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ABSTRACT

Context. KELT-9 b exemplifies a newly emerging class of short-period gaseous exoplanets that tend to orbit hot, early type stars –
termed ultra-hot Jupiters. The severe stellar irradiation heats their atmospheres to temperatures of ∼4000 K, similar to temperatures
of photospheres of dwarf stars. Due to the absence of aerosols and complex molecular chemistry at such temperatures, these planets
offer 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(es) and evolution history.
Aims. We aim to search the optical transmission spectrum of KELT-9 b for absorption lines by metals using the cross-correlation
technique.
Methods. We analysed two transit observations obtained with the HARPS-N spectrograph. We used an isothermal equilibrium chem-
istry model to predict the transmission spectrum for each of the neutral and singly ionized atoms with atomic numbers between three
and 78. Of these, we identified the elements that are expected to have spectral lines in the visible wavelength range and used those as
cross-correlation templates.
Results. We detect (>5σ) absorption by Na I, Cr II, Sc II and Y II, and confirm previous detections of Mg I, Fe I, Fe II, and Ti II. In
addition, we find evidence of Ca I, Cr I, Co I, and Sr II that will require further observations to verify. The detected absorption lines
are significantly deeper than predicted by our model, suggesting that the material is transported to higher altitudes where the density
is enhanced compared to a hydrostatic profile, and that the material is part of an extended or outflowing envelope. There appears to be
no significant blue-shift of the absorption spectrum due to a net day-to-night side wind. In particular, the strong Fe II 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 the star and
the planet: M∗ = 1.978± 0.023 M�, R∗ = 2.178± 0.011 R�, mp = 2.44± 0.70 MJ and Rp = 1.783± 0.009 RJ.

Key words. planets and satellites: gaseous planets – techniques: spectroscopic

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 inflated (Baraffe et al. 2010), making them
especially amenable for transmission spectroscopy during tran-
sit events. During a transit some starlight passes through the
upper atmosphere of the planet, where certain wavelengths are
? Cross-correlation templates are available at the CDS via anony-

mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://
cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/627/A165
? CHEOPS Fellow.

absorbed depending on its chemical composition. This wave-
length-dependent absorption manifests itself as a wavelength-
dependence of the apparent radius of the planet. 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 identification and measurement of the relative strengths
of spectral lines and bands in the transmission spectra of exo-
planets have been used to put constraints on the atmospheric
composition and thermal structure (see e.g. Vidal-Madjar et al.
2003; Redfield et al. 2008; Sing et al. 2008; Huitson et al. 2012;
Wyttenbach et al. 2015; Nikolov et al. 2018; Spake et al. 2018),
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with the ultimate aim of providing constraints on their forma-
tion scenario and evolution (Madhusudhan et al. 2014; Kreidberg
et al. 2015; Mordasini et al. 2016; Brewer et al. 2017). In addition,
these lines may be used to probe atmospheric dynamics because
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 absorp-
tion lines requires high spectral resolution in the order of
R = λ

∆λ
∼ 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 spec-
tral lines formed in the lower part of the atmosphere of a typical
hot Jupiter can have depths of up to ∼10−3 times the flux of the
host star. To reach this sensitivity with high-resolution spectro-
graphs on present-day telescopes, many targeted absorption lines
can be combined using a form of cross-correlation. Besides rais-
ing 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 distri-
bution of absorption 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 absorption 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). Potentially, this greatly simplifies 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 char-
acterized by complex molecular chemistry and condensation.
Condensed droplets and grains may rain out to the interior of
the planet, potentially depleting these species from the atmo-
sphere in what is known as a cold-trap (Spiegel et al. 2009).
Depending on the circulation efficiency, these species may then
be transported 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 spec-
trum (Showman et al. 2009; Fortney et al. 2010). The observed
transmission spectrum is therefore expected to be linked to the
chemistry elsewhere on the planet via the global circulation pat-
tern. Regardless, chemical equilibrium is a valid assumption on
the hot day-side and terminator region due to the efficiency
of thermal reactions at these high temperatures, given the ele-
mentary abundances at these locations as set by global circula-
tion 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 (Fe I), but also strong lines of ionized

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

iron (Fe II) and titanium (Ti II) (Hoeijmakers et al. 2018a). In
addition, Balmer lines of hydrogen where observed by Yan &
Henning (2018) and Cauley et al. (2019) in the transmission spec-
trum of the same planet, as well as individual lines of Fe I, Fe II
and the Mg I triplet (Cauley et al. 2019).

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 three to 78 (lithium to platinum)1

for which adequate line-list data is available. This paper proceeds
to describe the observations and the analysis method in Sect. 2
(with a detailed description of our application of the cross-
correlation operation in Appendix A), the cross-correlation
templates in Sect. 3 and the results of the survey in Sect. 4.

2. Observations and cross-correlation analysis

We have observed two transits with the HARPS-North spec-
trograph mounted on the 3.58-m 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 “Sensing Planetary Atmo-
spheres with Differential Echelle Spectroscopy” (SPADES) sur-
vey. 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-h transits, as
well as during 5.0 and 4.5 h baseline before and after the tran-
sit events. The exposure time was fixed 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
affected by a loss of flux in the bluest orders caused by an error
in the control software of the Atmospheric Dispersion Corrector
(ADC). Figure 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
Reduction Software (DRS, version 3.8) which interpolates the
extracted spectra on a uniform grid with a spacing of 0.01 Å.
Absorption lines of the Earth atmosphere (telluric contamina-
tion) were corrected for using the MOLECFIT package (Smette
et al. 2015) following Allart et al. (2017), and the subse-
quent analysis followed the general procedure from previous
1 We chose to limit the survey to elements lighter than platinum
because spectral data becomes sparse and elemental abundances dimin-
ish 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. 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 grey in detail, demonstrating the effect of the telluric correction. The outlying points are residuals of deep
telluric absorption and a small number of emission lines that have remained uncorrected.

studies that use the high-resolution cross-correlation technique
(e.g. Snellen et al. 2010; Brogi et al. 2012), in particular the anal-
yses used in Hoeijmakers et al. (2018a) for the data of Night 1,
and Hoeijmakers et al. (2018b).

For reasons of computational efficiency, we sub-divided the
one-dimensional spectra in 15 sections of 20 nm width (each
containing 20 000 spectral pixels)2, and performed the follow-
ing analysis on each section individually. To isolate the signature
of the planet, each spectrum was normalized to its median
value and divided through the mean of the out-of-transit spectra,
F(λ, tout). We then constructed an outlier-mask by flattening each
spectrum using a median filter (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 5σ away were flagged as NaNs and the previous
normalization and removal of the mean out-of-transit spectrum
were repeated. The resulting residuals were then filtered using
a Gaussian high-pass filter with a 1σ width of 75 pixels, and
any remaining 5σ outliers were again flagged and added to the
outlier mask. This amounted to a total of 1729 and 8712 spec-
tral pixels in nights 1 and 2 respectively. In addition, we masked
out selected regions with systematic residuals inside strong tel-
luric 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 effectively yields the transmission spectrum
x(λ, t) =

F(λ,t)
F(λ,tout)

− 1, as the ratio between each spectrum obtained
at time t 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) =

N∑
i = 0

xi(t)Ti(v). (1)

Here xi(t) are each of the N spectral points in the transmis-
sion spectrum obtained at time t, Ti(v) are the corresponding

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.

values of the template that is Doppler shifted to a radial velocity,
v. T takes on non-zero values inside a spectral line of interest,
and zero in the continuum. Furthermore, T is normalized such
that

∑N
i = 0 Ti(v) = 1. This operation thus effectively computes a

weighted average of the absorption in the transmission spectrum
at the location of the spectral lines included in the template.
Because c(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 profile in-transit. This average
is weighted for the signal-to-noise ratio (S/N) obtained in each
exposure, in each spectral bin, as detailed in Appendix A. This
procedure is consistent with the approach applied in Hoeijmakers
et al. (2018a).

We follow Hoeijmakers et al. (2018a) in producing an empir-
ical model of the Doppler shadow that is caused by the obscu-
ration of only part of the stellar absorption lines, effectively
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 effective temperature of 10 000 K,
log(g) = 4.5 and solar metallicity (Husser et al. 2013). The result-
ing cross-correlation profile is fit independently in each exposure
using a Gaussian model. The resulting two-dimensional pro-
file of c(v, t) is then modelled by fitting low-order polynomials
through the obtained Gaussian fit parameters (centre position,
amplitude and width), essentially requiring that the fit param-
eters 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 atmosphere of the planet (the velocity of these overlap dur-
ing part of the transit). This model is then subtracted, allowing
the residual signature of the planet to be modelled. The initial
Doppler-shadow is fit 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 profiles obtained for each
of the various cross-correlation templates, multiplied by a scal-
ing factor that minimizes the sum of the squared residuals – but
ignoring cross-correlation values at which the planet signature
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Fig. 2. Removal of the Doppler shadow for the first night of data. Top panel: 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−1 is the Doppler shadow caused by the planet obscuring
part of the disc-integrated stellar line, that is broadened by v sin i = 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 fitting the model of the Doppler shadow. Besides these, there are significant 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 δ Scuti stars such as β Pictoris (Koen et al. 2003) and Wasp-33 (Collier Cameron
et al. 2010). Middle panel: full model as fit to this cross-correlation function, where the dashed line indicates the polynomial fit to the centroid
velocities of the main shadow feature in each exposure. Bottom panel: residuals after removal.

