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ABSTRACT

Context. KELT-9 b exempli�es a newly emerging class of short-period gaseous exoplanets that tend to orbit hot, early type stars -
termedultra-hot Jupiters. The severe stellar irradiation heats their atmospheres to temperatures of� 4; 000 K, similar to the photo-
spheres of dwarf stars. Due to the absence of aerosols and complex molecular chemistry at such temperatures, these planets o� er the
potential of detailed chemical characterization through transit and day-side spectroscopy. Detailed studies of their chemical inventories
may provide crucial constraints on their formation process and evolution history.
Aims. To search the optical transmission spectrum of KELT-9 b for absorption lines by metals using the cross-correlation technique.
Methods. We analyze two transit observations obtained with the HARPS-N spectrograph. We use an isothermal equilibrium chemistry
model to predict the transmission spectrum for each of the neutral and singly-ionized atoms with atomic numbers between 3 and 78.
Of these, we identify the elements that are expected to have spectral lines in the visible wavelength range and use those as cross-
correlation templates.
Results. We detect (> 5� ) absorption by Nai, Crii, Scii and Yii, and con�rm previous detections of Mgi, Fei, Feii and Tiii. In
addition, we �nd evidence of Cai, Cri, Coi, and Srii that will require further observations to verify. The detected absorption lines
are signi�cantly deeper than predicted by our model, suggesting that the material is transported to higher altitudes where the density
is enhanced compared to a hydrostatic pro�le, i.e. that the material is part of an extended or out�owing envelope. There appears to
be no signi�cant blue-shift of the absorption spectrum due to a net day-to-night side wind. In particular, the strong Feii feature is
shifted by 0:18 � 0:27 km s� 1, consistent with zero. Using the orbital velocity of the planet we derive revised masses and radii of
M� = 1:978� 0:023M� , R� = 2:178� 0:011R� , mp = 2:44� 0:70MJ andRp = 1:783� 0:009RJ.

Key words. giant planets - spectroscopy

1. Introduction

Hot Jupiters provide a unique window into the nature of the
exoplanet population due to the combination of their size,
high temperature and short orbital periodicity. Furthermore,
their atmospheres are often in�ated (Bara� e et al. 2010), mak-
ing them especially amenable for transmission spectroscopy
during transit events. During a transit some starlight passes
through the upper atmosphere of the planet, where certain
wavelengths are absorbed depending on its chemical composi-
tion. This wavelength-dependent absorption manifests itself as
a wavelength-dependence of the apparent radius of the planet.

? CHEOPS Fellow

The spectrum of the atmosphere generally has two components:
line-absorption caused by discrete energy transitions in atoms
and molecules, and continuum absorption or scattering caused
by molecules or aerosol particles.

The identi�cation and measurement of the relative strengths
of spectral lines and bands in the transmission spectra of ex-
oplanets have been used to put constraints on the atmospheric
composition and thermal structure (see e.g. Vidal-Madjar et al.
2003; Red�eld et al. 2008; Sing et al. 2008; Huitson et al. 2012;
Wyttenbach et al. 2015; Nikolov et al. 2018; Spake et al. 2018),
with the ultimate aim to provide constraints on their formation
scenario and evolution (Madhusudhan et al. 2014; Kreidberg
et al. 2015; Mordasini et al. 2016; Brewer et al. 2017). In addi-
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tion, these lines may be used to probe atmospheric dynamics be-
cause velocity streams in the atmosphere cause the spectral lines
to be Doppler-shifted away from the rest-frame velocity of the
planet (Snellen et al. 2010; Miller-Ricci Kempton & Rauscher
2012; Showman et al. 2013; Kempton et al. 2014; Louden &
Wheatley 2015; Brogi et al. 2016; Allart et al. 2018).

