future paths to understand atmospheric variability. 

Key words: exoplanets – planets and satellites: atmospheres. 
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 INTRODUCTION  

ltra-hot Jupiters (UHJs) are prime candidates to investigate exo- 
lanetary atmospheric chemistry due to their short orbital periods, 
arge radii, and high temperatures. These features allow us to obtain 
 higher frequency of observations and larger signal-to-noise ratios 
SNRs) than planets that are cooler , smaller , and much farther away
rom their host stars. With these high SNRs, we are able to detect trace
onstituents and begin to piece together a comprehensive picture of 
he atmospheric chemistry and dynamics of these large, hot planets. 

These chemical constraints are especially important, as they can 
rovide crucial insight into giant planet formation history. Though 
ome of the first atmospheric characterization was performed using 
he Hubble Space Telescope (Charbonneau et al. 2002 ), more recent 
iterature has shown that the use of ground-based facilities can 
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rovide meaningful constraints on atomic and molecular species 
Line et al. 2021 ; Brogi et al. 2023 ). In addition to ground-based
acilities, recent advancements with JWST have revealed molecular 
pecies, notably CO 2 ( JWST Transiting Exoplanet Community Early 
elease Science Team et al. 2023 ) which is key for understanding

he primary atmospheres of hot gas giants. 
Man y UHJs hav e atmospheric temperature inv ersions in which

emperature increases with increasing altitude. This is caused by 
ome absorber that captures the incoming stellar radiation and 
onverts it into heat, ultimately causing a rise in temperature as
he altitude increases (and pressure decreases) in the pressure–
emperature (P-T) profile of the planet. This P-T profile describes 
he relationship between altitude and temperature in the atmosphere 
f a planet and is needed to obtain precise abundances. 
These temperature inversions can be determined through the 

resence of emission lines of atomic and molecular species through 
heir spectra. According to Kirchoff’s law of thermal radiation, 
f this temperature inversion was not present, we would instead 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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bserve absorption lines. Emission lines in planetary atmospheres
ave been found in about a half-dozen UHJs observed to date with
igh-resolution emission spectroscopy which include WASP-33b
Nugroho et al. 2017 ), WASP-121b (Evans et al. 2017 ), WASP-
89b (Yan et al. 2020 , 2022b ), MASCARA-1b (Scandariato et al.
023 ), KEL T -9b (Kasper et al. 2021 ), KEL T -20b (Cont et al. 2022 ),
ASP-18b, and WASP-76b (Yan et al. 2023 ). 
Though there have been claims of detected molecular species in

ot planets (Zilinskas et al. 2022 ), there is currently no confirmed
pecies found in the atmospheres of UHJs. Because of the high
emperatures of these planets ( > 2000 K), molecular species are
hought to be unlikely to survive in their atmospheres. Despite
his, molecules with strong optical opacity, such as TiO or VO
a ve been inv oked to be responsible for temperature inversions.
here have been claimed detections of TiO in transmission and
mission in WASP-33b by Nugroho et al. ( 2017 ) and Cont et al.
 2021 ), and in absorption in WASP-189b by Prinoth et al. ( 2022 ).
o we ver, these TiO detections in WASP-33b could not be replicated
y Herman et al. ( 2020 ) or Serindag et al. ( 2021 ). Additionally, VO
as been detected in WASP-121b by Hoeijmakers et al. ( 2020 ) in high
esolution, but their findings could not be replicated by Merritt et al.
 2020 ) with low-resolution data. Though these findings could not be
eplicated, predicting its presence provided evidence for the existence
f neutral vanadium. Furthermore, VO has recently been detected
ndependently in transmission with ESPRESSO and MAROON-X
n Pelletier et al. ( 2023 ) in the atmosphere of WASP-76b. 

Even though these species amongst others such as CaO, MgH,
aH, and AlO have been proposed to cause temperature inversions in
HJs (Gandhi & Madhusudhan 2019 ), there is currently little direct

vidence supporting strong detections of molecular inversion agents.
UHJ KEL T -20b (also known as MASCARA-2b) is an exoplanet

isco v ered independently by the Kilodegree Extremely Little Tele-
cope (KELT) and the Multi-site All-Sky CAmeRA (MASCARA)
round-based transit surv e ys (Lund et al. 2017 ; Talens et al. 2018 ).
ith an ef fecti ve temperature of about 8720 K and a V -band
agnitude of 7.58, its type A2 host star is one of the brightest known

tars to have a transiting planet. Orbiting closely to this star with
n orbital period about 3.5 d and with an ef fecti ve temperature of
bout 2200K, KEL T -20b has become a popular candidate to explore
tmospheric properties. 

Through the use of high-resolution emission spectroscopy, several
pecies such as Fe I (Borsa et al. 2022 ; Yan et al. 2022a ; Johnson
t al. 2023 ; Kasper et al. 2023 ), Ni I (Kasper et al. 2023 ), Fe II

nd Cr I (Borsa et al. 2022 ), and Si I (Cont et al. 2022 ) have been
etected in emission in the atmosphere of KEL T -20b, indicating
 strong temperature inversion. In low-resolution emission, CO
nd H 2 O have also been detected (Fu et al. 2022 ). Additionally,
here are multiple null detections of molecular species in KEL T -
0b including TiO, VO, and CaH in emission (Johnson et al. 2023 )
nd NaH, MgH, AlO, SH, CaO, VO, FeH, and TiO in transmission
Nugroho et al. 2020 ). Ho we ver, a lo w-confidence FeH detection
as found in transmission in Kesseli et al. ( 2020 ). Multiple atomic

pecies have also been detected in transmission, including Fe I

Stangret et al. 2020 ; Gandhi et al. 2023 ), Fe II (Casasayas-Barris
t al. 2019 ; Stangret et al. 2020 ; Bello-Arufe et al. 2022 ; Pai
snodkar et al. 2022b ), Ca II , Na I (Casasayas-Barris et al. 2019 ;
ugroho et al. 2020 ), Mg I , Cr I , Mn I , and Ca I (Gandhi et al.
023 ). Casasayas-Barris et al. ( 2019 ) also detected H I Balmer line
bsorption. 

