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Abstract

With an equilibrium temperature above 2500 K, the recently discovered HAT-P-70b belongs to a new class of
exoplanets known as ultrahot Jupiters: extremely irradiated gas giants with day-side temperatures that resemble
those found in stars. These ultrahot Jupiters are among the most amenable targets for follow-up atmospheric
characterization through transmission spectroscopy. Here, we present the first analysis of the transmission
spectrum of HAT-P-70b using high-resolution data from the HARPS-N spectrograph of a single-transit event. We
use a cross-correlation analysis and transmission spectroscopy to look for atomic and molecular species in the
planetary atmosphere. We detect absorption by Call, Cr1, CrlIl, Fel, Fell, HI, Mg1, Nal, and VI, and we find
tentative evidence of CaT and Ti IL. Overall, these signals appear blueshifted by a few kms ™', suggestive of winds
flowing at high velocity from the day side to the night side. We individually resolve the Call H and K lines, the
Nal doublet, and the Ho, HB, and Hv Balmer lines. The cores of the Call and HI lines form well above the
continuum, indicating the existence of an extended envelope. We refine the obliquity of this highly misaligned
planet to 107.9ff‘9 degrees by examining the Doppler shadow that the planet casts on its A-type host star. These
results place HAT-P-70b as one of the exoplanets with the highest number of species detected in its atmosphere.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy (486); Hot Jupiters (753); Exoplanets (498);
Exoplanet atmospheric composition (2021); Exoplanet atmospheres (487); High resolution spectroscopy (2096);
Transmission spectroscopy (2133); Extrasolar gaseous giant planets (509); Extrasolar gaseous planets (2172)

1. Introduction

Ultrahot Jupiters constitute the hottest class of exoplanets.
The day sides of these extremely irradiated gas giants are
characterized by temperatures well above 2000 K, reminiscent
of those found in stars and hot enough to dissociate most
molecular species (Arcangeli et al. 2018; Bell & Cowan 2018;
Lothringer et al. 2018; Parmentier et al. 2018). Their high
temperatures provide them with inflated atmospheres and a
day-side and evening terminator that are mostly cloud-free and
near chemical equilibrium (Heng 2016; Kitzmann et al. 2018;
Gao et al. 2020; Helling et al. 2021). These exotic worlds are
therefore ideal targets for atmospheric characterization through
transmission spectroscopy.

Many of the current efforts to characterize ultrahot Jupiters
involve ground-based observations with high-resolution spec-
trographs. These observations are revealing a large diversity of
neutral and ionized atomic metals in ultrahot Jupiters (e.g.,
Hoeijmakers et al. 2019; Ben-Yami et al. 2020). The study of
these refractory elements in transmission spectroscopy can
inform us about the chemistry at the terminator region, the
speed of the winds flowing between the day side and the night
side, and potentially the formation and migration history of the
planet (e.g., Ehrenreich et al. 2020; Nugroho et al. 2020b;
Lothringer et al. 2021; Borsa et al. 2021; Kesseli & Snellen
2021).

HAT-P-70b is a recently discovered ultrahot Jupiter (Zhou
et al. 2019). It has a mass of M, < 6.78 M), and it transits an
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A-type star with To = 8450f238K every 2.74 days. At a
distance of only 0.047 au from its host star, HAT-P-70b is
subject to extreme stellar irradiation that elevates the
equilibrium temperature of the exoplanet to Toq = 256278 K.
Its large radius (R, = 1.87 Ry) and the brightness of its host star
(V=9.47) make HAT-P-70b a very favorable target for follow-
up high-resolution transmission spectroscopy.

In this work we present the first analysis of the transmission
spectrum of HAT-P-70b. We analyze high-resolution observa-
tions from a single-transit event observed with HARPS-N to
search for absorption by atomic and molecular species via
transmission spectroscopy and the cross-correlation technique
(Snellen et al. 2010). This paper is structured in the following
way: Section 2 describes the observations, data reduction, and
telluric correction; Section 3 introduces our transmission
spectroscopy and cross-correlation analyses, and how the
Doppler shadow that results from the cross-correlation analysis
is useful to refine the obliquity of HAT-P-70b; Section 4
reports and discusses the results; and Section 5 presents the
conclusions.

2. Observations and Data Reduction

HARPS-N is a high-resolution (R~ 115,000), fiber-fed,
cross dispersed echelle spectrograph covering the wavelength
range between 3830 and 6930 A(Cosentino et al. 2012). It is
mounted on the 3.58 m Telescopio Nazionale Galileo (TNG) at
the Observatorio del Roque de los Muchachos on the island of
La Palma, Spain. Using HARPS-N, we observed a transit of
HAT-P-70b on the night of 2020 December 18 between 21:28
and 02:10 UTC (program: A42TAC27, PI: A. Bello-Arufe).
Although we were scheduled to observe until 03:00 UTC,
technical issues related to the tracking of the telescope caused
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the observations to stop earlier. Nevertheless, we still captured
the full transit event, with sufficient out-of-transit baseline
before and after the transit. We set the exposure time to 400 s,
obtaining 40 exposures, 30 of which occurred during transit.
Fiber A was placed on the target and fiber B on the sky. The
night was clear with an average seeing of 079-170. The air
masses of the different exposures were in the range
1.36-1.06-1.20.

