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ABSTRACT

We present the discovery and characterization of two transiting planets observed by TESS in the light curves of the young and
bright (V = 9.67) star HD73583 (TOI-560). We perform an intensive spectroscopic and photometric space- and ground-based
follow-up in order to confirm and characterize the system. We found that HD73583 is a young (~500 Myr) active star with a
rotational period of 12.08 £ 0.11 d, and a mass and radius of 0.73 £ 0.02 Mg, and 0.65 £ 0.02 R, respectively. HD 73583 b
(P = 6.39804207000000¢7 d) has a mass and radius of 10.273 Mg, and 2.79 + 0.10 Re, respectively, which gives a density of
2587097 gem ™. HD 73583 ¢ (P, = 18.8797470:0005¢ d) has a mass and radius of 9.7 Mg, and 2.3970.09 Re, respectively,
which translates to a density of 3.88703) gcm™>. Both planets are consistent with worlds made of a solid core surrounded by
a volatile envelope. Because of their youth and host star brightness, they both are excellent candidates to perform transmission
spectroscopy studies. We expect ongoing atmospheric mass-loss for both planets caused by stellar irradiation. We estimate that
the detection of evaporating signatures on H and He would be challenging, but doable with present and future instruments.

Key words: techniques: photometric —techniques: radial velocities — planets and satellites: individual: HD 73583 (TOI-560) —
stars: activity.

2016; Mazeh, Holczer & Faigler 2016) and the ‘radius valley’ (Fulton
et al. 2017; Van Eylen et al. 2018). Both correspond to regions with
Two of the most noticeable characteristics of the transiting exoplanet a lack of planets within certain ranges of planetary radii and stellar
population are the so-called ‘hot Neptunian desert’ (Lundkvist et al. irradiance. Theoretical evolution models suggest that these gaps are
mainly caused by physical mechanisms that occur during the first
Myr of evolution (<1 Gyr), such as photoevaporation (e.g. Adams &

1 INTRODUCTION
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The young HD 73583 (TOI-560) planetary system

powered mass-loss (e.g. Ginzburg, Schlichting & Sari 2016; Gupta &
Schlichting 2019, 2021).

Young exoplanets (<1 Gyr) offer us snapshots of early planetary
evolution that can be used to test the role of diverse physical mech-
anisms sculpting exoplanet populations. The few well-characterized
young exoplanets have given us some insights on the role of
photoevaporation in early exoplanet evolution. One of them is K2-
100b (~750 Myr), a young and highly irradiated exoplanet that
lies on the border of the hot Neptunian desert (Mann et al. 2017).
Recent studies suggest that the planet is currently evaporating and
its radius will be significantly smaller in a few Gyr, which will
eventually cause it to leave the hot Neptunian desert (Barragan
et al. 2019). Another example is the AUMicb (~22 Myr) planet
(Plavchan et al. 2020; Cale et al. 2021; Klein et al. 2021; Szabd
et al. 2021), whose density is consistent with a planet with a
thick volatile envelope that may be evaporating (e.g. Carolan et al.
2020).

The Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015) has discovered a plethora of candidates/exoplanets transiting
bright stars (e.g. Newton et al. 2019, 2021; Bouma et al. 2020;
Plavchan et al. 2020; Rizzuto et al. 2020; Hobson et al. 2021;
Kossakowski et al. 2021; Mann et al. 2021; Martioli et al. 2021;
Zhou et al. 2021). These transiting exoplanets are excellent tar-
gets to perform follow-up observations that allow us to further
characterize these young systems, e.g. using the radial velocity
(RV) method to measure the planetary masses. However, detect-
ing the planetary signatures in RV time-series of young stars is
challenging due to their inherent activity. Active regions on stellar
surfaces induce an apparent RV shift that can mimic or hide
planetary signals (e.g. Queloz et al. 2001b; Huélamo et al. 2008;
Rajpaul, Aigrain & Roberts 2016; Faria et al. 2020). Therefore,
in order to detect the planetary signals in stellar RVs, state-of-the-
art spectrographs are not enough and we need to use techniques
tailored to disentangle planetary and stellar signals in our RV data
(see Hatzes et al. 2010, 2011; Haywood et al. 2014; Grunblatt,
Howard & Haywood 2015; Rajpaul et al. 2015; e.g. Barragan et al.
2018). This is especially important for exoplanets with expected
RV signals of the order of a few ms~!, which is similar to (or
smaller than) the stellar signals of some young active stars (e.g.
Barragén et al. 2019; Lillo-Box et al. 2020; Kossakowski et al.
2021).

In this paper, we present the discovery and mass measurement of
two mini-Neptunes transiting HD 73583 (TOI-560, TIC 101011575),
a young star observed by TESS in Sectors 8 and 34. HD 73583 is a
relatively bright (V = 9.67) and high proper motion star located
in the Southern hemisphere. Table 1 shows the main identifiers
for HD 73583. The characterization of this system is part of the
KESPRINT (e.g. Gandolfi et al. 2018, 2019; Esposito et al. 2019;
Carleo et al. 2020; Georgieva et al. 2021) and NCORES (e.g.
Armstrong et al. 2020; Nielsen et al. 2020; Osborn et al. 2021)
consortia, which have discovered and characterized several TESS
exoplanets. This manuscript is organized as follows: In Section
2, we describe the TESS observations. Section 3 is devoted to the
description of our intensive photometric and spectroscopic follow-
up of the star. Sections 4 and 5 describe our stellar and planetary data
analyses, respectively. We close in Section 6 with our discussion and
conclusions.

2 TESS PHOTOMETRY

TESS observed HD 73583 (TOI-560, TIC 101011575) in Sector 8
from 2019 February 2 to 2019 February 28 on camera 2 with a
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Table 1. Main identifiers, coordinates, proper motion, parallax, and optical
and infrared magnitudes of HD 73583.

Parameter Value Source
Main identifiers

TIC 101011575 TIC*

Gaia DR2 5746824674801810816 TIC*, Gaia”
TYC 5441-00431-1 TIC“
2MASS J08384526-1315240 TIC“
Spectral type K4V Gray et al. (2006)

Equatorial coordinates, proper motion, and parallax

«(J2000.0) 08 38 45.26042 TIC*, Gaia”
5(J2000.0) —13 15 24.0910 TICY, Gaia”

He (masyr—!) —63.8583 4 0.050515 TIC*, Gaia”

s (masyr—!) 38.3741 4 0.040586 TIC*, Gaia”

7 (mas) 31.6501 + 0.0319 Gaia®
Distance (pc) 31.60 + 0.032 This work
Magnitudes

TESS 8.5925 + 0.006 TIC?

Gaia 9.27033 =+ 0.00048 TICY, Gaia”

B 10.742 4 0.07 TIC?

\% 9.67 + 0.03 TIC?

J 7.649 + 0.026 Cutri et al. (2003)
H 7.092 4 0.051 Cutri et al. (2003)
Ks 6.948 + 0.024 Cutri et al. (2003)
Wi 6.85 + 0.037 Wright et al. (2010)
w2 6.963 + 0.021 Wright et al. (2010)
w3 6.921 +0.017 Wright et al. (2010)
W4 6.723 + 0.084 Wright et al. (2010)

Notes.“TESS Input Catalog (TIC; Stassun et al. 2018, 2019).
bGaia Collaboration (2018).

cadence of 2 min. The TESS Science Processing Operations Center
(SPOC; Jenkins et al. 2016) transit search (Jenkins 2002; Jenkins
etal. 2010, 2020) discovered a transiting signal with a period of 6.4 d
in HD 73583’s light curve. This was announced in the TESS SPOC
Data Validation Report (DVR; Twicken et al. 2018; Li et al. 2019),!
and designated by the TESS Science Office as TESS Object of Inter-
est (TOI; Guerrero et al. 2021) TOI-560.01 (hereafter HD 73583 b).
We identified HD 73583 as a good candidate and we started an
intensive follow-up to further characterize the nature of this system
(See Section 3). Fig. 1 shows the sector 8 normalized Presearch
Data Conditioning Simple Aperture Photometry (PDCSAP; Smith
et al. 2012; Stumpe et al. 2012, 2014) light curve for HD 73583
as downloaded from the Mikulski Archive for Space Telescopes
(MAST). We note that Sector 8 has a relatively large data gap of
more than 5 d. This was caused by an interruption in communications
between the instrument and spacecraft that resulted in no collection
of data during this time.>

Two years later, TESS reobserved HD 73583 as part of its extended
mission in Sector 34 between 2021 January 13 and 2021 February
9 in camera 2 with a 2-min cadence. We downloaded the Sector 34
HD 73583’s light curve from the MAST archive. We found that the
expected transit signals associated with HD 73583 b were consistent
with the transits observed in Sector 8. We also detected by eye two
extra transits in Sector 34 that do not have a counterpart in Sector 8 at
times 2232.17 and 2251.06 BTJD, where BTID = BJD — 2457 000
is the Barycentric TESS Julian date. These two new transits have
similar depths (~1130 ppm), suggesting that they are caused by the

IDVR for HD 73583 b can be found in this link.
2Sector 8 release notes can be found in this link.
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Figure 1. TESS’s Sector 8 (upper panel) and Sector 34 (lower panel) light curves for HD 73583. TESS data are shown with grey points with the out-of-transit
variability model overplotted in red. The resulting flattened light curves are shown with blue points. Transit positions are marked with blue and orange triangles

for HD 73583 b and HD 73583 c, respectively.

same transiting object with a period of 18.9 d. At this point, we had
enough spectroscopic data to test a planetary origin of the signal.
We performed a preliminary analysis and detected a Doppler signal
in our RVs consistent with the 18.9-d period (See Section 5 for the
full details on the RV analysis), suggesting that these transits have
a planetary origin. Hereafter we refer to this signal as HD 73583 c.
The reason why there is no HD 73583 ¢’s transit signal in Sector
8 is because the expected transit time coincides with the relatively
long data gap (see Fig. 1). HD 73583 ¢ was also announced as a
Community TOI (CTOI) and TOI in the EXOFOP website as TOI-
560.02. Both TOIs were detected with the correct ephemerides in
the SPOC transit search of the combined data for sectors 8 and 34
(Guerrero et al. 2021).