The objectives of this paper are (1) confirm the previously reported
etections of atomic and molecular species using currently the high-
st 8SNR, highest resolution emission spectroscopy data set avail-
NRAS 527, 7079–7092 (2024) 
ble, from the LBT/PEPSI, in order to maximize sensitivity; and (2)
erform a search for a broader range of atomic and molecular species.
This paper is part of the PEPSI Exoplanet Transit Surv e y (PETS),

 large 400 h project to use LBT/PEPSI high-resolution trans-
ission and emission spectroscopy to study a diverse population

f transiting exoplanets. Previous papers in the series set limits
n the silicate atmosphere of the super-Earth 55 Cnc e (Keles
t al. 2022 ), and studied the emission spectra of the UHJs KEL T -
0b (Johnson et al. 2023 ) and MASCARA-1b (Scandariato et al.
023 ). This paper is a continuation of the work started in Johnson
t al. ( 2023 ). 

 OBSERVATIONS  AND  DATA  ANALYSIS  

.1 Obser v ations 

he data on KEL T -20b were taken with the Potsdam Echelle Po-
arimetric and Specrographic Instrument (PEPSI; Strassmeier et al.
015 ) on the 2 × 8.4 m Large Binocular Telescope (LBT) located
n Mt. Graham, Arizona, USA. We observ ed o v er an uninterrupted
eriod on two nights of observation (2022 May 1 and 2022 May 18),
ach lasting about 4.5 hours. Additionally, we observed over two
andpasses simultaneously, ranging from 4800 to 5441 Å and 6278 to
419 Å which correspond to the blue and red arms in the spectrograph
nd used cross dispersers CD III and V with a resolving power of
 = 130 000. The exposure time for both observations was 300s.
ll of the data collected has been previously analysed to look for

hemical inversion agents TiO, VO, FeH, and CaH. A more detailed
escription of these data as well as this analysis can be found in
able 1 and Johnson et al. ( 2023 ). 

.2 Systematics correction 

ny emission signals from KEL T -20b will have a magnitude that is
uite small as compared to the continuum flux of the host star. In
articular, these signals may be of comparable or smaller than those
ue to the telluric emission from the Earth’s atmosphere and other
ystematic signals. We remo v e the most prominent signals due to
he host star, telluric lines, and general systematic noise using the

ethodology outlined by Johnson et al. ( 2023 ). See that paper for
ore details. 
We first remo v e the telluric lines present in our spectra. We use

he MOLECFIT package (Kausch et al. 2015 ; Smette et al. 2015 ),
hich fits a telluric spectrum to the data, and then remo v es the fitted

elluric lines. This process is necessary for our data taken from the
ed arm of the PEPSI spectrograph, but not for the blue arm, which is
argely free of tellurics. While molecfit works fairly well, it does not
ork perfectly to remo v e telluric lines, particularly in regions with

trong telluric lines. In these regions, these strong lines are saturated,
herefore making them very difficult to remo v e since the y co v er
ntire regions of the spectrum. To solve this problem, we remo v ed
ny parts of the spectra that have strong lines that span the red arm,
ausing us to fit three separate regions of this arm at 6290–6320 Å,
470–6520 Å, and 7340–7410 Å. This process is described in more
etail in Johnson et al. ( 2023 ). 
After using MOLECFIT , we take the telluric-corrected spectra, cal-

ulate a median spectrum (the spectra have already been continuum
ormalized to unity by the PEPSI pipeline), and subtract the median
pectrum from each time-series spectrum. This ensures that the stellar
ines and time invariant components are remo v ed. We then implement
YSREM (Tamuz, Mazeh & Zucker 2005 ), which remo v es common
inear or time-varying systematics. Our implementation of SYSREM is
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Table 1. This table displays the log of observations taken o v er two periods of observations. N spec is 
the number of spectra taken per period and SNR red and SNR blue are the nightly average of the 95th 
quantile per-pixel SNRs in the red and blue arms of the PEPSI spectrograph. 

Date ( UT ) N spec Exp. time (s) Airmass range Phases co v ered SNR blue SNR red 

2021 May 1 47 300 1.01–2.03 0.529–0.582 301 340 
2021 May 18 45 300 1.00–1.48 0.422–0.473 347 397 
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ased upon PYSYSREM 
1 , with some modifications to allow it to handle

pectroscopic data. We use SYSREM to remo v e three systematics in
he blue arm and one systematic for the red arm as suggested in
ohnson et al. ( 2023 ). We use the airmass of each exposure as the
nitial guesses for the first systematic remo v ed. By implementing 
YSREM in addition to MOLECFIT , we can remo v e the residual telluric
bsorption that MOLECFIT was unable to fully fit. 

.3 Cr oss-corr elation analysis 

e use a standard cross-correlation methodology between the 
emplate model spectra and the cleaned observed spectra (Brogi 
t al. 2012 ), using an implementation inspired by Nugroho et al.
 2017 ). The details surrounding the creation of these model spectra
s outlined in Section 3.1 and in Johnson et al. ( 2023 ). 

We continue this process by using a grid of possible radial velocity
RV) semi-amplitude ( K p ) values of KEL T -20b and shifting the time-
eries cross correlation functions (CCFs) into the planetary rest frame 
ssuming the gi ven v alue of K p . The shifted CCFs are then stacked,
ombining the corrected data from both observation periods and both 
rms of the spectrograph. These CCFs are combined in a weighted 
um; the weights are the product of the SNR of each arm and the
otal equi v alent width in the model emission lines within that arm.

