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ABSTRACT

The evolution of young stars and disks is driven by the interplay of several processes, notably accretion and ejection of material.
Critical to correctly describe the conditions of planet formation, these processes are best probed spectroscopically. About five-hundred
orbits of the Hubble Space Telescope (HST) are being devoted in 2020–2022 to the ULLYSES public survey of about 70 low-mass
(M? ≤ 2M�) young (age<10 Myr) stars at UV wavelengths. Here we present the PENELLOPE Large Program that is being carried
out at the ESO Very Large Telescope (VLT) to acquire, contemporaneous to HST, optical ESPRESSO/UVES high-resolution spectra
to investigate the kinematics of the emitting gas, and UV-to-NIR X-Shooter medium-resolution flux-calibrated spectra to provide
the fundamental parameters that HST data alone cannot provide, such as extinction and stellar properties. The data obtained by
PENELLOPE have no proprietary time, and the fully reduced spectra are made available to the whole community.
Here, we describe the data and the first scientific analysis of the accretion properties for the sample of thirteen targets located in the
Orion OB1 association and in the σ-Orionis cluster, observed in November-December 2020. We find that the accretion rates are in
line with those observed previously in similarly young star-forming regions, with a variability on a timescale of days of .3. The
comparison of the fits to the continuum excess emission obtained with a slab model on the X-Shooter spectra and the HST/STIS
spectra shows a shortcoming in the X-Shooter estimates of .10%, well within the assumed uncertainty. Its origin can be either a
wrong UV extinction curve or due to the simplicity of this modelling, and will be investigated in the course of the PENELLOPE
program.
The combined ULLYSES and PENELLOPE data will be key for a better understanding of the accretion/ejection mechanisms in young
stars.

Key words. Accretion, accretion disks - Protoplanetary disks - Stars: pre-main sequence - Stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

The formation and evolution of stars and planets are intimately
connected, and learning about the properties of young stars and
their circumstellar disks is key to understanding planet formation
(e.g., Morbidelli & Raymond 2016). The early evolution of stars
and disks is regulated by the interplay of several mechanisms, in
particular accretion onto the star (see reviews by Bouvier et al.
2007; Hartmann et al. 2016) and ejection of matter from the
disks through winds and outflows (see reviews by e.g., Frank
et al. 2014; Ercolano & Pascucci 2017), as well as processes
due to effects of the local environment (e.g., Fischer et al. 2017;

? Based on observations collected at the European Southern Obser-
vatory under ESO programme 106.20Z8.

Winter et al. 2018). These processes are driven by the transfer
of angular momentum in the disk (e.g., Lynden-Bell & Pringle
1974; Pringle 1981; Bai 2016; Pudritz & Ray 2019). It is thus
fundamental to study accretion and ejection to consistently ex-
plain how the initial angular momentum is distributed and how
disks are dispersed (e.g., Alexander et al. 2014), both necessary
inputs to describe why planetary systems are formed so differ-
ently from each other.

The task, however, is not a simple one. Only by observing
large samples of young stars probing wide age and mass ranges
can we have sufficient statistics to understand both processes.
Spectroscopic surveys of young stars in different star-forming
regions have shown that the mass accretion rates onto the central
star (Ṁacc) slowly decrease with isochronal ages, in possible ac-
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cordance with viscous evolution models (e.g., Hartmann et al.
1998; Sicilia-Aguilar et al. 2010; Antoniucci et al. 2014), al-
though high accretion rates are still observed at ages >5–10 Myr
(e.g., Ingleby et al. 2014; Frasca et al. 2015; Rugel et al. 2018;
Venuti et al. 2019; Manara et al. 2020). The empirical measure-
ment of a steep dependence of Ṁacc with the stellar mass (M?)
(Hillenbrand et al. 1992; Muzerolle et al. 2003; Calvet et al.
2004; Mohanty et al. 2005; Natta et al. 2006; Manara et al. 2012,
2016a, 2017b; Alcalá et al. 2014, 2017; Venuti et al. 2014) may
be the consequence of one dominant or a mix of many phenon-
menon: initial conditions followed by viscous evolution (e.g.,
Alexander et al. 2006; Dullemond et al. 2006), an imprint of in-
ternal photoevaporation (e.g., Clarke & Pringle 2006; Ercolano
et al. 2014), different accretion regimes at different stellar masses
(e.g., Mohanty et al. 2005; Hartmann et al. 2006), environmental
effects (e.g., Padoan et al. 2005), or self-gravity in the disk (e.g.,
Vorobyov & Basu 2009; DeSouza & Basu 2017). Recently, the
connection of measurements of Ṁacc from spectroscopy and of
disk masses with millimeter interferometry, mainly with the At-
acama Large Millimeter/submillimeter Array (ALMA), has also
revealed the presence of a correlation between these two quanti-
ties (e.g., Manara et al. 2016b; Mulders et al. 2017), possibly in
line with expectations from viscous evolution (e.g., Jones et al.
2012; Lodato et al. 2017; Rosotti et al. 2017), but also reveal-
ing tensions with this simple description of disk evolution (e.g.,
Mulders et al. 2017; Manara et al. 2020). These tensions may be
relieved by introducing complications to a simplistic model, in-
cluding external or internal photoevaporation (e.g., Rosotti et al.
2017; Sellek et al. 2020b; Somigliana et al. 2020) or dust evolu-
tion (Sellek et al. 2020a).

The winds from protoplanetary disks affect the disk evolu-
tion by carrying away angular momentum and perhaps even driv-
ing accretion (Ferreira et al. 2006; Bai 2016). Studies of forbid-
den emission lines emitted from high-velocity jets and outflows
have shown that typically the mass loss rate is a factor ∼0.1–
0.3 of Ṁacc(e.g., Hartigan et al. 1995; Nisini et al. 2018). On the
other hand, by studying large samples of young stellar objects
it is becoming more convincing that the low-velocity compo-
nent of forbidden lines, tracing slow disk winds (e.g., Natta et al.
2014), is composed by multiple sub-components tracing either
internal photoevaporative winds (e.g., Ercolano & Owen 2016;
Ercolano & Pascucci 2017; Ballabio et al. 2020) or, most prob-
ably, magneto-hydrodynamical winds (e.g., Rigliaco et al. 2013;
Simon et al. 2016; Ercolano & Pascucci 2017; McGinnis et al.
2018; Banzatti et al. 2019; Weber et al. 2020). The combination
of multiple emission lines observed at high spectral resolution
(∆v . 5–10 km/s) is allowing to determine the physical condi-
tions in the winds and in the jets (e.g., Giannini et al. 2019) and
to constrain the mass loss rates in these winds (e.g., Fang et al.
2018).

A complete view of the accretion/ejection properties is how-
ever achievable solely by combining data at different wave-
lengths, from the ultraviolet (UV) to the optical, and to the in-
frared (IR), since each of them traces different processes and re-
gions of the young stars (e.g., Arulanantham et al. 2018; Banzatti
et al. 2019).

Finally, this rich phenomenology is characterized by time
variability over timescales that can be as short as a few min-
utes (e.g., Stauffer et al. 2014; Siwak et al. 2018). The variabil-
ity of the accretion process has been studied both with spec-
troscopy (e.g., Basri & Batalha 1990; Johns & Basri 1995a,b;
Jayawardhana et al. 2006; Biazzo et al. 2012; Costigan et al.
2014; Sousa et al. 2016) and with photometry (e.g., Cody & Hil-
lenbrand 2010; Cody et al. 2014; Venuti et al. 2014). The vari-

ability of emission lines is observed both in their intensity and
morphology, which can be understood with adequate modelling
(e.g., Muzerolle et al. 1998, 2001; Kurosawa et al. 2006).

About 500 orbits of the Hubble Space Telescope (HST) are
being devoted to the study of about 70 young low-mass stars in
the Director’s Discretionary Time ULLYSES program (Roman-
Duval et al. 2020). This program aims at obtaining low- and
medium-resolution spectra of young stars covering the wave-
length range from ∼140 nm to ∼1 µm, providing an unprece-
dented view of accretion and ejection tracers at ultraviolet wave-
lengths. Inspired by this initiative, we have proposed and been
granted a ∼250 hours Large Program on the ESO VLT aimed at
obtaining complementary data to all the targets of the ULLYSES
program. This program, called PENELLOPE to underline the
complementarity to ULLYSES and to match its spelling flaw, is
a public (no proprietary time) community-driven effort. PENEL-
LOPE uniquely provides the optical high-resolution (even at
R > 100, 000) and medium-resolution flux-calibrated optical and
infrared spectra (up to 2.5 µm) at R > 10, 000, which give access
to the following information not obtainable with the spectra pro-
vided by ULLYSES: main stellar properties (luminosity, temper-
ature, gravity, rotational velocity, mass, age), accurate interstel-
lar extinction, and veiling; kinematics and geometry of the accre-
tion process; kinematics and physical properties of disk winds
and jets; properties of the hot molecular content of the disk. In
this way, the marriage of PENELLOPE and ULLYSES will pro-
vide the whole community with a unique and contemporaneous
UV, optical and near-infrared dataset to study the stellar, accre-
tion, and wind/outflow properties of a significant sample of ob-
jects spanning a wide range of disk ages (∼1-10 Myr) and evolu-
tionary stages, including full and transitional disks, and Class III
disk-less targets.

In this work we present the observing strategy and data re-
duction and analysis process of the VLT/PENELLOPE program
(Sect. 2), and use the sample of targets in the Orion region (see
Sect. 3) as a first application. We derive the stellar and accretion
properties, as well as the photospheric parameters, the observed
variability in key emission lines, and compare the VLT and HST
spectra in Sect. 4. A detailed description of the emission line
profiles, including the possibility to use this information to study
outflows and ejection processes is deferred to future works. We
then discuss the accretion properties for these targets in the con-
text of current surveys of accretion properties in Sect. 5. We fi-
nally outline the conclusions of this work in Sect. 6.

2. PENELLOPE survey strategy

2.1. The HST ULLYSES program

The Hubble Space Telescope (HST) is dedicating 1,000 orbits
of Director’s Discretionary Time to the ULLYSES program1 (PI
Roman-Duval; Roman-Duval et al. 2020), which will generate a
spectral library of high- and low-mass young stars. In HST cy-
cles 28 and 29 (2020–2022), about half of these orbits are being
used to obtain spectra of about 70 low-mass (∼0.1-2 M�) young
stars with ages from ∼1 to 10 Myr.

Four of the low-mass stars are being observed multiple times:
twelve times over three consecutive rotation periods and again
with the same cadence about a year later. Cosmic Origins Spec-
trograph (COS) spectra will be obtained for these targets from
140 nm to 180 nm with medium resolution (R ∼ 17, 000) and
from 250 nm to 310 nm with low resolution (R ∼ 3000). The

1 https://ullyses.stsci.edu/
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others, including all the stars discussed in this paper, are be-
ing observed once, with COS medium-resolution (R ∼ 15, 000)
spectroscopy in the far-ultraviolet (120 nm < λ < 180 nm) and
Space Telescope Imaging Spectrograph (STIS) low-resolution
(R < 1, 000) spectroscopy in the near-ultraviolet (160 nm < λ <
320 nm) and optical (λ < 1µm), all obtained within ∼ 24 hours
of each other.

The targets are located in nine nearby star-forming regions,
namely Chamaeleon I, Corona Australis, ε Cha, η Cha, Lu-
pus, Orion OB1, σ-Orionis, TW Hydrae, and Taurus. All these
star-forming regions are accessible by telescopes located in the
Southern Hemisphere. This choice was made as only very few
targets in this part of the sky had been observed with COS and
STIS to date (e.g., Arulanantham et al. 2018, 2020), and to en-
able synergies between HST and the major ground-based optical
to near-infrared (e.g., Very Large Telescope, VLT) and (sub-)mm
(e.g., Atacama Large Millimetre Array, ALMA) observatories.
The HST COS & STIS observations have been coordinated,
when possible, with photometric observations by the NASA
Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2014).
On top of that, a number of ground-based astronomical observa-
tories are going to monitor the targets during the HST obser-
vations with simultaneous multi-band photometry. These data,
publicly available as soon as they are taken, will serve as a
benchmark for future studies of UV radiation from young stars.

2.2. Observing strategy at VLT

The observational strategy of the VLT/PENELLOPE program
is such that the HST/ULLYSES targets are observed contempo-
raneously to HST with two major observing modes, i.e. high-
resolution spectroscopy (R >70,000) with UVES or ESPRESSO
(Sect. 2.2.1), and medium-resolution (R ∼10,000-20,000) spec-
troscopy with X-Shooter to obtain broad-wavelength, flux-
calibrated spectra (Sect. 2.2.2). Observations are taken in service
mode with tight absolute time constraints of about three days on
the X-Shooter observation, and with a time-linked concatena-
tion of observations for the high-resolution data, where the first
epochs has a two days absolute time window, and the next ones a
relative time window of a minimum time separation of one night,
and a maximum of two nights. The exact intervals of the obser-
vations are updated about two weeks before the observations,
once the HST time windows are finalized.