The data were reduced using the HARPS-N Data Reduction
Software (DRS), version 3.7. The main steps include bias and
dark subtraction, bad-pixel and cosmic correction, flat-fielding,
and wavelength calibration. Although the DRS also provides
one-dimensional extracted spectra where the different orders
are merged and rebinned, we only used these 1d spectra to
produce the telluric model. In the rest of our analysis we used
the two-dimensional (i.e., order by order) extracted spectra to
avoid artifacts of order stitching. The signal-to-noise ratio
(S/N) per pixel as measured by the DRS at the center of order
64 (the order with Ha) ranges from 28.5 to 51.2.

2.1. Telluric Correction

Gases in the atmosphere of the Earth produce absorption
lines in spectra taken from ground-based observatories. In
particular, the wavelength range covered by HARPS-N is
affected by absorption predominantly due to oxygen and water.
We used the software package molecfit version 1.5.9
(Kausch et al. 2015; Smette et al. 2015) to correct for these
telluric absorption lines. Molecfit combines an atmospheric
profile from the Global Data Assimilation System (GDAS)
website and the line-by-line radiative-transfer code LBLRTM
(Clough et al. 2005) to fit user-selected regions of the observed
spectra and produce a synthetic transmission spectrum of the
atmosphere of the Earth. Molecfit is frequently applied to
HARPS-N data (e.g., Hoeijmakers et al. 2018; Casasayas-
Barris et al. 2019; Wyttenbach et al. 2020; Stangret et al. 2021),
and it is a more robust way to correct for telluric absorption
than other empirical methods, e.g., using air mass (Langeveld
et al. 2021).

We ran molecfit on the one-dimensional extracted spectra
after Doppler-shifting them from the rest frame of the solar
system barycenter to that of the observer. The regions that were
included in the telluric fit were selected such that they covered
a flat continuum with water and oxygen telluric features and
without significant stellar absorption features. We fit a third-
degree polynomial to the continuum of each spectral region.
Given the high stability of HARPS-N, we did not re-calibrate
the wavelength solutions of the different spectra. We found that
values of 107> for both the relative x> and parameter
convergence criteria improved the quality of the fit. The
telluric models produced by molecfit for each one-dimen-
sional spectrum are then used to correct the two-dimensional
spectra via linear interpolation. Figure 1 shows one of the one-
dimensional spectra before and after telluric correction,
including the spectral regions that were part of the fit.

3. Methods

In this section, we describe the methods we used to search
for atomic and molecular species in the atmosphere of HAT-P-
70b and how we derived the obliquity of the planet using its
Doppler shadow.
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3.1. The Cross-correlation Analysis

Since the discovery of carbon monoxide in the atmosphere
of the hot Jupiter HD 209458b by Snellen et al. (2010), the
cross-correlation technique has been commonly used to detect
atomic and molecular species in the atmospheres of exoplanets
from high-resolution spectra (see Birkby 2018, for an in-depth
review of this method). Here, we followed a strategy similar to
Hoeijmakers et al. (2020a) to search for metals in the
atmosphere of HAT-P-70b.

We first Doppler-shifted the two-dimensional spectra by the
barycentric velocity of the Earth, consequently shifting the
spectra from the rest frame of the observatory to that of the
solar system barycenter. We did not correct for the reflex
motion of the star because its radial-velocity semiamplitude is
only known to a 3o upper limit of K <0.649kms '. This
upper limit is below the ~0.8 km s~ that each pixel represents,
and the star is rapidly rotating (vsini, = 99.8570:% km s~1),
which means that correcting for the stellar motion would not
significantly impact the results (Casasayas-Barris et al. 2018).
This choice also ensures the deep static Nal features, most
likely due to interstellar medium absorption, are removed in
later stages of the analysis.

To keep the ratio between the average flux of the different
orders constant, we normalized the average flux of each order
to the average flux of that order over time. While this process
removes information about the average flux in each exposure,
this information is taken into account when combining the
different in-transit exposures (see Section 4.2.1). We then
performed sigma clipping to remove cosmics and other outliers
that were not corrected in the data reduction process: after
stacking all exposures, we ran a sliding 40 pixel window that
replaced flux values farther than Soaway from the mean by the
interpolation of their neighboring pixels. Finally, we masked
the spectral regions with evident sky emission and the spectral
lines that were not accurately modeled by molecfit, notably
the deep telluric lines in the oxygen B-band (~6900 A see
Figure 1).

3.1.1. Atmospheric Model Templates

The atmosphere of a planet filters the light of the star during
the planet transit. The different gases that compose the
atmosphere absorb the light at different wavelengths, causing
the apparent size of the planet to change with wavelength. The
transmission spectra models calculate how the planet size
changes for various combinations of atmospheric gases and
planet bulk parameters. In this work, we search for neutral and
singly ionized metals with atomic number up to 28 and with
significant spectral features in the wavelength range covered by
HARPS-N. This includes Al1, Cal, Call, Col, CrI, Cr1I, Fel,
Fe1, K1, MgI, MnI, Mn1I, Nal, NiI, Sc1, ScIL, SiL, Ti L, Ti1l,
VI, and VIL

We calculated the absorption cross sections for the different
gases using the open-source and custom opacity calculator
HELIOS-K (Grimm et al. 2021). HELIOS-K is a very efficient
opacity calculator that runs on graphics processing units
(GPUs). As input to calculate the gas opacities, we used the
line-list tables from Kurucz (2018), assumed Voigt line profiles
for the absorption lines, 0.01 cm”! spectral resolution, and a
constant line cutoff of 100 cm™'. To calculate the transmission
spectra, we developed our code based on the simple formalism
presented in Gaidos et al. (2017) and Bower et al. (2019). Our
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Figure 1. One of the HARPS-N spectra of HAT-P-70 before (red) and after (black) correcting the telluric absorption with molecfit. Only the red part of the spectrum
is shown, where most telluric lines are found. The regions included in the telluric fit are highlighted in blue. The two insets show in more detail the spectral regions
around the Na I doublet (left) and the oxygen y-band (right). Deep absorption is visible in the core of the stellar Na I doublet, which we attribute to interstellar medium

absorption.