e calculate the SNR for each pixel within the spectrum, and then
stimate the SNR continuum as the 95th percentile of the individual 
ixel SNRs; it is this latter number which is used in the CCF weights.
his is, again, following Johnson et al. ( 2023 ), and is intended to
eight the CCFs by both the SNR and the information content 

xpected for the given species. 
We can then search for a peak at the expected K p and v sys 

arameters and e v aluate its SNR using the resulting CCF map. We
etermine the significance of this value by estimating the standard 
eviation of the points given in the CCF map at | v sys | > 100 km s −1 .
his significance is valid if the noise across the CCF map is consistent
cross all v values – which is not guaranteed – and if the noise
ollows a Gaussian distribution. To account for this noise, we adopt 
 4 σ threshold for a detection in order to be conserv ati ve. Ho we ver,
f our data peak is between 4 and 5 σ , we label it as a ‘tentative
etection’, and delve into it further to test its reliability. To explore
hese detections, we examine the data peak in both arms and both
bservation periods to determine whether the data peak appears 
onsistently, and within the right planetary rest frame – as a real 
etection should. 
To validate our results, we can perform injection-reco v ery tests

n which we inject the generated model for a given species into the
ollected data, and then attempt to reco v er it using the procedures
utlined abo v e. This is done after the spectra hav e been corrected by
OLECFIT , but before they have been run through SYSREM , allowing
s to treat the spectrum and injected model exactly the same way
e treated our original data. The significance of these tests are 

omputed using the same procedures as with our original data. We 
 https:// github.com/ stephtdouglas/ PySysRem 
2

xpect the significance of these tests to be much higher than with
ur data as the generated models exactly match the template model
pectra. Since MOLECFIT is very computationally complicated and 
lready successfully remo v es most of tellurics, we do not expect to
nd different results in our injection-reco v ery tests by also running
YSREM . We can use these injection-reco v ery tests to help determine
f our non-detections occur because our data quality is not sufficient
o allow for a detection, or if it is because the species is not present
n the atmosphere at the expected concentration. 

.4 Systemic RV 

n order to assure accurate results from our cross-correlation analysis,
t is also necessary to measure the stellar RV and ensure that
ll of the analysed spectra are in the stellar rest frame. We used
ll of our available PEPSI data for this analysis, namely the two
mission spectroscopy data sets described earlier plus a transmission 
pectroscopy data set detailed in Johnson et al. ( 2023 ). This data set
onsisted of 23 spectra obtained during and adjacent to transit on
019 May 4 UT . 
We used the same methodology as in Pai Asnodkar et al. ( 2022a ).

riefly, we extract the stellar line profile from each of the time-
eries spectra using least-squares deconvolution, as described in 
ochukho v, Makaganiuk & Piskuno v ( 2010 ) and Wang, Prato &
awet ( 2017 ). This used a stellar model spectrum generated using

PECTROSCOPY MADE EASY (Valenti & Piskunov 1996 , 2012 ) from
 stellar line list from the Vienna Atomic Line Database (VALD3) 2 

e fit an analytic rotationally broadened line profile calculated as 
escribed in Gray ( 2005 ) to the extracted line profiles in order to
easure the stellar RV from each spectrum. We fit a Keplerian model

o the RVs in order to account for the reflex motion of the star due
o the orbiting planet, using a Markov chain Monte Carlo (MCMC)
ramework. We assume a circular orbit, and the o v erall RV offset is
he mean stellar velocity that we need for the atmospheric analysis.

e measure a stellar RV semi-amplitude of K � = −0 . 08 + 0 . 22 
−0 . 23 km

 
−1 , consistent with zero, and with the Lund et al. ( 2017 ) 3 σ upper
imit of K � < 0.31 km s −1 . Despite our much higher SNR and
esolution than the spectra used in Lund et al. ( 2017 ), we have only
imited phase co v erage with no spectra near quadratures, resulting in
 comparable limit. We also compute a mean stellar velocity of v � =
22.78 ± 0.11 km s −1 in the PEPSI frame. We Doppler shift our

pectra accordingly and conduct all further analyses in the stellar rest
rame; therefore, in our further analysis, the planetary signal should 
ppear at v sys = 0 (modulo dynamical effects from the atmosphere).

 ASSESSING  DETECTABILITY  

.1 Model spectra 

n order to determine whether or not a certain species is present in
he atmosphere of KEL T -20b, we must create sets of model spectra
MNRAS 527, 7079–7092 (2024) 

 http:// vald.astro.uu.se/ ∼vald/ php/ vald.php 
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M

Figure 1. Pressure–temperature profiles for KEL T -20 b used by previous 
works on the planet. We adopt the P-T profile used by Johnson et al. ( 2023 ) 
(red) for most of the analysis in this paper. 
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s cross-correlation templates to compare with the spectra collected
y PEPSI/LBT. This was done using the PETITRADTRANS package
Molli ̀ere et al. 2019 ), assuming stellar and planetary parameters
rom Lund et al. ( 2017 ) and the same P-T profile reco v ered for the
ayside atmosphere of KEL T -20b used by Johnson et al. ( 2023 ).
his is a model with a Guillot profile (Guillot 2010 ) with γ = 30,
IR = 0.04, where γ represents the ratio between the opacity in

he infrared and the optical and κ IR represents the infrared opacity
Johnson et al. 2023 ). We show this profile, along with others from
he literature for KEL T -20 b, in Fig. 1 . 

To create model spectra, we chose to infer a volume mixing
atio (VMR) for tested species using the FASTCHEM equilibrium
hemical model (Stock et al. 2018 ), assuming a solar abundance
ixture and the same assumed Guillot P-T profile. We assume our
MR to be constant as a function of altitude, and take the VMR
f each species when the pressure is 1 bar. For atomic species not
ncluded in FASTCHEM , we assume a solar abundance and that all of
he species are in their atomic form; we thus assume the maximum
ossible abundance. Using solar chemical composition values from
ray ( 2005 ) we can solve for the VMR using 

MR X = A X / ( A H + A He + A X ) (1) 

in which A represents the absolute abundance of the species. We
an neglect the small contributions elements other than H and He to
he total number density and return an estimate for the fraction of
toms of that element relative to H. 