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
defines the weights by which spectral pixels are co-added as per
Eq. (1). We construct a mask for each species by forward mod-
elling 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. 2018a). 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 significantly affect
the analysis because the high-resolution transmission spectrum
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). FastChem calculates 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, that is, singly and doubly
ionized atoms as well as some anions, for most elements lighter
than neptunium (Z = 93). Because many of the required equilib-
rium 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 ionization 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)

where n 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 num-
ber densities n of two ionization levels i and i + 1 at a given
temperature,

neni+1

ni
=

2
λ3

Qi+1

Qi
exp

(
−∆Ei+1,i

kBT

)
, (4)
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where λ is the thermal de Broglie wavelength of the electron,
Q the corresponding partition function, and ∆E the energy
difference between the two ionization levels. The partition func-
tions 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. 2018b), other-
wise. The ionization energies are taken from the Lide (2004).

For doubly ionized 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 ionized species. In the case of
anions, ∆E in the Saha equation is replaced by the electron
affinity.

The resulting mass action constants are fitted as a function of
temperature according to the equation used within FastChem

ln Ki(T ) =
a0

T
+ a1 ln T + b0 + b1T + b2T 2, (6)

where K is the mass action constant with respect to a refer-
ence pressure of 1 bar (see Stock et al. 2018 for details). The
resulting calculated coefficients for temperatures between 100
and 6000 K can be found in Table C.2. Solar elemental abun-
dances are taken from Asplund et al. (2009), either based on
their solar photospheric value where available, or from their
meteoritic abundance otherwise.

To calculate the cross-correlation templates, we assume ele-
mental abundances equivalent to solar metallicity and an isother-
mal profile of 4000 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). Significant abundances
of doubly 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 first ionized state therefore approximately correspond to
the assumed 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 assume a variable-gravity, isothermal
atmosphere at a temperature of 4000 K between pressures of
10 to 10−15 bars, and single-elemental abundances correpond-
ing to the solar metallicity value for each of the species included
in this survey, along with continuum absorption by H− and scat-
tering by H and H2. A sample of the thus computed spectra for
Fe I, Fe II, Ti I and Ti II is shown in Fig. 4, and Fig. C.1 shows
the computed transmission spectra of the full survey. Applica-
tion of the cross-correlation function is limited to species that
have multiple absorption lines protruding through the continuum
in the observed waveband. Of the species between atomic num-
bers 3 and 78, we selected Na I, Mg I, Si I, Ca I, Sc I Sc II, Ti I,
Ti II, V I, V II, Cr I, Cr II, Mn I, Mn II, Fe I, Fe II, Co I, Ni I,
Sr II, Y I, Y II, Zr I, Zr II, Nb I, Nb II, Ru I, Ba II, La II, Ce II,
Pr II, Nd II, Sm II, Eu II, Gd II, Tb II, Dy II, Er II, W I and Os I
as candidates with significant line absorption in the HARPS-N
waveband. These are highlighted in Fig. C.1. We note that several
atoms and ions in this list have been previously reported in dif-
ferent exoplanet atmospheres: for instance, multiple detections
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Fig. 3. Abundance profiles modelled with FastChem for 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 4000 K
and solar metallicity. Over most of the modelled pressure region,
molecules tend to be dissociated and metals tend to be singly ionized.
The decrease of ion abundances towards higher altitudes (pressures
below ∼10−12 bars) indicates the emergence of doubly ionized species
at low pressures. The effects of photo-ionization are not included, as
these are predicted to be small in the denser parts of the atmosphere
(Kitzmann et al. 2018).

of Na I (e.g. Snellen et al. 2010; Wyttenbach et al. 2017; Seidel
et al. 2019), Ca I and more tentatively Sc II (Astudillo-Defru &
Rojo 2013), Mg II and other heavy metals (Fossati et al. 2010).

The model spectra of these species are convolved with a
Gaussian kernel with a full width at half maximum (FWHM)
width of 0.8 km s−1 to match the approximate wavelength sam-
pling of HARPS-N. They are then converted to cross-correlation
templates by fitting and subtracting the continuum with a third-
order polynomial and applying a threshold filter that sets any
value smaller than 0.5% of the maximum absorption line to zero.
Finally, they are interpolated onto the wavelength grid of the data
(xi), multiplied by a Doppler-factor 1 + v/c to shift over a range
of radial velocities 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 Sect. 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 processing this contaminated data in the same way as the
data without injected model (i.e. the “un-contaminated” data).
The retrieved 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 addition, this injection of the model templates provides mea-
surements of the average spectral lines as predicted by the
models of Kitzmann et al. (2018), against which any detected sig-
nals 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 profile simultaneously models rigid-body rotation and
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Fig. 4. Sample of model spectra of Fe I, Fe II, Ti I and Ti II in green, brown, red and blue respectively, over a 13 nm slice of the HARPS-N
spectral range. These spectra are calculated assuming an isothermal atmosphere at 4000 K between pressures of 10 to 10−15 bars and abundances
correponding to the solar metallicity value (Sect. 3.3). A full overview of all the calculated model spectra is provided in Fig. C.1. Together, these
figures serve to show the rich absorption spectra caused by the presence of these atoms in the atmosphere of KELT-9 b.

the spectral resolution of the HARPS-N instrument, following
the formalism used by Brogi et al. (2018). In addition, we per-
form a box-smooth3 to account for the changing radial velocity
of the planet during a single 600 s exposure. After correlation,
the contaminated and un-contaminated cross-correlation func-
tions 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 significant (>5σ) excess
absorption at the rest-frame velocity of the planet in the cross-
correlation functions of Na I, Mg I, Sc II, Ti II, Cr II, Fe I, Fe II
and Y II (see Fig. 5). Of these species, Mg I, Ti II, Fe I and Fe II
have previously been reported in the literature (Hoeijmakers
et al. 2018a; Cauley et al. 2019) and are confirmed by this anal-
ysis. In addition, we find tentative evidence of excess absorption
by Ca I, Cr I, Co I, and Sr II (see Fig. C.2), which appear to
be located at the expected radial velocity of the planet and
significant at the >3σ level, but are irregularly shaped. Future
observations will be needed to confirm or rule out the pres-
ence of these and possibly other absorbers in the spectrum of
KELT-9 b. The cross-correlation templates used to detect Na I,
Mg I, Sc II, Ti II, Cr II, Fe I, Fe II and Y II are made avail-
able through the CDS (Genova et al. 2000). Templates of other
species may be provided upon request.

We fit the detected absorption lines by approximating them
as Gaussian profiles. The error bars on the individual correla-
tion values are empirically set to the standard deviation of c(v)
measured at velocities 200 < |v| < 1000 km s−1, away from the
extrema of the radial velocity of the planet. The best-fit param-
eters obtained in this way are listed in Table 2. We perform a
bootstrap analysis on the weakest detections of Y II and Sc II
to determine the false-positive rate of these signatures. To this
end, the CCF values away from the planet signal are permuted
randomly 500 000 times before fitting a Gaussian, requiring a
centroid position within 20 km s−1 of the expected radial velocity

3 A box-smooth or top-hat filter in velocity space is equivalent to
convolution with a normalized kernel that has a non-zero value for
velocities smaller than some limiting velocity, i.e. |v| < vlimit, and is
equal to zero elsewhere.

of the planet and a FWHM greater than 8 km s−1. By fitting the
tail of the resulting distribution as a power law, we find that sig-
nals with a strength corresponding to the detected Y II and Sc II
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, for example due to differences in the
centre-to-limb variation between neutrals and ions (Yan et al.
2017), we repeated the analysis by masking the radial velocities
that are affected by the main shadow feature altogether. This did
not significantly affect the strengths of the detected absorption
lines.

The fits 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
templates into the data (as described in Sect. 3.4) allows these
fitted profiles to be compared with the forward models of the
atmosphere4.

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 difficult. It could therefore be useful if standard
templates defined over certain wavelength ranges be publicly
available to the community. Regardless, our best-fit parameters
are broadly consistent with the values found by Cauley et al.
(2019) for their selections of lines of Mg I, Ti II and Fe II.