model computes the effective tangent height in an atmosphere
that was discretized in 200 annuli. The chemical concentration
calculations were done using the open-source code FastChem
(Stock et al. 2018) assuming solar metallicities, except for the
species ScI and Sc II which are not included in the open-source
version of FastChem. For ScI and ScIl, we considered a
constant mixing ratio of 10~%, which is a simple first-order
approximation to search for possible detections. We included in
our model the H™ bound-free and free—free absorption from
John (1988). Each high-resolution transmission spectrum
includes one gas species along with H™ continuum absorption
and scattering by H and H,. The surface gravity of the planet
was set to log g = 3, and the atmosphere was assumed to be in
isothermal conditions, with a temperature of 4000 K. HAT-P-
70b orbits an A-type star, and we therefore expect the
atmospheric temperature at the pressures probed in transmis-
sion spectroscopy to be significantly higher than the planetary
equilibrium temperature (Lothringer & Barman 2019; Stangret
et al. 2020).

In addition to the atomic exploration, we also search for the
presence of molecules using the ExoMol line-list database. We
focus on MgH (Yadin et al. 2012), SiH (Yurchenko et al.
2018), and TiO (McKemmish et al. 2019), as these species
present multiple spectral features in the visible range and can
potentially withstand the high temperatures of HAT-P-70b. We
set the temperature of these models to 4000 K, except for MgH,
which we set to 3000 K because there were no data available at
4000 K. We present these models, together with the atomic
models, in Figure 2.

The templates were then broadened using a Gaussian kernel
to match the spectral resolving power of HARPS-N,
R =115,000. The continuum, obtained by a quadratic spline
interpolation of the highest values in each 30 A window, is then
removed from each model template. Those values smaller than

1 x 10~* times the value of the deepest line in each template
were set to zero (Hoeijmakers et al. 2020a). Following
subtraction of the continuum, these models served as cross-
correlation templates.

3.1.2. Cross Correlations with the Model Templates

The cross-correlation function coefficients c(v, ) were
calculated according to:

N
cv, 1) =Y 5T, ey
i=0
where x;(?) is the flux at the ith pixel in the spectrum obtained at
time ¢, and T;(v) is the atmospheric template Doppler-shifted by
a velocity v, which takes values ranging from —500 to
500kms ™' in steps of 1 km s~'. N indicates the total number of
pixels in each spectrum, accross all orders. The spectra were
neither continuum normalized nor blaze corrected. Assuming
photon noise is the dominant noise source, the weight of each
pixel in the sum of Equation (1) is therefore proportional to its
variance, without the need for explicit weights (Hoeijmakers
et al. 2020a). To obtain the cross-correlation functions (CCFs)
corresponding to the transmission signal, all coefficients were
subsequently divided by the average of those located out of
transit. We applied a Gaussian filter of width 70 kms™' to
remove any remaining broadband variations (Hoeijmakers et al.
2020a).

In the resulting CCFs, the radial velocity of the planet v, (7) is

given by
V(1) = Ky, sin 27 (1)) + Vs, 2)

where K, is the planet radial-velocity semiamplitude, ¢(#) is the
orbital phase at time 7, and vy, is the systemic velocity.
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Figure 2. High-resolution models for each of the species surveyed in this work. These models are on the same scale (except for TiO, which is scaled up by a factor of

20), with a constant offset between each of them for clarity.

3.1.3. Spin—Orbit Alignment

During the planetary transit, the rotationally broadened line
profiles of the stellar spectrum are distorted by the planet
blocking part of the stellar disk. This generates a time-
dependent signal in the CCFs of those species present in the
star, known as the Doppler shadow (Collier Cameron et al.
2010). The Doppler shadow could potentially bias the results
from the cross-correlation analysis, and therefore we removed
it from the CCFs—for this purpose, we performed a direct
spectral modeling approach, which we describe in
Section 3.1.4. Here, we focus on how we used the Doppler
shadow as a powerful source of information about the
architecture of the system. In particular, we used the location

of the Doppler shadow in each CCF to derive the angle
between the orbital axis of the planet and the spin axis of the
star, also known as spin—orbit angle or obliquity.

For each epoch, the velocity in the cross-correlation function
at which the Doppler shadow appears corresponds to the line-
of-sight velocity of the part of the stellar disk occulted by the
planet. Ignoring differential rotation and convection, this
velocity is given by

Voce (1) = X1V siniy, (3)

where v sin i, is the apparent rotational velocity of the star, and
x is the orthogonal distance from the planet to the stellar spin
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Figure 3. Removal of the Doppler shadow. Top: CCFs that result from cross
correlating the different exposures with a PHOENIX template and dividing by
the master out-of-transit CCF. The black dashed lines mark the beginning and
end of the transit. The black slanted streak, visible during transit, is caused by
the planet blocking part of the stellar disk and is known as the Doppler shadow.
The white slanted streak is the planet atmosphere signal. Bottom: same as
above, but in this case the spectra were corrected for the Rossiter-McLaughlin
and center-to-limb variation effects priors to cross correlation, as described in
Section 3.1.4, which caused the Doppler shadow to disappear.

axis. This distance can be expressed as

X = Ri(sin(27r¢)cos A + cos(2mp)cos i, sin N), 4

*

where a is the orbital semimajor axis, R, is the stellar radius, A
is the obliquity and i, is the orbital inclination (Cegla et al.
2016).