We note that the Sector 34 PDCSAP light curve shows sig-
nificantly systematic variations, especially during the second half
of the observations. According to TESS’ Sector 34 release notes,
orbit 76 suffered from significant spacecraft motion.® This suggests
that the apparent PDCSAP light-curve corruption is likely caused
by an overfitting of the Cotrending Base Vectors (CBVs) when
trying to correct the significant spacecraft motion. For this reason
we decided to perform our own light-curve correction using the
lightkurve software (Lightkurve Collaboration 2018). Briefly,

3Sector 34 release notes can be found in this link.

MNRAS 514, 1606-1627 (2022)

we use the CBVCorrector class to perform a ‘Single-scale’
and ‘Spike’ CBV correction. We first set a regularization term
alpha =1 x 107, This produces a corrected light curve that is
visibly similar to the PDCSAP one with an overfitting metric of 0.5
that is smaller than the recommended threshold of 0.8.* We therefore
perform a scan over different values of the regularization term that
provides an optimal overfitting and underfitting metric. We found
that the best regularization term is alpha =9.4 x 103. This implies
a small correction of the original light curve by the CBVs, and the
corrected data are practically identical to the SAP light curve. We
therefore perform a ‘Spike’ only CBV correction (to only correct
for short impulsive spike systematics) with a a regularization term
alpha = 1 x 107*. This generates a corrected light curve with
an overfitting metric of 0.83 and underfitting metric of 0.91. These
values are above the recommended values, and we therefore use this
as our corrected light curve for Sector 34. To finish the light-curve
processing we performed a crowding correction to account for extra
flux that may be present in the SAP mask. We use the values given
in the target pixel file to account and correct for the light curve

“#For more details about CBV correction of TESS data see https:/docs.lightku
rve.org/tutorials/2-creating-light-curves/2-3-how-to-use-cbvcorrector.html.
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The young HD 73583 (TOI-560) planetary system

contamination of ~4 per cent.’ Fig. 1 shows our processed Sector 34
light curve for HD 73583.

Astrophysical and instrumental false positives are very common
in TESS data, in part due to the large pixel scale of 21 arcsec. We
therefore performed standard diagnostic tests to help rule out false
positive scenarios using the open-source Lightcurve Analysis Tool
for Transiting Exoplanets (LATTE; Eisner, Lintott & Aigrain 2020).
The tests to check for instrumental false positives include ensuring
that the transit events do not coincide with the periodic momentum
dumps and assessing the x and y centroid position around the time of
the events. Similarly, tests for astrophysical false positives include
assessing the background flux; examining the light curves of nearby
stars observed by TESS; examining light curves extracted for each
pixel around the target; and comparing the average in-transit with the
average out of-transit flux. These tests increased our confidence that
none of the transit signals are the result of systematic effects, such as a
temperature change in the satellite, or that they are astrophysical false
positives such as background eclipsing binaries or a Solar system
object passing through the field of view.

HD 73583’s TESS light curves show out-of-transit variability
likely caused by activity regions on the stellar surface and/or instru-
mental systematics. For further transit analysis in this manuscript,
we chose to remove the low-frequency trends in order to work with
flattened light curves. We detrended the TESS light curves using
the public code citlalicue © (Barragdn et al. 2022). Briefly,
citlalicue uses Gaussian Processes (GPs) as implemented in
george (Ambikasaran et al. 2015) to model the out-of-transit
variability in the light curves. We fed citlalicue with the
normalized light curves and we input the ephemeris of the two
transiting signals. Since we are interested in removing the low-
frequency signals, we bin the data to 3 h bins and mask out all
the transits from the light curve when fitting the GP using a Quasi-
Periodic kernel (as described in Ambikasaran et al. 2015). We use
an iterative maximum Likelihood optimization together with a 5o
clipping algorithm to find the optimal model describing the out-of-
transit light-curve variations. We then divide the whole light curves
by the inferred model to obtain a flattened light curve containing
only transit signals. We note that we detrended each TESS sector
independently. Fig. 1 shows the detrended light curves for both TESS
sectors. In Section 5, we present the modelling of the flattened TESS
transits.

3 FOLLOW-UP OBSERVATIONS

3.1 High-resolution speckle imaging

Spatially close stellar companions can create a false-positive transit
signal if, for example, the fainter star is an eclipsing binary. However,
even more troublesome is ‘third-light’ flux contamination from
a close companion (bound or line of sight) which can lead to
underestimated derived planetary radii if not accounted for in the
transit model (e.g. Ciardi et al. 2015) and even cause total non-
detection of small planets residing within the same exoplanetary
system (Lester et al. 2021). Thus, to search for close-in bound
companions to exoplanet host stars that are unresolved in TESS
or other ground-based follow-up observations, we obtained high-
resolution imaging speckle observations of HD 73583.

5See https://heasarc.gsfc.nasa.gov/docs/tess/UnderstandingCrowding.html
for more details on TESS crowding correction.
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TOI 560
562 nm

562 nm 832 nm

832 nm

Am

0.0 0.2 0.4 0.6 0.8 1.0 1.2
angular separation (arcsec)

Figure 2. Contrast curves showing the 5o detection sensitivity obtained
using Zorro on Gemini with the filters centred on 562 nm (blue line) and
832 nm (red line). No bright companions are detected within 1.2 arcsec to
HD 73583.

HD 73583 was observed twice, on 2020 March 16 and 2019 May
22 UT, using the Zorro speckle instrument on the Gemini South 8-m
telescope.® The 2020 March observations will be discussed herein
as the 2019 May observations had poorer seeing and worse sky
conditions, however giving similar results to those obtained in 2020
March. Zorro provides simultaneous speckle imaging in two bands
(562 and 832 nm) with output data products including a reconstructed
image with robust contrast limits on companion detection (e.g.
Howell et al. 2016).

Three sets of 1000 x 0.06 s exposures were collected for TOI 560
and subjected to Fourier analysis in our standard reduction pipeline
(see Howell et al. 2011). Fig. 2 shows our final 5o contrast curves and
the reconstructed speckle images. We find that HD 73583 is single
to within the contrast limits achieved by the observations, with no
companion brighter than 5-8 mag below that of the target star found
from the diffraction limit (20 mas) out to 1.2 arcsec. At the distance
of HD 73583 these angular limits correspond to spatial limits of 0.6
to 37 AU.

3.2 CHEOPS observations

We observed HD 73583 with the CHaracterising ExOPlanet Satellite
(CHEOPS; Benz et al. 2021) as part of our Guest Observer program
(OBS ID 1345790) between 2021-01-26 UTC 01:40 and 2021-01-
26 UTC 06:39, so as to capture a full transit of HD 73583 b with its
precise photometry. CHEOPS is an ESA small-class mission with
ultra-high-precision photometry dedicated to follow-up of stars with
known planets. It conducts observations from a Sun-synchronous,
low-Earth orbit, which in many cases leads to interruptions in on-
target observations due to Earth occultations and crossings of the
South Atlantic Anomaly (SAA) region. As such, each CHEOPS
observation is associated with some observing efficiency, which is
the fraction of time on target not interrupted by Earth occultation and
SAA. We obtained one visit on the target at arelatively high efficiency
of 72.7 percent for a duration of 4.99 h. CHEOPS observations
were then passed through the CHEOPS Data Reduction Pipeline

Ohttps://www.gemini.edu/sciops/instruments/alopeke-zorro/

MNRAS 514, 1606-1627 (2022)
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Table 2. Summary of ground-based photometric follow-up observations.

Telescope Location Date Filter Coverage
[UTC]

HD 73583 b

NGTS 0.2m Chile 2019-12-06  NGTS full

PEST 0.3m Australia  2020-01-14 Re full

LCO-SAAO Im South Africa 2020-02-02  z-short full

LCO-SSO Im Australia  2020-03-31 B full

LCO-SAAO Im South Africa 2020-12-05  z-short full

HD 73583 ¢

LCO-CTIO Im Chile 2021-04-03  z-short ingress

LCO-McDonald Im USA 2021-04-22  z-short egress

LCO-McDonald 1m USA 2021-04-22  z-short egress

(DRP; Hoyer et al. 2020), which conducts calibration, correction,
and photometry, as shown in the Data Reduction Report for each
observation. We chose to use the ‘OPTIMAL’ light curve as provided
by the DRP, which calculates optimal aperture size by maximizing
the SNR based on field-of-view simulations to account for potential
contaminant field stars. In this case, the ‘OPTIMAL’ aperture size
was 26.0 pix, whereas the ‘DEFAULT’ aperture size was 25 pix.

The light curve was then detrended using the pycheops © Python
package (Maxted et al., submitted). We detrended the CHEOPS
light curve to remove spacecraft motion, background noise, and
Moon glint. In an effort to avoid overfitting, we tested whether the
addition of a new detrending parameter was supported by the data by
calculating the Bayes Factor of the model with/without the parameter
one-by-one, and eliminating those parameters whose Bayes Factors
>1. We use this detrended light curve for our analyses described in
Section 5.

3.3 Ground-based transit observations

We conducted ground-based photometric follow-up observations as
part of the TESS Follow-up Observing Program (TFOP; Collins
et al. 2018). We used the TESS Transit Finder, which is a
customized version of the Tapir software package (Jensen 2013),
to schedule our transit observations. A summary of the observations
is provided in Table 2.

We observed a full transit event of HD 73583 b simultaneously
using four Next-Generation Transit Survey (NGTS; Wheatley et al.
2018) 0.2 m telescopes located at ESO’s Paranal Observatory, Chile.
Each NGTS telescope has an 8 square degree field of view and a plate
scale of 5 arcsec pixel . The observations were taken using a custom
NGTS filter (520-890 nm) with 10 s exposure times and at airmass
<1.95. Each telescope independently observed the transit event in
the multitelescope operational mode as described in Bryant et al.
(2020) and Smith et al. (2020). The NGTS data were reduced using a
custom aperture photometry pipeline (Bryant et al. 2020), which uses
the SEP library for both source extraction and photometry (Bertin &
Arnouts 1996; Barbary 2016).