Another necessary component to the creation of these model
pectra is the opacity data for each species. The PETITRADTRANS

ackage contains these data for a variety of neutral and ionized
toms and molecules 3 , but not every species of interest. In order
o either confirm or refute detections made in previous literature
particularly Ni I ), it was necessary to take data from the D A CE
pacity Database 4 and convert it into a format usable for PETI-

RADTRANS . This conversion was performed using a set of Fortran
cripts (Molliere, pri v ate communication). We chose what atomic
pecies to consider based on the species that were not available
n PETITRADTRANS , but were tested for detections in Kesseli et al.
 2022 ) with the Echelle Spectrograph for Rocky Exoplanets and
table Spectroscopic Observations (ESPRESSO). Since the PEPSI
andpass is a subset of the ESPRESSO bandpass, we chose not
NRAS 527, 7079–7092 (2024) 

 https:// keeper.mpdl.mpg.de/ d/ e627411309ba4597a343/ 
 https:// dace.unige.ch/ opacityDatabase/ 

l  

5

o consider species that were not searched for in Kesseli et al.
 2022 ) as they do not have lines in the optical and/or have extremely
ow VMRs. Our tested molecular species (MgH and NaH) were
onsidered as they were predicted to be potential thermal inversion
gents in Gandhi & Madhusudhan ( 2019 ). 

Each set of atomic opacity data used from D A CE was originally
ata taken from the Kurucz line list 5 , chosen specifically as it comes
rom the same source as several PETITRADTRANS atomic opacities,
nd to remain consistent with past results (Johnson et al. 2023 ). These
ata span temperature values ranging from 2500K-6100K, which
ncludes most of the range spanned by UHJ atmospheres. Unlike
ETITRADTRANS , these opacities use only one value for pressure –
 × 10 −8 bars. 
Due to this, the pressure broadening profiles will not be exactly

orrect for these species. To test whether or not this may have
ffected our results, we repeated our entire methodology comparing
ur results for Fe I using opacity data from PETITRADTRANS and
pacity data from D A CE. The resulting CCF maps had no noticeable
ifferences, therefore we do not expect a difference in signals from
he two opacity sources. 

We used two sets of molecular opacity data from D A CE to assess
he detectability of MgH and NaH. The MgH data were taken from
he Yadin line list (Yadin et al. 2012 ) due to its reduced file size, and
he NaH data were acquired from the Rivlin line list (Rivlin et al.
015 ) as it was the only available data source. Both sets of data span
0–2900K, which includes the proposed equilibrium temperature
or KEL T -20b given by Lund et al. ( 2017 ) and span pressure
alues ranging from 1 × 10 −8 –1 × 10 −3 bars. Because D A CE
rovides a range of pressure values for molecular species, we expect
ore accurate pressure broadening profiles than given by atomic

ources. 
By implementing data from D A CE, we were able to extend the

mount of species tested from 28 to 67, giving us the ability to not
nly test notable species, but also investigate the detectability of a
ange of atomic and molecular species using generated atmospheric
odels. 

.2 Quantitati v e assessment of detectability 

nspired by Kesseli et al. ( 2022 ), we assessed the detectability of these
ested species quantitatively. While we used a very similar procedure
s was used in Kesseli et al. ( 2022 ), our analysis was tailored to
he PEPSI spectrograph instead of the ESPRESSO spectrograph
n the Very Large Telescope (VLT). Because PEPSI spans 4800–
441 Å and 6278–7419 Å and ESPRESSO co v ers 3782–7887 Å,
pecies observability may be different between the two instruments.
dditionally, our procedure differs from Kesseli et al. ( 2022 ), which

onsiders atomic species, but not molecular species. To assign values
o each species, it was necessary to e v aluate the strength of the
odel emission spectra generated by PETITRADTRANS . To do this,
e calculated the total sum of the values of the model spectra after

ontinuum removal, which is essentially the total equi v alent width
f the lines in the spectra, albeit with arbitrary units. This returned
alue is indicative of how likely we are to detect each species in the
tmosphere, taking into account both the abundance of the species
nd its line strength. These values span many orders of magnitude,
o we work with the (base-10) logarithm of these values for better
ualitative comparison. We can then take the species that are more
ikely to produce detectable signals and proceed with a CCF analysis.
 http:// kurucz.harvard.edu/ 

https://keeper.mpdl.mpg.de/d/e627411309ba4597a343/
https://dace.unige.ch/opacityDatabase/
http://kurucz.harvard.edu/
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Figure 2. Periodic table plots displaying the log detectability of neutral atomic species, singly ionized atomic species, metal hydrides, and metal oxides within 
the atmosphere of KEL T -20b. Detectability values are assessed using the methodology in the main te xt. Gre y species indicate that they have not been considered 
(as to remain consistent with Kesseli et al. 2022 ). 
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hese detectability values can be displayed in periodic table plots 
enerated with the PTABLE TRENDS code 6 as shown in Fig. 2 . 

 RESULTS  

.1 Comparing to previous works 

fter completing a cross-correlation analysis on the atomic and 
olecular species outlined in Fig. 2 , we were able to reproduce

he 17 σ detection of Fe I from Johnson et al. ( 2023 ) as seen in Fig.
 . This confirmed the previous Fe I emission detections from Borsa
t al. ( 2022 ) and Kasper et al. ( 2023 ) and is also consistent with the
etections of Fe I in transmission by Casasayas-Barris et al. ( 2019 ),
ugroho et al. ( 2020 ), Bello-Arufe et al. ( 2022 ), and Gandhi et al.

 2023 ). 
Unlike other previous literature (Borsa et al. 2022 ; Cont et al.

022 ), we were not able to reproduce the detections of Cr I , Fe
I , or Si I where we found SNRs of 4 σ or less, as seen in Fig. 4 .
hough we searched for all species outlined in Fig. 2 , we only made
 clear detection of Fe I . We discuss the possible reasons for these
on-detections more thoroughly in Section 4.2 . 
Although we only make one clear detection of a species, we 

nd that Ni I (Fig. 3 ) and Mg I (Fig. 5 ) fall within our tentative
etection range, with SNRs of 4.3 σ and 4.5 σ , respectively. Both
ignals deserve further investigation. 

For Ni I we look at the peaks on the CCF maps for each PEPSI arm
nd each night of observation as seen in Fig. 6 . We find that there
re stronger peaks in both arms on our second night of observation
nd that we only see a peak in the blue arm on our second night of
bservation. Though for a clear detection, we would expect to see 
 https:// github.com/ arosen93/ ptable trends 

c  

d

trong peaks in each arm and on both observation periods, most Ni I
ines are present in the red part of the optical, and therefore we might
xpect a stronger signal in the red. We cannot either confirm or refute
he Ni I signal with the current data, but additional data could allow
or a more definitive result. 