2.2.1. High-resolution spectra

High-resolution spectroscopy is performed either with the Ul-
traviolet and Visual Echelle Spectrograph (UVES, Dekker
et al. 2000) or the Echelle SPectrograph for Rocky Exoplan-
ets and Stable Spectroscopic Observations (ESPRESSO, Pepe
et al. 2021), depending on the brightness of the targets. The
brighter targets, V < 16.5 mag, are observed with the instrument
ESPRESSO, a fibre-fed (1.0′′ wide) spectrograph which allows
one to get R ∼ 140, 000 (∆v ∼ 2 km/s) spectra between 380 nm
and 788 nm. ESPRESSO offers great scheduling flexibility as it
can be operated from any of the four Unit Telescopes (UT) of
the VLT. Fainter targets, as well as targets to be observed when
ESPRESSO is not available (see Sect. 3), are observed with the
UVES spectrograph, which provides twice lower R ∼ 70, 000
(∆v ∼ 4 km/s) spectral resolution. This instrument, fed through
a long slit, has two arms, Red (λ & 480 nm) and Blue (λ . 450
nm). The resolution and wavelength range depend on the spe-
cific setting. PENELLOPE is using the 0.6′′–wide slits in both

arms, leading to a resolving power R ∼70,000, centering the
dichroics at 580 nm (red arm) and 390 nm (blue arm), respec-
tively. This allows us to simultaneously cover the wavelength
ranges λ ∼ 330 − 450 nm, 480–680 nm, with a small gap be-
tween 575 nm and 585 nm. The exposure times are set so that
the Signal-to-Noise ratio (S/N) at 630 nm is larger than ∼50 in
each observation. The UVES slits are typically oriented at po-
sition angles 0◦, 120◦, and 180◦ in the three epochs (see later),
apart from known cases where the target is a visual binary with
separation in the range ∼1′′-8′′. In those cases the slit is aligned
to include both components of the system.

2.2.2. Medium-resolution flux-calibrated spectra

The medium-resolution broad-wavelength coverage flux-
calibrated spectroscopy is obtained using the X-Shooter
instrument (Vernet et al. 2011). This long-slit (11′′) spectro-
graph provides simultaneous coverage of the region between
∼300 nm and ∼2500 nm, divided into three arms, UVB (300
. λ . 500 nm), VIS (500 . λ . 1000 nm), and NIR (1000
. λ . 2500 nm). Each target is observed first using a set of
5.0′′–wide slits in the three arms, leading to a low resolution
observation with no slit losses, key to obtain absolute flux
calibration of the spectra. Then, using 1.0′′/0.4′′/0.4′′–wide
slits for the UVB, VIS, and NIR arms, respectively, high S/N
spectra with R ∼5400, 18400, and 11600 are obtained in the
three arms. The exposure times are set such that the S/N at 400
nm is & 3 − 5, resulting in a S/N in the VIS and NIR arms
always >100. To mitigate the effects of differential atmospheric
dispersion, the slits are always oriented at parallactic angle,
apart from known cases where the target is a visual binary with
separation ∼1′′-8′′. In those cases the slit is also aligned to
include both components of the system.

2.2.3. Sequence of the observations

In order to measure all the stellar, accretion, and outflow pro-
perties while reducing the uncertainties due to the variability of
these processes, the timing and number of observations must be
closely coordinated with HST. Knowing that each HST observa-
tion with the COS and STIS instruments spans ∼1-2 days, per
each HST epoch we aim at obtaining:

A) Three high-resolution spectra (ESPRESSO or UVES),
each one taken on the night before, on the night of the HST ob-
servations, and on the following night. These are needed to have
a detailed understanding of the line profiles, especially to study
accretion and ejection processes, and their short-term variability,
in order to estimate and correct for any variability of the accre-
tion and ejection processes occurring between the time of the
HST and VLT observations.

B) One combination of narrow-slit (for the resolution) plus
wide-slit (for the flux-calibration) medium-resolution X-Shooter
spectra possibly in the same night, in any case within ±2 days
from the HST observation, to provide an accurate measurement
across the spectrum of the target brightness at the time of the ob-
servation, and to study several spectral features from the Balmer
continuum to the K-band in the infrared.
Unavailability of instruments and poor atmospheric conditions
can hinder the possibility of executing this strategy, which there-
fore represents a guideline to be followed as much as possible,
but that could be altered if needed. In any case, the goal is to ob-
tain three high-resolution spectra and one X-Shooter spectrum
per each HST target and observation.
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2.3. Contemporaneous Photometry

Photometric data close in time to the ULLYSES and PENEL-
LOPE observations presented in this paper have been collected
from several ground-based observatories with the aim of study-
ing the variability and to provide a reference for absolute flux
calibration.

In this work we make use of data taken at the M. G. Fracas-
toro station (Serra La Nave, Mt. Etna, 1750 m a.s.l.) of the Osser-
vatorio Astrofisico di Catania (OACT, Italy) from 25 November
to 16 December 2020. We used the facility imaging camera at
the 0.91 m telescope with a set of broad-band Bessel filters (B,
V , R, I, Z) as well as two narrow-band filters, Hα9 and Hα18,
centered at 656.8 nm and at 676.4 nm, whose full widths at half-
maximum are 9 and 18 nm, respectively. The index Hα18-Hα9
has a weak dependence on the photospheric parameters and is
basically a measure of intensity of the Hα emission in units of
the continuum that can be converted into Hα equivalent width
(Frasca et al. 2018). The Z filter has a transmittance which pro-
duces a passband very similar to that of the Sloan z′ filter when it
is multiplied by the responsive quantum efficiency of the adopted
CCD. The CCD camera adopts a Kodak KAF1001E2 1k×1k
chip that, with a focal reducer, covers a field of view of about
11.5×11.5 arcminutes.

The broad-band BVRI photometry was calibrated using the
following procedure. The stars in the standard areas GD 71 and
SA 98 (Stetson 2000; Landolt 2009) were observed in the nights
with the best photometric conditions. These observations were
used to calculate for a number of non-variable stars in the same
fields of the targets the zero points and transformation coeffi-
cients to the Johnson-Cousins system. These transformation to
the Johnson-Cousins system were then used to derive the stan-
dard magnitudes of our targets. The magnitudes of the local com-
parison stars retrieved from SDSS (Alam et al. 2015) and Pan-
STARRS (Chambers et al. 2016) survey catalogs were used to
get z′ magnitudes of our targets. For details about the OACT
data and their reduction and the narrow-band Hα photometry,
the reader is referred to Frasca et al. (2018).

We also used BVri photometry collected by AAVSOnet3,
which is a set of robotic telescopes operated by volunteers for
the American Association of Variable Star Observers (AAVSO).
Stars in the AAVSO Photometric All-Sky Survey (APASS, Hen-
den et al. 2018) were used to calibrate the AAVSO photometric
data for our targets. The r, i magnitudes were converted to RC , IC
using the prescription given by Lupton (20054).

Some additional photometry was obtained at the Crimean
Astrophysical Observatory (CrAO, Russia) on the AZT-11 1.25
m telescope equipped with a CCD camera (with the Pro-
Line PL23042 detector) and a set of broad-band Bessel filters
(B,V,R, I). For each object, from 5 to 9 photometric points per
band were obtained for the time interval between October 16 and
December 16, 2020.

2.4. Spectroscopy data reduction process

Spectroscopic data reduction has been done using the ESO
Reflex workflow v2.8.5 (Freudling et al. 2013), in particular
the ESPRESSO v2.2.1 pipeline (Pepe et al. 2021), the UVES
v6.1.3 pipeline (Ballester et al. 2000), and the X-Shooter v3.5.0
pipeline (Modigliani et al. 2010). The pipelines carry out the

2 http://sln.oact.inaf.it/sln_old/dmdocuments/ccd91rappint2-07.pdf
3 https://www.aavso.org/aavsonet
4 http://www.sdss3.org/dr8/algorithms/sdssUBVRITransform.php

standard steps of flat, bias, and dark correction, wavelength ca-
libration, spectral rectification and extraction of the 1D spectra,
and flux calibration using a standard star obtained in the same
night. The UVES pipeline also allows extraction of individual
spectra when two targets are present in the slit.
Additional steps are then performed. The 1D extraction of the
X-Shooter spectra is carried out with IRAF5 from the rectified
flux-calibrated 2D spectrum in cases where the S/N of the UVB
arm is low, and for resolved binaries. For the latter cases, par-
ticular attention must be paid to the selection of the parameters
for apertures definition and trace of the spectrum profile to max-
imize the signal of the extracted flux, avoiding to mix the spectra
of two close stars.

Telluric correction is performed using the molecfit (Smette
et al. 2015; Kausch et al. 2015) tool v3.0.3 for the VIS and NIR
arms of X-Shooter, and for the high-resolution ESPRESSO spec-
tra. The latter is done by adapting the current molecfit workflow
to the ESPRESSO data. The correction is always performed fit-
ting the atmospheric model directly on the science spectra, since
the S/N on the continuum is always high enough to ensure a
better correction with respect to using the telluric standard star
observed in the same night to compute the model. For the UVES
spectra, the telluric correction is performed using a standard tel-
luric star spectrum obtained with the same instrument and same
configuration. This is possible since only a few O2 telluric lines
around the [O i]λ6300Å and H2O lines around Hα and Na iD2
are present; they can be easily identified and removed thanks to
an IDL6 procedure that allows us to align the telluric features by
cross-correlation and rescaling of their intensity (see, e.g., Frasca
et al. 2000).

Finally, the X-Shooter spectra obtained with the narrow slits
are scaled to the wide slit ones to correct for slit losses. This
procedure has already been tested in previous works, for exam-
ple, Mendigutía et al. (2013), Alcalá et al. (2017), Manara et al.
(2016a, 2017a), Rugel et al. (2018), and Kóspál et al. (2020), and
leads to a typical absolute flux calibration accuracy of ∼10%.

The reduced, flux-calibrated, and telluric-corrected spectra
are available on Zenodo7 in the ODYSSEUS data community8,
and will be made available also on the ESO Archive Phase 3
service.

2.5. Data analysis

The data are first analyzed with two tools, named here as “fitter”
and ROTFIT and described below, aimed at deriving the stellar,
accretion, and photospheric properties of the targets.

2.5.1. Fitter of broad-band spectra to obtain stellar and
accretion properties

The analysis of the X-Shooter spectra to derive stellar and ac-
cretion properties is carried out with the method originally de-

5 iraf is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Re-
search in Astronomy, Inc., under the cooperative agreement with the
National Science Foundation. NOAO stopped supporting IRAF, see
https://iraf-community.github.io/
6 IDL (Interactive Data Language) is a registered trademark of Harris
Corporation.
7 For the Orion sample, X-Shooter data: https://zenodo.org/
record/4477091#.YBMOdpNKjlx ; UVES data: https://zenodo.
org/record/4478360#.YBPQRJNKhTY ; ESPRESSO data: https:
//zenodo.org/record/4478376#.YBPQWpNKhTY
8 https://sites.bu.edu/odysseus/
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Fig. 1. Subtraction of the non-active, lithium-poor template (red line)
from the spectrum of SO 583 (black dots), which reveals the complex
structure of the Hβ and Hα lines (blue lines in the upper and central
panel, respectively) and emphasizes the Li i λ6707.8 Å absorption line,
removing the nearby blended lines (bottom panel). The He i λ6678.2 Å
emission line clearly emerges in the subtracted spectrum.

scribed in Manara et al. (2013a), and later applied to a num-
ber of X-Shooter studies of young stars (e.g., Alcalá et al. 2014,
2017; Manara et al. 2016a, 2017b; Venuti et al. 2019). In short,
the observed spectrum is dereddened and fit with the sum of a
photospheric template spectrum and a hydrogen slab model with
uniform density and temperature gas to reproduce the continuum
excess emission due to accretion. The grid of models used to
find the best fit comprises Class III photospheric templates with
spectral types (SpT) from G- to late M-type taken from Manara
et al. (2013b, 2017a), different slab models, and a series of ex-
tinction values (AV ) all assuming the reddening law by Cardelli
et al. (1989) and RV = 3.1. The integrated flux of the best fit
slab models gives an estimate of the excess luminosity due to
accretion (Lacc), and the best fit normalization of the Class III
templates gives an estimate of the stellar luminosity (L?). By
converting the SpT to effective temperature (Teff) using the rela-
tion by Luhman et al. (2003), together with Kenyon & Hartmann
(1995a) as described by Manara et al. (2013a), we are able to
position the targets on the HR diagram. By comparing the posi-
tion on the HR diagram with an interpolated set of evolutionary
models by Baraffe et al. (2015) or, if M?>1.4 M�, by Siess et al.
(2000), it is possible to infer the stellar mass (M?) of the targets.
The choice of evolutionary models is done in line with previous

works (e.g., Alcalá et al. 2017; Manara et al. 2017b). Finally, the
mass accretion rate (Ṁacc) is obtained from the classic relation
Ṁacc= 1.25 · LaccR?/(GM?) (e.g., Hartmann et al. 1998).