We observed a full transit of HD 73583 b from the Perth Exoplanet
Survey Telescope (PEST) near Perth, Australia. The 0.3 m telescope
is equipped with a 1530 x 1020 SBIG ST-8XME camera with an
image scale of 172 pixel ™! resulting in a 31 arcsec x 21 arcsec field
of view. A custom pipeline based on C-Munipack’ was used to
calibrate the images and extract the differential photometry.

"http://c-munipack.sourceforge.net
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We observed three full transits of HD 73583 b and one ingress
and two simultaneous egresses of HD 73583 ¢ from the Las Cumbres
Observatory Global Telescope (LCOGT; Brown et al. 2013) 1.0m
network. The 4096 x 4096 LCOGT SINISTRO cameras have an
image scale of 07389 per pixel, resulting in a 26 arcmin x 26 arcmin
field of view. The images were calibrated by the standard LCOGT
BANZAT pipeline (McCully et al. 2018), and photometric data were
extracted with AstroImaged (Collins et al. 2017).

3.4 RV follow-up

3.4.1 HARPS

We acquired 90 high-resolution (R ~ 115 000) spectra with the High
Accuracy Radial Velocity Planet Searcher (HARPS; Mayor et al.
2003) spectrograph mounted at the 3.6 m ESO telescope at La Silla
Observatory. HARPS observes in the visible spectrum within the
wavelength range of 380 to 690 nm. The typical exposure time per
observation was 1500 s, which produced spectra with a typical S/N
of 70-80 at 550 nm. The observations were carried out between 2019
April and 2020 March, as part of the two large observing programs
1102.C-0923 (PI: Gandolfi) and 1102.C-0249 (PI: Armstrong), and
the ESO programs 60.A-9700 and 60.A-9709. We reduced the data
using the dedicated HARPS data reduction software (DRS) and
extracted the RV measurements by cross-correlating the Echelle
spectra with a K5 numerical mask (Baranne et al. 1996; Pepe et al.
2002; Lovis & Pepe 2007). We also used the DRS to extract the Call
Hand K lines activity indicator (Suk), and three profile diagnostics
of the cross-correlation function (CCF), namely, the contrast, the
full width at half-maximum (FWHM), and the bisector inverse slope
(BIS). Our HARPS RV measurements have a typical error bar of
1.2ms! and an RMS of 9.1 ms~!. Table BI lists the HARPS RV
and activity indicators measurements.

We acknowledge that there are eight archival HARPS observa-
tions of HD 73583 taken in 2004 and 2005 (program: 072.C-0488,
PI: Mayor). We note that the stellar activity may have changed
significantly in the last 15 yr, and that those observations have a
sub-optimal sampling. Therefore, we do not include them in our
time-series analysis.

3.4.2 PFS

Teske et al. (2021) performed spectroscopic follow-up observations
of HD 73583 as part of the Magellan-TESS Survey, which uses
the Planet Finder Spectrograph (PFS; Crane et al. 2010) on the
6.5 m Magellan II telescope at Las Campanas Observatory in Chile.
PFS covers wavelengths from 391 to 734 nm. 26 high-resolution
(R~130000) spectra were acquired between 2019 April 8 and
2019 May 24 UT. The typical integration time for each observation
was 1200 s. These RVs measurements have a typical error bar of
0.8ms~! and an RMS of 6.3 ms™!. We decided to include the PFS
measurements in our spectroscopic time-series analysis given that
they overlap with our HARPS observations. The table containing
the Doppler and S-index measurements are available in electronic
format in Teske et al. (2021).

3.4.3 HIRES

We collected 14 iodine-in observations and two template observa-
tions of HD 73583 between 2019 October 20 and 2020 January 1.
Each spectrum was taken with the B5 decker with width 0.86 arcsec
and height of 3.5 arcsec, resulting in resolution of approximately
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60 000. The iodine-out observations that serve as in the RV forward
model consist of two back-to-back observations of SNR ~200 each.
The median observation time of the iodine in observations is 560
s resulting in SNR ~300 at 550 nm, the middle of the iodine cell
absorption region. The set-up and data reduction follow the standard
procedure laid out in Howard et al. (2010). RVs have a median
internal error of 1.0 ms~! and pre-fit RMS of 12.2 ms~'. The RV
errors from HIRES for this young star are higher than they would
be for a solar-aged star. Table B2 shows the HIRES RV and Sux
measurements.

3.4.4 CORALIE

HD 73583 was observed with the CORALIE high-resolution echelle
spectrograph on the 1.2 m Euler telescope at La Silla Observa-
tory (Queloz et al. 2001a). The star was part of a blind RV survey
for planets around K-dwarfs within 65 pc. In total 17 spectra were
obtained between 2016-09-24 and 2017-12-04 UT. One observation
was discarded from further analysis due to abnormal instrument
drift during the exposure. RVs were extracted via cross-correlation
with a binary G2 mask (Baranne et al. 1996), using the standard
CORALIE data-reduction pipeline. We also derived cross-correlation
(CCF) line-diagnostics such as bisector-span and FWHM to check
for possible false-positive scenarios (Queloz et al. 2001b). We
obtained a typical SNR of 50 that, together with intrinsic signals
in the data, gives a RV precision of 5-7 ms~! and an RMS of the
measurements of 12 ms™'. The Call index was computed using
the usual prescription. Table B3 shows the CORALIE spectroscopic
observations.

4 STELLAR DATA ANALYSIS

4.1 Spectroscopic parameters

We used the HARPS observations to produce a high signal-to-noise
(S/N =700 at 550 nm) spectrum of HD 73583. Briefly, we arbitrarily
chose one of the RV observations as the zero velocity and through a
cross-correlation procedure shift and add all the other observations
to this one. Because of the inherent lack of accuracy in all available
methods, we use three independent methods in order to derive the
basic three spectroscopic parameters: effective temperature (7eg),
surface gravity (log g), and metallicity ([Fe/H]).

The first method, using SpecMatch-Emp (Yee, Petigura & von
Braun 2017), compares a standardized version of our spectrum to
a library of more than 400 spectra of stars with well-determined
parameters. Through interpolation and a minimizing process the code
provides a set of stellar fundamental parameters such as 7.s, metal-
licity ([Fe/H]), log g. SpecMatch-Emp also provides estimates of
the stellar mass and radius by comparing with stellar masses and
radii for stars in the sample during the minimization process. Table 3
shows the main spectroscopic parameters for HD 73583 obtained
with SpecMatch-Emp.

Our second method is utilizing the code SME (Spectroscopy Made
Easy; Piskunov & Valenti 2017), a well-proven tool for determining
stellar parameters using synthetic spectra. By providing some basic
information about the observed spectrum, such as estimates of the
fundamental stellar parameters T.g, logg, [Fe/H], vsini, vy, or
Umic together with atomic or molecular line data from the VALD3
data base (Piskunov et al. 1995; Kupka et al. 1999), one can fit the
observed spectrum. Calling a dynamically linked external library
of models, SME performs a synthesis of the stellar atmospheric
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spectrum. Functions in the library solve for molecular and ionization
equilibrium, continuous and line opacities, calculating spectra while
solving for the parameters left free. Using an iterative scheme,
varying one or two fundamental parameters at a time, and with the
inherent chi-square minimizing technique, SME eventually arrives
at the most appropriate parameters for the model best fitting the
observed spectrum. Table 3 shows the main spectroscopic parameters
obtained with SME.

Our third method uses ARES + MOOG, following the same
methodology described in Santos et al. (2013), Sousa (2014), and
Sousa et al. (2021). We used the combined spectrum to derive the
equivalent widths of iron lines using the ARES code® (Sousa et al.
2007, 2015). We used a minimization process to find ionization and
excitation equilibrium and converge to the best set of spectroscopic
parameters. This process makes use of a grid of Kurucz (1993)
model atmospheres and the radiative transfer code MOOG (Sneden
1973). Following the same methodology as described in Sousa et al.
(2021), we used the GAIA eDR3 Gaia parallax and estimated the
trigonometric surface gravity to be 4.60 £ 0.06 dex. Table 3 shows
a summary with our ARES + MOOG results.

4.2 Stellar mass and radius

Our three methods to retrieve stellar spectroscopic parameters
provide results that agree well within the uncertainties (Table 3).
We decide to adopt the SpecMatch-Emp parameters for further
analyses given that this method provides the most conservative
error bars. We then use the SpecMatch-Emp spectroscopic stellar
parameters together with PARAM 1 . 3° (da Silva et al. 2006) with the
PARSEC isochrones (Bressan et al. 2012) to derive HD 73583’s mass
and radius. We use the Teg and [Fe/H] from our SpecMatch-Emp
analysis together with the visual magnitude and parallax given in
Table 1 as input for PARAM 1. 3. Given the expected youth of the
star, we set stellar age priors between 0.1 and 1 Gyr (See Section 4.4).
Table 3 shows HD 73583’s parameters obtained with PARAM 1. 3.
We note that these parameters are in full agreement within 1o with
the mass and radius estimated using SpecMatch-Emp.

As an extra check to our stellar mass and radius determination, we
also perform a spectral energy distribution (SED) modelling using
the software ARIADNE © (Acton et al. 2020). Grids of four stellar
atmospheric models, Phoenix v2 (Husser et al. 2013), BtSettl
(Allard, Homeier & Freytag 2012), Castelli & Kurucz (2004), and
Kurucz (1993) were interpolated with priors for e, log g, [Fe/H]
from SpecMatch-Emp (Table 3). Stellar radius, distance, and
extinction (Ay) were treated as free parameters. We used broad-
band photometry from 2MASS J, H, and K, WISE W1 and W2, the
Johnson B and V magnitudes from APASS, and Gaia G, Ggp, and Grp
magnitudes and parallax from eDR-3. An upper limit to the extinction
was taken from the maximum line-of-sight value from the dust maps
of Schlegel, Finkbeiner & Davis (1998). Bayesian Model Averaging
was used to compute the final stellar radius which was found to
be 0.693700% Ro. ARIADNE also computed the stellar mass using
MIST (Choi et al. 2016) stellar evolution tracks to 0.72770932 M.
These results agrees within 1o with the above derived mass and
radius from PARAM 1. 3. Fig. 3 shows the SED fit obtained with
ARIADNE, and the corresponding results are summarized in Table 3.