Mg I has not been previously detected in emission for KEL T -20b,
lthough it has been detected in transmission (Gandhi et al. 2023 ).
e confine our analysis to the PEPSI blue-arm data, as Mg I has

everal strong lines in CD III and only a handful of weak lines in
D V (Fig. 7 ). Although these data do display a prominent peak
ear the expected location, another peak is evident with v ∼ −55 km
 
−1 . This pattern is likely due to aliasing with Fe I . As described in
etail by Borsato et al. ( 2023 ), species with few lines (for instance,
g I ) can alias with species with many lines (for instance, Fe I ) to

roduce spurious cross-correlation peaks. In Fig. 5 , we show the alias
tructures produced by cross-correlating our Mg I template with the 
e I template, and the sum of the Fe I and Mg I template. The pattern
f the alias structure in the v sys − K P plot is a good qualitative match
or that seen in the data (the top left panel of Fig. 5 ). Inspired by
orsato et al. ( 2023 ), we fit the −55 km s −1 peak with the Fe I -Mg I
lias model, with the sole free parameter scaling the amplitude of the
lias signal. We perform this fit to the one-dimensional CCF at the
ominal K P of KEL T -20b ( K P = 169 km s −1 ), and downsample the
CF to a grid spacing of 3 km s −1 (similar to the velocity resolution
f PEPSI) in order to a v oid correlations between adjacent grid points.
e then subtract off this scaled alias model from the two-dimensional 
CFs, as shown in Fig. 5 . This suggests that the greater part of the
eak near 0 km s −1 is due to the Fe I alias, and the remaining
ower is insufficient to claim a detection. None the less, much like
ith Ni I , additional data and/or a better treatment of the Fe I alias

ould potentially increase the signal and allow for a more confident
etection of Mg I emission. 
MNRAS 527, 7079–7092 (2024) 

https://github.com/arosen93/ptable_trends
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Figure 3. Top: shifted and combined CCF and injection-reco v ery test for Fe I . The maximum SNR value measures at 17 σ . Bottom: same, but for Ni I . This 
4.3 σ detection falls within our tentative detection range. The vertical and horizontal dashed lines in all CCF maps represent the K p and v sys parameters for which 
we should expect to find a signal. 
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Additionally, we find a small redshift of ∼4 km s −1 of the Fe I and

entative Ni I and Mg I signals. This is expected due to the global-
cale day-to-nightside winds, which will introduce a net redshift on
he emission lines. A blueshift of ∼2 − 6 km s −1 has previously been
ound from transmission spectroscopy measurements (Casasayas-
arris et al. 2019 ; Nugroho et al. 2020 ; Stangret et al. 2020 ; Pai
snodkar et al. 2022b ). A full analysis of the atmospheric dynamics

s beyond the scope of this work but will be presented in a future
aper. 

.2 Assessment of non-detections 

o investigate why these results may differ from previous literature,
e remo v e one variable that could cause our lack of detections – the
NRAS 527, 7079–7092 (2024) 
-T profile. Changes in the P-T profile can change the relative line
trengths, which could affect the strength of the reco v ered signal;
or a weak signal, this could potentially cause a detection to drop
eneath the detection threshold. For example, Johnson et al. ( 2023 )
emonstrated that adopting various literature P-T profiles for KEL T -
0b resulted in Fe I detection significances ranging from 13 to 17 σ .
o test this, we adopt P-T profiles from Borsa et al. ( 2022 ); Kasper
t al. ( 2023 ) and Yan et al. ( 2022a ), the last used in Cont et al. ( 2022 ).
e show these profiles in Fig. 1 . After repeating our methodology
ith the abo v e profiles, none of these tests resulted in detections.
e also note that the Johnson et al. ( 2023 ) tests referenced abo v e

ndicated that the Guillot profile that we adopted earlier in this work
esulted in the strongest Fe I detection. 
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Figure 4. Shifted and combined CCF maps and injection-reco v ery tests for Fe II , Cr I , and Si I . Unlike Fe I , these species have no significant detection. 
Additional notable non-detections are shown in Fig. A1 . 
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To further explore why our results may differ, we performed 
njection-reco v ery tests as outlined in Section 2.3 . By implementing
hese tests, we can determine if our inability to reproduce previous 
esults is due to our data or our atmospheric models. After running
njection-reco v ery tests on the species outlined in Table 2 , we find
hat we can detect each of these species ( > 4 σ ) except for Fe II
MNRAS 527, 7079–7092 (2024) 
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Figure 5. Mg I CCF maps. Top: CCFs from the data, showing a peak near v sys = 0 km s −1 and a second peak near v sys = −50 km s −1 . Bottom row: Alias 
patterns caused by cross-correlating an Mg I template spectrum with a model spectrum containing (left) only Fe I , and (right) both Fe I and Mg I . In both cases, 
the model spectra have been shifted according to the expected planetary RV at each observation epoch, cross-correlated with the template, and then shifted back 
into the planetary rest frame. The o v erall alias pattern is similar to that seen in the data. 
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nd Si I (Si I and Cr I shown in Fig. 4 ). This result indicates that
pecies detected using this test should have been detected with a
igh significance (reco v ered SNR reported in Table 2 ), implying
hat their concentration in the atmosphere is different that we would
 xpect giv en our P-T profile, and that our non-detections are not
he result of insufficient data quality. We do note that these tests
re o v erly optimistic, as the injected model and CCF template
pectra are identical; for instance, for Fe I , we obtained a 17.0 σ
etection while injection-reco v ery tests predict an SNR of 76.3 σ
nd for Ni I predicts a 20.4 σ signal compared to an actual 4.3 σ
entative detection. Nonetheless, this suggests that the SNR is likely
 v erestimated by a factor of a few in the injection-reco v ery tests, not
y orders of magnitude, which suggests that the predicted 27.4 σ Cr
 signal should have resulted in a detection. 