Access to the information contained in individual absorption
lines requires high spectral resolution in the order ofR = �

� � �
100;000. Such spectral resolution is generally limited to ground-
based instrumentation, mostly in the form of optical and NIR
echelle spectrographs. When seen in transmission, the spectral
lines formed in the lower part of the atmosphere of a typical hot
Jupiter can have depths of up to� 10� 3 times the �ux of the host
star. To reach this sensitivity with high-resolution spectrographs
on present-day telescopes, many targeted absorption lines can be
combined using a form of cross-correlation. Besides raising the
sensitivity by averaging out the photon noise, the use of cross-
correlation has the advantage of providing additional robustness
against spurious spectral features, because the distribution of ab-
sorption lines is unique for each species, and follows the radial
velocity of the planet (Snellen et al. 2010; Brogi et al. 2012). As
such, enhancements of the cross-correlation function are hard to
mimic by systematic noise that is not correlated with the absorp-
tion line spectrum of the target species.

A theoretical study by Kitzmann et al. (2018) predicted the
presence of absorption lines of iron (Fe) in the transmission
spectrum of the ultra-hot Jupiter KELT-9 b. KELT-9 b orbits the
bright A0 star HD 195689 with a periodicity of 1.48 days (Gaudi
et al. 2017). Due to its close orbital distance of approximately
0.03 AU (Gaudi et al. 2017), it is heated to an equilibrium tem-
perature of 4050� 180 K, similar to the photospheres of many
dwarf stars. Such temperatures are high enough to justify simpli-
fying assumptions of equilibrium chemistry and a nearly purely
atomic gas at the dayside and terminator regions (Arcangeli et al.
2018; Kitzmann et al. 2018; Lothringer et al. 2018; Parmentier
et al. 2018). This potentially greatly simpli�es the interpretation
of the transmission spectrum of KELT-9 b when compared to
other hot Jupiters for which aerosols and non-equilibrium chem-
istry are important factors. However, the night-side of the planet
is expected to be in a much cooler regime that is likely charac-
terized by complex molecular chemistry and condensation. Con-
densed droplets and grains may rain out to the interior of the
planet, potentially depleting these species from the atmosphere
in what is known as a cold-trap (Spiegel et al. 2009). Depending
on the circulation e� ciency, these species may then be trans-
ported back to the hot day side where they can again evaporate
into the gas phase and dissociate to produce atomic absorption
lines that can be observed in the transmission spectrum (Show-
man et al. 2009; Fortney et al. 2010). The observed transmis-
sion spectrum is therefore expected to be linked to the chemistry
elsewhere on the planet via the global circulation pattern. Re-
gardless, chemical equilibrium is a valid assumption on the hot
day-side and terminator region due to the e� ciency of thermal
reactions at these high temperatures, given the elementary abun-
dances at these locations as set by global circulation processes
(Kitzmann et al. 2018).

Seeking to validate the predictions by Kitzmann et al. (2018)
we previously applied the cross-correlation technique to transit
observations obtained with the high-resolution HARPS-North
(HARPS-N) spectograph and found the presence of absorption
lines by neutral iron (Fei), but also strong lines of ionized iron
(Feii) and titanium (Tiii) (Hoeijmakers et al. 2018a). In addition,
Balmer lines of hydrogen where observed by Yan & Henning
(2018) and Cauley et al. (2018) in the transmission spectrum of

Table 1.Overview of the observations with HARPS-N.

Night 1 Night 2
Date 31-07-2017 20-07-2018
tstart (UT) 20:59 21:20
Tc (UT) 01:59 01:43
tend (UT) 05:19 05:09
Nexp 49 46
texp (s) 600 600

the same planet, as well as individual lines of Fei, Feii and the
Mg i triplet (Cauley et al. 2018).

In July of 2018 we obtained a second transit observation with
the HARPS-N spectrograph and proceeded to perform a survey
for additional species that have absorption lines in the optical
range of HARPS-N, using the high-resolution cross-correlation
technique. This survey includes all neutral and singly ionized
species with atomic numbers 3 to 78 (lithium to platinum)1 for
which adequate line-list data was available. This paper proceeds
to describe the observations and the analysis method in Section
2 (with a detailed description of our application of the cross-
correlation operation in Appendix A), the cross-correlation tem-
plates in Section 3 and the results of the survey in Section 4.