8The last version of ARES code (ARES v2) can be downloaded at http:
/Iwww.astro.up.pt/~sousasag/ares
“http://stev.oapd.inaf.it/cgi-bin/param_1.3.
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Table 3. HD 73583’s parameters. The adopted parameters for the rest of the manuscript are marked with boldface.

Parameter SpecMatch-Emp SME ARES 4 MOOG PARAM1.3 ARIADNE stardate time-log RﬁK WASP
Tefr (K) 4511 +110 4532 £ 80 4555 £ 99 - - - - -
log g (cgs) 4.62+0.12 4.42 £ 0.08 4.60 £ 0.06 4.63 £ 0.02 - - - -
[Fe/H] (dex) 0.00 £+ 0.09 0.00 £0.05 —0.132 +0.053 - - —0.02 £+ 0.06 - -
vsini - 35+05 - - - - - -
Mass (M) 0.72 + 0.08 - - 0.73+£0.02  0.727700%2 0.74 £ 0.02 - -
. 0.019
Radius (R) 0.70 £ 0.10 - - 0.65+£0.02 0.6933:010 - - -
Density (gem™) 29418 - - 375+£038  3.0870%5 - - -
Age (Gyr) - - - 0.44 £0.33 - 0.7504+0.020 0.48 £0.19 -
Rotation period (d) - - - - - - - 122 4+0.2
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Figure 3. The SED of HD 73583 and the model calculated from the model ?O ?TO ?O 80 0 0‘ 5 ‘1 1.5
grid with the highest probability. The magenta points are the synthetic i .
photometry and the blue points the observed photometry where the vertical -0.01 = b
errors mark the 1o uncertainties and the horizontal bars the effective width of D p 2 * = F
the pass-bands. The residuals in the lower panel are normalized to the errors § = 0r s = 2]
of the photometry. < -
/\/ 0.01 B
As a further check on the reliability of our stellar parameters, we ‘ : ‘
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also performed some basic checks within our exoplanet analyses (see — : :
Section 5). We compare the planetary surface gravity obtained from 1 001 =
the derived planet masses and radii (that depends on the derived - = 5
stellar mass and radius) with the value obtained from the scaled 2 § ol s = .
parameters (that do not depend on the stellar mass and radius, see - PR § (NSRRI q LT =
Southworth, Wheatley & Sams 2007). Both values for both planets 0.01 i
are in agreement within <0.1o (see Section 5). These results suggest ‘ ‘ ‘
that the derived stellar parameters in this section are reliable. 3 10 20 30 50 80 0 05 1 15

Period (days) Phase

4.3 Stellar rotation period

We note that TESS photometry shows flux modulation in both
HD 73583’s light curves (see Section 2 and Fig. 1). These are likely
caused by active regions on the stellar surface. Fortunately, they can
be a proxy to estimate the stellar rotation period. A Fourier transform
of Sector 8 and 34 light curves shows peaks at ~12 and ~6 d, being
the later likely the first harmonic caused by a complex distribution of
spots in the stellar surface. Given that the TESS observations cover
only approximately two rotational period of the star, we decide to
use ground-base photometry that expands for a longer time window
to estimate a more precise stellar rotational period.

HD 73583 was observed with the WASP-South (Pollacco et al.
2006) camera array over 100-night spans in four consecutive years
from 2009 to 2012, accumulating 17 000 photometric observations.
The 200-mm, f/1.8 lenses were backed by a 2048x2048 CCDs

MNRAS 514, 1606-1627 (2022)

Figure 4. Periodograms of the WASP-South data for HD 73583. The red
ticks mark the 12.2-d periodicity and its first harmonic. The dotted line is the
estimated 1 per cent-likelihood false-alarm level. The right-hand panels show
the data binned and folded on the 12-d period.

observing with a 400-700 nm passband. HD 73583 is 2 mag brighter
than any other star in the 48-arcsec photometric aperture. We
searched the data for rotational modulations using the methods
from Maxted et al. (2011), and found a clear and persistent 12-d
periodicity with a false-alarm likelihood below 0.1 percent. The
amplitude ranges from 4 to 7 mmag while the periodis 12.2 £0.2 d,
where the error makes allowance for phase shifts caused by changing
star-spot patterns. Fig. 4 shows a visualization of our analysis. We
note that this period is consistent with the period of 12.08 £ 0.11 d
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recovered in our multidimensional GP analysis (for more details see
Section 5.2).

4.4 Stellar age

Given HD 73583 spectral type and well-constrained relatively short
rotational period, we expect a relative young age (see Barnes 2003,
for more details). We found that the derived age for this star in
the literature provides poorly constrained ages (e.g. Delgado Mena
et al. 2019, estimated a stellar age of 5.12 £ 4.56 Gyr). We therefore
perform some analyses to re-estimate HD 73583’s age.

We first use stardate® (Morton 2015; Angus, Morton &
Foreman-Mackey 2019) to infer HD 73583’s age using gyrochronol-
ogy. We input the SpecMat ch-Emp spectroscopic values, together
with the photometry band values and parallax given in Table 1 to
stardate. For the rotational period of the star, we use the rotational
period of the star of 12.08 £ 0.11 d derived in our multidimensional
GP analysis of the spectroscopic time-series (see Section 5). We ran
100000 iterations and we discarded the first 10000 to create the
distributions from which we infer our parameters. stardate gives
an age of HD 73583 of 750 4 20 Myr. This analysis puts HD 73583
in the young star regime. However, we note that the error bars come
only from the built-in parameter sampling included in stardate
and they are likely underestimated. We therefore perform additional
estimations to provide a more conservative stellar age.

We then use the time-log Rjjrelation of Mamajek & Hil-
lenbrand (2008) to estimate HD 73583’s age. With a log Rjjx=
—4.465 £ 0.015, HD 73583’s is consistent with a star with an age of
480 = 190 Myr. The error bars include the uncertainties of log Ry
and the 30 per cent rms on the Mamajek & Hillenbrand (2008)’s fit.
In the remainder of this paper, we will assume 480 4= 190 Myr as the
stellar age. We note that this stellar age is consistent with the recently
reported values by Zhang et al. (2022).

5 EXOPLANET DATA ANALYSIS

5.1 Transit analysis

We first perform a transit analysis in order to obtain planet
ephemerides to use for a preliminary RV data analysis in Section
5.2, as well as to check for uniform transit depths in all bands for
both planets. We use the code pyaneti® (Barragan, Gandolfi &
Antoniciello 2019; Barragén et al. 2022) to model the flattened TESS
(see Section 2), CHEOPS (see Section 3.2), and ground-base transits
(see Section 3.3). To speed up the analysis, we just model data chunks
of maximum 3.5 h either side of each transit mid-time.

We sample for the stellar density, p,, and we recover the scaled
semimajor axis (a/R,) for both planets using Kepler’s third law
(see e.g. Winn 2010). For the limb-darkening model we use the
quadratic limb-darkening approach described in Mandel & Agol
(2002) with the ¢, and ¢, parametrization given by Kipping (2013).
We sample for an independent scaled planet radius (1, = Rp/R,)
for each planet in each band. We set uniform priors for all the
parameters and we assume circular orbits for both planets. We
sample the parameter space with 250 walkers using the Markov chain
Monte Carlo (MCMC) ensemble sampler algorithm implemented in
pyaneti® (Foreman-Mackey et al. 2013; Barragan et al. 2019).
We created the posterior distributions with the last 5000 iterations
of converged chains. We thinned our chains with a factor of 10
giving a distribution of 125 000 independent points for each sampled
parameter.
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Fig. 5 shows the phase-folded transits for HD 73583 b and ¢
for all the bands they were observed. Fig. 6 shows the posterior
distribution for each sampled r, for both planets. We can see that
for HD 73583 b, the posteriors for r, for all bands overlap between
them, except for the PEST light curve that is consistent with the rest
of estimation just within 3c. The corresponding scaled planet radii
are rp rzss =0.0398410 007 1 crzops = 0.03962F 000001, Tp nGTS =
0.0404705013, rprco-p = 0.03947501, 7p.1co-zs = 0.04127050,
and rp pEst =0.0494759%1 HD 73583 ¢ was only observed with
TESS and LCO-zs; the scaled planet radii are consistent in these
two bands (rp 7zss = 0.03325 000073, and 7y Lco—zs = 0.03447 50023,
see also the posteriors in Fig. 6). We also note that the recovered
stellar density from this analysis is 3.05703¢ gcm™~3, consistent with
the value obtained in the stellar analysis presented in Section 4.2.

We then repeated the analysis, but this time sampling for a
single 7y, tuy for each planet, i.e. assuming that, for a given planet,
all the transits have the same depth in all bands. Fig. 6 shows
the posterior distribution obtained in this analysis for HD 73583 b
and c. We can see that for HD 73583 b the combination of all
transits in all bands provides a better constrain on the scaled
planetary radius of rp ru1 = 0.0399f8:888§’3. This shows the advan-
tages of performing space- and ground-base transit follow-up of
TESS planets to improve the measurement of planetary radii. For
HD 73583 ¢ we can see that the posterior of rp ry is practically
identical to the posterior of r, 7zss, Which is expected given that
the ground-base observations of HD 73583 ¢ observed only partial
transits.

We also note that all transit data improve the constrain on the
ephemerides that have a direct impact to plan future follow-up
observations. We obtain a time of mid-transit and orbital period of
1517.69016 £ 0.00063 BTID and 6.3980422 =+ 0.0000070 d
for HD73583b, and 1232.1682 =+ 0.0025 BTID and
18.87981 + 0.00090 d for HD73583c, respectively. We use
these values to perform our spectroscopic time-series modelling in
Section 5.2. In Section 5.3, we perform a joint analysis with transits
and spectroscopic time-series.