As several emission lines are present in the X-Shooter spec-
tra, we measure their luminosity (Lline) and convert them to Lacc
using the relations by Alcalá et al. (2017). Typically, the values
of Lacc obtained from the fitter described above and the mean
value of Lacc derived from the emission line fluxes are similar
within the uncertainties (e.g., Herczeg & Hillenbrand 2008; Al-
calá et al. 2014, 2017). The presence of multiple accretion trac-
ers along the wide wavelength coverage of the X-Shooter spectra
provides an additional check on the AV estimates.

2.5.2. Photospheric properties from ROTFIT

The estimate of the photospheric properties Teff and log g, ra-
dial (RV) and projected rotational velocity (v sin i), and veil-
ing is performed on both the medium-resolution and the high-
resolution spectra using the ROTFIT code, already tested both
on X-Shooter data and on the higher resolution UVES spectra
from the Gaia ESO Survey (Frasca et al. 2015, 2017).

ROTFIT uses a grid of template spectra to perform a χ2 min-
imization of the difference observed−template in selected spec-
tral regions. To construct the grid of templates, we collected dif-
ferent photospheric templates with spectral types similar to our
targets. We built two grids of templates of high-resolution spec-
tra of real slowly-rotating stars with a low activity level: the
first one includes spectra retrieved from the ELODIE archive
(R'42,000, Moultaka et al. 2004), which are the same used
for the analysis of young stars within the Gaia-ESO survey by
the OACT node (Frasca et al. 2015); the second is composed
of spectra of KM-type stars retrieved from the HARPS archive
(R'115,000)9. The main parameters of the HARPS templates
are reported in Table C along with references for the quoted stel-
lar parameters.

To perform the χ2 minimization, when using the grid of
ELODIE templates, the UVES and ESPRESSO spectra are con-
volved with a Gaussian kernel and resampled to match the
resolution of ELODIE (R = 42 000). For the analysis with
the HARPS grid we have degraded the ESPRESSO spectra to
R = 115, 000, while the reverse was done for the UVES ones,
i.e. the HARPS templates were brought to the UVES resolu-
tion (R = 70 000) and were resampled on the points of the tar-
get spectra. For the determination of photospheric parameters,
v sin i, and veiling from high-resolution spectra, we prefer real
over synthetic spectra, because generally the former better repro-
duce the unknown photospheric spectrum. Some photospheric
lines may be missing in the synthetic spectra, or the depths and
widths of some of them may be poorly reproduced due to uncer-
tain intensity values, Landé factors and broadening effects. How-
ever, as the non-active templates are mostly main-sequence stars,
we need synthetic spectra for a safer determination of log g. To
this aim, BT-Settl synthetic spectra (Allard et al. 2012) are used
to fit specific spectral regions containing gravity-sensitive fea-
tures.

For the X-Shooter spectra, which span a much wider wave-
length range, we use a grid of BT-Settl synthetic spectra with a
solar iron abundance (Allard et al. 2012). The radial velocity is
calculated by means of the cross-correlation of template and tar-
get spectrum in specific spectral regions free from broad features
and emission lines. The v sin i and veiling values are treated as

9 http://archive.eso.org/wdb/wdb/adp/phase3_main/form
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free parameters in the fitting procedure and the best values are
found by the χ2 minimum.

The photospheric lithium-poor templates with no sign of ac-
cretion and absent (or negligible) chromospheric emission in
the cores of strong lines fitted by ROTFIT (including rotational
broadening and veiling) can be subtracted to remove the photo-
spheric lines. This has the great advantage of emphasizing emis-
sion features against underlying photospheric absorption lines,
but it is also very important to clean the Li iλ6707.8 Å line from
blended nearby lines, which, unlike Li iλ6707.8 Å, are present in
the templates. Finally, this enables us to remove strong photo-
spheric lines around emission lines tracing outflows and winds,
such as the [OI]λ6300Å line (see Fig. 1 and Figs. H.1, H.2 for
a few examples). The line profiles corrected for telluric absorp-
tion and for photospheric absorption lines will be provided to the
community through Zenodo and the ESO Phase 3 Archive, and
will serve as a great dataset to study the accretion and ejection
mechanisms (e.g., Banzatti et al. 2019; McGinnis et al. 2018;
Simon et al. 2016; Rigliaco et al. 2013).

3. First PENELLOPE data: young stars in Orion

The first observations of the ULLYSES and PENELLOPE pro-
grams have focused on targets located in the Orion region. In
particular, 10 targets are part of the Orion OB1 association, and
three of the σ-Orionis cluster. In the following, we briefly intro-
duce the two regions, and report the properties from the litera-
ture, including the distances from the recent Gaia EDR3 release
(Gaia Collaboration et al. 2016, 2020a), for the 13 targets ana-
lyzed here (see Table 1).

3.1. Information on the Orion sample

The Orion OB1 association is one of the closest and most popu-
lous OB associations, encompassing subassociations that range
in age from ∼1 Myr to ∼ 10 Myr (Blaauw 1964). The low mass
counterparts to the OBA-type stars characterizing the association
have been first identified in the CIDA Variability Survey (CVSO,
Briceño et al. 2001, 2005, 2019), carried out using the Quest
camera in the J. Stock telescope in Venezuela and recently con-
firmed spectroscopically (cf. Briceño et al. 2019). Circumstellar
disks were discovered and characterized with Spitzer (Hernán-
dez et al. 2007) and Herschel (Maucó et al. 2018). X-ray lu-
minosities and accretion properties of some of the CVSO ob-
jects, including HST observations, have been discussed in In-
gleby et al. (2009, 2011, 2014) and Thanathibodee et al. (2018,
2019).

The HST/ULLYSES team selected ten targets in the Orion
OB1a and OB1b subassociations. Their spectral types are be-
tween K6 and M3, and most of them have low interstellar ex-
tinction (AV < 0.3 mag, Briceño et al. 2019). Eight targets with
signatures of accretion are located in Orion OB1b, which has an
age of ∼ 5 Myr, while the two non-accreting targets, CVSO 17
and CVSO 36, are located in the 25 Ori group within the Orion
OB1a subassociation, with age ∼ 10 Myr (Briceño et al. 2019).

In addition to distributed populations, the Orion OB1 asso-
ciation includes several stellar clusters such as the σ Ori cluster.
Low-mass members of σ Ori were first reported by Walter et al.
(1997), who found over 80 X-ray sources and spectroscopically
identified more than 100 low-mass, pre-main-sequence (PMS)
members lying within 1◦ from the star σ Ori, which is in fact
a massive quintuplet system of O and early B stars (Caballero
2014). With an estimated age of ∼3-5 Myr (Caballero 2018), the

σ Ori cluster is of interest because of its intermediate age and
for being an excellent laboratory to study protoplanetary disks
in dense environments containing OB stars, where far-ultraviolet
radiation fields from massive stars can externally illuminate the
disks, producing photoevaporating winds.

Extensive studies of membership to the σ Orionis cluster
have been carried out by Hernández et al. (2014b) and Caballero
et al. (2019). Its protoplanetary disks have been followed with
Spitzer (Hernández et al. 2007), Herschel PACS (Maucó et al.
2016), and ALMA (Ansdell et al. 2017). Estimates of accre-
tion rates for members of this cluster were obtained with U-
band photometry by Rigliaco et al. (2011), and, for a small sub-
sample, with X-Shooter spectroscopy (Rigliaco et al. 2012). The
HST/ULLYSES team selected three targets in σ Ori, with low
extinction and clear signs of accretion (Maucó et al. 2016).

Information on the targets taken from the literature is pre-
sented in Appendix A and summarized in Tables A.1 and A.2.

3.1.1. Distances from Gaia parallaxes

The Gaia EDR3 astrometric solutions for ten targets are gen-
erally quite good, e.g., show low renormalized unit weight er-
rors (RUWEs). Only the astrometric solution for CVSO 17 has
RUWE=1.8 and thus slightly exceeds the value of RUWE=1.4
considered an appropriate nominal limit for GAIA EDR3. Stars
with RUWE>1.4 could have an ill-behaved astrometric solu-
tion (Gaia Collaboration et al. 2020b). For them, we compare
the distance obtained by inverting the parallax (arithmetic dis-
tances), after correcting for the zero points estimated from the
analytical functions of Lindegren et al. (2020), with the geomet-
ric Bayesian distance estimated by Bailer-Jones et al. (2021).
The differences between the arithmetic and Bayesian distance
are smaller than 1 pc. Stars with reliable astrometric solutions
have uncertainties in parallaxes around 1%. Thus, we assumed
the arithmetic distances for these targets (Table 1). Bailer-Jones
(2015) suggests that we can not apply the inverse relation be-
tween parallaxes and distances to stars with fractional parallax
errors larger than 20%, where the estimation of distances be-
comes an inference problem in which the use of prior assump-
tions is necessary.

Different stellar groups in the Orion star-forming com-
plex can be detected as kinematically distinct populations with
characteristic proper motions, radial velocities, and distances
(Kounkel et al. 2018). In our case, the distances obtained for the
10 targets with reliable astrometric solutions, together with the
radial velocities from Kounkel et al. (2018) and measured here
(Sect. 4.2), are consistent with the expected values for the Orion
OB1a/OB1b sub association, and the σ-Ori cluster, respectively.
Even CVSO 17, which has a value of RUWE=1.8, has a dis-
tance consistent with the upper boundary of the distance distri-
bution of the 25 Ori cluster (Briceño et al. 2019), different from
the distance obtained for the other star in the cluster (CVSO 36;
345 pc). Regardless of the relative large fractional parallax error
of CVSO17 (22%), the arithmetic distance reported in Table 1
agrees with the geometric Bayesian distance, 415.3+9.7

−10.1 pc, es-
timated by Bailer-Jones et al. (2021). The assumed distance for
CVSO 17 has the caveat that the value of RUWE is just above
the usual limit. For CVSO 109 and CVSO 165, for which no
reliable astrometric solution is available, we assume the mean
distance of the Orion OB1b sub-association, 400 pc (Briceño
et al. 2019), and for SO 583 we assume the mean distance to the
σ-Orionis cluster, 385 pc (Maucó et al. 2016)
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Table 1. Stellar and accretion properties from this work for the targets in the Orion OB1 Association and σ-Orionis cluster

Target Other Name RA2000 DEC2000 Parallax Dist. SpT AV L? logLacc M? log(Ṁacc)
hh:mm:ss.s dd:mm:ss.s [mas] [pc] [mag] [L�] [lsun] [M�] [M�/yr]

CVSO17 ... 05:23:04.72 01:37:15.3 2.4144±0.0531 414.2+9.3
−8.9 M2 0.0 0.30 -4.62∗ 0.37 -11.43∗

CVSO36 ... 05:25:50.37 01:49:37.3 2.9327 ± 0.0265 335.5±3.0 M2 0.1 0.22 -3.42∗ 0.39 -10.31∗
CVSO58 ... 05:29:23.26 -01:25:15.5 2.8229 ± 0.0231 349.0±2.8 K7 0.8 0.32 -1.12 0.81 -8.37
CVSO90 ... 05:31:20.63 -00:49:19.8 2.9107 ± 0.033 338.73.8

−3.7 M0.5 0.1 0.13 -1.34 0.62 -8.61
CVSO104 Haro 5-64 05:32:06.49 -01:11:00.8 2.7296 ± 0.0298 360.7+3.9

−3.8 M2 0.2 0.37 -1.73 0.37 -8.49
CVSO107 ... 05:32:25.79 -00:36:53.4 2.9843 ± 0.0226 330.4±2.5 M0.5 0.3 0.32 -1.30 0.53 -7.30
CVSO109 V462 Ori 05:32:32.66 -01:13:46.1 ... 400 M0.5 0.1 0.92 -0.77 0.46 -7.49
CVSO146 V499 Ori 05:35:46.01 -00:57:52.2 2.9701 ± 0.0152 332.0±1.7 K6 0.6 0.80 -1.46 0.86 -8.57
CVSO165 ... 05:39:02.57 -01:20:32.3 ... 400 K6 0.2 0.98 -2.05 0.84 -9.10
CVSO176 V609 Ori 05:40:24.15 -00:31:21.3 3.2593 ± 0.0314 302.4+2.9

−2.8 M3.5 1.0 0.34 -1.27 0.25 -7.84
SO 518 V505 Ori 05:38:27.26 -02:45:09.7 2.5064 ± 0.025 392.3+3.9

−3.8 K7 1.0 0.24 -1.22 0.81 -8.53
SO 583 TX Ori 05:38:33.69 -02:44:14.1 ... 385 K5 0.4 3.61 -0.30 1.09 -7.21
SO 1153 V510 Ori 05:39:39.83 -02:31:21.9 2.5212 ± 0.0268 390.3+4.1

−4.0 K7 0.1 0.17 -0.88 0.76 -8.24

Notes. Values obtained fitting the X-Shooter spectra. ∗These values should be considered as upper limits, as the targets are not-accreting.