2. Observations and cross-correlation analysis

We have observed two transits with the HARPS-North spec-
trograph mounted on the 3.58-meter Telescopio Nazionale
Galileo (TNG) in La Palma, Spain, on 31-07-2017 (programme
A35DDT4, hereafter Night 1) and on 20-07-2018 (programme
OPT18A-38, hereafter Night 2). Both programmes have been
carried out in the frame work of the SPADES survey (“Sens-
ing Planetary Atmospheres with Di� erential Echelle Spec-
troscopy”). Results from Night 1 have been previously published
in Hoeijmakers et al. (2018a).

HARPS-North is an optical spectrograph that covers wave-
lengths between 387.4 and 690.9 nm at a spectral resolution of
R � 115;000, corresponding to a Doppler velocity of� 2:7
km s� 1. The observations were obtained during both 3.9-hour
transits, as well as during 5.0 and 4.5 hours baseline before and
after the transit events. The exposure time was �xed to 600 s,
yielding runs of 49 and 46 exposures, 19 of which took place
during either transit (see Table 1). The observations of the second
night were a� ected by a loss of �ux in the bluest orders caused
by an error in the control software of the Atmospheric Disper-
sion Corrector (ADC). Fig. 1 shows the average one-dimensional
spectrum of the KELT-9 system as observed by HARPS-N.

The raw spectra were reduced using the HARPS Data Re-
duction Software (DRS, version 3.8) which interpolates the ex-
tracted spectra on a uniform grid with a spacing of 0.01	A. Ab-
sorption lines of the Earth atmosphere (telluric contamination)
were corrected for using the MOLECFIT package (Smette et al.
2015) following Allart et al. (2017), and the subsequent anal-
ysis followed the general procedure from previous studies that
use the high-resolution cross-correlation technique (e.g. Snellen
et al. 2010; Brogi et al. 2012), in particular the analyses used in
Hoeijmakers et al. (2018a) for the data of Night 1, and Hoeij-
makers et al. (2018b).

1 We chose to limit the survey to elements lighter than platinum be-
cause spectral data becomes sparse and elemental abundances diminish
for elements with higher atomic numbers. Helium is not expected to
feature strong lines in the optical, and the strong hydrogen lines will be
treated in a separate study.
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Fig. 1. The mean out-of-transit spectrum of the KELT-9 system as observed by HARPS-N, produced by stitching together the individual spectral
orders after correction of the blaze function. The blue and black lines show the spectrum before and after telluric correction. The smaller panel
shows the telluric water band that is highlighted in gray in detail, demonstrating the e� ect of the telluric correction. The outlying points are
residuals of deep telluric absorption and a small number of emission lines that have remained uncorrected.

For reasons of computational e� ciency, we subdivided the
one-dimensional spectra in 15 sections of 20 nm wide (each
containing 20,000 spectral pixels)2, and performed the follow-
ing analysis on each section individually. To isolate the signa-
ture of the planet, each spectrum was normalized to its median
value and divided through the mean of the out-of-transit spectra,
F(�; tout). We then constructed an outlier-mask by �attening each
spectrum using a median �lter (to remove broadband continuum
variations) followed by applying a running standard deviation,
both with a width (in wavelength) of 75 pixels. All values that
were more than 5� away were �agged as NaNs and the previous
normalization and removal of the mean out-of-transit spectrum
were repeated. The resulting residuals were then �ltered using a
Gaussian high-pass �lter with a 1� width of 75 pixels, and any
remaining 5� outliers were again �agged and added to the out-
lier mask. This amounted to a total of 1729 and 8712 spectral
pixels in nights 1 and 2 respectively. In addition, we masked out
selected regions with systematic residuals inside strong telluric
absorption lines (notably residuals caused by the O2 bands) and
regions with low signal-to-noise. In this way 23,226 and 72,542
pixels were removed additionally. In total, 0:38% of all spectral
pixels were masked out.