5.2 Multidimensional GP approach

We perform a multidimensional GP (hereafter multi-GP) approach
to characterize the stellar and planetary signals in our RV time-
series (see Rajpaul et al. 2015, for more details). We create a two-
dimensional GP model described as

RV = ArvG(t) + BryG(D),

1
AsG(1), o

SHK =

where G(?) is a latent (unobserved) variable, which can be loosely
interpreted as representing the projected area of the visible stellar
disc that is covered in active regions at a given time. The amplitudes
ARy, Brv, and Ag are free parameters which relate the individual
time-series with G(¢). To constrain the stellar signal in our data we
use Syk that has been proven to be a good tracer of the area covered
for active regions on the stellar surface (see e.g. Isaacson & Fischer
2010; Thompson et al. 2017). It is also worth to mention that the Ca 11
H and K activity indicators (Syx and log R}y ) have been proved to
constrain the G(#) function for active G and K-type stars in previous
multi-GP analyses (e.g. Barragdn et al. 2019; Georgieva et al.
2021).

We perform a multi-GP regression on the HARPS, HIRES, PFS,
and CORALIE RV and Syk time-series. We created our covariance

MNRAS 514, 1606-1627 (2022)
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Figure 5. Phase-folded light curves of HD 73583 b (panels with blue circles) and HD 73583 ¢ (panels with orange circles) for different bands. Nominal
observations are shown in light grey. Solid colour circles represent 10-min binned data. Transit models are shown with a solid black line.

matrix using the Quasi-Periodic kernel

sin?[w(t; —1;)/Pep] (6 —1;)?
223 222

y(ti,t;) =exp | — ; (@)

and its derivatives (see Rajpaul et al. 2015; Barragan et al. 2022, for
more details). In equation (2) Pgp is the GP characteristic period,
Ap the inverse of the harmonic complexity, and A. is the long-term
evolution time-scale.

We performed a multi-GP regression using pyaneti® (as
described in Barragéan et al. 2022). We created our RV residual vector
by modelling an offset for each spectrograph and two Keplerian
signals with the ephemeris given in our transit analysis and assuming
circular orbits. For the Syk time-series we account for a different
offset for each instrument. We note that we are using four different
spectrographs that observe in similar wavelength ranges and we
expect the spot contrast to be similar. For this reason we consider
that there is no chromatic variation between them and we assume

MNRAS 514, 1606-1627 (2022)

that the stellar activity can be described with the same underlying
function for all four instruments.

We perform an MCMC analysis using Gaussian priors on the
planet ephemerides given in Section 5.1. For the remainder sampled
parameters we use uniform priors. We note that we did not train our
GP hyper-parameters using the TESS or WASP-South light curves
(see Haywood et al. 2014, for more details on training GPs for
RV modelling). The active regions on the stellar surface may be
different and therefore the stellar signal may be described with a
GP with a different set of hyper-parameters (see e.g. Barragén et al.
2021). We therefore use uniform priors to sample for the multi-
GP hyper-parameters (we chose an uniform prior around 12 d for
the period based on the analyses presented in Section 4.3). We
sample the parameter space with 250 independent Markov chains
and we use the last 5000 converged chains and a thin factor of 10
to create posterior distributions with 125000 independent samples
for each parameter. We obtained unimodal posterior distributions for
all the sampled parameters. This analysis provides a detection of
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Figure 6. Posterior distributions for the multiradius (colourful posteriors)
and single-radius (black posteriors) transit modellings, for planet b (top panel)
and c (bottom panel). Both panels are shown with the same x- and y-scale to
facilitate comparison.

two Keplerian signals that match the transiting exoplanet ephemeris.
HD 73583 b and ¢ induce a Doppler wobble with semi-amplitudes
of 4.3 ms~'and 2.74737 ms~" on its host star, respectively. In
Section 6.1, we make a further discussion on the inferred stellar and
planetary signals.

Itis worth to note that the precision of the recovered Doppler signal
of HD 73583 ¢ is better than for HD 73583 b. This is a consequence
of the orbital period of HD 73583 b (~6.4 d) being close to the first
harmonic of the rotational period of the star (~6 d). This imperils the
precision with which HD 73583 b Keplerian signal can be recovered.

5.3 Joint analysis

Following our analyses described in Sections 5.1 and 5.2, we proceed
to perform a final analysis combining our transit and spectroscopic
time-series modelling. This analysis combines the same assumptions
described in Sections 5.1 and 5.2 with a few differences. Now we
allow for eccentric orbits for both planetary orbits; we set a Gaussian
prior on the stellar density based on our results in Section 4, and
we fit for a common scaled planet radius for all the bands for each
planet. All sampled parameters and priors used for this analysis can
be found in Table 4. We note that 14 of the sampled parameters
are jitter terms per instrument that we added in our likelihood to
penalize for imperfections in our model (see Barragan et al. 2022).
We sample the parameter space with 500 independent Markov chains.
We create posterior distributions with 250000 sampled points for
each parameter using the last 25000 converged chains and a thin
factor of 50. Given the high dimensionality of the parameter space
(55 parameters), we ran this set-up 10 times. We found that the
code arrives to consistent parameter solutions in every indepen-
dent run. This give us confidence that the derived parameters are
reliable.

Table 4 shows the inferred values for all the sampled parameters.
They are given as the median and 68.3 per cent region of the credible
interval from the posterior distribution of each parameter. In Fig. A1,

1615

we show the posterior and correlation plots for some of the sampled
parameter. Table 5 shows the derived planetary, orbital, and stellar
parameters. HD 73583 b and ¢ are detected in the RV time-series
with Doppler semi-amplitudes of 4.37%}4% and 2.89703 ms™!,
respectively. Fig. 7 shows the RV and Syx time-series together with
the inferred models. Fig. 8 shows the phase-folded RV curve for each
planetary induced signal.

6 DISCUSSION AND CONCLUSIONS

6.1 Stellar signal characterization

The GP hyper-parameters are well constrained with the values Pgp=
1202470085 d, Ae= 3277 d, and A,= 0.43270:030. We can argue that
Pgp describes the star’s rotation period, given that is in agreement
with the results obtained with WASP-South photometry (Section
4.3). The recovered A is significantly larger than the recovered Pgp.
This suggests that the same active regions on the stellar surface are
present for almost three stellar rotations. This also indicates that the
QP kernel is a good choice to describe the scales of the stellar signal
in our data (see Rajpaul et al. 2015, for a discussion on this). Finally,
the recovered A, implies a relatively high harmonic complexity for
the underlying process describing the stellar signal. This suggests
that there are diverse groups of active regions on the stellar surface,
leading to complex patterns in our spectroscopic time-series.

Fig. 7 shows the inferred model for the stellar signal in the
RV and Spx time-series. Such curves are consistent with a high
harmonic complexity scenario having several ‘beat’ patterns within
each period. However, the process describing the RV stellar signal
has an apparent higher harmonic complexity than the Syx one. This
can be explained by the sensitivity of RV activity induced signals to
the position and motion of the active regions on the visible stellar
disc, creating complex patterns (see e.g. Dumusque, Boisse & Santos
2014). Fortunately, this complexity can be described, as a first order
approach, as the derivative of the function G(#) that describes the
area covered by active regions on the stellar surface as a function of
time (Aigrain, Pont & Zucker 2012; Rajpaul et al. 2015). This can be
seen empirically in this system as the recovered amplitudes for the
GP describing the RV time-series are Agy = 0.5370:55 ms~! (with a
posterior truncated at zero, see Fig. A1) and Bry = 17.33% ms~'d,
i.e a significant detection (see Fig. Al). We can also see that the
process describing the stellar signal in the Sy time-series has an
amplitude of 0.02270:95% that is significantly different from zero.
This suggest that the stellar signal in the Spk is also constrained
with our model (for more discussion on this see Appendix C2). This
demonstrates that for HD 73583, the RV signal is mainly described
by G(¢), while Sy time-series is well described by G(¢). We note that
this behaviour has been observed empirically in other young stars
that show high harmonic complexity (e.g, Barragéan et al. 2019). For
a further discussion on the importance of the derivative of the GPs
when dealing with high harmonic complexity, see Barragan et al.
(2022). In Appendix C, we show further tests that we perform in
order to ensure that our stellar modelling is robust.

As we mention in Section 5.2, we assume there is no chromatic
variation of the stellar signal between our four different spectro-
graphs. From Fig. 7 we can see that PFS and HIRES data overlap with
some HARPS observations. Fig. 7 shows that the PFS and HIRES
observations are consistent with the same time-scales and amplitudes
as the HARPS data set. This encourages that our assumption of
describing different instruments that observe in similar wavelengths
with the same underlying function is correct. We note that the
CORALIE observations were taken months before the rest of our
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Table 4. Model parameters and priors for joint fit.

Parameter

Prior

Final value”

HD 73583 b’s parameters
Orbital period Py, (d)

Transit epoch Ty (BJDtpg —2450000)
Scaled planet radius Ry/R,

Impact parameter, b

Jesinw,

e cos w,

Doppler semi-amplitude variation K (m s~!)
HD 73583 ¢’s parameters
Orbital period Py, (d)

Transit epoch Ty (BJDtpg —2450000)
Scaled planet radius Rp/R,

Impact parameter, b

Jesinw,

Jecosw,

Doppler semi-amplitude variation K (m s~!)
GP hyper-parameters
GP period Pgp (d)

Ap

e (d)

Agy (ms™!)
Bgy (ms~!d)
As

Other parameters
Stellar density p, (gcm ™)
TESS Parametrized limb-darkening coefficient g

TESS Parametrized limb-darkening coefficient ¢»
CHEOPS Parametrized limb-darkening coefficient ¢
CHEOPS Parametrized limb-darkening coefficient ¢,
NGTS Parametrized limb-darkening coefficient ¢
NGTS Parametrized limb-darkening coefficient g,
LCO-zs Parametrized limb-darkening coefficient ¢;
LCO-zs Parametrized limb-darkening coefficient g,
LCO-B Parametrized limb-darkening coefficient ¢
LCO-B Parametrized limb-darkening coefficient ¢
PEST Parametrized limb-darkening coefficient ¢
PEST Parametrized limb-darkening coefficient ¢
Offset HARPS RV (kms™!)