This result also indicates that our model lines are not strong enough
o predict a detection of Fe II or Si I . To re-test these species with
tronger lines, we can assume that all of the element is in these species
nd calculate new VMR values using equation ( 1 ). Equation ( 1 )
eturns a higher VMR than given by FASTCHEM , so we consider this
NRAS 527, 7079–7092 (2024) 
o be the maximum VMR for these species. When we run injection-
eco v ery tests using these models, we still are not able to reco v er
 detection for these species. We thus do not expect to be able to
eproduce the previous detections of Si I and Fe II , consistent with
ur non-detections. 
We can attempt to quantify this potential difference in detectabil-

ty with previous literature by repeating our methodology from
ection 3.2 , but instead finding the area under the model spectra
 v er the wav elength range of other instruments used to produce
laimed detections. Borsa et al. ( 2022 ) uses HARPS-N, which has
 wavelength range that covers a broader range of blue in the
ptical than PEPSI, spanning 3900–6900 Å, while Kasper et al.
 2023 ) used MAROON-X, which has more red optical co v erage
5000–9200 Å) than PEPSI. For both Cr I with HARPS-N and Ni
 with MAROON-X, we compute detectability values which are
 factor of ∼2 higher than with PEPSI. On the other hand, the
stimated total SNR for each of our data sets (SNR mean ×

√ 

N , where
NR mean is the mean SNR of a data set and N is the number of
pectra) is approximately twice that of the published data sets from
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Figure 6. Ni I CCF maps before their combination. Maps in the left column were created using data from PEPSI’s blue arm, and maps in the right column were 
created using data from PEPSI’s red arm. The top row displays maps with data taken on 2022 May 1 and the bottom row displays maps with data taken on 2022 
May 18. 
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orsa et al. ( 2022 ) and Kasper et al. ( 2023 ). While the trade-off
etween detectability (equi v alently, bandpass) and SNR is likely to 
e complex and non-linear, these suggest that it is not obvious that
he published HARPS-N data set is significantly more optimal than 
EPSI for the detection of Cr I , nor MAROON-X for the detection of
i I . 
Si I was previously detected with CARMENES, a near-infrared 

pectrograph (Cont et al. 2022 ); this species has many more lines
n the near-IR than the optical, so it is not unsurprising that we are
nable to detect Si I . 
The Fe II non-detection is more surprising, as it does have some

ignificant lines in the optical (Fig. 7 ); indeed, it has been detected in
ransmission for this same planet using this same instrument setting 
Pai Asnodkar et al. 2022b ). We can only conclude that this is due
o the greater sensitivity of transmission spectroscopy than emission 
pectroscopy (e.g. Johnson et al. 2023 ). There are additional lines
etween 4000 and 5000 Å captured by HARPS-N but not PEPSI 
Fig. 7 ) and used by Borsa et al. ( 2022 ). These additional lines give
ARPS-N a detectability value ∼2 times that PEPSI. It is unclear 
hether the additional lines are enough to compensate for the lower 
NR of the HARPS-N data set as compared to PEPSI; a complete
ssessment of this issue is potentially complicated and beyond the 
cope of this paper. 

We also note that the removal of a large number of systematics with
YSREM can distort or attenuate the planetary signal (e.g. Nugroho 
t al. 2017 ) and could potentially result in a false ne gativ e. We,
o we v er, are remo ving no more than three systematics, significantly
ewer than the 10–15 used by some previous works on other planets
e.g. Nugroho et al. 2017 ; Gibson et al. 2020 ), which should not
ignificantly attenuate the signal. 

Borsa et al. ( 2022 ) found signals of Cr I and Fe II , but only
etected them on one side of KEL T -20b’s secondary eclipse. They
nvoked changing line strengths as a function of phase to explain their
bservations, as has been observed and predicted for other planets 
Beltz et al. 2022 ; Herman et al. 2022 ; van Sluijs et al. 2022 ). We
ested for this by considering each night of our observations alone,
nd still could not detect either Fe II or Cr I emission. Furthermore, the
orsa et al. ( 2022 ) detections fall below our conserv ati ve detection

imit (3.9 σ for Fe II and 3.6 σ for Cr I ). Kasper et al. ( 2023 ) were also
nable to reproduce the detections of Cr I , Fe II , or Si I , although they
MNRAS 527, 7079–7092 (2024) 
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Figure 7. Model spectra of notable atomic and molecular species generated by PETITRADTRANS . The two PEPSI bandpasses are shown in blue and red 
sections that correspond to their arm in the spectrograph. The HARPS-N and MAROON-X bandpass ranges are shaded as green and maroon, respectively, for 
the species previously detected with those instruments (Borsa et al. 2022 ; Kasper et al. 2023 ). The CARMENES infrared bandpass used by Cont et al. ( 2022 ) 
to detect Si I is off the right edge of the plot and is not depicted. Black sections indicate regions where parts of our data were removed due to saturated telluric 
lines. 
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id not carry out a quantitative assessment of whether they should
ave been able to detect these species. 
Overall, we conclude that our non-detections of Fe II and Si I are

onsistent with expectations from these species’ spectra and our data,
hile our tentative detection of Ni I is consistent with the stronger
etection from Kasper et al. ( 2023 ) and the smaller number of Ni
 lines in the PEPSI bandpass. We expect, ho we ver, that we should
ave detected the Cr I signal found by Borsa et al. ( 2022 ), as well as
rom the expected Cr I concentration in the planetary atmosphere. 
NRAS 527, 7079–7092 (2024) 
 CONCLUSIONS  

e have presented an analysis of high-resolution PEPSI emission
pectra of the UHJ KEL T -20b. After examining a large variety of
tomic and molecular species we detect Fe I with a significance of
7 σ , a potential 4 σ signal from Ni I , and do not clearly detect any
ther species. While we also detect a 4 σ Mg I signal from the blue
rm of PEPSI, this signal can be partially explained by an alias with
he Fe I lines already known to be present in the spectrum. After
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Table 2. This table displays each notable tested species (as noted by their previously published detections and/or high detectability values) 
with their corresponding VMR computed using FastChem , detectability values (as defined in the te xt), SNR giv en by CCFs, reco v ered SNR 

from injection-reco v ery tests, the data type that was used to detect the species in previous literature (transmission or emission indicated with a 
T or E), and the previous literature that has detected this species. 