4.1. Line depth and atmospheric pressure

The best-fit parameters provided in Table 2 reveal a discrepancy
between the observed and the modelled line-depths. It appears
that the presence of these strong ion lines is anomalous from the
point of view of a hydrostatic, isothermal, equilibrium-chemistry
4 Ideally, the spectra produced by the forward-models would be fit
directly to the high-resolution spectra. However, an efficient sampling
of parameter space is currently not computationally tractable due to the
size of the high-resolution spectra.
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Fig. 5. Cross-correlation signatures of Na I, Mg I, Sc II, Ti II, Cr II, Fe I, Fe II and Y II averaged over both nights of observation. Each row of panels
is associated with one species. Left panel in each row: two-dimensional cross-correlation function c(v, t), in which the signature of the transiting
planet atmosphere has a slanted shape, as is most evident in the case of Fe I, Fe II and Ti II that were previously reported in Hoeijmakers et al.
(2018a). Middle panel in each row: co-addition obtained by summing the in-transit exposures to the rest-frame velocity of the planet, assuming
a range of orbital velocities, Kp. The white dashed lines indicate the expected systemic velocity, vsys (see Sect. 4.3) and orbital velocity (see
Sect. 4.4). Right-most panel: one-dimensional cross-correlation function co-added in the rest-frame corresponding to the expected orbital velocity
of the planet. The green line denotes the average cross-correlation over both observing nights. The dashed black line is a Gaussian fit to the profiles,
with the resulting best-fit parameters provided in Table 2. The dotted red line is the signature of the injected model template. Apart from Fe I,
all observed absorption lines appear to be significantly deeper than predicted for a 4000 K solar metallicity model in chemical equilibrium. The
cross-correlation enhancement ∼80 km s−1 redward of the Mg I line is caused by a strong Fe II line, which is also indicated in Fig. 7.

model. Notably the Fe II profile spans 0.1091± 0.0024 planetary
radii above the continuum under the assumption of a hydrostatic
atmosphere, 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 radia-
tion at a pressure of 3.5 mbar. This continuum pressure level
can be used to break the normalization degeneracy of the tran-
sit radius that is inherent to transmission spectra of exoplanets
(Benneke & Seager 2012; Griffith 2014; Heng & Kitzmann 2017;
Fisher & Heng 2018). We can therefore determine the pressure
level corresponding to the peaks of the measured average absorp-
tion lines. These are reported in the last column of Table 2. In
this way, we determine that the core of the Fe II line becomes
optically thick at a pressure of log P

1 bar = − 5.871± 0.067. As
this constitutes a weighted average of many lines, the deepest
Fe II lines necessarily become optically thick at even higher alti-
tudes. We explore the model-dependency of the peak pressure

levels by varying the temperature and metallicity, and find that
the pressure level of the continuum varies from 2 to 6 mbar for
most of the parameter space between 3000 and 6000 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 assumed 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 sufficient to nearly com-
pletely ionize Fe I below pressures of 3.5 mbar (see Fig. 3).

5 In this high-temperature regime the term photo-chemistry loosely
equates to photo-ionization because molecules are predominantly
dissociated.
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Table 2. Best-fit parameters of the detected cross-correlation signatures.

Species Amplitude (×10−3) vsys (km s−1) FWHM (km s−1) Model discrepancy ∆Rp log P(bar)

Na I 0.952± 0.065 −14.8± 1.0 27.8± 3.7 3.02± 0.20 0.0581± 0.0038 −4.36± 0.12
Mg I 0.56± 0.046 −15.8± 1.2 27.5± 4.3 2.30± 0.19 0.0346± 0.0028 −3.61± 0.10
Sc II 0.78± 0.11 −15.71± 0.88 12.7± 2.1 2.43± 0.34 0.0479± 0.0066 −4.04± 0.21
Ti II 0.948± 0.038 −18.54± 0.40 19.3± 1.1 3.63± 0.15 0.0579± 0.0023 −4.436± 0.071
Cr II 0.657± 0.065 −17.91± 0.78 15.7± 2.0 9.98± 0.99 0.0404± 0.0040 −3.80± 0.13
Fe I 0.163± 0.006 −16.9± 0.35 20.1± 1.0 1.05± 0.04 0.01019± 0.00036 −2.784± 0.013
Fe II 1.831± 0.042 −17.56± 0.25 21.8± 0.7 8.67± 0.20 0.1091± 0.0024 −5.871± 0.067
Y II 0.50± 0.08 −21.6± 1.1 12.9± 2.5 3.23± 0.54 0.0309± 0.0051 −3.49± 0.17

Notes. The profiles are fit by a Gaussian model using a Levenberg–Marquardt algorithm. The error bar on each cross-correlation coefficient is
approximated empirically by measuring the standard deviation at systemic velocities away from the orbital velocity of the planet (200 < |v| <
1000 km s−1), from which the uncertainty intervals on the best-fit parameters are derived. This empirical treatment of the standard deviation is
in line with previous studies that employ the cross-correlation technique, (e.g. Hoeijmakers et al. 2015, 2018b). The second to fourth columns
show the best-fit Gaussian amplitude, systemic velocity (equivalent to the planet rest-frame velocity at zero phase) and FWHM. These parameters
are broadly consistent with those reported by Cauley et al. (2019), who report line depths between 0.1 and 0.5% and FWHM widths between 20
and 40 km s−1 for Mg I, Ti II and Fe II. The fifth column denotes the ratio between the best-fit amplitude and the line-strength of the injected
model. The sixth column provides the altitude difference between the continuum and the line centre in units of planetary radii. The last column
expresses this altitude difference as the pressure at the line peak, assuming our isothermal hydrostatic atmospheric model which predicts that
the continuum is formed by absorption by H− at a pressure of 3.5 mbar. The last two columns also use the planetary and stellar parameters
from Gaudi et al. (2017). The uncertainty intervals on all parameters correspond to Gaussian 1σ intervals. These include the uncertainty on the
fitting parameters but not the known uncertainties on the planetary and stellar parameters, nor systematic errors resulting from our choice of
model.
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Fig. 6. Predicted pressure at which the atmosphere becomes optically
thick to continuum radiation along the transit chord due to absorption by
H−, averaged over the HARPS waveband, as a function of atmospheric
temperature and metallicity. The dashed lines indicate the metallicity
and temperature chosen in this study, for which the continuum is pre-
dicted to become optically thick at a pressure of 3.5 mbar. For solar
metallicity, the continuum is formed between 3 and 4 mbar for temper-
atures between 3500 and 5500 K. For most of this parameter space, the
continuum is formed between pressures of 2 and 6 mbar. This indicates
that the peak pressures obtained in Table 2 are robust against errors
in the assumed temperature and metallicity to within a factor of order
unity.

An additional source of ionization could therefore act to fur-
ther deplete the neutral Fe I population, but this would only
marginally increase that of Fe II. 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
neglected in our model because of the short thermal timescale

at a temperature of 4000 K. The abundances would be quenched
if the vertical mixing timescale would be short at the pres-
sures probed in the transmission spectrum, and this would result
in abundance profiles that are constant with pressure/altitude
(see e.g. Tsai et al. 2017). Although this effect would work
to increase the abundances of neutral elements at higher alti-
tudes, the abundances of singly ionized species are already
nearly constant between pressures of 0.1 and 10−14 bars (see
Fig. 3). Quenching can therefore not be invoked to signifi-
cantly increase the line depths of the ionized species, and the
same reasoning applies to horizontal transport. However, as dis-
equilibrium chemistry driven by transport may be relevant for
the abundances of the neutral trace species (Mendonça et al.
2018), future studies should treat the effects of three-dimensional
transport.

A fourth simplifying assumption in our model is that the
abundances of metals in the atmosphere correspond to solar
metallicity, equivalent to the metallicity of the star (Gaudi et al.
2017). If the metallicity of the planet is significantly enhanced,
this would increase the optical depth inside the absorption lines
of all elements. However, the altitude at which the atmosphere
becomes optically thick in transmission scales with the loga-
rithm of the elemental abundance (Lecavelier Des Etangs et al.
2008; de Wit & Seager 2013; Heng & Kitzmann 2017). Increas-
ing the line-depth by a factor of eight to ten would require an
increase in the metallicity of four to five orders of magnitude.
For a high metallicity atmosphere, the scale height would be
decreased due to the higher mean particle weight, reducing the
line depths rather than increasing them. In addition, gas giant
exoplanets with masses greater than Jupiter are not expected
to have metallicities that are orders of magnitude greater than
stellar (e.g. Arcangeli et al. 2018).