3.1.2. Multiplicity of the targets

Multiplicity for several of the targets in the Orion OB1 associ-
ation was recently studied by Tokovinin et al. (2020), who re-
ported that the following targets are physical binaries: CVSO 17
(separation∼8.1′′, same companion present also in Gaia EDR3),
CVSO 36 (sep ∼ 3.3′′), CVSO 109 (sep∼0.7′′).

In two other cases, a visual companion is a background ob-
ject: CVSO 104 (sep∼2.35′′, same nearby object present also
in Gaia EDR3, with parallax = 1.49 mas, thus background),
CVSO 165 (sep∼5.4′′, same nearby object present also in Gaia
EDR3, also background). For CVSO 165, the observations of
the HST/ULLYSES program reveal that the primary component
is actually a ∼0.3′′ binary (Proffitt et al. 2021), which we do
not resolve in our VLT observations. The same observations also
confirm the binarity of CVSO 109 (Proffitt et al. 2021). No bi-
nary components were found for CVSO 58, CVSO 90, CVSO
107, and CVSO 146, and no observations for CVSO 176 were
carried out by Tokovinin et al. (2020).

In our VLT observations, we cannot resolve the close (<1′′)
binary systems CVSO 109 and CVSO 165, whereas the other bi-
naries are resolved. Moreover, we observe from our multi-epoch
high-resolution spectra that the primary component of CVSO
104 is a spectroscopic binary.

3.2. Observation and data reduction for the first
PENELLOPE dataset

The first observing run of our PENELLOPE Large Program hap-
pened soon after VLT was brought back into operations after the
shutdown due to the COVID-19 pandemic. During the first two
weeks of observations, only X-Shooter and UVES, among the
instruments selected for our program, were operational. We thus
obtained observations of our bright targets with UVES instead of
ESPRESSO in this period. The first observation with UVES was
on the target CVSO 104 and happened on November 25, 2020,
while the first X-Shooter observation was performed on Novem-
ber 27, 2020. Only on December 8, 2020 did ESPRESSO come
back into operation and could be used to observe SO 1153. The
last spectra of this run were obtained on December 15, 2020.
A technical issue on UT3 made X-Shooter unavailable for three
nights, and a technical problem on ESPRESSO made it unavail-
able for a few days after December 15, 2020. This has caused

Fig. 2. X-Shooter flux-calibrated spectrum of three of our targets (grey),
as labelled, with quasi-simultaneous photometry for the same target ob-
tained from OACT in the BVRCICz′ bands (dots). The filter bandpasses
and the synthetic photometry (open squares) obtained integrating the
spectrum over these bandpasses are overlaid.
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Fig. 3. Example of telluric correction in the region of the
[OI]6300Å line for the ESPRESSO spectrum of CVSO 90 performed
with molecfit (top) and for the UVES spectrum of CVSO 58 carried out
with a standard telluric (bottom). The black spectrum is obtained from
the pipeline reduction, and the red one shows the telluric corrected spec-
trum.

a larger than desired time separation between the HST and X-
Shooter observations for CVSO 176, and resulted in having only
one epoch of high-resolution spectra for CVSO 90.

Figure B.1 shows the time of the observations with VLT and
HST. In summary, for our 13 targets we obtained typically two
high-resolution spectra in advance of the HST observations, and
one during or after the HST observations. Only in the case of
SO 1153 were the three spectra obtained after the HST observa-
tions, because of the initial unavailability of ESPRESSO. The
three epochs with high-resolution spectroscopy were always ob-
tained in three consecutive nights. In most cases the X-Shooter
observations were obtained on the night of the HST/STIS ob-
servations or the night before, with the exception of CVSO 176,
observed with X-Shooter 2 nights after the HST/STIS observa-
tions, and of SO 518 and SO 583, both observed one night after
HST/STIS due to the unavailability of X-Shooter in the preced-
ing nights. With those few exceptions, the plan of our obser-
vations, as described in Section 2.2.3, was successfully imple-
mented.

The observations log and additional information is presented
in Appendix B and Tables B.1-B.2-B.3. Observations were car-
ried out under excellent weather conditions and typically re-
sulted in an image quality of ∼1′′.

Reduction of the spectroscopic data is carried out as de-
scribed in Sect. 2.4. Here we briefly mention the peculiarities
relative to this dataset. The 1D spectra have been obtained using
the standard extraction provided by the pipelines, with the only
exception of the UVB arms of the X-Shooter spectra of SO 518
and SO 583, which were extracted with IRAF from the 2D flux
calibrated spectra produced by the pipeline. This was needed
since the image quality parameter at the time of the observa-
tions (∼1.1′′-1.2′′) was much larger than the slit width (0.5′′)

used only for these targets in this arm, and the manual extraction
with IRAF improved the S/N of the spectra. Also the X-Shooter
spectra of CVSO 104 and of its wide visual companion observed
in the slit were extracted manually with IRAF. The spectrum of
the companion (located to the East of the target) is not analyzed
here, since this is a background star. The UVES spectra of this
same target and its visual companion were instead extracted with
the pipeline, adapting the extraction window to the position of
the two traces in the 2D spectra.

The rescaling of the narrow slit X-Shooter spectra to those
obtained with a wide slit are done using a single scaling factor
in the UVB and a linearly wavelength dependent scaling factor
in the VIS and NIR arms. An example of the achieved flux cali-
bration of the X-Shooter spectra is shown in Fig. 2. The overall
agreement between the photometry obtained within less than 2-4
hours from the X-Shooter spectrum is typically within 10%, in
the worst cases, which is our assumed - possibly overestimated
- uncertainty on the absolute flux calibration of the X-Shooter
spectra. In the case of SO 518, the photometric fluxes are sys-
tematically higher, at all wavelengths, while for CVSO 109 they
are all lower than those measured on the X-Shooter spectrum.
This can be understood by looking at the light curves (Fig. D.1).
Indeed, OACT photometric data are taken about 2 hours before
the X-Shooter spectrum for SO 518, whose brightness was dim-
ming, and 4 hours before the X-Shooter spectrum for CVSO 109,
which was brightening.

Telluric correction leads to good results in most of the VIS
spectra and for the ESPRESSO spectra. Only the regions with
very deep O2 telluric absorption lines at around ∼760 nm, and
sometimes the one around ∼690 nm, are poorly corrected. In
particular, these absorption lines are saturated in the ESPRESSO
data, and are therefore not properly corrected. In the X-Shooter
spectra, the correction of the H2O bands at around ∼950 nm
and ∼1130 nm leaves in some cases strong residuals. The cor-
rection from telluric lines around the [OI]6300Å line is always
good, as shown in Fig. 3. Similarly, the telluric correction of the
UVES spectra using a telluric standard star observed with the
same instrument configuration allows us to properly remove the
telluric absorption features around the [OI]6300Å line, as shown
in Fig. 3.

4. Analysis of the Orion data

Here we present the analysis of the X-Shooter, UVES, and
ESPRESSO data obtained in the first run of PENELLOPE, fo-
cusing on the stellar, photospheric, and accretion properties of
the whole sample. Detailed analysis of the individual spectra,
focusing on the study of the ejections from the emission line pro-
files, on the kinematic properties of the accretion process, and of
the binarity of the targets and more, are deferred to forthcoming
works.

4.1. Stellar and accretion parameters from the X-Shooter
spectra

Fig. 4 shows the best fit of the X-Shooter spectrum of
the CVSO176 source obtained with the method described in
Sect. 2.5.1, while best fits for the entire sample are shown in
Fig. E.1-E.2-E.3-E.4. In general, the fits reproduce well the
Balmer jump and the continuum of the targets up to ∼1000 nm.
In the NIR, a region of the spectrum that is not considered when
running the fitter, the best fit is in most cases fainter than the
data, which is expected since the flux contribution from the disk
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Fig. 4. Example of a best fit of the X-Shooter spectrum of CVSO176
obtained with the fitter described in Sect. 2.5.1. The spectrum of the
target is shown with a red line, the best fit photospheric template with
a green line, the slab model with a cyan line, and the best fit sum of
template and slab model with a blue line. The best fit is only shown
up to 1000 nm, since the contribution from the disk emission can be
significant at longer wavelengths.

emission at NIR wavelengths is not considered in the modelling.
The values of spectral type, AV , L?, M?, Lacc, and Ṁacc de-
rived from the fit are listed in Table 1. Typical uncertainties on
those parameters are 0.1 mag, 0.2 dex, 0.1 dex, 0.25 dex, and
0.45 dex, as described by Alcalá et al. (2014, 2017) and Manara
et al. (2013b).

Our analysis of the X-Shooter spectra of CVSO 17 and
CVSO 36 shows that these are non-accreting stars. A similar
conclusion can be reached looking at the HST spectra (Pittman
in prep.). One can consider the estimated values of Lacc as upper
limits to the accretion rates, which thus fall well below the typ-
ically assumed detection limits for accretion rates due to chro-
mospheric activity discussed by Manara et al. (2013b, 2017a).

As expected, the best fits are generally obtained with low
values of AV . 0.5 mag. Only in the case of CVSO176 and
SO 518 we obtain AV = 1 mag, and AV = 0.8 mag for CVSO58.
These values are in line with previous literature estimates (see
Table A.1). They are also consistent with the values that mini-
mize the spread of Lacc obtained converting the line luminosity
of several lines in the X-Shooter spectrum using the relations by
Alcalá et al. (2017).

The target CVSO104 was reported to be a K7 star in the lit-
erature, what may be due to binarity. Looking at our spectra,
the fit improves assuming a later spectral type. A more detailed
analysis of this target, that carefully takes into consideration its
binarity status, will be performed in a forthcoming paper.

The Hertzprung-Russel Diagram (HRD) of the data analyzed
here is shown in Fig. 5. Several targets lie between the 1 and
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Fig. 5. Hertzprung-Russel Diagram (HRD) of the Orion targets, with
evolutionary tracks from Baraffe et al. (2015). The isochrones shown
here are for ages of 1, 3, 5, 10, and 30 Myr.

10 Myr isochrones of Baraffe et al. (2015), with only SO 518,
SO 1153, and CVSO90 lying between the 10 Myr and 30 Myr
isochrones. Cody & Hillenbrand (2010) reported SO 518 and
SO 1153 to be aperiodic type, with typical ∆I of 0.8 and 0.5
mag, respectively. At the time of our observations, SO 518 and
CVSO90 are affected by some significant (∆V >0.5 mag) pho-
tometric variability, in particular by dimming events. One can
see from Fig. 2 and Fig. D.1 that SO 518 was observed during
a dimming event of more than 1 mag in the V-band. The value
of L? measured on the spectrum is therefore lower than the one
we would measure at its peak brightness, as the extinction we
calculate here does not account for grey-extinction effects. We
note that such a dimming event would affect also the measured
accretion luminosity, as described in the extreme case of edge-on
disks in Alcalá et al. (2014). Another aspect to consider is that a
different relation between Teff and SpT (e.g., Pecaut & Mamajek
2013; Herczeg & Hillenbrand 2014) would affect the position of
the target on the HRD, moving the star to a colder temperature,
and thus an apparently younger isochronal age. This is also the
case for SO 1153.

4.2. Photospheric parameters and veiling from
high-resolution spectra

Both the high-resolution UVES and ESPRESSO spectra and the
X-Shooter spectra are analyzed with the ROTFIT tool, described
in Sect. 2.5.2 and in Frasca et al. (2015, 2017). The results ob-
tained on the UVES spectra using the HARPS templates are re-
ported in Table 2, those on the ESPRESSO data in Table 3, and
those on the X-Shooter spectra in Table 4. Strongly veiled ob-
jects or those with too many emission lines in their spectra, in
particular CVSO 90 and SO 1153, are challenging for the ana-
lysis with ROTFIT. The results for the former are not reported,
while for the latter they are added here, but are more uncertain
than for other targets. For all the accreting objects, the values of
log g are also quite uncertain, and will be re-examined in a future
work.