Offset PFS RV (kms™!)

Offset HIRES RV (kms~!)

Offset CORALIE RV (kms™!)

Offset HARPS Sk

Offset PFS Syk

Offset HIRES Suk

Offset CORALIE Suk

Jitter term o Ry, HARPS (M s

Jitter term ory, prs (M s7h

Jitter term oRy, HIRES (M s

Jitter term o'Ry, coRALIE (ms™1)

MNRAS 514, 1606-1627 (2022)

U[6.3973, 6.3982]

U[8517.5460, 8517.8040]

1[0.0, 0.05]
Ulo, 1]
Uul—1,1]
Uul-1,1]
U[0, 50]

U[18.78, 18.98]
14[9232.06, 9232.26]
U10.0, 0.05]
Ulo, 1]
ui-1,1]
Uui-1,1]

U[0, 50]

U[10, 14]
U[0.1, 5]
U[1,500]
U[0, 100]
U[—1000, 1000]
Ulo, 1]

N3.48,0.35]
Uulo, 1]

Uulo, 1]

Ulo, 1]

Ulo, 1]

Ulo, 1]

Ulo, 1]

Ulo, 1]

Ulo, 1]

Ulo, 1]

Ulo, 1]

Ulo, 1]

Ulo, 1]
[20.2311,21.2728]
U[—-0.5253, 0.5219]
U[—0.5253, 0.5219]
14[20.2129, 21.2589]

U[0.3141, 1.4507]
U[—0.0856, 1.0419]
U[0.1008, 1.1666]
U[0.1956, 1.2995]
JI1, 100]
JI1, 100]
JI1, 100]
JI1,100]

63980420 )
8517.69013+0:000%6
00393250061
0.56610-079
—0.03%515
~0.22793%
4.37715¢
18.8797470:0008¢
9232.16820-001%
00336850083
021

+0.18

—0.15755
+0.17
0.16295

+0.53
2.89705

12.08 & 0.11
04675433
27.287738

0.537935
17.3734

oo

3.69 + 0.35
035747
0.167013
029%]
0.47%03

+0.24
0'64—0.28

03753
0.337932
037553
023551
033153
051553
031753
20.75208 30004
~0.00319*309%,
0006652
2073710
08793156073
0.449175 660%
063695 6006
0726556009

40.59
2.0555

+0.64
1.8779%

+3.04
5'84'—1.59

+4.65
2.6274¢
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Table 4 — continued
Parameter Prior Final value”
Jitter term o, HARPS (X 10%) JI1, 100] 17.15+121
Jitter term o, prs(X 10%) JI1,100] 28.313;?2
Jitter term o'y HIRES (X 10%) JI1, 100] 5_84t?:(5)491
Jitter term o coRALIE(X 10%) JI1,100] 20.957078,
TESS jitter term ogss (x 107°) JI0, 1 x 10°] 0.000678277-9¢-9¢
CHEORPS jitter term o cyeops (X 1076) J0, 1 x 103] 0.00045t§:22:82
NGTS jitter term o ygrs (x 107°) JI0,1 x 103] 0'0037t$é7f(;505
LCO-zs jitter term 0 1c0 — 5 (x 107°) J10, 1 x 10%] 0.001665+4¢-05
LCO-B jitter term o 7co — p (x 107%) JI0, 1 x 10%] 0.00126+]:2-%3
PEST jitter term o pgsy (x 1076) JI0, 1 x 103] 0'00338t8:88813

Notes.“Ula, b] refers to uniform priors between a and b, N'[a, b] to Gaussian priors with mean a and standard deviation b, and J[a, b] to the modified Jeffrey’s

prior as defined by Gregory (2005, eq. 16).

bInferred parameters and errors are defined as the median and 68.3 per cent credible interval of the posterior distribution.

Table 5. Derived parameters for the HD 73583 planets.

Parameter HD 73583 b’s HD 73583 ¢’s
values values
Planet mass M, (Mg) 1021—;:? 9-7t}:§
Planet radius Rp, (Rgy) 2.79 £0.10 2397000
Planet density pp, (gcm ™) 2.58t8;§f 3.88f8:§(1)
Scaled semimajor axis a/R, 19.98f8;2§ 41.1 lt{és
Semimajor axis a (AU) 0.0604700057 012421000
Eccentricity e 0.09f8232 0.0ng:(l)é
angle of periastron w, —761 5" —41.61377
Orbit inclination i, () 88.37£0.18  89.7292)
Transit duration 714 (h) 2.1431'8:8%2 3.671'8:(1)82
RV at mid-transit time (kms~—!) 6.3t2j2 —3-11—2:;
Planet surface gravity g, (cm s~H@ 12681“3% 16321‘%?8
Planet surface gravity g, (cm s=2H)® 1288f§§§ 165831“7‘
Equilibrium temperature Teq (K)© 7143(1) 498 + 15
Received irradiance (Fg) 4333:; 10~2t}:%
TSM@ 136f§2 62f{?

Notes.“Derived using g, = GMp Ry 2,

bDerived using sampled parameters following Southworth et al. (2007).
¢Assuming a zero albedo.

dTransmission spectroscopy metric (TSM) by Kempton et al. (2018).

RV data, and given the .= 27.28"73% d, we expect that HD 73583
had a different configuration of active regions at that time. However,
we note that the CORALIE observations seem to have the same
amplitudes and scales as the RVs of the other instruments.

6.2 Dynamical analysis

We performed an orbital stability analysis of the HD 73583 system
using the software mercuryé6 (Chambers 1999). We assume that
both planets have coplanar orbits and we use our derived parameters
in Table 5 to create our mercuryé set-up. We evolved the system
for 1 Gyr with steps of 0.5d per integration. For HD 73583 b we
found negligible changes on the orbital parameters of the planet,
except for the eccentricity that fluctuated with a maximum change

of 0.08. For HD 73583 ¢ we found changes of its eccentricity <0.08
and a maximum variation of 5 x 107> AU in its semimajor axis.
Therefore, we conclude that the orbital and planetary parameters
derived for HD 73583 are consistent with a dynamically stable
system.

6.3 Exoplanet compositions

Fig. 9 shows a mass—radius diagram for small exoplanets (1 < R, <
4Rg and 1 < M, < 20Mg) detected with a precision better than
30 percent in radius and mass. We also overplot the two layer
exoplanet models by Zeng, Sasselov & Jacobsen (2016), together
with the Earth-like interior plus Hydrogen envelope models given
by Zeng et al. (2019). With a mass of 10.23:‘1‘ Mg, and radius of
2.79 4 0.10 Rg, HD73583b has a density of 2.58%03; gem™,
HD 73583 b lies above the pure water composition model. This
implies that some percentage of the planet radius has to be
gaseous (see e.g. Russell 2021). With an equilibrium temperature
of 71472, KHD 73583 b is consistent with a composition made of
an Earth-like interior with a thick Hydrogen envelope accounting for
approximately 2 per cent of the planet’s mass. None the less, we note
that there is a degeneracy on determining exoplanet compositions in
a mass—radius diagram. For example, it is also possible to explain
HD 73583 b with a water-rich interior with an Hydrogen envelope
that accounts for only 0.3 per cent of the planet’s mass (we do not
show such models in Fig. 9, for more details see Zeng et al. 2019).
The other planet, HD 73583 ¢, has a mass of 9.77]% My, similar to
HD 73583 b but a significantly smaller radius of 2.3970 9 Re. This
gives a bulk density of 3.88103) gcm > for HD 73583 ¢, which puts
it below the pure water composition model. Therefore, HD 73583 ¢
is consistent with a solid water-rich world made of 50 per cent water
ice and 50 per cent silicates. However, we can see that HD 73583 ¢ is
also consistent with a planet made of a Earth-like interior, surrounded
by a Hydrogen envelope that could account for 1 per cent of its mass
(taking into account its equilibrium temperature of 498 £ 15 K).
Fig. 10 shows an insolation versus planetary radius diagram with
the approximate positions of the Neptunian desert and radius valley
indicated with text. It is worth to note that HD 73583 b and c lie well
above the radius valley. We therefore expect that both planets have
a volatile envelope rather than being solid worlds, as suggested by
previous works (Fulton et al. 2017; Van Eylen et al. 2018). Despite
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Figure 7. RV and Spk time-series after been corrected by inferred offsets. Each plot shows (from top to bottom): RV data together with full, stellar, and
planetary signal inferred models; RV data with stellar signal model subtracted; RV residuals; Syk data together with inferred stellar model, and Syk residuals.
The upper plot shows CORALIE (red) observations. The bottom plot displays HARPS (blue), HIRES (orange), and PES (green) data. Measurements are shown
with filled symbols with error bars with a semitransparent error bar extension accounting for the inferred jitter. The solid (black) lines show the inferred full
model coming from our multi-GP, light grey shaded areas showing the 1o and 20 credible intervals of the corresponding GP model. For the RV time-series we
also show the inferred stellar (cyan line) and planetary (dark purple line) recovered signals with an offset for better clarity. We note that in the bottom plot there
is a gap between 8670 and 8770 BJD — 2450000 where there were no measurements.
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Figure 9. Mass versus radius diagram for small exoplanets (1 < R, < 4 Rg and 1 < M}, < 20 Mg). The grey points with error bars show planets with mass
and radius measurements better than 30 per cent (As in the TEPCAT catalogue, https://www.astro.keele.ac.uk/jkt/tepcat/, Southworth et al. 2007). HD 73583 b
and c are shown with a (blue) circle and a (orange) square, respectively. The solid lines represent two-layer models as given by Zeng et al. (2016) with a different
colour corresponding to a different mixture of elements. The non-solid lines correspond to rocky cores surrounded by an Hydrogen envelope with 0.3 per cent
(dashed line), 1 per cent (dash-dotted line), and 2 per cent (dotted line) Hydrogen mass for exoplanets with equilibrium temperatures of 500 K (orange, similar
to HD 73583 ¢’s Teq) and 700 K (blue, similar HD 73583 b’s Teq) as given by Zeng et al. (2019).

the degeneracy in composition for both planets, for the remainder of
the discussion in this manuscript we will assume that HD 73583 b
and c have an Earth-like interior surrounded by a Hydrogen-rich
volatile envelope. A discussion of the planetary characteristics
assuming different composition scenarios is out of the scope of this
paper.