Fifthly, the model assumes an isothermal atmosphere. If
parts of the atmosphere are significantly hotter than 4000 K, this
would increase the scale height and therefore inflate the observed
absorption lines. In previous studies, this effect has been used to
measure the temperature-pressure profile using the line profile of
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Fig. 7. Transmission spectrum of KELT-9 b at the location of eight strong lines of Fe II that were observed by Cauley et al. (2019). The grey
points show the transmission spectrum at the native sampling of the HARPS-N instrument, while the black points are binned by 20 points. The
transmission spectrum is obtained following the procedure of Wyttenbach et al. (2015), and combining all in-transit exposures of the two nights.
The Doppler-shadow is removed by fitting the model described in Sect. 2 at the expected locations of the individual lines. The presence of these
lines appears to be confirmed by our HARPS-N observations, but non-Gaussian systematic noise occurs at the ∼10−3 level. This hinders the
identification of all but the strongest Fe II lines.

the strong sodium D-doublet (see e.g. Vidal-Madjar et al. 2011;
Heng et al. 2015; Wyttenbach et al. 2015; Pino et al. 2018a).
Although the isothermal assumption is not likely to accurately
describe the atmosphere over a wide range of pressures, explain-
ing the observed discrepancy of the observed and predicted Cr II
and Fe II lines by invoking higher temperatures would imply an
unrealistically strong thermal inversion: to increase the scale-
height H by a factor of ten, the temperature of the isothermal
atmosphere would need to be increased to ∼40 000 K because
line-depth in transmission scales approximately linearly with H.

A sixth assumption is that of local thermodynamic equilib-
rium, resulting in the atomic level populations being determined
by thermal collisions. At the low pressures where some of
the stronger lines are formed, the atomic energy levels may
be significantly populated via non-thermal processes. It is not
immediately evident how deviations from LTE distributions of
the level populations would affect the observed spectra of the
different species, and this is a topic deserving of further theoret-
ical study that is beyond the scope of this paper (along the lines
of e.g. Huang et al. 2017; Oklopčić & Hirata 2018).

Deep absorption lines by neutral and ionized elements have
previously been observed in the transmission spectra of other
hot Jupiters, where they are associated with outflowing material
that is escaping from the planet atmosphere (Vidal-Madjar
et al. 2003, 2004, 2011; Ben-Jaffel & Sona Hosseini 2010;
Fossati et al. 2010; Linsky et al. 2010; Schlawin et al. 2010;
Ehrenreich et al. 2012, 2015; Haswell et al. 2012; Kulow et al.
2014; Bourrier et al. 2015; Spake et al. 2018; Allart et al. 2018;
Nortmann et al. 2018; Salz et al. 2018; Allart, in prep.). An

evaporation outflow effectively enhances the density of the
atmosphere at higher altitudes, lifting absorbing species above
what would be expected from hydrostatic equilibrium. KELT-9 b
is also believed to possess an outflowing envelope, as evidenced
by strong H-α absorption in the optical transmission spectrum
(Yan & Henning 2018). Therefore, we interpret these deep ion
lines as originating from the evaporation outflow that increases
their density at higher altitudes than expected from our model
that is in hydrostatic equilibrium. The strength of such a potential
outflow is still a topic of discussion (see e.g. Fossati et al. 2018),
and future studies will be directed at modelling this outflow over
the pressure ranges probed in the high-resolution transmission
spectrum.

4.2. Individual lines of Fe II, Mg I and Na I

Strong absorption lines of Mg I and Fe II have already been
observed directly in the transmission spectrum of KELT-9 b
by Cauley et al. (2019) using the PEPSI spectrograph on the
Large Binocular Telescope (LBT). We therefore used these
HARPS-N observations to obtain the transmission spectrum of
KELT-9 b using the same methods as described by Wyttenbach
et al. (2015), but using a low-order polynomial to normalize
the continuum (similar to Allart et al. 2017), and correcting
for the Doppler-shadow in the same way as was done for the
cross-correlation functions (see Sect. 2).

Figures 7 and 8 show the transmission-spectrum obtained
in this way, at the location of eight strong Fe II lines also
observed by Cauley et al. (2019), the Mg I triplet and the Na I-D
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Fig. 8. Similar to Fig. 7, this figure shows the transmission spectrum of KELT-9 b at the location of the Mg I triplet that was observed by Cauley
et al. (2019), and the Na I-D doublet, which was not covered by the observations by Cauley et al. (2019). The systematic noise at the ∼10−3 level
hampers the detection of these individual lines.

doublet6. The strongest lines of Fe II are detected individually in
the transmission spectrum, but systematic variations are present
on the 10−3 level7. Excess absorption also appears around the
Na I doublet, but the detection of these lines in the transmis-
sion spectrum is not robust. This highlights the advantage of
using cross-correlation, in which many lines (if available) are co-
added to diminish the photon noise and other noise sources that
are not correlated with the target spectrum. In the optical, Na I
has tradionally only been targeted through its strong resonant
doublet, but at high temperatures additional transitions are also
common, producing the multitude of lines that were combined
in the present analysis, yielding a detection that is significantly
stronger than would have been possible using only the doublet.

In addition, neutral aluminium (Al I) and ionized calcium
(Ca II) have strong doublets near 390 nm (see Fig. C.1). How-
ever these were not detected because the noise at the blue edge
of the HARPS-N waveband is naturally high, aggravated by the
malfunction of the ADC that caused a strong loss of flux at
short wavelengths in the second night of observations. Besides
these two doublets, the spectra of most other species appear to be
more rich at blue optical and UV wavelengths (see Fig. C.1) and
we propose that future spectroscopic observations at blue/NUV
wavelengths (notably with HST/STIS) have a strong potential to
reveal additional absorbers in the transmission spectrum of the
atmosphere of KELT-9 b.

4.3. The systemic velocity and high-altitude winds

The HARPS-N spectrograph is routinely used to monitor the
radial velocity of stars with a long-term precision at the m s−1

level (Cosentino et al. 2012). For this purpose the pipeline auto-
matically cross-correlates the spectrum of the target star with a
standard binary mask, in this case a mask tailored to the spec-
trum of an A0 main sequence star (Nielsen et al., in prep.). Using
the cross-correlation functions provided by the pipeline, we mea-
sure the radial velocity of the star in the exposures obtained

6 Single lines and simple line systems like doublets and triplets are
more amenable for a targeted analysis that is applied directly to the
transmission-spectrum (like e.g. Wyttenbach et al. 2015) rather than
cross-correlation, because cross-correlation relies on the co-addition of
many individual lines.
7 The origin of these systematic variations is presently unknown and
may be related to the malfunction of the ADC. The magnitude of the
variations exceeds the magnitude of the Doppler shadow, meaning that
inaccuracies in the removal of the Doppler shadow effect cannot (fully)
account for this systematic noise.

before and after the transit8. For the two nights, this yields mea-
surements of the systemic radial velocity of −17.63 ± 0.14 and
−17.88 ± 0.16 km s−1 respectively.

Gaudi et al. (2017) report a systemic velocity of
−20.565± 0.1 km s−1, which is significantly discrepant from our
measurements. The reason for such a discrepancy at the km s−1

level is not immediately evident, but may well be explained by
differences in the cross-correlation masks used to derive the
radial velocity, as well as the radial-velocity zero-points of the
spectrographs. For the purpose of this study we adopted a sys-
temic velocity of −17.74± 0.11 km s−1 as the average of our two
measurements.

The strong signatures of Na I, Mg I, Ti II, Cr II, Fe I and
Fe II in this survey appear to have symmetrical line profiles at
velocities that are consistent with the measured systemic veloc-
ity to within 3σ. Especially the Fe II line, although spanning a
large range of altitudes, is consistent with the systemic veloc-
ity as it deviates from the planet rest frame velocity by 0.18±
0.27 km s−1. Similarly, the Fe I line is shifted by 0.84±
0.37 km s−1. Our detections therefore do not indicate the pres-
ence of a strong net day-to-night-side wind (the second circula-
tion regime of Showman et al. 2013), nor a tail-like flow of the
envelope material over the range of pressures probed by these
lines – i.e. from the millibar to the microbar level.

4.4. The stellar mass

The detection of the absorption lines in the transmission spec-
trum of the planet yields a measurement of the radial velocity of
the planet as a function of time during transit. Assuming a circu-
lar orbit and the known orbital period, this yields the projected
orbital velocity of the planet. This was first used by Brogi et al.
(2012) to measure the true orbital velocity of the non-transiting
hot Jupiter τ Boo b, which was first known only up until a factor
sin i because the inclination of the orbit was unknown. Assum-
ing a circular orbit, we fit the radial velocity v(t) of the peak of
the cross-correlation function of Fe II in each exposure during
the transit to obtain the orbital velocity vorb, up to the projection
angle sin i:

v(t) = vorb sin
(
2π

t − t0
P

)
sin i, (7)

where t − t0 and P are the time from transit centre time and
the orbital period as provided by Gaudi et al. (2017). The
8 The in-transit exposures are left out as to prevent the presence of the
planet to bias the velocity measurement.
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Fig. 9. Radial velocity of the planet as a function of orbital phase. It is
obtained by fitting the average Fe II line as a Gaussian in each exposure
of each of the two nights. The blue line signifies our fit of Eq. (7), which
yields a best-fit projected orbital velocity of 234.24± 0.90 km s−1.

resulting fit is shown in Fig. 9, and yields a projected orbital
velocity of vorb = vorb sin i = 234.24± 0.90 km s−1.