Following Hoeijmakers et al. (2019), we used a high-
resolution synthetic spectrum from the PHOENIX library
(Husser et al. 2013) with an effective temperature of
Terr = 8400 K and surface gravity of log g = 4.00, values that
closely resemble those of the host star. This PHOENIX
template was then treated similarly to the atmospheric model
templates: it was continuum normalized and broadened to
match the instrumental resolution of HARPS-N, and it was
used thereafter to produce the CCFs. Cross correlating the
spectra with a PHOENIX template yields two strong signals:
the Doppler shadow and the exoplanet atmosphere signal, as
shown in Figure 3. We approximated the Doppler shadow in
each in-transit CCF with a Gaussian function, ignoring the
exposures where its velocity was close to that of the
atmosphere signal.

We then conducted a Markov Chain Monte Carlo (MCMC)
analysis of the Doppler shadow, similar to that in Hoeijmakers
et al. (2020b). We used the centroids vg’clff(t) and centroid

uncertainties 0% (r) from the Gaussian fit of the Doppler
shadow in each in-transit CCF, and assumed a Gaussian log-
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Table 1
Results of the MCMC Analysis of the Doppler Shadow
Parameter Symbol Unit Prior Posterior
Scaled semimajor axis a/R, - N(5.45,049) 523704
Orbital inclination i ° N(96.5, 1.4) 954708
Obliquity A ° U0, 360) 107.9729
Projected stellar rota- vsini, kms™' AN(99.9, 5.0) 98.6139
tional velocity
Systemic velocity Vsys kms™'  M25.2,5.0) 25.074$

Note. M(u, o) indicates a Gaussian distribution with mean x (from Zhou et al.
2019) and standard deviation o, while U(a, b) denotes a uniform distribution
from a to b. The last column shows the median value derived for each
parameter. The 16th and 84th percentiles are used to establish the uncertainties.

likelihood function

1 VObS(t) _ vmod(t) 2
L _ 2 occ occ , 5
"2 ;( o (1) ©

where 1ym°%(¢) is the line-of-sight velocity of the part of the
stellar disk occulted by the planet at time ¢. Our model
parameters include vsini,, a/R,, A, i, and vy, We used a
uniform prior for the obliquity (0° < A < 360°) and Gaussian
priors for the parameters derived from the transit light-curve
analysis in Zhou et al. (2019) (a¢/R, and ip), with the mean and
standard deviation shown in Table 1. We also used Gaussian
priors for v sini, and for vy, each with a conservative standard
deviation of 5km s~ to account for potential offsets from the
spectroscopic measurements in Zhou et al. (2019). We sampled
the posterior distributions with the emcee Python package
(Foreman-Mackey et al. 2013).

3.1.4. Modeling the Rossiter-McLaughlin and Center-to-limb
Variation Effects

The spectrum across a stellar disk is not uniform. The
spectrum originating in each region of the stellar disk is
Doppler-shifted by an amount proportional to the projected
rotational velocity and the distance to the stellar spin axis.
Additionally, the line profile changes as a function of the limb
angle p = cos 6, where 0 is the angle between the line of sight
and the normal to the stellar surface. Recent works in exoplanet
transmission spectroscopy have highlighted the importance of
correcting for these two effects, known as the Rossiter-
McLaughlin and center-to-limb variation effects, as they can
significantly impact the results, potentially leading to false
negatives and false positives (e.g., Czesla et al. 2015; Yan et al.
2017; Chen et al. 2020; Casasayas-Barris et al. 2021).

When combining the different transmission spectra in the
rest frame of a planet on a near-polar orbit such as HAT-P-70b,
the spectral signature produced by the Rossiter-McLaughlin
effect largely smears out. The center-to-limb variation effect is
also unlikely to substantially alter the results of our analysis, as
this effect is generally weaker in hot stars and HAT-P-70 has
one of the highest effective temperatures among all known
exoplanet hosts. For completeness, we still chose to model
these effects, following the steps outlined in Cabot et al.
(2020).

Using Spectroscopy Made Easy version 522 (SME,
Piskunov & Valenti 2017), the Vienna Atomic Line Database
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(VALD, Ryabchikova et al. 2015) and the Kurucz ATLAS9
model atmospheres (Castelli & Kurucz 2003), we computed
stellar spectra at 21 limb angles, ranging from the center of the
stellar disk to the limb in steps of Ap=0.05. We used the
stellar parameters in Zhou et al. (2019). We divided the stellar
disk in square cells with side length 0.01 R, and assigned to
each cell a spectrum that we obtained from linear interpolation
of the 21 reference spectra. The spectrum of each cell is
Doppler-shifted by the line-of-sight velocity of that cell
assuming no differential rotation.

At the orbital phase of each exposure we integrated the
spectra in the cells blocked by the planet disk. The radius of
this disk was set to that of HAT-P-70b and its coordinates were
calculated with Equation (4) and

y = Ri(sin(quﬁ) sin A\ — cos(2mgp)cos i, cos \), (6)
using the parameters derived from the Doppler shadow analysis
in Section 3.1.3. These integrated spectra were then divided by
the stellar spectrum (obtained from the integration of the
spectra in all cells of the stellar disk), continuum normalized
using a cubic polynomial and broadened to match the
resolution of HARPS-N. We then used these spectra to correct
the two-dimensional spectra prior to cross correlation, which
resulted in the removal of the Doppler shadow from the CCFs
(see Figure 3).