This procedure e� ectively yields the transmission spectrum
x(�; t) = F(�; t)

F(�; tout)
� 1, as the ratio between each spectrum obtained

at timet divided by the average out-of-transit spectrum.
The cross-correlation,c, is performed using a weighted mask

(template),T, that acts to co-add the individual spectral pixels in
the transmission spectrum observed at time,t, for velocity shifts
between� 1000 km s� 1 in steps of 2 km s� 1. This procedure fol-
lows the practise of Baranne et al. (1996), Pepe et al. (2002),
Allart et al. (2017) a.o. and is prescribed in Eq. 1:

c(v; t) =
NX

i=0

xi(t)Ti(v) (1)

Herexi(t) are each of theN spectral points in the transmis-
sion spectrum obtained at timet, Ti(v) are the corresponding val-
ues of the template that is Doppler shifted to a radial velocity,
v. T takes on non-zero values inside a spectral line of interest,

2 The HARPS range is divided into 15 bins of 20 nm each, with the
reddest few nm being ignored due to the presence of the strong oxygen
band near 687 nm.

and zero in the continuum. Furthermore,T is normalized such
that

P N
i=0 Ti(v) = 1. This operation thus e� ectively computes

a weighted average of the absorption in the transmission spec-
trum at the location of the spectral lines included in the template.
Becausec(v; t) is computed for each 20 nm bin and each expo-
sure of the time-series, we co-add these into a one-dimensional
measurement of the average line pro�le in-transit. This average
is weighted for the signal-to-noise ratio obtained in each expo-
sure, in each spectral bin, as detailed in Appendix A. This pro-
cedure is consistent with the approach applied in Hoeijmakers
et al. (2018a).

We follow Hoeijmakers et al. (2018a) in producing an em-
pirical model of the Doppler shadow that is caused by the ob-
scuration of only part of the stellar absorption lines, e� ectively
deforming them during the planetary transit (see Fig. 2). We
characterize the shadow by cross-correlating the data with a
continuum-normalized PHOENIX model of the stellar photo-
sphere corresponding to an e� ective temperature of 10,000 K,
log(g) = 4:5 and solar metallicity (Husser et al. 2013). The re-
sulting cross-correlation pro�le is �t independently in each ex-
posure using a Gaussian model. The resulting two-dimensional
pro�le of c(v; t) is then modeled by �tting low-order polynomi-
als through the obtained Gaussian �t parameters (center position,
amplitude and width), essentially requiring that the �t parame-
ters of the Doppler shadow vary smoothly in time. Initially, this
is only done for those exposures in which the signature of the
Doppler shadow does not overlap with the signature of the at-
mosphere of the planet (the velocity of these overlaps during part
of the transit). Then this model is subtracted, allowing the resid-
ual signature of the planet to be modelled. The initial Doppler-
shadow is �t again after subtracting the signature of the planet,
this time including the region where the radial velocity of the
planet and the Doppler shadow overlap. The same procedure is
done for four additional signatures that may be associated with
stellar pulsations, though these mostly occur at velocities that do
not coincide with the velocity of the planet at any time during
the transit (see Fig 2).

The resulting two-dimensional model of the Doppler-shadow
is subtracted from the cross-correlation pro�les obtained for
each of the various cross-correlation templates, multiplied by a
scaling factor that minimizes the sum of the squared residuals -
but ignoring cross-correlation values at which the planet signa-
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ture is expected to be present. The values of these scaling factors
are provided in Table C.1.

3. Cross-correlation templates

To compute the cross-correlation function, a mask is needed that
de�nes the weights by which spectral pixels are co-added as per
Eq. 1. We construct a mask for each species by forward mod-
eling the transmission spectrum of KELT-9 b, assuming that it
contains line-absorption of each species individually.