Because KELT-9 b is a transiting planet, knowledge of the
orbital inclination, the orbital period and the orbital velocity may
be used to retrieve the true mass of the star. Rewriting Keplers
third law for a circular orbit, the stellar mass M∗ is given by

M∗ =
P

2πG
v3

orb − mp =
P

2πG

(
vorb

sin i

)3

− mp, (8)

where mp is the mass of the planet. Filling in the measured
orbital velocity and the inclination, orbital period and planet
mass reported by Gaudi et al. (2017), we obtain a revised mea-
surement of the stellar mass of M∗ = 1.978± 0.023 M�. The
uncertainty on this value is approximately ten times lower than
reported by Gaudi et al. (2017), and takes into account the
uncertainties on P, i and mp. The stellar density and planet-
to-star radius ratio were obtained by Gaudi et al. (2017) as
direct observables from the shape and depth of the transit
lightcurve (Seager & Mallén-Ornelas 2003), who reported val-
ues of ρ∗ = 0.2702± 0.0029 g cm−3 and Rp

R∗
= 0.08228± 0.00043.

We are therefore able to revise the stellar radius to
R∗ = 2.178± 0.011 R� and the planet radius to Rp = 1.783±
0.009 RJ. Finally, with the revised stellar mass we also revise
the mass of the planet, which is derived from the radial veloc-
ity semi-amplitude K of the star provided by Gaudi et al. (2017),
assuming a circular orbit:

mp = K
( P
2πG

)
1
3

M
2
3∗

sin i
, (9)

which yields a mass of 2.44± 0.70 MJ
9.

5. Conclusion

This paper presents a survey of the transmission spectrum of
KELT-9 b for absorption signatures of 76 atomic species and
9 The planet mass mp recurs in Eq. (8) for the mass of the star, but the
adjustment in the planet mass compared to Gaudi et al. (2017) is so small
that it has no effect on the initial outcome for M∗. Had the planet been
significantly heavier, M∗ and mp would have been derived iteratively.

their ions, as observed by the high-resolution echelle spectro-
graph HARPS-N. Of these 76 species, 18 neutrals and 21 ions
are expected to have significant line absorption in the HARPS-N
waveband. We modelled the absorption spectra of these species
using the FastChem code (Stock et al. 2018) to model the
expected composition of the atmosphere at 4000 K, and used
these model spectra as cross-correlation templates to co-add the
individual absorption lines of these species into average line-
profiles. By doing so, we are able to report on new detections
of Na I, Sc II, Cr II and Y II in the atmosphere of KELT-
9 b, while confirming previous detections of Mg I, Ti I, Fe I
and Fe II (Hoeijmakers et al. 2018a; Cauley et al. 2019). In addi-
tion, we find cross-correlation enhancements of Ca I, Cr I, Co I,
and Sr II near the expected orbital velocity of the planet but
these have low significance and/or non-Gaussian profiles. These
tentative signatures will require further observations to verify.

The injection of the model templates into the data allows
the strength of the cross-correlation functions to be compared
to the models. From this we conclude that equilibrium chem-
istry at solar metallicity and 4000 K comes close to adequately
explaining the observed line-depths of Fe I and Sc II. How-
ever, the strong absorption lines of the other species appear
to be anomalous, especially those of Cr II and Fe II, which
are both underpredicted by a factor of eight to ten. Our atmo-
spheric model predicts that the atmosphere becomes opaque to
continuum radiation at a pressure of 3.5 mbar. We could there-
fore derive the pressure level corresponding to the observed
line-depths and find that these occur between the mbar and
microbar levels. We tentatively ascribe the discrepancy between
our isothermal, hydrostatic thermal equilibrium model and the
data to the presence of a hydrodynamic outflow that lifts the
absorbing species to higher altitudes. The presence of an escap-
ing envelope surrounding KELT-9 b has already been confirmed
by recent observations of the H-α line by Yan & Henning (2018).

From the cross-correlation performed by the HARPS-N
pipeline, we constrain the systemic velocity of the KELT-9 sys-
tem to −17.74± 0.11 km s−1, significantly deviant from the value
of −20.565± 0.1 km s−1 reported by Gaudi et al. (2017). The
observed absorption lines in the transmission spectrum of the
planet atmosphere do not show a significant net blue-shift from
the systemic velocity that would indicate a global day-to-night
side wind or a tail-like structure of the envelope material at the
pressures probed.

We measured the variation of the radial velocity of the
planet during transit using the strong Fe II lines, and find a
projected orbital velocity of 234.24± 0.90 km s−1. Treating the
system like a spectroscopic binary and using the transit param-
eters reported by Gaudi et al. (2017), we revise the stellar mass
and radius to M∗ = 1.978± 0.023 M� and R∗ = 2.178± 0.011 R�,
and the planet mass and radius to mp = 2.44± 0.70 MJ and
Rp = 1.783± 0.009 RJ.
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Appendix A: The weighted cross-correlation

The cross-correlation c(v, t) provides an independent measure-
ment of the average line profile for each exposure in the time-
series of the observations. Hence, c(v, t) is a function of both
the time of observation (or equivalently the orbital phase of the
planet) and the radial velocity to which the template is shifted.
This yields the two-dimensional cross-correlation maps that are
regularly presented in studies that use the cross-correlation tech-
nique, for example Figs. 5, 8 and 12 in Brogi et al. (2018),
Birkby et al. (2017) and Hoeijmakers et al. (2018b) respectively.
c(v, t) is computed independently for each of the wavelength
bins. In our study these are 20 nm-wide sections of the stitched
1D spectra as produced by the HARPS-N pipeline, but they
could also be the individual spectral orders of the echelle spec-
trograph. To combine these, we first take the weighted mean of
c(v) over the Nb = 15 bins to produce the two-dimensional cross-
correlation function over the entire spectral range, followed by
a second weighted mean over the Ne = 19 exposures in-transit,
yielding a one-dimensional cross-correlation C(v) function that
corresponds to the mean line profile over the entire dataset:

C(v) =

Ne∑
k=0

Nb∑
j=0

N∑
i=0

xi jkTi j(v)w jek∑Ne
k=0 ek

∑Nb
j=0 w j

∑N
i=0 Ti j(v)

, (A.1)

where ek is the weight assigned to the value of c(v) in exposure
k, w j is the weight assigned to c(v) of each of the 15 bins, xi jk is
spectral data point i in bin j and exposure k, and Ti j(v) is the tem-
plate corresponding to each of these xi jk shifted to radial velocity
v.

The weights w j and ek are based on the signal-to-noise
of the signal retrieved when injecting the template T into the
data, broadened by the expected rotational velocity of the planet
assuming tidal locking (see Sect. 3.3). The weights are thus
effectively optimized to retrieve a transmission spectrum of the
planet that corresponds to T , and this is done for each species
independently. This assures that the spectral pixels are all co-
added based on not only the expected position and strengths of
the absorption lines (as follows from the forward-model of the
atmosphere), but also implicitly accounting for the wavelength-
dependence of noise over the spectral range. Regions with
high flux and deep planetary absorption lines are thus naturally
favoured over regions where the noise is higher (such as at the
edges of spectral orders, at blue wavelengths and in deep stel-
lar absorption lines), or where the planet has fewer or shallower
lines.

The cross-correlation of the injected template is denoted as
CI, and its absolute signal is obtained by subtracting CI − C.
The peak S/N of this cross-correlation signal occurs at the radial

velocity of the planet at which the template T was injected (cor-
responding with the true expected radial velocity of the planet
in-transit), and is denoted as s jk, for each bin j and exposure k.
ek is now obtained by taking the mean of s2 over j, and w j is
obtained by taking the mean of s2 over k.

Appendix B: Notes on nomenclature

As already noted by Pino et al. (2018b), the functional form of
what is referred to as “cross-correlation” varies between fields,
and the distinction is not always made clear in the exoplanet lit-
erature. Snellen et al. (2010), Brogi et al. (2012), Hoeijmakers
et al. (2015) a.o. use the Pearson correlation coefficient, which
is similar to Eq. (1), but normalizes xi and Ti by subtract-
ing their mean, and carries an additional normalization over xi
in the denominator. As such, this cross-correlation coefficient
is unitless and bounded between −1 and 1. Its magnitde can
therefore not be related directly to the amplitude of the tar-
get spectral lines, because this information has been normalized
out. Relating the amplitude of the Pearson cross-correlation to
a physical line-stregth therefore relies on injection (as in e.g.
Hoeijmakers et al. 2015) or subtraction (as in e.g. Brogi et al.
2017) of the model template to compare the real and injected
cross-correlation amplitudes.