3.2. Transmission Spectroscopy

Often, the discoveries of atomic species in ground-based,
high-resolution, exoplanet transmission spectra involve a cross-
correlation approach to combine the S/N of multiple lines.
However, some species can be identified through a single
prominent spectral feature, such as the NaI doublet, the Call H
and K lines, and the HI Balmer lines. To search for these
prominent spectral lines, we derived the transmission spectrum
of HAT-P-70b. Our analysis was similar to that of Cabot et al.
(2020), with slight modifications as described below.

After performing sigma clipping on the two-dimensional
spectra, we divided each order by the corresponding blaze
function and Doppler-shifted them to the HAT-P-70 rest frame
using the systemic velocity and the Earth’s barycentric
velocity. We did not correct for the reflex motion of the star
due to the reasons outlined in Section 3.1. As in the cross-
correlation analysis, we corrected for the Rossiter-McLaughlin
and center-to-limb variation effects using the spectra computed
in Section 3.1.4.

We produced the master stellar spectrum by combining all
out-of-transit spectra:

Fot ) = "W, toudf O, fou) 7

1

out

where f (), t,,) corresponds to the flux at the wavelength \ at
an out-of-transit time 7,,,. We weighted these fluxes by w(},
fou), the inverse of their squared uncertainties (calculated
assuming photon noise) to account for the changes in S/N
throughout the observations.

Each spectrum was then divided by this master out-of-transit
spectrum to produce the transmission spectra:

RO\, 1) = LA @®)
o

out
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the centroid velocities of the Gaussian fits to each of the CCFs that make up the
Doppler shadow of Figure 3. To avoid contamination from the atmosphere of
HAT-P-70b, we discard measurements at velocities that are close to the radial
velocity of the exoplanet signal. The gray dashed line marks the best-fit model
that results from the evaluation of Equation (5).

To normalize the transmission spectra, we fit a linear function
to each spectrum and divided it out. Cabot et al. (2020) used a
fifth-degree polynomial in the normalization process, but their
analysis involved the stitched spectrum that combines all orders
from HARPS. Our analysis is on an order-by-order basis, so a
linear polynomial suffices. We found significant residuals in
the core of the stellar Nal doublet. We masked out these
residuals during the analysis so as to not influence the results.

We then Doppler-shifted all transmission spectra to the
planet rest frame using the planet radial velocity given by
Equation (2). We obtained the master transmission spectrum by
a weighted average of the in-transit normalized transmission
spectra. We removed any residual broadband variations using a
median filter with a width of 1501 pixels (Cabot et al. 2020).

4. Results and Discussion
4.1. A Planet on a Nearly Polar Orbit

Our MCMC analysis of the Doppler shadow, described in
Section 3.1.3, consists of 100 walkers of 100,000 steps each.
We discard the first 5,000 steps to avoid sampling during the
burn-in phase, and thin the chains by 800 (approximately the
auto-correlation time). Table 1 lists the values derived from our
analysis, and Figure 4 presents the measurements of the
centroid velocities and the best-fit model. Figure 10 shows the
posterior distributions.

Zhou et al. (2019) find an obliquity of A = 113.1°%31° by
simultaneously modeling the light curve and the Doppler
shadow. According to the classification in Addison et al.
(2018), this value corresponds to a retrograde orbit (112°5 <
|A| < 247°?5). In this work, we update the value of the
obliquity of HAT-P-70b to A = 107.9°"29°, indicative of a
nearly polar orbit (67°5 < |A| < 11295 and 247°5 < || <
292°5). Like many other hot Jupiters found around hot stars,
HAT-P-70b shows a highly misaligned orbit (Winn et al.
2010).

4.2. Results from the Cross-correlation Analysis

From our cross-correlation analysis, we claim the detection
(i.e., a signal with S/N >4 at a location consistent with that of
the planet) of the following neutral and ionized species in the
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Figure 5. Detection of various neutral and ionized species in the atmosphere of HAT-P-70b. Left: CCFs of the species for which we claim a detection (Call, Cr1,
Cr1l, Fel, Fe1l, Mg I, Na L, and V I). The CCFs are in the rest frame of the solar system barycenter. The Doppler shadow has already been removed. The horizontal
dashed lines mark the beginning and end of the transit. The slanted white streak visible during the transit corresponds to the planet atmosphere. Right: K, — v, maps,
with the in-transit CCFs coadded at different planet radial-velocity semiamplitudes (i.e., along different slopes) and at different systemic velocities. The dotted lines
indicate the expected systemic velocity and radial-velocity semiamplitude of the planet (Zhou et al. 2019). The values at the expected planet radial-velocity
semiamplitude, K, = 187 km s, are plotted above each K, — vsys map, fitted with a Gaussian model. In the case of Mg 1, the peak near vz = —190 km s is caused

by contamination from one of the strongest Fe II lines.

atmosphere of HAT-P-70b: Call, Cr1, Cr1I, Fel, Fell, Mg1,
Nal, and VI. We also present tentative evidence (i.e., with
3<S/N<4) of Cal and Till that will require further
investigation.