The values of Teff and the spectral types obtained with ROT-
FIT are in good agreement with the ones derived by fitting the
X-Shooter spectrum with the method by Manara et al. (2013a).
The comparison is shown in Fig. 6 and Fig. 7 for the UVES spec-
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Fig. 6. Effective temperature (Teff) derived with ROTFIT on the UVES
(red) and ESPRESSO (blue) spectra vs the temperature obtained con-
verting the SpT from the fit of the X-Shooter spectra. Top: ROTFIT
results using the HARPS templates, bottom: ROTFIT results using the
ELODIE templates.

tra. The spectral types obtained with the two methods are in good
agreement, and the differences in Teff are due to a different spec-
tral type-Teff scale used for the HARPS templates with respect to
the one used for the X-Shooter fit. Similarly, the results obtained
with ROTFIT on the X-Shooter spectra are in good agreement
with the values obtained on the same X-Shooter spectra with the
fitter discussed in Sect. 2.5.1. This is shown in Fig. 8, and is
very much in line with previous results (e.g., Manara et al. 2020;
Frasca et al. 2017).

A comparison of the veiling values measured with ROTFIT
with the equivalent width (EW) of the Hα lines shows a gen-
eral correlated increase of the veiling with the strength of the
Hα emission line. This is shown in Fig. 9. The Spearman’s rank
correlation coefficient for the veiling at 650 nm, ρ = 0.83 with a
significance σ = 2.6 × 10−9 (Press et al. 1992) supports the high
degree of correlation.

On the other hand, the comparison of the veiling values mea-
sured with ROTFIT on the UVES or ESPRESSO spectra with
Ṁacc derived from X-Shooter data, which are not exactly si-
multaneous, shows in general a larger value of Ṁacc at higher
values of veiling, but with no clear correlation (ρ = 0.62,
σ = 1.09 × 10−4), possibly due to the narrow range of (high)
Ṁacc covered by the observations. This is shown in Fig. 10. A
similar degree of correlation (ρ = 0.45, σ = 0.27) is found when
comparing the veiling measurements from the X-Shooter spec-
tra to Ṁacc from the same spectra, as shown in Fig. 11. A fur-
ther investigation of these correlations should be carried out with
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Fig. 7. Spectral type (SpT) derived with ROTFIT on the UVES (red) and
ESPRESSO (blue) spectra vs SpT from the fit of the X-Shooter spec-
tra. Top: ROTFIT results using the HARPS templates, bottom: ROTFIT
results using the ELODIE templates.
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Fig. 8. Effective temperature (Teff) derived with ROTFIT on the X-
Shooter spectra vs the temperature obtained converting the SpT from
the fit of the X-Shooter spectra.

larger statistical sample during the course of the PENELLOPE
program.

Among the values one can derive with ROTFIT on these
spectra, we have a first estimate of metallicity, which is in the
range [Fe/H]=[−0.20,+0.05] with average values of −0.07 and
−0.01 for Ori OB1 and σ Ori, respectively. A more detailed ana-
lysis of the spectra to determine the values of metallicity and
photospheric element abundances is deferred to a future work.
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Fig. 9. Veiling measured on the UVES (red) and ESPRESSO (blue)
spectra using the HARPS template vs the EW of the Hα line measured
on the same spectra. Each target is observed 3 times.
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Fig. 10. Veiling measured on the UVES (red) and ESPRESSO (blue)
spectra using the HARPS template vs the Ṁacc measured for each target
from the X-Shooter spectra. Each target is observed 3 times with UVES
or ESPRESSO, only once with X-Shooter.
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Fig. 11. Veiling measured on the X-Shooter spectra vs the Ṁacc mea-
sured for each target from the same spectra.

4.3. Variability from high-resolution spectra

Multiple emission lines are present in our high-resolution spectra
(see as an example Figures G.1-G.13). These lines trace several
processes, from accretion (e.g., Hα, Hβ, CaIRT) to winds and
outflows (e.g., [OI]λ6300Å). Here we focus only on the accre-
tion aspect, and in particular we consider only the Hα line for

this analysis. Analyses of the other emission lines are being car-
ried out, and will be presented in companion papers. We also
only use the EW of the Hα line in the analysis, as this is suffi-
cient for our analysis, but we remark that future works can use
the wealth of simultaneous photometry to convert these values
into line luminosity.

The EW of the Hα line, measured in both the X-Shooter and
the high-resolution spectra, is shown as a function of time of ob-
servations in Figures B.1-B.2. The EW values for the two non-
accreting targets, CVSO17 and CVSO36, are always smaller
than 10 Å, and constant within ∼1-2 Å during our observations.
Their emission is entirely ascribable to chromospheric emission
(e.g., Manara et al. 2013b; White & Basri 2003). For the other
targets, variability of up to a factor .2 in the EW of the Hα line is
observed within the 3-4 days of observations. Although the EW
cannot always be linked to a line flux (e.g., Mendigutía et al.
2013), the relatively small variations in the photometry observed
for our targets during the observations imply that the variability
in the EW can be related to variations of Lacc, and thus Ṁacc, by
less than a factor of ∼3. This is in line with the typical variability
observed on timescales of ∼a week, or less, by other works (e.g.,
Costigan et al. 2012, 2014; Venuti et al. 2014).

The line profiles, however, can vary substantially, as one can
see from the example shown in Fig. 12, and for all the targets in
Fig. G.3-G.13. Some of this variability in the line profile is simi-
lar to what has been observed by other authors (e.g., Jayaward-
hana et al. 2006; Biazzo et al. 2012; Fang et al. 2013; Sousa et al.
2016; Bonito et al. 2020). A detailed analysis of the kinematic
variations traced by the shape of the emission lines, as well as
by the profiles of the forbidden lines, will be subject of future
works. Hereafter we only highlight a few features.

The variations observed in the line profiles of CVSO17 and
CVSO36 (Fig. G.1-G.2) are modest, consistent with our previous
assessment that these lines are almost totally of chromospheric
origin.

For CVSO 176 a different line profile shape is present in the
X-Shooter spectrum, taken two days after the end of the UVES
and HST observations, with respect to the profiles of the emis-
sion lines in the UVES spectra. In the X-Shooter spectra, most
lines show a strong red-shifted absorption feature, possibly due
to an enhanced accretion event or to a more favorable viewing
geometry of the accretion column(s).

For CVSO109 we observe clear variability in the spectral
features across the four epochs. Out of 20 emission lines iden-
tified above a 3σ detection threshold and common to the X-
Shooter and UVES coverage, we detect a defined redshifted
emission wing in nine H lines and in the Ca II K line. The feature
is also prominent in the Ca II H line, although unresolved due to
proximity with the adjacent H7 line, and in the Ca II IR triplet,
although the latter is not covered by UVES. The redshifted com-
ponent, detected in the X-Shooter and final UVES epoch taken
with ∼0.5 hr difference, is highly variable, being absent in the
first two UVES epochs taken 1 and 2 days earlier. Such a tem-
poral feature is indicative of a non-axisymmetric structure in the
inner disk, similar to that identified from the spectra of EX Lupi
(Sicilia-Aguilar et al. 2012, 2015). Preliminary analysis of the H
lines reveal that the central velocities of the wings are correlated
with the energy of the upper level (Ek) and the transition prob-
ability (Aki) of the corresponding emission lines. This, together
with the range in velocities, suggests that we are tracing rotat-
ing material at different temperatures and densities with varying
radii. A more detailed investigation of this target is being car-
ried out using the STAR-MELT analysis package, and will be
presented in Campbell-White, et al. (in prep.).
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Fig. 12. Example of emission line profiles variability observed with
UVES and X-Shooter for two targets, as labelled. The time difference
between the UVES epochs is always one day, whereas the X-Shooter
spectrum is obtained on the same night as the last UVES observation.

CVSO104 exhibits a peculiar HeI profile with central ab-
sorption, as well as unusual variability in the Hα and Hβ pro-
files, where the blueshifted emission wings fully disappear at
times. This is most probably due to the presence of two unre-
solved components of a spectroscopic binary, but could also be
related to intermittent ejection of material in either or both of the
components.

Finally, variations in the (continuum normalized) line inten-
sity and profile of the [OI]λ6300Å and in other forbidden lines
is observed in a couple of targets, such as CVSO107, CVSO109,
CVSO176, SO 518, and SO 1153. All these targets have been ob-
served with UVES using multiple position angle to orient the slit

(see Sect. 2). It might be possible that the variations are related
to the presence of (micro-)jets, or to an intrinsic variation of the
ejection process. Future detailed analysis of these line profiles is
needed, and will be the subject of future works.

4.4. Variability from photometry

As described in Sect. 2.3, a ground-based multiband photometric
monitoring of our targets was performed from different sites con-
temporaneously with our observations. As an example, we show
in Fig. D.1 the light curves from OACT, CrAO and AAVSO from
mid-November to mid-December for CVSO 109, SO 518, and
SO 583. The synthetic photometry made on the flux-calibrated
X-Shooter spectra is overlaid with purple asterisks. The index
Hα18–Hα9, which measures the intensity of the Hα emission,
has been derived from OACT narrow-band photometry as well
as from UVES and X-Shooter spectra and is displayed for the
two sources in σ Ori. The agreement between observed and syn-
thetic photometry is apparent.

Erratic or quasi-periodic variations with an amplitude de-
creasing with the increasing central wavelength of the band are
visible. The largest variation amplitudes (≈ 1.5–2 mag) were ob-
served for CVSO 109 and SO 518 in the B band. Smaller varia-
tions are observed for SO 583. We also note, for all these sources,
the nearly anticorrelated behaviour of the Hα intensity, which is
stronger when the star is fainter and redder, maybe in relation
to the location of the accretion funnel with respect to the line
of sight. The variability of accretion from photometry and line
fluxes will be the subject future work.

5. Discussion

5.1. Comparison of X-Shooter and HST Balmer continua

One of the main goals of our program is to compare the overall
flux calibration and shape of the spectra obtained with VLT/X-
Shooter and HST/STIS. Figures F.1-F.2 show the spectra ob-
tained with the two instruments. Overall, a good agreement is
observed, especially in the Balmer continuum slope. The COS
and STIS observations of SO 1153 were repeated on 12 Febru-
ary 2021, as the first observations suffered from difficulties in
acquiring guide stars and therefore have issues with their wave-
length and flux calibrations.

The observations with the smallest time difference between
HST/STIS and VLT/X-Shooter are for CVSO58 (∆t ∼6 hours)
and CVSO109 (∆t ∼1.5 hours). In these cases, indeed, the dif-
ference between the observed flux in the HST/STIS and VLT/X-
Shooter spectra in the Balmer continuum region is only a factor
∼1.3 and 1, respectively. However, the slopes of the HST and
X-Shooter spectra are different at wavelengths longer than 500
nm for CVSO109, suggesting either a slightly different extinc-
tion toward the object, although probably too large for such a
small time difference, or a significant contamination of the X-
Shooter spectrum by the redder unresolved companion. Despite
the larger time difference, other targets also show a good agree-
ment between the X-Shooter and HST/STIS spectra, in particular
CVSO107, CVSO146, CVSO165, and SO 518.

We can focus on three targets, CVSO58, CVSO109, and
CVSO165, for which the VLT/X-Shooter and HST/STIS spec-
tra are observed close in time and have similar shapes, in or-
der to test whether our slab model leading to the best fit of
the X-Shooter spectra (see Sect. 2.5.1) reproduces the emission
from HST at wavelengths shorter than 300 nm. The comparison,
performed scaling the de-reddened HST/STIS spectrum to the
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Fig. 13. Comparison of the extrapolation of the results obtained fitting
the VLT/X-Shooter spectrum (best fit in blue) with the HST spectrum
in the UV.

VLT/X-Shooter one, is shown in Fig. 13. In general, the HST
spectra at λ < 300 nm are brighter than the extrapolation of the
slab model in this wavelength range.