Allart et al. (2017) and Hoeijmakers et al. (2018a) as well
as the present work refer to Eq. (1) as the cross-correlation,
although it is functionally identical to a weighted mean of spec-
tral pixels, and more closely related to the cross-covariance. This
function preserves the physical unit of the data (in the present
case: transit depth), allowing a direct interpretation of the ampli-
tude of the cross-correlation signal as the average line-depth
(Pino et al. 2018b). The cross-covariance can also be incorpo-
rated into an expression of the likelihood function L, allowing it
to be used to derive posterior distributions (Brogi et al. 2018).

Appendix C: The full survey

Besides the detected species shown in Fig. 5, in Fig. C.1 we
present the modelled absorption spectra of all species between
atomic number three and 78 for which line-list data was avail-
able. We chose not to include elements with atomic number
above 78 because the modelled spectra were mostly devoid of
lines and line-list data was sparse. Figure C.2 shows the cross-
correlation signature of each of the species in the same way as
Fig. 5. Table C.1 shows the scaling factors by which the model of
the Doppler shadow was multiplied before subtraction. Finally,
Table C.2 shows the coefficients of our fits to the mass action
constants used to compute the equilibrium chemistry model of
the atmosphere using FastChem.
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Fig. C.1. Modelled spectra of all neutral and singly ionized species in our survey, with the atomic number increasing downwards. The spectra
are computed at solar metallicity and a temperature of 4000 K, with a continuum set by H−. The y-axis denotes transit depth, with unity equal to
the out-of-transit flux of the star. The shaded grey areas demarcate the edges of the HARPS-N waveband. The alternating shaded colours indicate
the 20 nm wide bands for which the cross-correlation analysis is performed independently. Green and lime highlighted species are species with
significant expected line opacity and that were selected for cross-correlation. Species for which no spectrum is plotted were lacking in line-list data.
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Fig. C.1. continued.
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Fig. C.1. continued.
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Fig. C.1. continued.
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Fig. C.1. continued.
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Fig. C.2. Cross-correlation functions of all surveyed species highlighted in Fig. C.1. The colours indicate detections (green) and non-detections
(red), as well as tentative signatures that occur at the expected radial and orbital velocities of the planet, but at low confidence and/or with an
irregular structure (brown).
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Table C.1. Scaling factors by which the model of the Doppler shadow
was multiplied before subtracting it from the cross-correlation functions
of each of the individual species, averaged over the two nights.

Element Neutral Ion

Na 0.786
Mg 0.694
Si 0.130
Ca 0.161
Sc 0.0906 0.497
Ti 0 0.704
V 0.00838 0.110
Cr 0.0250 0.573
Mn 0.0546 0.106
Fe 0.110 1.14
Co 0.0618
Ni 0.055
Sr 1.06
Y 0 0.189
Zr 0.000761 0.0263
Nb 0 0.0675
Ru 0.00865
Ba 0.387
La 0.102
Ce 0.00455
Pr 0.0291
Nd 0.00110
Sm 0
Eu 0.194
Gd 0.0266
Tb 0
Dy 0.107
Ho 0
Er 0.0902
W 0.142
Os 0

Notes. These are reflective of the average depths of the absorption lines
of these species in the stellar photosphere, times the average depth of
the spectral lines in the PHOENIX photosphere model.
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Table C.2. Coefficients for the fit of the temperature-dependent mass action constants of ions (including anions).

Species a0 a1 b0 b1 b2 Reference

Li+ −6.257651e+04 2.445125e+00 −1.458903e+01 6.911880e-05 −9.971750e-09 b
Li2+ −9.403432e+05 4.954491e+00 −2.817262e+01 5.864958e-05 −8.710342e-09 b
Li− 7.168737e+03 −2.523718e+00 1.366656e+01 3.180655e-05 −5.015196e-09 b
Be+ −1.081981e+05 2.448287e+00 −1.320213e+01 4.864945e-05 −5.720544e-09 a
Be2+ −3.195220e+05 4.969213e+00 −2.825779e+01 3.688612e-05 −4.907970e-09 b
B+ −9.628053e+04 2.499047e+00 −1.600591e+01 7.692046e-07 −9.594323e-11 a
B2+ −3.195039e+05 4.996323e+00 −2.951576e+01 2.978475e-06 −3.149719e-10 a
B− 3.222835e+03 −2.486416e+00 1.454006e+01 −1.579851e-05 3.089472e-09 a
C2+ −4.135903e+05 4.984436e+00 −3.053864e+01 1.684809e-05 −3.164118e-09 a
N2+ −5.122099e+05 5.230785e+00 −2.965536e+01 −1.073986e-04 6.073966e-09 a
O2+ −5.656110e+05 5.242922e+00 −3.012987e+01 −1.230956e-04 8.130114e-09 a
F2+ −6.080289e+05 4.758626e+00 −2.708094e+01 9.538401e-05 −5.702377e-09 a
Ne2+ −7.255567e+05 5.331451e+00 −2.883738e+01 −8.033248e-05 3.091043e-09 a
Na2+ −6.083678e+05 4.994249e+00 −2.778162e+01 1.569849e-04 −1.785986e-08 a
Mg2+ −2.632132e+05 4.967207e+00 −2.824584e+01 3.926133e-05 −5.215984e-09 a
Al2+ −2.879089e+05 4.883613e+00 −2.873766e+01 6.361646e-05 −4.708568e-09 a
Si2+ −2.841943e+05 4.782967e+00 −2.910203e+01 1.008866e-04 −1.017122e-08 a
P2+ −3.510207e+05 5.702043e+00 −3.321286e+01 −2.354251e-04 6.150734e-09 a
S2+ −3.910012e+05 5.789528e+00 −3.409596e+01 −3.487582e-04 2.160394e-08 a
Cl2+ −4.268605e+05 4.843548e+00 −2.745382e+01 −1.815412e-05 5.086697e-09 a
Ar2+ −5.034790e+05 5.165356e+00 −2.791532e+01 5.757654e-05 −6.291260e-09 a
K2+ −4.174481e+05 4.800569e+00 −2.660964e+01 3.187530e-04 −3.631262e-08 a
Ca2+ −2.087315e+05 4.826088e+00 −2.741512e+01 2.233377e-04 −3.281908e-08 a
Ca− 2.491226e+02 −2.330029e+00 1.530053e+01 −6.796035e-05 5.088252e-09 a
Sc+ −7.630457e+04 1.939671e+00 −1.029001e+01 5.553202e-04 −4.992972e-08 c
Sc2+ −2.246849e+05 4.929991e+00 −2.810383e+01 1.530566e-04 −2.843184e-08 a
Sc− 2.178975e+03 −2.360998e+00 1.380622e+01 2.356529e-05 5.089711e-10 a
Ti2+ −2.367560e+05 5.084696e+00 −2.902846e+01 −1.698708e-05 −1.619924e-08 a
V2+ −2.484095e+05 5.040063e+00 −2.863070e+01 −1.905291e-04 8.702925e-09 a
Cr2+ −2.698671e+05 5.771943e+00 −3.258554e+01 −3.510903e-04 5.252151e-09 a
Mn2+ −2.677758e+05 4.913883e+00 −2.793082e+01 1.069395e-04 −1.499061e-08 a
Fe2+ −2.795485e+05 5.019119e+00 −2.859377e+01 1.347711e-05 −1.155154e-08 a
Co2+ −2.896757e+05 5.142486e+00 −2.926769e+01 −2.023968e-04 9.480268e-09 a
Ni2+ −2.995070e+05 4.693818e+00 −2.697957e+01 1.608813e-04 −1.118022e-08 a
Cu2+ −3.251517e+05 4.903999e+00 −2.684981e+01 2.482547e-04 −2.988537e-08 a
Zn2+ −3.174840e+05 4.996642e+00 −2.842085e+01 3.752581e-06 −4.509092e-10 a
Ga+ −6.980530e+04 1.607740e+00 −9.320869e+00 3.015434e-04 −1.633885e-08 b
Ga2+ −3.077803e+05 4.331296e+00 −2.435889e+01 1.712459e-04 −6.810332e-09 b
Ga− 5.057817e+03 −1.891447e+00 1.006145e+01 −2.051303e-04 1.451311e-08 b
Ge+ −9.176634e+04 1.425826e+00 −7.483645e+00 5.963214e-04 −4.297209e-08 b
Ge2+ −2.767541e+05 3.722745e+00 −2.089299e+01 3.763743e-04 −2.132323e-08 b
Ge− 1.413645e+04 −3.747478e+00 2.298821e+01 3.220351e-04 −9.528489e-09 b
As+ −1.132523e+05 3.756197e+00 −2.390343e+01 −1.167552e-04 −8.836227e-09 b
As2+ −3.298491e+05 4.732759e+00 −2.765064e+01 4.718120e-04 −4.177260e-08 b
As− 9.334082e+03 −2.584351e+00 1.486495e+01 2.373549e-04 −2.365011e-08 b
Se+ −1.131779e+05 2.554645e+00 −1.466664e+01 −2.114424e-04 1.839430e-08 b
Se2+ −3.590378e+05 5.062661e+00 −3.069360e+01 4.448638e-04 −3.987156e-08 b
Se− 2.343896e+04 −2.524085e+00 1.420115e+01 −8.135546e-05 6.462952e-09 b
Rb+ −4.854618e+04 2.197062e+00 −1.301519e+01 2.942980e-04 −3.670703e-08 b
Rb2+ −3.651322e+05 4.808020e+00 −2.660509e+01 2.284562e-04 −2.926039e-08 b
Rb− 5.642096e+03 −2.471924e+00 1.337032e+01 −4.960086e-05 9.617959e-09 b
Sr+ −6.614589e+04 2.245360e+00 −1.194103e+01 2.583965e-04 −3.380599e-08 a
Sr2+ −1.941161e+05 4.792835e+00 −2.722238e+01 2.716941e-04 −4.104279e-08 b