4.2.1. Detection of Call, Crli, Cril, Fel, Fell, Mg 1, Nal, and VI

In this section, we present the detection of Call, Cr1, Crll,
Fel, Fell, MgI, Nal, and VI in HAT-P-70b via the cross-
correlation method. The panels in the left column of Figure 5
show the CCFs that result from cross correlating the HARPS-N
data set with model templates of these species. The slanted
white streak, discernible during transit, corresponds to the
atmospheric signal.

To combine the signal from the in-transit CCFs, we construct
K, — vy diagrams by taking the weighted average of the in-
transit cross-correlation coefficients along different planet
radial-velocity semiamplitudes K, and systemic velocities vy
(Brogi et al. 2012). The weights correspond to the mean flux in

each exposure (Hoeijmakers et al. 2020a). We sample planet
radial-velocity semiamplitudes between 0 and 500km s~ ' and
systemic velocities between —300 and 300 kms ™', in steps of
Tkms™".

The resulting K, — v,y diagrams are presented in the right
column of Figure 5. We convert the cross-correlation
coefficients to S/N values by dividing them by the standard
deviation of the coefficients located at systemic velocities
farther than 50 kms~' from where we expect the planet signal
(e.g., Brogi & Line 2019; Stangret et al. 2020). We measure
enhancements in the cross-correlation coefficients near the
predicted location of the exoplanet, with S/N values ranging
from 4.7 (V1) to 17.6 (Fe 1I). In Table 2, we present the velocity
pair (i.e., K, and v,y,) and the peak S/N values for each of the
species for which we claim a detection.

The coadded cross-correlation coefficients at the expected
radial-velocity semiamplitude of the exoplanet (K,=
187 kms ™', calculated according to the orbital parameters in
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Table 2
Results from the Cross-correlation Analysis for the Species for Which We Claim a Detection and for the Species for Which We Only Find Tentative Evidence
(Marked with an Asterisk)

Strongest Signal

Gaussian Fit at K, = 187 km s~}

Species S/Nmax {K s Voys ) max A (x107%) Avy, (kms™") FWHM (km s ') AR,/R,

Ca1” 32 {14473, 2173} 0.39 +0.12 —30+12 82429 0.020 =+ 0.006
CaTl 9.0 (236774, 18715} 0.59 £ 0.03 -38+08 31.5+£19 0.030 + 0.002
Cr1 48 {17273, 2073} 0.28 + 0.05 34417 193 +£4.0 0.014 = 0.003
Crit 6.6 {154737, 207} 1.40 + 0.22 —52+08 104+ 1.9 0.069 & 0.011
Fel 11.1 {16973, 1973} 0.37 £ 0.03 —7.1+04 9.7+ 1.0 0.019 = 0.002
Fe Il 17.6 (177534, 2171} 437 +0.17 -39403 13.7+ 0.6 0.203 £ 0.009
Mg 1 52 (192457, 134"} 1.31 +0.18 —9.6+ 1.4 20.7 +3.3 0.065 =+ 0.009
Nal 6.1 {1807, 2173} 1.95 4+ 0.24 —52+09 15.1 2.1 0.095 £ 0.011
Tinm* 3.6 (102722, 13+3) 0.49 £ 0.10 —132+18 174442 0.025 + 0.005
Vi 47 (161752, 1972} 0.40 & 0.09 —6.5+0.8 73420 0.020 + 0.005

Note. For each species we indicate the maximum S/N in the K,

— Vyys diagram (S /Nmax) and the velocity pair ({K),, vsys} max) at which this maximum S/N occurs. We

also indicate the best-fit Gaussian parameters (amplitude, velocity offset and full width at half maximum) of the CCFs at the expected planet radial-velocity
semiamplitude, K, = 187 km s~! (Zhou et al. 2019), and express the amplitude as an excess planet radius in units of planet radii (AR,/R,).

Zhou et al. 2019) are plotted above each K, — vy diagram. We
fit these cross-correlation coefficients by a Gaussian function
using the Levenberg—Marquardt algorithm to determine the
depth, Doppler shift and width of each signal. As in
Hoeijmakers et al. (2019), we set the uncertainty in the data
as the standard deviation of the values at | Avy| > 50 km s
far from the planetary signal. Our Gaussian function fit only
includes every fourth data point. This is because the atmo-
spheric model templates were broadened to match the spectral
resolution of HARPS-N (see Section 3.1.1), meaning that the
correlation length in the resulting CCFs is Avgy, = 3 km 5!
(Collier Cameron et al. 2010; Hoeijmakers et al. 2020a).
Table 2 summarizes the results of the Gaussian fits.

The amplitudes of the different signals span an order of
magnitude, from 0.28 x 1073 (Cr1) to 4.37 x 1073 (Fe 1).
These amplitudes indicate the excess transit depth associated
with each species. We can express this excess transit depth, Ad,
as an excess planet radius, ARI,:

2
AR, _ [(Ry/R +AS o
Ry (Ry/R)?

Table 2 shows the excess planet radius of each species. These
measurements provide an estimate of the radius at which the
cores of a weighted average of the spectral lines become
optically thick, and therefore depend on the line opacities and
the abundance profile of each species.