We note that HD 73583 b has a lower density than HD 73583 c,
but they both have similar masses. According to Zeng et al. (2019),
planets with the same mass and same volatile Hydrogen content

would have different radii (hence different density) if their temper-
atures are significantly different, being a hotter planet more bloated
due to thermal inflation. We note that HD 73583 b is ~200 K hotter
than HD 73583 ¢ and we would then expect a larger radius for it.
However, the difference in temperature between HD 73583 b and ¢
is not enough to explain the ~0.5Rg difference in radii between both
planets. The difference in radii can be explained by extra Hydrogen
content in the atmosphere of HD 73583 b, with respect to HD 73583 ¢
(see Fig. 9). This is unexpected if we assume that this system has
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Figure 10. Insolation versus planetary radius diagram. The red contours
show the occurrence of transiting exoplanets (As in the TEPCAT catalogue).
HD 73583 b and HD 73583 ¢ are represented with a blue and orange star,
respectively. The approximately locations of the ‘hot Neptunian desert’ and
‘radius valley’ are shown for guidance.

been shaped by photoevaporation, in which the innermost planet is
expected to have a more depleted atmosphere (e.g. Owen & Wu
2013; Lopez & Fortney 2014). In Fig. 10, we can see that both
planets lie far from the high irradiated hot Neptunian desert and
the radius valley regions. This suggests that the photoevaporation
process may be slow. In this low irradiation regime, core-powered
mass-loss mechanisms could also play an important role sculpting
the planet’s atmospheres (Gupta & Schlichting 2021). Given their
youth, both planets could still evolve and experience atmospheric
mass-loss.

6.4 Atmospheric characterization perspectives
6.4.1 Transmission spectroscopy generalities

We emphasize that from now on our analyses and conclusions
assume that HD73583b and c are Earth-like interior + H/He
envelope planets. Because of their youth, extended atmosphere, and
host star brightness, HD 73583 b and c are excellent candidates to
perform transmission spectroscopy. We note that HD 73583 b has
a Transmission spectroscopic metric (TSM) of 1361’22 , which is
well above the threshold at 90 suggested by Kempton et al. (2018).
Therefore, this target is highly valuable target for the James Webb
Space Telescope (JWST). We note that HD 73583 ¢’s TSM value
of 62717 is below the threshold. However, we discuss here the
atmospheric study perspectives for both planets.

Fig. 11 displays a relative atmospheric detection S/N metric
(normalized to HD 73583 b) for all well-characterized young tran-
siting planets with R < 5 Rg. The sample is taken from the NASA
Exoplanet Archive. The atmospheric signal is calculated in a similar
way in Niraula et al. (2017). The atmospheric signal is dominated by
the atmospheric scale height, favouring hot, extended atmospheres,
and the host star radius, favouring small, cool stars. The relative
S/N calculation scales with properties that make it favourable to
detect and measure this signal. Our metric is similar to the TSM in
Kempton et al. (2018). The difference with our metric is that instead
of calculating this per transit, we calculate it based on time, thus
adding a P~ term. Given the observational challenges of observing
planets in transit with highly oversubscribed facilities, the frequency
of transits is a very important constraint on obtaining atmospheric
measurements. We assume an effective scale height (e = 7 Hill

MNRAS 514, 1606-1627 (2022)

F L T T ) ‘(‘jro‘l—ieo‘v I
[ @J Mic b ]
=, [ HD735W1} 63433 b )
N 1.000 | AU Mic ~2076 b OKepler-78 b _|
N ; O D 63433 ¢ @01*45@7100 ° ;
2 r HD73583 ¢ 9
o t ]
[0} L 4
=
n 0.100 ¢ 4
o £ 3
£ E ]
S
< r ]
v L 1
S 0.010F 3
© £ 3
[} L ]
a4 L 4
L o 1 Rg |
2R
0001F <\> . ‘83‘,:
0] 500 1000 1500 2000 2500 3000

Dayside Equilibrium Temperature (K)

Figure 11. Relative S/N of an atmospheric signal for all young (<1 Gyr)
exoplanet candidates with R, < 5Rg. Circle’s size shows the planetary radius.
HD 73583 b and HD 73583 ¢ are shown with a filled blue and orange circles,
respectively. HD 73583 b is used as the S/N reference.

Table 6. Top 10 best young exoplanets candidates for transmission spec-
troscopy S/N normalized to HD 73583 b, which is highlighted in bold.

S/N relative
Rank Name Teq to R, Orbital
atmosphere HD 73583 b period
1 TOI-1807 b 2282.4 5.217 0.68 0.5494
2 AU Mic b 651.2 2.725 0.75 8.4630
3 HD 63433 b 1053.7 1.425 0.91 7.1079
4 TOI-2076 b 945.9 1.056 0.76 10.3557
5 HD 73583 b 783.9 1.000 0.66 6.3980
6 Kepler-78 b 2400.0 0.994 0.75 0.3550
7 AU Mic ¢ 528.5 0.934 0.75 18.8590
8 HD 63433 ¢ 739.8 0.781 091 20.5453
9 K2-100 b 2003.3 0.729 1.24 1.6739
10 TOI-451 b 1621.6 0.620 0.88 1.8587

radii; Miller-Ricci, Seager & Sasselov 2009) using the equilibrium
temperature, a Bond albedo of o« = 0.3, and an atmospheric mean
molecular weight of ;« = 20. Because this is a relative assessment, and
we are assuming identical properties for all the atmospheres in this
sample, the precise value of these variables do not change the results.
Table 6 shows the top 10 best young planets candidates in terms of
expected S/N. HD 73583 b occupies the fifth position in this rank,
making it an excellent target for transmission spectroscopy follow-
up efforts. Even if not showed in Table 6, we note that HD 73583 ¢
lies in the 16th position in the same ranking. It is worth to mention
that the scientific value of HD 73583 b and c is even higher given that
both planets form part of the same system. This will allow to perform
comparative atmospheric composition and mass-loss studies that are
crucial to test theoretical models.

6.4.2 Hydrogen escape

Using the 1D hydrodynamic escape model described in Allan & Vi-
dotto (2019), we predict the planetary upper atmosphere properties,
such as the evaporation rate of the two planets and their velocity
and density atmospheric structure. We consider an atmosphere that
is made only of Hydrogen, and the ionization balance is self-
consistently derived by including Ly-alpha cooling and photoion-
ization by XUV stellar irradiation (Allan & Vidotto 2019). To derive
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Figure 12. Atmospheric profiles derived from our hydrodynamic escape
simulations showing the radial (i.e. outwards) velocity of the planetary
outflow (top), its temperature (middle), and ionization fraction (bottom).
The crosses indicate the radial distance to the Roche lobe. HD 73583 b and
HD 73583 ¢ properties are shown with blue and orange lines, respectively.

the XUV stellar flux, we proceed as follows. From the median value
of HARPS logRjx (—4.465 £ 0.015), we calculated the CatH
and K chromospheric emission flux using the equations in Fossati
et al. (2017) and derived the XUV flux using the scaling relations
of Linsky, France & Ayres (2013) and Linsky, Fontenla & France
(2014). The corresponding stellar XUV luminosity is 9 x 107° Ly,
which results in fluxes of 3.5 x 10* and 8.3 x 10% ergcm 257!
at the orbital distance of planets b and c, respectively. Without
knowledge of the SED in the X-ray and EUV bands, we assume
this flux is concentrated at 20 eV as done in Allan & Vidotto (2019)
(see also Hazra, Vidotto & D’ Angelo 2020). The RV of the escaping
atmosphere, temperature, and ionization fraction for both planets are
shown in Fig. 12. The simulations are computed up to the Roche
lobe (indicated by the crosses in Fig. 12). At these points, we see that
the escaping atmospheres reach velocities between ~20 and ~30
kms~!. These atmospheres are 50 per cent ionized at distances of
~2.8 R, and ~7.4 R,,, for planets b and c, respectively. The 50 per cent
threshold is achieved further out for planet ¢, because of the lower
stellar flux it receives. We found evaporation rates for HD 73583 b
of 2.4 x 10" gs! and for HD 73583 c of 5.4 x 10° gs~'.

From the neutral Hydrogen density, velocity and temperature
profiles, we can predict the transit in Ly « and H o for both planets.

HD 73583 ¢ (orange). The dashed lines mark the duration of the geometric
transit. Bottom: Normalized absorption profile at mid-transit for planet
HD 73583 b (blue) and HD 73583 ¢ (orange).

This is done using a ray-tracing model (Vidotto et al. 2018; Allan &
Vidotto 2019), in which we shoot stellar rays through the planetary
atmosphere and we calculate how much of these rays are transmitted
through the atmosphere. The top panel of Fig. 13 shows the predicted
light curves at the Ly « line centre. We found a total absorption at mid-
transit of 96 per cent for planet HD 73583 b and 52 per cent for planet
HD 73583 ¢ in Ly «. Although this is a strong absorption, we note
from the bottom panel that this absorption is mostly concentrated
in the line centre (i.e. not extending too much to the line wings),
where observations are not possible due to ISM absorption and
geocoronal contamination. Therefore, these estimations should be
taken carefully. The reason for the large absorption at line centre is
that our 1D hydrodynamic model cannot include 3D effects that could
broaden the absorption. A broader absorption could be possible if we
were to include the effect of the stellar wind in our escape models
(Villarreal D’Angelo et al. 2018; Carolan et al. 2021) and other
process like charge exchange and radiation pressure (Bourrier &
Lecavelier des Etangs 2013; Khodachenko et al. 2017; Esquivel et al.
2019), which are out of the scope of this paper.