To quantify this discrepancy, we compute the excess emis-
sion in the HST/STIS spectra relative to the total flux of the
slab model, the latter being proportional to Lacc. To extract the
excess we subtract the photosphere from the X-Shooter spec-
tra extended to shorter wavelengths using a BT-Settl synthetic
spectrum (Allard et al. 2012) of the same temperature. We also
remove the flux of bright emission lines in the HST spectrum. In
the cases of CVSO58 and CVSO109, the excess emission in the
HST spectra with respect to the slab model is ∼20% and 10%
of the total slab model flux, respectively. In both cases, the con-
tribution of the photospheric emission subtracted from the total
flux is negligible. This means that the accretion luminosity de-
rived from the slab for these two objects could be underestimated
by up to a factor 20%, which is well within the uncertainty of the
Lacc values from the fit of the X-Shooter spectra (typically 0.2
dex). For CVSO165, instead, a larger factor ∼0.5 is obtained.
This target is the one with the lowest value of Lacc/L? among
the accreting targets in our sample. Similarly to Ingleby et al.
(2011) and Alcalá et al. (2019), we see that the excess emis-
sion in the UV range could be underestimated more substan-
tially for objects accreting at lower rates and with spectral type
earlier than about K3. The latter is a consequence of a lower
contrast between the continuum excess emission and the photo-
spheric+chromospheric emission. However, one should consider
that this target is actually a binary, unresolved in the VLT obser-
vations but resolved by HST.

A comparison with the other spectra leads to a relative ad-
ditional flux in the HST spectra of typically less than 10% to
∼20%, with a maximum of ∼25%. With this small sample statis-
tics it is not possible to constrain the origin of this discrepancy.
Several factors are at play, including the assumed reddening law
(Cardelli et al. 1989, RV=3.1) and a single temperature to de-
scribe the excess emission due to accretion with a slab model.
The former affects the shape of the slab model in the UV range
more than at optical wavelengths, and one should investigate in
future works what kind of reddening law could reproduce the ob-
served emission at all wavelengths (see also discussion in Alcalá
et al. 2019). The single temperature and density assumption is
also a simplification of the physical conditions in the accretion
region (e.g., Hartmann et al. 2016), and multiple components
should be used to better reproduce the shape of the emission at
all wavelengths (e.g., Robinson & Espaillat 2019). However, the
small underestimate in the UV of the slab model shown here also
indicates that the value of Lacc derived with this procedure is a
good estimate of the accretion luminosity of the target.

This kind of analysis, carried out on a larger sample provided
by the spectra obtained by the PENELLOPE and ULLYSES pro-
grams will allow us to firmly quantify whether a different red-
dening law is needed to describe the extinction in the UV part
of the spectrum, or if the single temperature slab models are sys-
temically underestimating the UV flux produced by the accretion
process, and by how much.

5.2. Accretion properties of young low-mass stars

The first set of data obtained by the PENELLOPE program re-
lated to young stars in the Orion star-forming region has allowed
us to derive stellar and accretion parameters for the 13 targets,
two of them found to be non-accreting. For the eleven accretors,
we have shown that the short-time (<1 week) variability of the
accretion rate at the time of the observation is small, accounting
for a factor . 3 in Lacc. This factor is obtained by analyzing the
variability of the equivalent width of the Hα line, and is well
in line with previous results (e.g., Biazzo et al. 2012; Costigan
et al. 2014; Venuti et al. 2014). However, the variability in the
kinematics of the accretion-related emission lines is substantial
in multiple objects, suggesting that the structure of the accre-
tion flows onto the star is complex and variable, but the overall
energy released by the process is relatively constant, at least on
these short timescales probed by our observations.

Based on this result, we are confident that the accretion rates
measured with our fitting procedure from the broad-band X-
Shooter spectra are a good estimate of the typical accretion rate
of the targets at around the time of the observations. Moreover,
we have shown that the fit of the X-Shooter spectra with a slab
model falls short in reproducing the excess emission seen in the
UV spectra by ∼10% in most cases. All in all, the typically as-
sumed uncertainties on the values of Lacc of 0.2 dex and on
Ṁacc of 0.4 dex from our fitter are in line with both the observed
short-term variability and the missing UV flux by the model.

With the values of Lacc and Ṁacc derived here, we can com-
pare the accretion rates of this population of young stars with
previous estimates of accretion rates with the same method in
other young star forming regions, in particular Lupus (∼ 1 − 3
Myr old, Alcalá et al. 2014, 2017) rescaled to the Gaia DR2 dis-
tances in Alcalá et al. (2019), Chamaeleon I (∼ 1 − 3 Myr old,
Manara et al. 2016a, 2017a) rescaled to the Gaia DR2 distances
in Manara et al. (2019), and Upper Scorpius (∼ 5 − 10 Myr old,
Manara et al. 2020). The relation between Lacc and L? for the
targets in these regions is shown in Fig. 14. In line with previous
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Fig. 14. Relation between the accretion luminosity and stellar lumino-
sity obtained from the X-Shooter for the PENELLOPE targets in the
Orion region. The top panel shows the comparison with data obtained
with the same technique in the literature, while the bottom panel high-
lights solely the new results from this work.

results, the data of accreting targets, including those presented
here, follow the same Lacc-L? relation as target in other star-
forming regions with younger and older ages. No dependence
on age or location is observed. The upper limits on Lacc de-
rived for the two non-accreting targets are found at values of
Lacc/L?< 0.01, in line with other non-accreting systems observed
in young regions.

The values of Ṁacc vs M? for the targets in Orion and in the
other young regions is shown in Fig. 15. Also in this case, the
data presented here on the Orion targets populate the same part
of the parameter space as targets observed in other star-forming
regions. The observed scatter of Ṁacc at a given value of M? is
large even in this small sample, ∼2 dex when considering only
the accreting objects. This scatter is much larger than the vari-
ability we observe on timescales of a few days, which is thought
to be the maximum observed variability on timescales of years
(Costigan et al. 2012, 2014). The origin of the scatter should be
then ascribed to real differences in the accretion properties of tar-
gets in a single star-forming region, possibly due to different disk
evolutionary stages (e.g., Najita et al. 2007, 2015; Manara et al.
2014) or properties of the magnetic field (e.g., Gregory et al.
2006) or of the details of the star-disk interaction, or even of the
surroundings, such as the presence of companions (e.g., Rosotti
& Clarke 2018). A detailed analysis of the observed emission
lines for these targets will help to understand the origin of these
differences. The non-accreting targets observed here have upper
limits on Ṁacc much smaller than the typical Ṁacc observed
for stars of the same stellar mass. This is in line with what is
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Fig. 15. Relation between the mass accretion rates and stellar mass ob-
tained from the X-Shooter for the PENELLOPE targets in the Orion
region. The top panel shows the comparison with data obtained with
the same technique in the literature, while the bottom panel highlights
solely the new results from this work.

observed in other star-forming regions, and may indicate rapid
dispersal of the (inner) disk as processes such as photoevapora-
tion take over (e.g., Ercolano & Pascucci 2017).

Overall, we do not see noticeable differences between the ac-
cretion rates measured in the 13 targets in the Orion OB1 and σ-
Ori regions with respect to what is observed in other young star-
forming regions with similar techniques. This result agrees with
Manara et al. (2020), Venuti et al. (2019), Rugel et al. (2018),
and Ingleby et al. (2014), among others, who found that the ac-
cretion rates of still accreting objects at ages > 3−5 Myr are still
comparable to the accretion rates of younger stars. This result is
still puzzling from several points of view, and difficult to recon-
cile with the current framework to describe disk evolution (e.g.,
Ingleby et al. 2014; Manara et al. 2020). Larger samples can help
to statistically study the differences between the populations of
various regions, and provide the needed data to constrain models
to observations.

6. Conclusions

In this paper, we have presented the survey strategy and some
initial results of the PENELLOPE Large Program aimed at ob-
taining observations with VLT/X-Shooter, and VLT/ESPRESSO
or VLT/UVES, contemporaneously with the HST STIS and COS
observations of the public ULLYSES survey. Complemented
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with contemporaneous photometry, these programs will provide
an unprecedented view of the accretion and ejection processes in
young stars.

We have showcased the observing strategy, data reduction
procedure, and data analysis tools on a sample of 10 targets in
the Orion OB1 association and further 3 targets in the σ-Orionis
region, observed with HST and VLT in November and Decem-
ber 2020. We have presented the contemporaneous multi-band
photometry obtained at OACT, and showed the good agreement
between the absolute flux-calibrated X-Shooter spectra and this
photometric data.

We have shown that the agreement between the temperature
and spectral type estimates obtained with the two methods used
here on the X-Shooter spectra and on the high-resolution spec-
tra is consistent within a sub-class. We then found that the veil-
ing measured on the high-resolution spectra with ROTFIT corre-
lates with the EW of the Hα line measured on the same spectra,
whereas no strong correlation is found between the veiling and
Ṁacc.

We were able to constrain the short-term (<1 week) variabil-
ity of the accretion luminosity for these targets to be a factor
.3, in line with previous works (e.g.. Cody et al. 2014, 2017;
Venuti et al. 2014; Costigan et al. 2012, 2014). Future works on
the dataset from this program will also allow one to constrain
the long-term (a few years) variability of these targets, thanks
to the availability of previous spectra obtained with the same
or with different instruments. On the other hand, the profiles of
accretion and ejection tracing lines vary substantially between
the various epochs, suggesting that the structure of the accre-
tion flow is complex and variabile, whereas the energy released
is relatively constant. The data from this program will allow for
detailed analyses of the structure of the accretion and ejection
emitting regions for all the targets to further understand the ac-
cretion/ejection processes and their interplay.

The first comparison of the HST/STIS and X-Shooter spectra
on a limited number of targets suggests that the slab models used
to fit the X-Shooter spectra underestimate the UV emission seen
in the HST spectra by ∼ 10%, and usually less than ∼ 20%, in
the targets observed here. Several causes can be ascribed for this
discrepancy, such as an inappropriate extinction curve in the UV
part of the spectrum, or a real shortcoming of a single tempera-
ture model to reproduce the excess emission in the UV. These
hypotheses will be investigated in future works with a larger
sample of contemporaneous HST/STIS and X-Shooter spectra.
Nevertheless, these findings demonstrate the general validity of
the accretion rates measured with X-Shooter on these spectra,
and that the reported uncertainties of ∼0.2 dex on Lacc and ∼0.4
dex on Ṁacc are reasonable.

Finally, we compared the relation between the accretion rate
and stellar mass, showing similar values of Ṁacc and similar
spread of values at any M? as in previous surveys.

The VLT/PENELLOPE program will continue to obtain data
alongside the HST/ULLYSES program for the next .2 years,
providing a public dataset which will be key to create a coher-
ent and comprehensive view of the accretion process, and of its
impact on the evolution of disks in nearby star-forming regions.
This dataset will also be key to constrain other processes not
showcased in this work, such as ejection of matters in young
stellar objects, probed by the high-resolution multi-epoch spec-
tra available from this program. We invite the community to
make use of these public datasets, acknowledging the effort of
the group of people that initiated this effort, and with an open
desire to enhance our knowledge.
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Table 2. Photospheric properties from the UVES spectra fit with ROTFIT for the targets in the Orion OB1 Association and σ-Orionis cluster

Name epoch HJD Teff logg SpT vsini RV r500 r550 r600 r650
2459100+ [K] [km/s] [km/s]