Various factors contribute to the broadening of the lines in
the transmission spectrum of exoplanet atmospheres, including
winds, instrumental broadening, Doppler broadening caused by
the atomic thermal motion, and pressure broadening due to
collisions with other particles. The rotation of the planet can
also broaden the line profiles to a level detectable by high-
resolution spectroscopy (Snellen et al. 2014). Given the tidal
forces expected at such short orbital distances, HAT-P-70b is
likely to have a synchronous rotation such that its orbital period
and rotational period are the same (Rasio et al. 1996; Brogi
et al. 2016). This would induce a rotational broadening
of ~3.5kms™'. Additionally, according to Equation (2), the
planet changes radial velocity by about ~ 2 km s~ during each
exposure, which would further contribute to smearing out the

signal. Thanks to the remarkable strength of the FeI and Fe II
signals in HAT-P-70b, we are able to measure their FWHMs
with high precision. We find that the signal of Fell is
significantly broader than that of Fe I, potentially caused by the
larger velocity range at the low pressures probed by Fell
(Gibson et al. 2020).

The centroid measurements in Table 2 indicate that all
signals are blueshifted from the exoplanet rest frame by a few
kms~'. This blueshift might be due to the presence of strong
winds flowing at low pressures from the day side to the night
side of the planet, driven by the large day-night heating
gradients in extremely irradiated gas giants like HAT-P-70b
(Showman et al. 2013; Komacek & Showman 2016). Addi-
tionally, the blueshifts are slightly different for the different
species. For example, there is a significant difference in the
blueshifts of the FeI and Fe 1I signals, with Fe I experiencing a
blueshift ~ 3km s~ larger than that of Fell. As the signals
originate at different altitudes in the atmosphere, these
differences can be explained by a stratification of the
atmosphere (Hoeijmakers et al. 2020b; Nugroho et al.
2020b). Blueshifts larger in Fel than in FeIl have also been
reported in the transmission spectrum of other ultrahot Jupiters,
including MASCARA-2b (Casasayas-Barris et al. 2019;
Hoeijmakers et al. 2020b; Nugroho et al. 2020b; Stangret
et al. 2020) and WASP-121 b (Ben-Yami et al. 2020; Bourrier
et al. 2020; Gibson et al. 2020; Hoeijmakers et al. 2020a; Borsa
et al. 2021). A significantly blueshifted spectral signature of
Fe1 has also been detected in the ultrahot Jupiter WASP-76 b
(Ehrenreich et al. 2020; Tabernero et al. 2021). Per contra, the
Fel and Fell detections in KELT-9b show no significant
Doppler shift with respect to the rest frame of the planet
(Hoeijmakers et al. 2019). Cabot et al. (2021) recently reported
a detection of Fel in the atmosphere of the ultrahot Jupiter
TOI-1518b, blueshifted by ~ 2 km sfl, and a tentative detec-
tion of Fe II, with a blueshift of ~ 4 km s

We also note that determining the Doppler shifts of the
atmospheric spectral signatures with respect to the planet relies
on the accurate measurement of the systemic radial velocity of
the star. The systemic velocity used in our analysis is from
Zhou et al. (2019), derived by modeling the stellar line profiles
from a least-squares deconvolution using spectra taken by the
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Figure 7. Transmission spectroscopy for the Ca Il K (left) and H (right) lines. Top row: Residuals in the exoplanet rest frame, obtained by dividing the spectrum at
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beginning and end of the transit. Bottom row: unbinned (gray) and 20x binned (black) master transmission spectrum, fitted with a Gaussian model (red). The vertical

blue dotted line indicates the theoretical location of each spectral line.

Tillinghast Reflector Echelle Spectrograph (TRES). As pointed
out by Hoeijmakers et al. (2019), different radial-velocity
derivation methods for rapidly rotating stars could result in
differences in the systemic velocity of a few kms '. Our
Doppler shadow analysis provides an alternative, less precise
value for the systemic velocity of the system. This value is still
larger than the systemic velocities at which we detect the
different species, giving us confidence that the blueshifts are
likely not due to the determination of the systemic velocity.

4.2.2. Tentative Evidence of Cal and Till

Besides the detections presented above, we also find
tentative evidence of Cal and Till (Figure 6). The velocity
pair of the CaT signal is consistent with that of the planet and of
the other detected species. However, its S/N peaks at 3.2,
which is below our detection threshold of 4. Also below the
detection threshold is the signal of Till, which peaks at
S/Nax = 3.6. The Till signal has a K, value consistent with
that of the planet, and it is markedly extended and blueshifted
in the K, — vy, map. The CCFs of Till present significant
noise near vgys = 0km s~!, which affects the K, — vsys map.

Table 3
Results from the Transmission Spectroscopy Analysis

Line Depth (%) Avgyg FWHM

CamH 3.25 +£0.37 —42+1.6 283 £3.7
Cal K 4.30 £0.36 —424+09 20.7 £2.0
Ha 1.56 £+ 0.15 —25£16 34.1+£39
Hp 0.80 £0.14 6.8 +2.8 329 +£6.7
Hy 1.07 £0.18 —6.8 £ 3.1 365+7.2
Na1Dl 0.61 £0.15 —27+£12 10.1 £29
Na1D2 0.70 £0.14 —6.1 £ 1.1 123 +£26

Note. For each spectral feature, we indicate the depth, velocity offset (in
km s~ ') and FWHM (in km s~ "), derived from the Gaussian fit.

4.3. Results from the Transmission Spectroscopy Analysis
4.3.1. Detection of Call H and K Lines

As shown in Figure 7, the individual Call H and K lines are
clearly detected despite their location near the blue end of the
spectrum (3968.47 A and 3933.66 A, respectively).