3.1. Opacity functions

Line-opacity functions are computed using HELIOS-K (Grimm
& Heng 2015), adopting the transition tables from Kurucz
(2018). As the partition functions in the database by Kurucz
are not complete up to high atomic number, the partition func-
tions were instead computed using the energy levels and sta-
tistical weights provided by the NIST database when needed
(Kramida et al. 2018). Continuum opacity functions due to
collision-induced absorption of H-He, H2-H2 and H2-He were
adopted from HITRAN (Richard et al. 2012), and H� bound-free
and free-free absorption from John (1988). The Kurucz (2018)
database includes broadening by radiation dampening, but not
pressure broadening. This limitation does not signi�cantly af-
fect the analysis because the high-resolution transmission spec-
trum probes low pressures and the pressure-broadened wings
are masked by the H� continuum which occurs at a pressure of
around 3.5 mbar in these simulations (Kitzmann et al. 2018).

3.2. Chemistry

Chemistry calculations are done with the open source code
FastChem(Stock et al. 2018).FastChemcalculates the chemi-
cal equilibrium composition (i.e. assuming that all reaction rates
are dominated by thermal timescales), and natively includes 560
chemical species. In addition, we add approximately 180 new
ions to the set of species, i.e. singly and doubly ionized atoms as
well as some anions, for most elements lighter than neptunium
(Z=93). Because many of the required equilibrium constants are
not available in the usual chemical databases (e.g. Chase et al.
1998), we calculate them using the Saha equation when needed
(Saha 1920).

For the ionisation reaction of, for example, caesium,

Cs+ + e� ���! Cs; (2)

the corresponding temperature-dependent equilibrium constant
for Cs+ is given by

K(T) =
nenCs+

nCs
; (3)

wheren are the corresponding number densities of Cs, Cs+ , and
the free electrons, respectively.

To compute the right hand side of Eq. 3 we employ the Saha
equation, that describes the relation between the number densi-
tiesn of two ionisation levelsi andi + 1 at a given temperature,

neni+1

ni
=

2
� 3

Qi+1

Qi
exp

 
�

� Ei+1;i

kBT

!
; (4)

where� is the thermal de Broglie wavelength of an electron,Q
the corresponding partition function, and� E the energy di� er-
ence between the two ionisation levels. The partition functions

are calculated based on the line transition database by Kurucz &
Bell (1995) where available, and from those in the NIST Atomic
Spectra Database (Kramida et al. 2018), otherwise. The ionisa-
tion energies are taken from the CRC Handbook of Chemistry
and Physics (2004).

For doubly-ionised species, the Saha equation is applied
twice: Once to evaluate the ratio

nCs+

nenCs++
; (5)

and once more for the corresponding equation (Eq. 3) for the
number density of the singly-ionised species. In the case of an-
ions,� E in the Saha equation is replaced by the electron a� nity.

The resulting mass action constants are �tted as a function of
temperature according to the equation used withinFastChem

ln K i(T) =
a0

T
+ a1 ln T + b0 + b1T + b2T2 ; (6)

whereK is the mass action constant with respect to a reference
pressure of 1 bar (see Stock et al. (2018) for details). The result-
ing calculated coe� cients for temperatures between 100 K and
6000 K can be found in Table C.3. Solar elemental abundances
are taken from Asplund et al. (2009), either based on their so-
lar photospheric value where available, or from their meteoritic
abundance otherwise.

To calculate the cross-correlation templates, we assume ele-
mental abundances equal to solar metallicity and an isothermal
pro�le of 4,000 K between pressures of 10 bar to 10� 15 bar. At
this temperature, the abundances of molecules are low and atoms
are partially ionized (see Fig. 3). Signi�cant abundances of dou-
bly ionized species only occur at pressures below about 10� 12

bars (see Fig. 3), where the density and optical depth are small.
In this model, the abundances of the neutral elements plus their
�rst ionized state therefore approximately correspond to the as-
sumed metallicity value, consistent with Kitzmann et al. (2018),
and we consider only neutral and singly ionized species in this
analysis.