Notes. The fits are valid in the temperature range between 100 and 6000 K and are given in the FastChem format: ln Ki(T ) =
a0
T + a1 ln T + b0 +

b1T + b2T 2 (Stock et al. 2018).
References. a: partition functions based on data from the Kurucz line lists (Kurucz & Bell 1995). b: partition functions based on data from
the NIST Atomic Spectra Database (Kramida et al. 2018b). The ionization energies are taken from the Lide (2004) in both cases. c: based on
thermochemical data from Gurvich et al. (1982).

A165, page 23 of 26



A&A 627, A165 (2019)

Table C.2. continued.

Species a0 a1 b0 b1 b2 Reference

Sr− 6.627934e+02 −1.992876e+00 1.269203e+01 −1.370573e-04 4.628944e-09 a
Y+ −7.176276e+04 4.188361e+00 −2.641749e+01 −4.324053e-04 7.814626e-09 a
Y2+ −2.141923e+05 4.843393e+00 −2.767314e+01 2.539009e-04 −3.793062e-08 b
Y− 3.556755e+03 −2.634410e+00 1.507707e+01 4.561236e-04 −3.724981e-08 a
Zr+ −7.701333e+04 2.627948e+00 −1.484642e+01 3.778927e-05 −1.404338e-08 a
Zr2+ −2.293259e+05 5.104568e+00 −2.914197e+01 −1.287425e-04 −5.281367e-09 a
Zr− 5.029101e+03 −2.350380e+00 1.428294e+01 −1.913007e-04 8.780821e-09 a
Nb+ −7.857835e+04 2.612763e+00 −1.580872e+01 1.123904e-04 −1.049845e-08 a
Nb2+ −2.445578e+05 5.211120e+00 −3.088235e+01 −3.620478e-05 −5.447194e-09 a
Nb− 1.058498e+04 −3.066374e+00 1.704201e+01 −8.271939e-05 2.007041e-08 a
Mo+ −8.230749e+04 2.489498e+00 −1.430508e+01 6.234623e-06 −4.526990e-10 a
Mo2+ −2.697311e+05 6.302578e+00 −3.729495e+01 −2.766927e-04 −3.447993e-09 a
Mo− 8.620377e+03 −2.969326e+00 1.665969e+01 8.507653e-04 −7.317276e-08 a
Ru+ −8.543378e+04 2.412469e+00 −1.375638e+01 6.152285e-07 −3.017937e-09 a
Ru2+ −2.798820e+05 5.157276e+00 −2.959099e+01 −1.427370e-04 6.698495e-11 a
Ru− 1.211661e+04 −2.677755e+00 1.518654e+01 1.408877e-04 −1.581984e-08 a
Rh+ −8.660251e+04 2.382664e+00 −1.346571e+01 −9.551840e-05 7.588277e-09 a
Rh2+ −2.963766e+05 4.971467e+00 −2.820594e+01 −1.055777e-04 7.448432e-09 a
Rh− 1.317054e+04 −2.981142e+00 1.499211e+01 1.587576e-04 1.303818e-08 a
Pd+ −9.650404e+04 3.427600e+00 −1.837233e+01 −6.848823e-04 2.286147e-08 a
Pd2+ −3.221492e+05 5.425302e+00 −2.885909e+01 −3.406978e-04 1.232565e-09 a
Pd− 6.619238e+03 −1.901975e+00 1.129693e+01 −5.718141e-04 1.219657e-08 a
Ag+ −8.791960e+04 2.494306e+00 −1.487763e+01 5.114261e-06 −5.635751e-10 b
Ag2+ −3.373123e+05 4.913882e+00 −2.683080e+01 9.621756e-05 −3.857636e-09 b
Ag− 1.513778e+04 −2.499833e+00 1.352636e+01 −1.864851e-07 2.239051e-11 b
Cd+ −1.043706e+05 2.492493e+00 −1.347983e+01 6.696760e-06 −7.311102e-10 b
Cd2+ −3.005824e+05 4.995789e+00 −2.841579e+01 4.798662e-06 −5.945109e-10 b
In+ −6.720764e+04 2.430559e+00 −1.421171e+01 −2.867153e-04 2.412735e-08 b
In2+ −2.861252e+05 5.086195e+00 −2.879086e+01 −3.773571e-04 3.074917e-08 b
In− 4.494223e+03 −2.363480e+00 1.250462e+01 2.701248e-04 −2.307383e-08 b
Sn+ −8.550616e+04 1.636183e+00 −7.583424e+00 −9.394052e-06 1.328952e-08 b
Sn2+ −2.550640e+05 4.949683e+00 −2.776817e+01 −6.474905e-04 5.382399e-08 b
Sn− 1.286251e+04 −2.549000e+00 1.628734e+01 −6.778121e-04 6.572371e-08 b
Sb+ −9.999992e+04 1.861317e+00 −1.187724e+01 8.992890e-04 −6.835289e-08 b
Sb2+ −2.917412e+05 4.893050e+00 −2.849750e+01 1.207286e-04 −9.306244e-09 b
Sb− 1.214207e+04 −2.590659e+00 1.497120e+01 1.213584e-04 −1.205327e-08 b
Te+ −1.048358e+05 1.636178e+00 −7.583391e+00 −9.390886e-06 1.328928e-08 b
Te2+ −3.204477e+05 4.659802e+00 −2.802328e+01 3.713875e-04 −1.538476e-08 b
Te− 2.288286e+04 −2.421080e+00 1.352850e+01 −8.725159e-05 2.439641e-09 b
Cs+ −4.528316e+04 2.087691e+00 −1.234395e+01 4.185307e-04 −5.552924e-08 b
Cs2+ −3.139541e+05 4.755044e+00 −2.630289e+01 3.156288e-04 −4.718043e-08 b
Cs− 5.399787e+03 −2.931135e+00 1.617382e+01 3.635188e-04 −4.840012e-09 b
Ba+ −6.051156e+04 2.230065e+00 −1.201430e+01 4.601799e-04 −6.798839e-08 b
Ba2+ −1.765336e+05 5.179498e+00 −2.960346e+01 −3.866059e-05 −4.383653e-08 b
Ba− 1.750082e+03 −2.233250e+00 1.365346e+01 4.925290e-04 −7.194586e-08 b
La+ −6.451483e+04 3.326088e+00 −1.927360e+01 −4.769959e-04 1.819639e-08 b
La2+ −1.930757e+05 4.975852e+00 −2.818165e+01 −2.888187e-04 1.285448e-08 b
La− 6.348587e+03 −2.654876e+00 1.605691e+01 4.380221e-04 −3.161517e-08 b
Ce+ −6.403419e+04 3.171264e+00 −1.914062e+01 −1.056822e-04 −1.019987e-08 b
Ce2+ −1.902176e+05 4.699222e+00 −2.673118e+01 −1.068922e-04 1.316049e-09 b
Ce− 6.548959e+03 −2.955035e+00 1.702923e+01 −3.701637e-05 2.383397e-08 b
Pr+ −6.342175e+04 3.126189e+00 −1.798169e+01 −2.761204e-04 3.578332e-09 b
Pr2+ −1.858490e+05 5.582066e+00 −3.192867e+01 −6.136215e-04 2.352541e-08 b
Pr− 1.122440e+04 −2.082943e+00 1.164134e+01 −4.125150e-04 3.774982e-08 b
Nd+ −6.403886e+04 2.975283e+00 −1.718373e+01 −7.720646e-05 −1.314762e-08 b
Nd2+ −1.885906e+05 5.217612e+00 −2.981865e+01 −1.050506e-04 −3.399976e-08 b
Nd− 2.230139e+04 −2.102172e+00 1.134207e+01 −7.139634e-05 −3.701865e-08 b
Sm+ −6.547008e+04 2.282160e+00 −1.268932e+01 3.636024e-04 −3.906499e-08 b
Sm2+ −1.939742e+05 4.842841e+00 −2.753764e+01 2.379702e-04 −4.274995e-08 b
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Table C.2. continued.