As in the cross-correlation analysis, the Call lines appear
blueshifted by a few kms™' with respect to their predicted
location (Table 3).
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The Call H and K lines have larger absolute depths than
those reported in WASP-33 b and KELT-9b (Yan et al. 2019).
We can use Equation (9) to calculate the excess planet radii for
each of the Call lines in HAT-P-70b: AR,/R,=1.08 4 0.09
for the H line, and AR,,/R,, = 1.32 £ 0.08 for the K line. These
values imply the presence of this ionized species at very high
altitudes. Call appears to be common in the extended
atmospheres of ultrahot Jupiters (Casasayas-Barris et al.
2019; Yan et al. 2019; Nugroho et al. 2020b; Tabernero
et al. 2021; Turner et al. 2020; Borsa et al. 2021; Merritt et al.
2021), where it outnumbers Cal. The H and K lines are the
dominant spectral features in the CaIl high-resolution models
(Figure 2).

Using the planet mass upper limit of M, < 6.78 My set by
Zhou et al. (2019), the Roche lobe radius of HAT-P-70b is
RRoche/R, < 4 (Eggleton 1983). If (R, + AR,)) > Rroche (i.€., if
M, < 1.3 Mj), then that would indicate that Call is escaping
from the atmosphere.

4.3.2. Detection of Ho, HB, and H~

In addition to the species found by cross correlation, the
transmission spectroscopy analysis reveals one more species:
HL In particular, we detect absorption by the Ha (6562.80 A)
HG (4861.28 A) and H~ (4340.46 A) Balmer lines (Figure 8).
Their corresponding excess transit depths (AR,/R,) are
0.61 £0.05, 0.354+0.05 and 0.45 +0.07, respectively. This
suggests that HAT-P-70 b has an extended atmosphere where
hydrogen atoms become excited by the extreme ultraviolet
(EUV) radiation coming from the host star, as previously
observed in other ultrahot Jupiters around A-type stars, such as
KELT-9b (Yan & Henning 2018; Cauley et al. 2019;
Wyttenbach et al. 2020), MASCARA-2b (Casasayas-Barris
et al. 2018, 2019) and WASP-33 b (Cauley et al. 2021; Yan
et al. 2021). Excess Ha absorption has also been reported in
ultrahot Jupiters orbiting cooler stars, such as WASP-12b
(Jensen et al. 2018) and WASP-121 b (Cabot et al. 2020; Borsa
et al. 2021), and it can be indicative of an outflowing envelope
(Yan & Henning 2018). The simultaneous detection of Ha,
Hg, and Hv in HAT-P-70b offers the opportunity to constrain
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the temperature structure of its upper atmosphere (Fossati et al.
2020; Wyttenbach et al. 2020) and investigate a potential
Balmer-driven hydrodynamic escape (Garcia Muifioz &
Schneider 2019).

4.3.3. Detection of the Na I Doublet

In Figure 9 we show the transmission spectrum in the region
of the NaT doublet. We find absorption at the location of the
Nal D1 (5895.924 A) and D2 (5889.951 A) lines, with similar
excess transit depths (AR,/R,=0.274+0.06 and AR,/R,=
0.31 +0.06). Both features are blueshifted by a few km s_1
from their expected location, consistent with the results in the
cross-correlation analysis.

5. Conclusions

In this work we present the first analysis of the transmission
spectrum of the ultrahot Jupiter HAT-P-70b using high-resolution
data from HARPS-N. Using a cross-correlation analysis, we
detect eight neutral and singly ionized atomic species (Call, Cr1,
Cr1i, Fel, Fe I, Mg I, Nal, and V I) and find tentative evidence of
Catand TilL These species appear blueshifted by a few kms ™",
consistent with winds that have a predominantly subsolar—
antisolar circulation pattern, similar to other ultrahot Jupiters
(e.g., Nugroho et al. 2020b; Stangret et al. 2020; Borsa et al.
2021). Additionally, via transmission spectroscopy, we indivi-
dually resolve the Call H and K lines (formed at very low
pressures), the Na I doublet and the Ho, H3, and Hy lines, which
indicate the presence of an extended HI envelope.

HAT-P-70b joins the family of ultrahot Jupiters with a
chemically rich spectrum. We emphasize that, despite the high
number of species we detected in HAT-P-70b and the
remarkable strength of some of them (e.g., FeIl), the work
presented here only used a single-transit event with HARPS-N
—further studies could reveal additional species and allow for a
detailed investigation of the atmospheric dynamics of HAT-P-
70b (Seidel et al. 2021; Wardenier et al. 2021). HAT-P-70b is
also a promising target for emission spectroscopy to investigate
the chemistry of its day side (e.g., Nugroho et al. 2020a;
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Pino et al. 2020) and a possible temperature inversion
(Lothringer & Barman 2019; Malik et al. 2019).
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Facility: TNG (HARPS-North).

Software: astropy (Astropy Collaboration et al. 2013),
corner (Foreman-Mackey 2016), emcee (Foreman-Mackey
et al. 2013), HELIOS-K (Grimm et al. 2021), matplotlib
(Hunter 2007), molecfit (Kausch et al. 2015; Smette et al.
2015), numpy (Harris et al. 2020), PyAstronomy (Czesla
et al. 2019), scipy (Virtanen et al. 2020), spectres
(Carnall 2017).

Appendix
Doppler Shadow Posteriors

Figure 10 presents the posteriors from the MCMC analysis
of the Doppler shadow, used to measure the obliquity of HAT-
P-70b. We also plot the impact parameter (b = acosi,/R,).
Although b is not an independent parameter, including it in
Figure 10 helps to visualize the correlation between different
parameters.
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