3.3. Model transmission spectra

The model transmission spectra are simulated using a custom-
built raytracing algorithm following the method described in
Gaidos et al. (2017). We assumed a variable-gravity, isothermal
atmosphere at a temperature of 4,000 K between pressures of 10
to 10� 15 bars, and single-elemental abundances correponding to
the solar metallicity value for each of the species included in this
survey, along with continuum absorption by H� and scattering by
H and H2. A sample of the thus computed spectra for Fei, Feii,
Ti i and Tiii is shown in Fig. 4, and Fig. C.1 shows the computed
transmission spectra of the full survey. Application of the cross-
correlation function is limited to species that have multiple ab-
sorption lines protruding through the continuum in the observed
waveband. Of the species between atomic numbers 3 and 78, we
selected Nai, Mg i, Sii, Cai, Sci Scii, Ti i, Ti ii, V i, V ii, Cri,
Cr ii, Mn i, Mn ii, Fei, Feii, Coi, Ni i, Srii, Y i, Y ii, Zr i, Zr ii,
Nbi, Nbii, Rui, Baii, Laii, Ceii, Prii, Ndii, Smii, Euii, Gdii,
Tb ii, Dy ii, Erii, W i and Osi as candidates with signi�cant line
absorption in the HARPS-N waveband. These are highlighted in
Fig. C.1.

The model spectra of these species are convolved with a
Gaussian kernel with a FWHM width of 0:8 km s� 1 to match
the approximate wavelength sampling of HARPS-N. They are
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Fig. 2.Removal of the Doppler shadow for the �rst night of data. The top panel shows the two-dimensional cross-correlation function as obtained
when using a PHOENIX 10,000 K stellar atmosphere model template. The dark feature near� 40 km/s is the Doppler shadow caused by the planet
obscuring part of the disk-integrated stellar line, that is broadened byvsini = 111:4 km s� 1 (Gaudi et al. 2017). The bright linear slanted feature
is the signature of the atmosphere of the planet. It appears in this cross-correlation because the star and the planet have ionized lines in common
(Hoeijmakers et al. 2018a). It is ignored when constructing and �tting the model of the Doppler shadow. Besides these, there are signi�cant
cross-correlation residuals due to stellar line-shape variations that we tentatively attribute to pulsations of KELT-9 that are not characterized in the
literature as of yet, but seem to resemble those that have been observed in hot� Scuti stars such as� Pictoris (Koen et al. 2003) and Wasp-33
(Collier Cameron et al. 2010). The middle panel shows the full model as �t to this cross-correlation function, where the dashed line indicates the
polynomial �t to the centroid velocities of the main shadow feature in each exposure. The bottom panel shows the residuals after removal.

then converted to cross-correlation templates by �tting and sub-
tracting the continuum with a third-order polynomial and apply-
ing a threshold �lter that sets any value smaller than 0.5% of
the maximum absorption line to zero. Finally, they are interpo-
lated onto the wavelength grid of the data (xi), multiplied by
a Doppler-factor 1+ v=c to shift over a range of radial veloci-
ties during cross-correlation, and normalized to unity. Through
the CDS (Genova et al. 2000) we make a subset of these cross-
correlation templates publicly available (see Section 4).