CVSO17 ep1 81.63530 3721 ± 72 4.84 ± 0.11 M1V 7.2 ± 0.8 25.89± 0.55 0.00 ± 0.00 0.01 ± 0.02 0.24 ± 0.14 0.20 ± 0.10
CVSO17 ep2 82.62335 3697 ± 88 4.85 ± 0.11 M1V 7.4 ± 0.7 25.40± 0.74 0.02 ± 0.04 0.06 ± 0.06 0.18 ± 0.14 0.23 ± 0.10
CVSO17 ep3 83.66124 3695 ± 88 4.85 ± 0.11 M1V 7.7 ± 0.6 25.31± 0.74 0.01 ± 0.03 0.04 ± 0.05 0.12 ± 0.20 0.25 ± 0.09
CVSO36 ep1 85.68189 3702 ± 88 4.84 ± 0.11 M1V 3.0 ± 0.5 19.05± 0.47 0.00 ± 0.00 0.00 ± 0.00 0.18 ± 0.08 0.21 ± 0.03
CVSO36 ep2 86.62187 3696 ± 91 4.84 ± 0.11 M1V 2.8 ± 0.7 18.95± 0.47 0.00 ± 0.00 0.00 ± 0.00 0.17 ± 0.06 0.12 ± 0.04
CVSO36 ep3 87.63843 3662 ± 69 4.84 ± 0.11 M1V 3.0 ± 0.6 19.24± 0.52 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.06 0.12 ± 0.04
CVSO58 ep1 83.61246 4193 ± 103 4.67 ± 0.10 K7V 17.4 ± 1.1 22.29± 0.63 0.81 ± 0.26 0.85 ± 0.11 0.54 ± 0.05 0.63 ± 0.12
CVSO58 ep2 84.61185 4211 ± 110 4.66 ± 0.10 K7V 17.1 ± 1.6 19.87± 0.59 0.76 ± 0.26 0.87 ± 0.14 0.55 ± 0.05 0.61 ± 0.08
CVSO58 ep3 85.60270 4223 ± 105 4.66 ± 0.11 K7V 17.9 ± 1.3 23.65± 0.67 0.81 ± 0.22 0.81 ± 0.04 0.59 ± 0.12 0.59 ± 0.10
CVSO107 ep1 86.66418 3988 ± 118 4.68 ± 0.10 K8V 7.7 ± 0.9 17.29± 0.52 0.68 ± 0.24 0.86 ± 0.16 0.67 ± 0.12 0.74 ± 0.18
CVSO107 ep2 87.60273 3943 ± 93 4.69 ± 0.10 M0V 6.9 ± 0.9 15.33± 0.48 0.67 ± 0.24 0.85 ± 0.22 0.63 ± 0.08 0.72 ± 0.18
CVSO107 ep3 88.65286 4002 ± 119 4.68 ± 0.10 M0V 5.9 ± 0.9 14.73± 0.44 0.71 ± 0.27 0.98 ± 0.11 0.70 ± 0.00 0.71 ± 0.14
CVSO109 ep1 79.65665 3898 ± 112 4.70 ± 0.11 M0V 3.5 ± 1.1 16.99± 0.40 0.25 ± 0.11 0.55 ± 0.10 0.43 ± 0.05 0.44 ± 0.08
CVSO109 ep2 80.63793 3922 ± 106 4.69 ± 0.11 M0V 3.3 ± 1.0 16.72± 0.41 0.26 ± 0.14 0.45 ± 0.10 0.39 ± 0.06 0.42 ± 0.12
CVSO109 ep3 81.67743 3948 ± 91 4.69 ± 0.11 M0V 3.2 ± 0.9 15.98± 0.38 0.71 ± 0.23 0.90 ± 0.08 0.69 ± 0.05 0.67 ± 0.14
CVSO176 ep1 87.68387 3495 ± 85 4.89 ± 0.11 M3V 19.0 ± 1.8 7.42± 1.34 0.66 ± 0.15 0.72 ± 0.28 0.90 ± 0.55 0.93 ± 0.60
CVSO176 ep2 88.61053 3503 ± 82 4.86 ± 0.10 M3V 18.4 ± 1.0 10.04± 1.25 0.39 ± 0.10 0.33 ± 0.18 0.57 ± 0.40 0.60 ± 0.38
CVSO176 ep3 89.59468 3521 ± 77 4.86 ± 0.10 M3V 18.4 ± 1.2 10.65± 1.27 0.25 ± 0.05 0.34 ± 0.16 0.63 ± 0.40 0.68 ± 0.48
SO 518 ep1 82.66445 4328 ± 168 4.66 ± 0.11 K7V 12.6 ± 0.7 30.98± 0.43 2.27 ± 0.14 2.12 ± 0.16 1.46 ± 0.11 1.28 ± 0.13
SO 518 ep2 83.70244 4383 ± 141 4.63 ± 0.10 K7V 13.3 ± 0.9 30.42± 0.50 1.44 ± 0.18 1.44 ± 0.09 1.04 ± 0.09 0.98 ± 0.04
SO 518 ep3 84.65642 4366 ± 150 4.63 ± 0.10 K6V 14.0 ± 1.1 32.83± 0.61 1.38 ± 0.17 1.23 ± 0.12 0.93 ± 0.08 0.89 ± 0.08
SO 583 ep1 82.68932 4753 ± 119 4.65 ± 0.11 K3V 8.7 ± 0.9 30.97± 0.28 0.24 ± 0.12 0.40 ± 0.00 0.40 ± 0.17 0.43 ± 0.08
SO 583 ep2 83.64056 4739 ± 118 4.58 ± 0.10 K3V 10.0 ± 1.0 30.95± 0.30 0.32 ± 0.11 0.53 ± 0.14 0.52 ± 0.11 0.55 ± 0.11
SO 583 ep3 84.63973 4725 ± 117 4.59 ± 0.10 K4V 10.8 ± 1.5 29.61± 0.34 0.49 ± 0.21 0.95 ± 0.07 0.84 ± 0.05 0.80 ± 0.07

Notes. Values obtained fitting the UVES spectra with the HARPS templates. The measured veiling at different wavelengths is reported in the
column labelled ’r’ followed by the wavelength in nm.

Table 3. Photospheric properties from the ESPRESSO spectra fit with ROTFIT for the targets in the Orion OB1 Association and σ-Orionis cluster

Name epoch HJD Teff logg SpT vsini RV r500 r550 r600 r650
2459100+ [K] [km/s] [km/s]

CVSO146 ep1 92.62465 4303± 97 4.66± 0.11 K6V 4.4± 0.8 20.70± 0.29 0.29± 0.11 0.38± 0.07 0.25± 0.11 0.28± 0.04
CVSO146 ep2 93.60337 4372± 101 4.63± 0.10 K6V 5.0± 0.8 20.40± 0.30 0.40± 0.10 0.44± 0.10 0.31± 0.10 0.34± 0.09
CVSO146 ep3 94.59294 4272± 113 4.70± 0.10 K6V 6.4± 0.9 19.82± 0.31 0.56± 0.08 0.60± 0.02 0.53± 0.10 0.42± 0.08
CVSO165 ep1 96.57902 4591± 167 4.60± 0.10 K4V 15.5± 0.9 27.94± 0.59 0.10± 0.07 0.28± 0.04 0.24± 0.12 0.25± 0.05
CVSO165 ep2 97.60896 4591± 169 4.60± 0.10 K4V 15.4± 0.9 28.00± 0.38 0.13± 0.05 0.32± 0.04 0.28± 0.07 0.32± 0.04
CVSO165 ep3 98.61706 4585± 167 4.60± 0.10 K4V 15.2± 0.8 27.77± 0.39 0.21± 0.05 0.36± 0.05 0.29± 0.11 0.36± 0.05
SO 1153 ep1 91.83202 4152± 158 4.67± 0.10 K7V 9.9± 1.6 34.43± 0.57 5.52± 0.54 5.54± 0.85 4.08± 0.66 4.81± 0.62
SO 1153 ep2 92.59172 4119± 181 4.68± 0.11 K7V 9.1± 1.2 36.82± 0.48 6.28± 0.71 6.13± 0.78 5.08± 0.71 5.23± 0.56
SO 1153 ep3 93.63656 4065± 146 4.69± 0.11 K7V 11.6± 1.9 34.66± 0.57 6.52± 0.44 6.83± 0.85 5.22± 0.65 5.71± 0.80

Notes. Values obtained fitting the ESPRESSO spectra with the HARPS templates. The measured veiling at different wavelengths is reported in the
column labelled ’r’ followed by the wavelength in nm.
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Table 4. Photospheric properties from the X-Shooter spectra fit with ROTFIT for the targets in the Orion OB1 Association and σ-Orionis cluster

Name HJD Teff log g vsini RV r620 r710 r970
2459100+ [K] [km/s] [km/s]

CVSO17 88.62128 3588 ± 22 4.78 ± 0.24 <6.0 27.4 ± 1.9 0.4 0.2 0.1
CVSO36 86.62703 3515 ± 24 4.58 ± 0.14 <6.0 18.6 ± 1.7 0.4 0.4 0.1
CVSO58 85.76194 3886 ± 45 4.81 ± 0.21 19.3 ± 1.0 23.2 ± 2.2 1.0 0.2 0.5
CVSO90 98.56264 3489 ± 32 4.26 ± 0.30 13.0 ± 16.0 23.8 ± 2.7 . . . 1.8 1.4
CVSO107 87.58635 3766 ± 37 4.50 ± 0.11 9.4 ± 2.0 16.1 ± 2.0 0.9 0.2 0.3
CVSO109 81.65721 3799 ± 53 4.42 ± 0.12 <6.0 17.8 ± 1.7 0.9 0.3 0.3
CVSO146 92.58387 4079 ± 80 4.70 ± 0.33 <6.0 16.9 ± 1.7 0.5 0.7 0.2
CVSO165 97.58340 4040 ± 73 4.09 ± 0.24 12.4 ± 1.0 26.5 ± 1.8 0.5 0.6 0.3
CVSO176 85.68282 3490 ± 62 4.21 ± 0.22 17.0 ± 7.0 11.1 ± 1.8 1.4 0.5 0.6
SO 518 85.64623 3978 ± 68 4.42 ± 0.46 7.0 ± 12.0 32.3 ± 2.4 1.0 0.9 1.3
SO 583 85.66222 4478 ± 157 4.26 ± 0.33 7.0 ± 8.0 30.9 ± 1.8 1.0 1.3 1.3
SO 1153 90.70681 4086 ± 63 3.92 ± 1.02 13.0 ± 6.0 35.0 ± 2.2 4.2 2.4 2.1

Notes. The measured veiling at different wavelengths is reported in the column labelled ’r’ followed by the wavelength in nm. We estimate
uncertainties of 0.1–0.2 for r< 1.5 and 0.3–0.4 for larger values.
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Appendix A: Information on the targets from the
literature

Membership and location of the targets within the Orion OB1
association have been thoroughly discussed in Briceño et al.
(2019). The subassociation to which each target belongs, as
well as spectral types and extinctions from Briceño et al. (2019)
are given in Table A.1. The extinctions were determined from
the V-Ic color, using standard colors from Kenyon & Hartmann
(1995b). Masses and luminosities of the star and accretion lu-
minosities and mass accretion rates have been determined for a
subset of the targets. Ingleby et al. (2014) used a combination
of low and medium resolution spectrographs (MagE and MIKE
on the Magellan observatory) to obtain spectra from 3400 Å to

9000 Å for a sample of CVSO stars, which included CVSO 58,
CVSO 90, CVSO 107 and CVSO 109. They determined spec-
tral types, veiling and extinction following procedures similar
to Manara et al. (2013b). They fitted the excess flux above the
photosphere with multicolumn accretion shock models, and ob-
tained accretion values given in Table A.1. Another subset of the
targets, CVSO 104, CVSO 107, and CVSO 109, was included
in Maucó et al. (2018), who studied the disks of CVSO stars de-
tected by the PACS instrument on board Herschel. Maucó et al.
(2018) used spectral types and extinctions from Briceño et al.
(2019) and determined accretion luminosities and mass accre-
tion rates (Table A.1) from the Hα luminosity, estimated from
the equivalent width of the line and the Rc magnitude in Briceño
et al. (2019). A comparison of tables 1 and A.1 indicates general
agreement between the results of this study and especially those
of Ingleby et al. (2014), who used similar methods. The differ-
ences may be due to intrinsic variability in CVSO 58, and maybe
mismatch of spectral types in CVSO 107.

Young stars located in the field of view of the σ Ori cluster
belong to one of the two stellar groups kinematically separated
in radial velocities (Jeffries et al. 2006). One group (RV ∼ 27-37
km/s) is associated with the σ Ori cluster, and the other group
(RV ∼ 20-27 km/s) includes stars that belong to a sparse stellar
population located in front of the σ Orionis cluster (e.g., Pérez-
Blanco et al. 2018). Based on radial velocity measurements, the
kinematic membership of the stars SO 518 and SO 583 was con-
firmed by Hernández et al. (2014a). The radial velocity of 33.4
km/s obtained from the Sloan Digital Sky Survey Sky Archive
Server (SDDS-SAS 10), suggests that the star SO1183 is also
a bona fide member of the σ Ori cluster. This radial velocity
was measured from high-resolution H-band spectra using the
APOGEE Stellar Parameter and Chemical Abundance Pipeline
(ASPCAP; García Pérez et al. 2016). The radial velocities ob-
tained in this work (Tables 2, 3, & 4) are in agreement with these
previous estimates.

The youth of SO 518, SO 583, and SO 1153 is also confirmed
by lithium in absorption, infrared excesses, and strong Hα in
emission (Hernández et al. 2014a; Maucó et al. 2016). In addi-
tion, they have been detected by Spitzer (Hernández et al. 2007),
Hershell (Maucó et al. 2016), and ALMA (Ansdell et al. 2017).
Stellar and accretion properties from the literature are shown
in Table A.2. For stars SO 518 and SO 583, spectral types from
Hernández et al. (2014b) agree within the uncertainties with the
values used in this work; however, for SO 1153 there is a dif-
ference of 1.5 sub-types. The spectral energy distribution (SED)
of this star suggest that it is a Class I object (Hernández et al.
2007), with variability amplitude of 0.53 magnitudes (Cody &
Hillenbrand 2010) that could be due to disk obscuration. These
conditions could make it difficult to obtain more precise stellar
parameters. Extinction values and stellar parameters were esti-
mated by Maucó et al. (2016), as well as mass accretion rates,
from the luminosity of the Hα line. Significant differences ex-
ist between estimates of AV , stellar luminosities, and accretion
rates from the literature, Table A.2, and those in this work, Table
1. They are mostly due to including veiling estimates in the de-
terminations, variability, as well as to the different methods for
obtaining the extinction.