Species a0 a1 b0 b1 b2 Reference

Sm− 1.758414e+03 −3.749298e+00 2.321110e+01 5.770456e-05 7.703514e-09 b
Eu+ −6.581677e+04 2.345689e+00 −1.328486e+01 3.752787e-04 −4.408329e-08 b
Eu2+ −1.962769e+05 4.799913e+00 −2.727418e+01 2.795278e-04 −4.568226e-08 b
Eu− 1.388057e+03 −1.804402e+00 1.017602e+01 −7.181045e-06 −5.833591e-09 b
Gd+ −7.137337e+04 2.276964e+00 −1.300354e+01 4.336840e-04 −4.546894e-08 b
Gd2+ −2.116502e+05 4.932654e+00 −2.835878e+01 2.831846e-04 −4.332661e-08 b
Gd− 1.546839e+03 −2.916868e+00 1.763578e+01 3.829147e-04 −3.072644e-08 b
Tb+ −6.799838e+04 2.010817e+00 −1.204494e+01 5.350978e-04 −4.895898e-08 b
Tb2+ −2.018045e+05 4.200660e+00 −2.406078e+01 2.802467e-04 −1.396694e-08 b
Tb− 1.348067e+04 −3.028296e+00 1.710919e+01 −1.334802e-04 3.541371e-08 b
Dy+ −6.879472e+04 3.014676e+00 −1.747181e+01 −1.157870e-04 −1.117657e-08 b
Dy2+ −2.043326e+05 5.041662e+00 −2.873304e+01 4.613373e-05 −4.562549e-08 b
Dy− 4.084086e+03 −2.493290e+00 1.413667e+01 −2.962651e-05 7.644436e-10 b
Ho+ −6.977167e+04 2.996212e+00 −1.728031e+01 −8.020657e-05 −2.656349e-08 b
Ho2+ −2.068032e+05 5.015257e+00 −2.857871e+01 6.703620e-05 −3.148431e-08 b
Ho− 3.906039e+03 −2.604632e+00 1.464065e+01 1.087372e-04 −5.276441e-09 b
Er+ −7.078944e+04 3.047784e+00 −1.739668e+01 −2.387930e-04 −1.836723e-09 b
Er2+ −2.093003e+05 5.089075e+00 −2.902460e+01 −3.946951e-06 −3.000136e-08 b
Er− 3.682983e+03 −2.119010e+00 1.141914e+01 −3.518785e-04 8.140888e-09 b
Tm+ −7.184576e+04 2.426255e+00 −1.322566e+01 1.704652e-04 −2.721242e-08 b
Tm2+ −2.116323e+05 4.782511e+00 −2.715946e+01 2.813775e-04 −4.166156e-08 b
Tm− 1.193280e+04 −2.565770e+00 1.251438e+01 1.095083e-04 −2.155381e-08 b
Yb+ −7.262584e+04 2.296951e+00 −1.225092e+01 1.917634e-04 −2.271257e-08 b
Yb2+ −2.138997e+05 4.833709e+00 −2.745114e+01 1.989037e-04 −2.642820e-08 b
Lu+ −6.300162e+04 2.540992e+00 −1.557599e+01 −4.279115e-04 5.199291e-08 b
Lu2+ −2.243108e+05 4.820128e+00 −2.789396e+01 −9.521387e-05 1.856125e-08 b
Lu− 3.973630e+03 −2.756844e+00 1.600575e+01 2.107913e-04 −5.906525e-09 b
Hf+ −7.928592e+04 2.161891e+00 −1.229210e+01 2.526805e-04 −1.769312e-08 b
Hf2+ −2.520756e+05 5.292591e+00 −3.007134e+01 −5.024157e-04 2.303820e-08 b
Hf− 2.062321e+03 −2.547061e+00 1.423421e+01 1.360278e-04 −5.484156e-09 b
Ta+ −8.744604e+04 3.158873e+00 −1.877288e+01 −1.554275e-04 −1.253218e-09 b
Ta2+ −2.755660e+05 5.339651e+00 −3.030819e+01 −6.384433e-04 2.852234e-08 b
Ta− 3.847936e+03 −2.093770e+00 9.994987e+00 3.261281e-04 −4.536083e-08 b
W+ −9.150081e+04 1.776468e+00 −8.550768e+00 8.439088e-05 7.391207e-09 b
W2+ −2.813461e+05 4.382890e+00 −2.444833e+01 7.191376e-05 1.445050e-08 b
W− 9.432156e+03 −2.405402e+00 1.604370e+01 −1.189007e-03 1.106563e-07 b
Re+ −9.091879e+04 2.421065e+00 −1.359550e+01 1.070258e-04 −1.897499e-08 b
Re2+ −2.835463e+05 4.945248e+00 −2.812904e+01 8.913961e-05 −1.714456e-08 b
Re− 6.391571e+02 −2.938058e+00 1.718643e+01 5.689440e-04 −4.466452e-08 b
Os+ −9.790556e+04 2.578877e+00 −1.459216e+01 −9.155119e-05 2.202461e-09 b
Os2+ −2.951961e+05 5.019104e+00 −2.854965e+01 −2.882173e-05 −4.096798e-09 b
Os− 1.251071e+04 −2.487400e+00 1.423524e+01 1.393521e-05 −5.261997e-09 b
Ir+ −1.040089e+05 2.669729e+00 −1.524435e+01 −7.712863e-05 2.059896e-09 b
Ir2+ −3.012993e+05 5.264280e+00 −2.997023e+01 −3.584437e-04 1.315339e-08 b
Ir− 1.829105e+04 −1.568548e+00 8.278251e+00 −5.396383e-04 2.501637e-08 b
Pt+ −1.042118e+05 1.320760e+00 −7.001288e+00 5.594756e-04 −2.525852e-08 b
Pt2+ −3.194780e+05 4.332828e+00 −2.413334e+01 1.811947e-04 −1.186298e-08 b
Pt− 2.455609e+04 −3.174591e+00 1.708680e+01 1.556494e-04 1.006783e-09 b
Au+ −1.070045e+05 2.707671e+00 −1.623589e+01 −1.701164e-04 1.276849e-08 b
Au2+ −3.449473e+05 5.007420e+00 −2.740510e+01 2.554497e-05 −1.286974e-08 b
Au− 2.679326e+04 −2.492163e+00 1.346216e+01 2.508001e-05 −1.281389e-08 b
Hg+ −1.211222e+05 2.500164e+00 −1.352840e+01 −1.513729e-07 1.719679e-11 b
Hg2+ −3.387766e+05 4.999857e+00 −2.844015e+01 1.615884e-07 −1.969555e-11 b
Tl+ −7.085577e+04 2.594299e+00 −1.553214e+01 −4.979836e-05 −5.224852e-09 b
Tl2+ −3.079320e+05 5.042748e+00 −2.871117e+01 −1.973543e-05 −7.424893e-09 b
Tl− 4.366684e+03 −2.538768e+00 1.378263e+01 5.992629e-07 1.267056e-08 b
Pb+ −8.599945e+04 2.735546e+00 −1.507083e+01 −1.299813e-04 −9.032662e-09 b
Pb2+ −2.604921e+05 5.081516e+00 −2.896644e+01 −2.033514e-05 −2.009540e-08 b
Pb− 4.160111e+03 −2.388659e+00 1.490846e+01 −6.395885e-05 −1.246717e-08 b
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Table C.2. continued.

Species a0 a1 b0 b1 b2 Reference

Bi+ −8.452993e+04 2.569671e+00 −1.603952e+01 −7.216128e-05 9.600723e-09 b
Bi2+ −2.782281e+05 4.979024e+00 −2.901385e+01 3.292111e-05 −6.184604e-09 b
Bi− 1.093209e+04 −2.525123e+00 1.459062e+01 3.398221e-05 −5.099485e-09 b
Th+ −7.304474e+04 2.979942e+00 −1.767323e+01 −2.152028e-05 −1.087038e-08 b
Th2+ −2.066111e+05 5.368242e+00 −2.958683e+01 −2.757084e-04 −1.065319e-09 b
U+ −7.187899e+04 2.500000e+00 −1.448287e+01 −1.221136e-11 9.189032e-16 b
U2+ −2.064914e+05 5.000000e+00 −2.880874e+01 −3.535195e-15 2.891645e-19 b
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