3.4. Model injection

Like in previous works (Hoeijmakers et al. 2015, 2018b), the
simulated transmission spectra are also used as forward-models
by injecting them into the pipeline-reduced data using the known
system parameters as published by Gaudi et al. (2017), and pro-
cessing this contaminated data in the same way as the data with-
out injected model (i.e. the “un-contaminated” data). The re-
trieved cross-correlation strengths of the injected spectra inform
the weights of the co-addition of the cross-correlation values for
each wavelength bin and exposure (see Appendix A). In addi-
tion, this injection of the model templates provides measure-
ments of the average spectral lines as predicted by the models
of Kitzmann et al. (2018), against which any detected signals
can be compared. Prior to injection, the model templates are
rotation-broadened assuming a rotation period consistent with
the orbital period of the planet (i.e. assuming tidal locking). The
rotation pro�le simultaneously models rigid-body rotation and
the spectral resolution of the HARPS-N instrument, following

the formalism presented by Brogi et al. (2018). In addition, we
perform a box-smooth3 to account for the changing radial ve-
locity of the planet during a single 600 s exposure. After corre-
lation, the contaminated and un-contaminated cross-correlation
functions obtained in this way are subtracted, yielding the excess
absorption due to the injected model.

4. Results and discussion

Figure C.2 shows the cross-correlation functions obtained when
cross-correlating the observations of both nights with templates
of all the selected species. We detect signi�cant (> 5� ) excess
absorption at the rest-frame velocity of the planet in the cross-
correlation functions of Nai, Mg i, Scii, Ti ii, Crii, Fei, Feii and
Y ii (see Fig. 5). Of these species, Mgi, Ti ii, Fei and Feii have
previously been reported in the literature (Hoeijmakers et al.
2018a; Cauley et al. 2018) and are con�rmed by this analysis.
In addition, we �nd tentative evidence of excess absorption by
Cai, Cri, Coi, and Srii (see Fig. C.2), which appear to be lo-
cated at the expected radial velocity of the planet and signi�cant
at the> 3� level, but are irregularly shaped. Future observations
will be needed to con�rm or rule out the presence of these and
possibly other absorbers in the spectrum of KELT-9 b. The cross-
correlation templates used to detect Nai, Mg i, Scii, Ti ii, Crii,
Fei, Feii and Yii are made available through the CDS (Genova
3 A box-smooth or top-hat �lter in velocity space is equivalent to con-
volution with a normalized kernel that has a non-zero value for veloci-
ties smaller than some limiting velocity, i.e.jvj < vlimit , and is equal to
zero elsewhere.
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Fig. 3. Abundance pro�les modeled withFastChemfor a selection of
neutral atoms (solid lines) and ions (dashed lines), as well as molecules,
H� and electrons. The model assumes an isothermal structure at 4,000
K and solar metallicity. Over most of the modeled pressure region,
molecules tend to be dissociated and metals tend to be singly ionized.
The decrease of ion abundances towards higher altitudes (pressures be-
low � 10� 12 bars) indicates the emergence of doubly ionized species
at low pressures. The e� ects of photo-ionization are not included, as
these are predicted to be small in the denser parts of the atmosphere
(Kitzmann et al. 2018).

et al. 2000). Templates of other species may be provided upon
request.

We �t the detected absorption lines by approximating them
as Gaussian pro�les. The error bars on the individual correla-
tion values are empirically set to the standard deviation ofc(v)
measured at velocities 200< jvj < 1000 km s� 1, away from the
extrema of the radial velocity of the planet. The best-�t param-
eters obtained in this way are listed in Table 2. We perform a
bootstrap analysis on the weakest detections of Yii and Scii to
determine the false-positive rate of these signatures. To this end,
the CCF values away from the planet signal are permuted ran-
domly 500,000 times before �tting a Gaussian, requiring a cen-
troid position within 20 km s� 1 of the expected radial velocity
of the planet and a FWHM greater than 8 km s� 1. By �tting the
tail of the resulting distribution as a power law, we �nd that sig-
nals with a strength corresponding to the detected Yii and Scii
lines are expected to occur randomly at rates of one in 1:6 � 104

and one in 1:7� 104, respectively. To make sure that the detected
signatures are not caused by weak residuals of the subtracted
of the Doppler shadow, e.g. due to di� erences in the center-to-
limb variation between neutrals and ions (Yan et al. 2017), we
repeated the analysis by masking the radial velocities that are
a� ected by the main shadow feature altogether. This did not sig-
ni�cantly a� ect the strengths of the detected absorption lines.