While most of the neutral Hydrogen is found in the ground state,
a fraction of the atoms are in the first excited state (n = 2). These
atoms can then absorb stellar H o photons, which could generate a
detectable Ho transit (Jensen et al. 2012, 2018; Casasayas-Barris
et al. 2018; Cabot et al. 2020; Chen, Fan & Wang 2020; Yan et al.
2021).

To compute the level 2 population in the atmosphere of HD 73583 b
and c, we follow the method described in Villarreal D’ Angelo et al.
(2021). We take as an input the electron density and the temperature
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of the planetary atmosphere from the 1D hydrodynamic model and
include the stellar Ly « flux as an external radiation field. This flux
is approximated with a black-body function at a temperature of 8000
K (see also Christie, Arras & Li 2013; Huang et al. 2017). We
then use our ray-tracing method and predict a small percentage of
absorption during transit in Ha, 0.32 per cent and 0.26 per cent for
planets HD 73583 b and c, respectively. This low value of absorption
is consistent with the fact that, so far, hot-Jupiter like exoplanets
with Ha absorption detection have Ty > 1000K (Jensen et al.
2012, 2018; Chen et al. 2020) while both planets studied here show
relatively small equilibrium temperatures.

6.4.3 Helium escape

We use a different 1D hydrodynamic escape model to estimate the
absorption signatures that could be expected from HD 73583 b and
HD 73583 ¢ in the near-infrared line triplet of neutral helium at
1083 nm. The model assumes an atmosphere composed entirely
of atomic Hydrogen and helium, in 9:1 number ratio. The density
and velocity structures of the escaping atmosphere are based on
the isothermal Parker wind model described in Oklopci¢ & Hirata
(2018). For the input stellar spectrum used in our model, we construct
a SED appropriate for HD 73583 (a K4-type star) by taking an
average between the spectra of € Eridani (K2 type) and HD 85512
(K6 type) obtained by the MUSCLES survey (France et al. 2016).
We further adjust the high-energy part of the spectrum to match
the expected XUV flux of HD 73583 at the orbital distances of
the two planets. In addition to atmospheric composition, the main
free parameters of the model are the temperature of the escaping
atmosphere and the total mass-loss rate. We run a grid of models
spanning a range of temperatures (30007000 K) and mass-loss
rates (between M = 10%and M = 10'%° gs~!). To calculate the
abundance of helium atoms in the excited (metastable) state which
is responsible for the 1083 nm absorption line, we perform radiative
transfer calculations for a 1D atmospheric profile along the planet’s
terminator. We compute the transmission spectrum for a planet at
mid-transit, assuming the planet is tidally locked and the atmosphere
is rotating with the planet as a solid body.

The predicted signals for both planets are typically small, below
1 per cent excess absorption at the centre of the 1083 nm line. Fig. 14
shows the expected excess absorption at mid-transit for the mass-loss
rates and temperatures similar to those predicted by the previously
described Hydrogen simulations. We note that the 1D models used for
simulating Hydrogen and helium signals use different assumptions
and atmospheric profiles. Using the results of one model as input for
the other is not entirely self-consistent, so these results should only
be considered as rough estimates of the helium absorption signals
from these two planets.

We note that while this paper was under review, Zhang et al.
(2022) reported Helium detection in the atmosphere of HD 73583 b.
This confirms the expected atmospheric evolution on this system
and encourages further spectroscopic follow-up. A comparison of
our results with their detection and models is out of the scope of this
manuscript.
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Figure A1. Posterior andcorrelation plots for some of the key sampled parameters of the joint analysis described in Section 5.3.

MNRAS 514, 1606-1627 (2022)

€202 ludy g1 uo Jasn O1S| - SUND Ad 2068759/9091/2/1 | G/aI01E/SEIUW/WOD dNO"DIWBpEdE//:SARY WO papeojumoq


http://dx.doi.org/10.1088/1538-3873/aab694
http://dx.doi.org/10.1093/mnras/sty1783
http://dx.doi.org/10.1093/mnras/sty2130
http://dx.doi.org/10.1093/mnras/stx2836
http://arxiv.org/abs/1001.2010
http://dx.doi.org/10.1088/0004-6256/140/6/1868
http://dx.doi.org/10.1051/0004-6361/202039302
http://dx.doi.org/10.3847/1538-4357/836/1/77
http://dx.doi.org/10.3847/0004-637X/819/2/127
http://dx.doi.org/10.1073/pnas.1812905116
http://dx.doi.org/10.3847/1538-3881/ac3fa7
http://dx.doi.org/10.3847/1538-3881/abba22
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stac638#supplementary-data
art/stac638_fA1.eps

1626  O. Barragdn et al.

APPENDIX C: GP TESTS

In this appendix, we show some further tests that we perform in order
to understand the modelling of the stellar and planetary signals in
our spectroscopic time-series.

C1 Stellar and planetary signals in the RV time-series only

We first make an analysis of the RV time-series to test if we can detect
the planetary signals without a multi-GP approach. We perform a one-
dimensional GP regression using the QP kernel given in equation 2.
For the GP model we sampled for only one amplitude and the QP
kernel hyper-parameters. The Keplerian deterministic part of our
model is identical to the one described in Section 5. Our MCMC
set-up follows is identical to the description in Section 5.3.

We recover the hyper-parameters Pgp = 12.117005d, A, =
024709 and ), =2473d. We note that the Pgp and A, are
consistent with the values obtained in the joint analysis. However,
Ap is significantly smaller. This relative high harmonic complexity
in the RV time-series is expected as we discussed at the beginning of
Section 6.1 and in Barragan et al. (2022).

The recovered planetary signals are 3.52%14 ms~! and
2.63 &+ 0.68ms~! for HD73583b and c, respectively. We can
see that these results are consistent with the values obtained in
Section 5.3. However, the results obtained with the multi-GP have
better constrained values (see Table 4). This improvement in the
detection in the multi-GP analysis comes from a better constrain on
the the underlying function G(¢) with help of the activity indicator
(For a more extensive discussion about this see Barragin et al.
2022).

C2 Stellar signal in the Sy time-series

We also perform a one-dimensional GP regression to the Syk time-
series for all the instrument. This with the objective to see if we are
able to recover the stellar signal purely with the activity indicator
itself. For the GP model we sampled for only one amplitude and the
QP kernel hyper-parameters. We also sampled for an independent
offset and jitter term per each spectrograph. Our MCMC set-up
follows the same guidelines as the previous cases. We recover
the hyper-parameters Pgp = 12.227033d, 2, = 0.62701} and A.
= 31745d, and GP amplitude of 0.0317)00]. These are consistent
with the results obtained in Section 5. This shows that the Sk time-
series by itself can constrain the G(#) function describing the stellar
signal.

It is worth to note that the recovered Pgp and A, in this section and
in Appendix C1 are fully consistent. This suggests that the stellar
rotation period and spot typical lifetime manifest with the same
time-scales in RV and Syk observations. In contrast, the inverse of
the harmonic complexity is significantly different in both cases. This
shows how the RV and photometric-like activity indicators are not
described by the same G(¢) signal (but they all can be described as
linear combinations of a single G(¥) its time derivatives).

We note that the residuals of the Syk time-series in Fig. 7 present
some significant variations. We penalize this in our model with the
jitter terms. But this implies that our model may not be perfect
describing our data. This can be caused by instrumental systematics
that we are not taking into account, and by the limitation of assuming
that the stellar signal can be described with a GP. However, as we
show in this section, our model is enough to constrain the stellar
signal at a first order.

MNRAS 514, 1606-1627 (2022)

C3 Tests with other activity indicators

As a further check of our modelling of our stellar activity signal,
we perform extra tests using DRS CCF activity indicators for our
HARPS data. The Pearson correlation coefficient between RVs with
FWHM, Suk and BIS are —0.16, 0.18, and —0.70, respectively. From
the correlation analysis, one may think that the best activity indicator
to use is the BIS span. However, it is worth to note that the stellar
activity does not manifest as the same signal in the different time-
series (see e.g. Dumusque et al. 2014). Some activity indicators, such
as FWHM and Sy, depend only on the projected area of the active
regions on the stellar surface, similar to photometric signals. We
refer to these activity indicators as photometric-like (for more details
see Isaacson & Fischer 2010; Thompson et al. 2017). While other
quantities such as RV and BIS span are also sensitive to the change
of location of the active regions from the red- to the blue-shifted
stellar hemisphere, and vice versa (for a more detailed discussion
about this see e.g. Aigrain et al. 2012; Rajpaul et al. 2015; Barragan
et al. 2022). Therefore, given that the BIS span and RVs depend in a
similar way on the stellar activity, it is expected that they present a
strong correlation. Therefore, we do not consider correlation between
RVs and activity indicators a good proxy to choose the best activity
indicator for a multi-GP analysis.

What we are interested in the multi-GP approach is to find an
activity indicator that help us to constrain better the G(¢) variable. We
therefore perform a similar analysis to the one presented in Section
5.2 but we use FWHM instead of using the Syk to constrain the shape
of the G(¢) function. The recovered Keplerian and hyper-parameters
are in full agreement with the values reported in Section 5. This is
expected given that we foresee that FWHM and Sy constrain the
shape of the G(7) function.

We also performed a three-dimensional GP regression including
the RV, FWHM, and BIS time-series. We assume that the BIS span
is described by a linear combination of G(7) and G(t) (As originally
presented by Rajpaul et al. 2015). Our model set-up follows the
same guidelines described in Section 5.2. As in the previous case,
the recovered and Keplerian and hyper-parameters are consistent
with the main analysis described in Section 5. It is worth to mention
that for this case we did not see an improvement in the determination
of the planetary parameters. This implies that the extra complexity
to the model added with the inclusion of the BIS time-series does not
help to constrain better the shape of G(¢) in this particular data set.

These results give us confidence that our model to describe the
stellar signal in the RV and activity time-series is reliable for this
case. We note that we use the Sygx time-series in our final model
because it is an activity indicator that is independent of the RV
extraction method therefore it is available for all the instruments.
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