Species VMR Log detectability value SNR ( σ ) Injection reco v ery returned SNR ( σ ) Data type Reference 

Fe I 5.4 × 10 −5 0.76 17.0 76.3 T and E 1, 2, 3, 4, and 10 
Fe II 2.7 × 10 −15 – 0.2 0.2 T and E 4, 5, 6 and 7 
Cr I 7.4 × 10 −7 −0.14 2.2 27.4 T and E 4 and 10 
Si I 1.8 × 10 −9 – 0.2 0.2 E 8 
Ni I 2.8 × 10 −6 −0.24 4.3 20.4 T and E 9 and 10 
Mg I 6.8 × 10 −5 −0.55 4.5 11.23 T 10 
VO 7.9 × 10 −9 0.001 3.4 11.5 – –
NaH 7.0 × 10 −9 −1.64 2.1 7.8 – –
CaH 3.4 × 10 −7 −0.48 2.4 27.4 – –
MgH 1.1 × 10 −8 0.72 1.8 29.9 – –
TiO 1.4 × 10 −7 1.72 2.6 131.8 – –

References: Stangret et al. ( 2020 ), 2: Johnson et al. ( 2023 ), 3: Yan et al. ( 2022a ), 4: Borsa et al. ( 2022 ), 5: Casasayas-Barris et al. ( 2019 ), 6: 
Nugroho et al. ( 2020 ), 7: Bello-Arufe et al. ( 2022 ), 8: Cont et al. ( 2022 ), 9: Kasper et al. ( 2023 ), 10: Gandhi et al. ( 2023 ). 
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emoval of the alias signal, the residual Mg I signal does not meet
ur detection threshold. 
Our detection of Fe I allows us to come to the same conclu-

ion as previous literature (Borsa et al. 2022 ; Yan et al. 2022b ;
ohnson et al. 2023 ), that the spectrum is dominated by Fe I ,
emonstrating its presence in the atmosphere. Fe I appears to be 
he most significant source of line capacity in the optical, giving 
t a high likelihood to be at least partially responsible for KEL T -
0b’s temperature inversion, especially given the non-detections 
f molecular inversion agents from this work and Johnson et al. 
 2023 ). 

Though it is possible that Fe I alone may be responsible for
his temperature in version (Lothringer , Barman & Koskinen 2018 ), 
e cannot rule out continuum opacity sources such as H 

−, which
an occur in hot planetary atmospheres (Arcangeli et al. 2018 ). 
ecause high-resolution spectroscopy lacks the ability to see wider 

pectral features due to the data reduction process used to perform 

 CCF methodology, H 
− may be practically invisible. This data 

eduction process normalizes the continuum, remo ving an y broad- 
and features of the spectrum. Though we are not able to see wider
pectral features, they still may be contributing to the temperature 
nversion on KEL T -20b. Future use of low-resolution spectroscopy 
ay be able to constrain the presence of H 

− or other continuum
pacity sources. 
We find a tentative detection of Ni I with a significance of 4.3 σ ,

acking up previous findings from Kasper et al. ( 2023 ). While we
re unable to completely confirm this detection as it falls within our
entative detection range of 4–5 σ , this result gives us reason to further
nvestigate Ni I with future observations. An initially promising 4.5 σ

g I detection is contaminated by an Fe I alias; when corrected a
CF peak is still present near the expected location for a true signal,
ut falls below our 4 σ detection threshold. 

Other than Fe I , Ni I , and Mg I , we searched for 64 other
tomic and molecular constituents in the atmosphere of KEL T -
0b and did not make any other detections. We did not detect the
dditional species previously detected in transmission. Transmission 
pectroscopy probes a higher altitude of the atmosphere and near the 
ay/night boundary than emission spectroscopy, and our previous 
ork with these data sets suggested that we are more sensitive to trace

pecies with transmission spectroscopy (Johnson et al. 2023 ). Given 
hese differences, it is not necessarily surprising that we do not detect
he other species detected in transmission, which could be due to a
ombination of sensitivity and atmospheric inhomogeneity. Notably 
e did not detect Si I , Cr I , and Fe II despite their claimed detections
ith emission spectroscopy in other literature (Borsa et al. 2022 ; Cont

t al. 2022 ). While our injection-reco v ery tests indicate that with our
ata we should not have been able to detect Si I or Fe II due to the
mall number of lines in the PEPSI bandpass, our non-detection of
r I is unexpected. The smaller number of Cr I lines within the PEPSI
andpass as compared to HARPS-N should have been at least approx- 
mately compensated by our higher SNR data, while our injection- 
eco v ery tests suggest that we should have been able to detect Cr I .
his perhaps suggests that the concentration of Cr I in the atmosphere
f KEL T -20b is different that we would e xpect giv en we assumed
 constant VMR as a function of altitude, which is a simplistic
ssumption. 

A proposed potential reason for these differences is rain-out 
n the atmosphere (Visscher, Lodders & Fe gle y 2010 ; P armentier,
howman & Lian 2013 ). We assume that KEL T -20b is tidally locked

n its orbit, which causes the atmosphere to heat up on its day side,
nd cool on its night side, causing some species to condense and
all into lower levels in the atmosphere where they are harder to
etect. Due to this effect, species that we otherwise expect may not
e detectable. 
Another potential reason for a difference in results could be the

resence of general atmospheric variability in KEL T -20b. UHJs 
ave large temperature differences between their day and night 
ides, resulting in global day-to-nightside winds and superrotating 
quatorial jets. Though there is no solid evidence of variability in
EL T -20b (Pai Asnodkar et al. 2022b ), there is some evidence for

tmospheric variability in other similar hot planets. Some of which 
nclude variable winds in KEL T -9b (Pai Asnodkar et al. 2022b ),
otential cloud changes on hot brown dwarf KEL T -1 (Parviainen
023 ), and changes in spectral strength in UHJ WASP-121b (Ouyang
t al. 2023 ). Atmospheric variability could in principle result in a Cr
 detection at only some epochs, but between our data sets and those
f Borsa et al. ( 2022 ) and Kasper et al. ( 2023 ), this only resulted in
 signal for one out of six epochs. 