The �ts summarized in Table 2 signify a parametrization of
a weighted average of the absorption lines of the species in this
waveband over the duration of the transit. Injection of the tem-
plates into the data (as described in Section 3.4) allows these
�tted pro�les to be compared with the forward models of the
atmosphere4.

4 Ideally, the spectra produced by the forward-models would be �t di-
rectly to the high-resolution spectra. However an e� cient sampling of
parameter space is currently not computationally tractable due to the
size of the high-resolution spectra.

We caution that the measurement of a weighted average line
function depends strongly on the weights attributed to each line.
This point extends not only to the question of which lines are
present in the cross-correlation template and their modelled rel-
ative depths, but also to the weights by which spectral bins and
exposures are co-added, as well as any weighting or masking of
individual spectral pixels. Comparison with an injected model
provides consistency within the analysis, but these dependencies
on the choices of weights make quantitative comparisons across
the literature di� cult. It could therefore be useful if standard
templates de�ned over certain wavelength ranges be publicly
available to the community. Regardless, our best-�t parameters
are broadly consistent with the values found by Cauley et al.
(2018) for their selections of lines of Mgi, Ti ii and Feii.

4.1. Line depth and atmospheric pressure

The best-�t parameters provided in Table 2 reveal a discrepancy
between the observed and the modeled line-depths. It appears
that the presence of these strong ion lines is anomalous from
the point of view of an isothermal equilibrium-chemistry model.
Notably the Feii pro�le spans 0:1091� 0:0024 planetary radii
above the continuum under the assumption of a hydrostatic at-
mosphere, which is a factor of about 8.7 stronger than predicted
by the model. Our model predicts that absorption by H� causes
the atmosphere to become optically thick to continuum radiation
at a pressure of 3.5 mbar. This continuum pressure level can be
used to break the normalization degeneracy of the transit radius
that is inherent to transmission spectra of exoplanets (Benneke
& Seager 2012; Gri� th 2014; Heng & Kitzmann 2017; Fisher
& Heng 2018). We can therefore determine the pressure level
corresponding to the peaks of the measured average absorption
lines. These are reported in the last column of Table 2. In this
way, we determine that the core of the Feii line becomes opti-
cally thick at a pressure of logP1bar = � 5:871 � 0:067. As this
constitutes a weighted average of many lines, the deepest Feii
lines necessarily become optically thick at even higher altitudes.
We explore the model-dependency of the peak pressure levels by
varying the temperature and metallicity, and �nd that the pres-
sure level of the continuum vary from 2 mbar to 6 mbar for most
of the parameter space between 3,000 to 6,000 K and 0.1 to 10�
solar metallicity (see Fig. 6). We therefore conclude that the peak
pressures obtained in Table 2 are robust against errors in the as-
sumed temperature and metallicity to within a factor of order
unity.

Our chemistry model does not include photochemistry, so
one could be tempted to explain the strong discrepancy between
the observed line strengths and the injected model by the neglect
of photo-ionization5. However, the chemistry model suggests
that thermal reactions by themselves are su� cient to nearly com-
pletely ionize Fei below pressures of 3.5 mbar (see Fig. 3). An
additional source of ionization could therefore act to further de-
plete the neutral Fei population, but this would only marginally
increase that of Feii. Therefore we conclude that deviations from
the assumed ion chemistry cannot easily explain the observed
discrepancy in the absorption lines of ions.

A similar reasoning applies to vertical mixing, which is ne-
glected in our model because of the short thermal timescale at
a temperature of 4,000 K. The abundances would be quenched
if the vertical mixing timescale would be short at the pressures

5 In this high-temperature regime the term photo-chemistry loosely
equates to photo-ionization because molecules are predominantly dis-
sociated.
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