This variability, as well as general chemical disequilibrium pro- 
esses are difficult to account for in atmospheric modelling. Due 
o this difficulty, the Guillot ( 2010 ) P-T profile, as well as profiles
rom Borsa et al. ( 2022 ); Kasper et al. ( 2023 ) and Yan et al. ( 2022a )
o not account for these factors. In order to make better constraints
n chemical constituents in the atmosphere of KEL T -20b, it will be
ecessary to utilize modelling that more accurately portrays these 
tmospheric processes. 
MNRAS 527, 7079–7092 (2024) 
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.1 A need for repeatable analysis 

ecause of the differences between recent results regarding the
tmospheric chemistry of KEL T -20b, it’s important to perform
 homogeneous analysis using high-resolution spectroscopy and
 high SNR data set to attempt to resolve these discrepancies.
iscrepancy between results using high-resolution spectroscopy to

tudy exoplanet atmospheres has occurred from the earliest days of
he field, starting with a claimed detection of reflected starlight from τ

oo b in Collier Cameron et al. ( 1999 ). Ho we ver, simultaneous work
rom Charbonneau et al. ( 1999 ) failed to detect the proposed signal of
 highly reflective τ Boo b using a similar methodology, instead only
resenting an upper limit. With updated data, reanalysis using high-
esolution optical spectra was completed in Collier Cameron et al.
 2000 ), which was unable to replicate the same feature found in their
revious work, but further constrained previously reported upper
imits for the albedo of τ Boo b. Using impro v ed high-resolution
oppler techniques, Leigh et al. ( 2003 ) utilized new data as well

s further re-analysed the original data from Collier Cameron et al.
 1999 ). Though their work suggested a weak candidate signal at
he most probable RV amplitude, they concluded that its statistical
ignificance was too weak to claim a detection of any strength. More
ecent searches for reflected starlight have also failed to find anything
ore than tentative signals (Rodler, K ̈urster & Henning 2010 ; Rodler

t al. 2013 ). It was not until o v er a decade after the initial claims of
eflected starlight that τ Boo b was detected via optical Doppler
pectroscopy, but using CO absorption in the infrared, not reflected
ight in the optical (Brogi et al. 2012 ). Previous detections of reflected
ight from other planets, such as 51 Peg b, have also been unable to
e replicated with optical high-resolution spectroscopy (Scandariato
t al. 2021 ). 

This discrepancy between results is still not uncommon in high-
esolution UHJ observations, as mentioned in Section 1 in regards
o multiple molecular species. Nugroho et al. ( 2017 ) and Cont et al.
 2022 ) claimed detections of TiO in transmission and emission in
ASP-33b, ho we ver these results could not be replicated by other

iterature including Herman et al. ( 2020 ) and Serindag et al. ( 2021 ),
ho suggest that the choice of line lists and P-T profiles to be a strong

ontender for the inconsistencies between results. This is further
mphasized in Merritt et al. ( 2020 ), who reported a non-detection
f VO in WASP-121b, attributing the differences from Hoeijmakers
t al. ( 2020 ) to be related to inability to remo v e systematics as well
s the inaccuracy of molecular line lists. Despite this explanation,
elletier et al. ( 2023 ) was able to detect VO with both ESPRESSO
nd MAROON-X, suggesting that in the optical regime, molecular
ine lists can be accurate enough to detect VO. Discrepancies have
lso occurred for molecules observable in the infrared; for instance,
ockwood et al. ( 2014 ) reported a detection of H 2 O absorption in
Boo b using L -band NIRSPEC spectra, but Pelletier et al. ( 2021 )

id not detect H 2 O with YHJK spectra from SPIRou. The variation
etween results for not only molecular species, but the atomic species
n other recent works discussed in this paper, accentuates the need
o ree v aluate the current methods frequently used to assess the the
ignificance of detections using high-resolution spectroscopy. 

Beyond the problem of inaccurate line lists, methodological
ssues may be responsible for some of these discrepancies. Cabot
t al. ( 2019 ) highlighted that spurious detections can be caused
y incorrect optimization of detrending. It is also well-known that
he detection of the minute signals due to exoplanet atmospheres
inges critically upon the removal of telluric and stellar signals and
nstrumental systematics, and there is not yet a consensus upon the
est methodology (e.g. Johnson et al. 2023 ). Other recent works have
NRAS 527, 7079–7092 (2024) 
uggested using a higher (5 σ ) threshold for detections (e.g. Borsato
t al. 2023 ). The use of Bayesian log-likelihood methodology (e.g.
rogi et al. 2017 ; Gibson et al. 2020 ) may also allow for more

obust conclusions on the significance of a given signal. While high-
esolution spectroscopic techniques have advanced greatly over the
early two and a half decades since the initial efforts of Collier
ameron et al. ( 1999 ) and Charbonneau et al. ( 1999 ), clearly

here is still more work to be done to understand and optimize
ur methodology to mitigate the effects of systematics and detect
lanetary signals. 
One impediment to this advancement is that the underlying data

re frequently not publicly av ailable, pre venting subsequent analysis
ith different methods to verify results and test methodologies. As
 concrete example, none of the previous high-resolution emission
ata sets on KEL T -20b–the HARPS-N data used by Borsa et al.
 2022 ), the data used by Kasper et al. ( 2023 ), or the CARMENES
ata used by Cont et al. ( 2022 ) – are publicly available, to the best of
ur knowledge. Public availability of data aids in the assessment of
he methodological robustness of data analysis, and without access
o the data underlying previous publications it is impossible for us
efinitively determine the reasons for discrepancies in our results. In
rder to allow for greater reproducibility and future comparisons, we
re releasing the PEPSI data that we used in this paper through the
ASA Exoplanet Archive. 
We are unable to present a definitive explanation for our non-

etections, ho we ver these results leave us with multiple avenues to
urther investigate including more detailed chemical modelling of
EL T -20b’s atmosphere and low-resolution observations to search

or sources of continuum opacity. With these avenues fully explored
n the future, we hope to fully constrain the chemical constituents that
ake up the atmosphere of KEL T -20b, allowing us to gain insight

nto its atmospheric dynamics and evolutionary history. 
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Figure A1. Shifted and combined CCF maps for VO, NaH, CaH, MgH, and TiO. These species yielded high detectability values with our atmospheric models, 
but did not result in a detection. 
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