Appendix B: Observations log

The weather conditions at the time of the observations were al-
ways extremely good in this campaign, with clear (CLR) or pho-

10 https://dr16.sdss.org/infrared/spectrum/search
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Table A.1. Stellar and accretion properties from the literature for the targets in the Orion OB1a and OB1b Associations

Target 2MASS Dist. SpTa SpTb Aa
V Ab

V M?
b L?b log(Ṁacc)b log(Ṁacc)c Loc

CVSO-17 J05230470+0137148 330 M3 – 0.0 — — — —– —– 1a
CVSO-36 J05255035+0149370 330 M3 – 0.0 — — — —– —– 1a
CVSO-58 J05292326-0125153 440 K7 K7.5 1.2 0.8 0.8 0.8 -7.80 —– 1b
CVSO-90 J05312062-0049197 440 K7 M0.5 0.0 0.0 0.4 0.3 -8.00 —– 1b
CVSO-104 J05320638-0111000 440 K7 – 0.3 — — — —– -8.25 1b
CVSO-107 J05322578-0036533 440 K7 K7.5 1.4 0.7 0.8 0.9 -8.60 -8.53 1b
CVSO-109 J05323265-0113461 440 M0 K7.5 0.4 0.8 0.6 1.5 -7.52 -8.17 1b
CVSO-146 J05354600-0057522 440 K6 – 0.2 — — — —– —– 1b
CVSO-165 J05390257-0120323 440 K6 – 0.6 — — — —– —– 1b
CVSO-176 J05402414-0031213 440 M3 – 0.8 — — — —– —– 1b

Notes. a Briceño et al. (2019), b Ingleby et al. (2014), c Maucó et al. (2018). Distances are reported in parsec.

Table A.2. Stellar and accretion properties from the literature for the targets in the σ Ori cluster

Target 2MASS RVa RVb SpTa Aa
V M?

c Lc
∗ Disk Typec log(Ṁacc)c

SO 518 J05382725-0245096 28.8±0.6 30.3 K6.0±1.0 0.0 0.75 0.44 II -8.54
SO 583 J05383368-0244141 29.5±0.5 31.5 K4.5±1.5 0.0 1.09 2.57 II -8.13
SO 1153 J05393982-0231217 ... 33.4 K5.5±1.0 0.15 0.88 0.52 I -8.38

Notes. a Hernández et al. (2014a), b SDSS-SAS, c Maucó et al. (2018). Radial Velocities are reported in km/s, stellar masses are reported in solar
masses, and ages are reported in Myr.

tometric (PHO) sky conditions. No major issue in the data is
observed, apart from the saturation of the Hα line in the third
epoch of the UVES observations of CVSO109. Typically, image
quality - seeing corrected for airmass of the observations - was
about 1′′, as reported in Table B.1-B.3.

Figures B.1-B.2 show the time at which the targets have been
observed, together with highlights of the time of start and end of
the HST observations.

Appendix C: Templates used for the ROTFIT
analysis

As described in Sect. 2.5.2, a number of main sequence stars
observed with the HARPS spectrograph are used to fit the high-
resolution spectra of our targets. Table C reports the information
about these targets, collected from Grandjean et al. (2020).

Appendix D: Light curves from multi-band
photometry

We show in Fig. D.1 the plots with the light curves from OACT,
CrAO and AAVSO from mid-November to mid-December. The
epochs of HST and VLT observations are also marked as vertical
lines in the boxes with IC light curves. The synthetic photometry
made on the flux-calibrated X-Shooter spectra is overlaid with
purple asterisks. For SO 583 and SO 518 we display in the up-
per panels the index Hα18–Hα9, which measures the intensity
of the Hα emission, from OACT narrow-band photometry and
from UVES (green asterisks) and X-Shooter (purple asterisks)
spectra.

Appendix E: Plots of the Balmer jump fits

Here we show the best fit of the X-Shooter spectra of our targets
obtained with the method by Manara et al. (2013a) described in
Sect. 2.5.1. The Balmer jump region of the spectra is shown in

Figures E.1-E.2, while the whole best fit spectra are shown in
Figures E.3-E.4.

Appendix F: Comparison between HST and
VLT/X-Shooter spectra

The comparison between the observed VLT/X-Shooter spectra
and the HST/STIS ones is shown in Figures F.1-F.2.

Appendix G: Line profiles for the observed Orion
targets

The profile of the Hα, Hβ, HeI 5876Å and [OI]λ6300Å lines
are shown in Figures G.1-G.13. The X-Shooter spectra, shown
in blue in all figures, have lower resolution (R∼10,000 - 20,000)
than the UVES (R∼70,000) and ESPRESSO (R∼140,000) ones.

Appendix H: Examples of spectral subtraction with
ROTFIT

Two examples of spectral subtraction for two stars with different
mass accretion rate observed with UVES and ESPRESSO are
shown in five spectral regions in Fig. H.1.
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Fig. B.1. Variability of the Hα equivalent width for the Orion OB1 targets as measured by EPRESSO or UVES (blue) and X-Shooter (green),
together with the timining of the COS (grey) and STIS (red) HST observations.Article number, page 22 of 46page.46
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Fig. B.2. Variability of the Hα equivalent width for the σ-Orionis targets as measured by EPRESSO or UVES (blue) and X-Shooter (green),
together with the timining of the COS (grey) and STIS (red) HST observations.

Fig. D.1. Light curves for our targets around the time of our VLT observations. Synthetic photometry on the X-Shooter spectra is shown with
purple asterisks.
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Table B.1. X-Shooter observations log

Name Date of observation [UT] Exp. Time Slit width [′′] I.Q.
[Nexp x (s)] UVB VIS NIR [′′]

CVSO 17 2020-12-05T02:39:59.716 2x900 1.0 0.4 0.4 1.06
CVSO 36 2020-12-03T02:48:38.197 2x900 1.0 0.4 0.4 0.95
CVSO 58 2020-12-02T06:06:48.094 2x460 1.0 0.4 0.4 0.91
CVSO 90 2020-12-15T01:19:38.340 2x460 1.0 0.4 0.4 1.18
CVSO 104 2020-11-27T03:06:13.092 2x370 1.0 0.4 0.4 1.15
CVSO 107 2020-12-04T01:54:01.513 2x460 1.0 0.4 0.4 0.99
CVSO 109 2020-11-28T03:36:03.569 2x 470 1.0 0.4 0.4 0.89
CVSO 146 2020-12-09T01:50:50.818 2x390 1.0 0.4 0.4 1.05
CVSO 165 2020-12-14T01:50:09.831 2x 390 1.0 0.4 0.4 1.16
CVSO 176 2020-12-02T04:09:15.119 2x900 1.0 0.4 0.4 1.11
SO 518 2020-12-02T03:21:40.090 2x300 0.5 0.4 0.4 1.21
SO 583 2020-12-02T03:44:41.430 2x 300 0.5 0.4 0.4 1.11
SO 1153 2020-12-07T04:47:11.315 2x490 0.5 0.4 0.4 0.79

Notes. Typical resolutions are: in the UVB arm R ∼9700 and R ∼5400 for the 0.5′′ and 1.0′′ wide slit, respectively; in the VIS arm R ∼18400
and R ∼8900 for the 0.4′′ and 0.9′′ wide slit, respectively; in the NIR arm R ∼11600 and R ∼5600 for the 0.4′′ and 0.9′′ wide slit, respectively.
Exposure times are reported in the UVB arm, similar to the NIR arms within ∼5-10 s, whereas the corresponding VIS exposures are ∼60-90 s
shorter. I.Q. is the airmass corrected seeing.

Table B.2. UVES observations log

Name Date of observation [UT] Exp. Time I.Q.
[Nexp x (s)] [′′]

CVSO 17 2020-12-04T04:02:13.793 2x 1800 0.81
CVSO 17 2020-12-05T02:16:35.606 2x 1800 0.97
CVSO 17 2020-12-06T01:53:46.058 2x 1800 1.15
CVSO 36 2020-12-02T03:59:25.264 2x 1800 1.04
CVSO 36 2020-12-03T02:32:58.168 2x 1800 0.88
CVSO 36 2020-12-04T02:56:47.849 2x 1800 0.99
CVSO 58 2020-11-30T02:23:51.801 2x 1300 1.24
CVSO 58 2020-12-01T02:22:57.299 2x 1300 1.04
CVSO 58 2020-12-02T02:09:45.709 2x 1300 1.23
CVSO 104 2020-11-25T03:09:25.349 2x 1100 1.12
CVSO 104 2020-11-26T02:48:15.196 2x 1100 1.13
CVSO 104 2020-11-27T02:22:14.815 2x 1100 1.10
CVSO 107 2020-12-03T03:38:39.578 2x 1250 1.31
CVSO 107 2020-12-04T02:10:09.193 2x 1250 1.00
CVSO 107 2020-12-05T03:22:18.754 2x 1250 1.23
CVSO 109 2020-11-26T03:29:45.199 2x 1050 0.91
CVSO 109 2020-11-27T03:02:45.220 2x 1050 0.98
CVSO 109 2020-11-28T03:59:35.437 2x 1050 0.88
CVSO 176 2020-11-28T02:52:44.394 2x 1800 0.98
CVSO 176 2020-11-29T02:35:28.950 2x 1800 0.88
CVSO 176 2020-11-30T03:30:00.408 2x 1800 1.15
SO 518 2020-11-29T03:40:36.060 2x 1100 0.86
SO 518 2020-11-30T04:35:15.871 2x 1100 1.07
SO 518 2020-12-01T03:28:58.125 2x 1100 0.91
SO 583 2020-11-29T04:22:04.942 2x 420 0.69
SO 583 2020-11-30T03:11:49.882 2x 420 1.06
SO 583 2020-12-01T03:10:36.338 2x 420 0.84

Notes. I.Q. is the airmass corrected seeing.

Table B.3. ESPRESSO observations log

Name Date of observation [UT] Exp. Time I.Q.
[Nexp x (s)] [′′]

CVSO 146 2020-12-09T02:42:01.462 2x 1205 1.26
CVSO 146 2020-12-10T02:09:50.465 2x 1205 1.17
CVSO 146 2020-12-11T01:55:43.819 2x 1205 1.21
CVSO 165 2020-12-13T01:35:50.344 2x 1080
CVSO 165 2020-12-14T02:18:48.659 2x 1080
CVSO 165 2020-12-15T02:30:53.897 2x 1080
CVSO 90 2020-12-15T03:11:36.839 2x 1670
SO 1153 2020-12-08T07:38:54.786 2x 1330
SO 1153 2020-12-09T01:52:07.779 2x 1330 0.98
SO 1153 2020-12-10T02:55:38.503 2x 1330 0.89

Notes. I.Q. is the airmass corrected seeing.
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Table C.1. HARPS templates.

Name SpT Teff log g [Fe/H] RV v sin i References
[K] [dex] [km/s]

HD4628 K2V 5035 4.60 −0.27 −10.165 0.7 Lu2018, Br2016
HD16160 K3V 4858 4.89 −0.18 25.874 0.9 Ri2017, Mi2012
HD32147 K3V 4780 4.56 0.37 21.624 1.7 Lu2018, Va2005
HD24916 K4V 4696 4.50 −0.12 3.64 3.5 Mo2018, Gl2005
HD35171 K4V 4576 4.70 0.02 38.267 3.4 Mi2012, Mi2012
HD154363 K5V 4373 4.66 −0.32 34.146 2.5 Lu2017
HD218511 K5.5V 4361 4.61 −0.09 4.654 1.0 Lu2018
HD200779 K6V 4406 4.62 0.08 −66.85 2.0 Lu2018, Hou2016
HD35650 K6V 4269 4.65 0.06 32.264 4.0 Lu2018, To2006
HIP116384 K7V 4180 4.70 −0.10 −10.3 < 2.0 Zb1998, Hoj2019
HIP17157 K7V 4128 4.28 0.08 23.90 5.0 Mc2017, Gr2020
BD-08 2582 K8V 4044 4.66 0.13 37.035 < 2.0 Li2017, Hoj2019
GJ488 M0V 3989 4.66 0.24 5.041 2.7 Ye2017, Hoj2019
HD209290 M0.5V 3914 4.69 0.05 18.363 < 2.0 Pa2018, Je2018
HD42581 M1V 3822 4.71 0.06 4.734 2.6 Pa2018, Hou2016
GJ514 M1.0V 3727 4.78 0.07 14.606 2.1 Li2017, Hou2016
HD165222 M1.5V 3664 4.87 −0.21 33.045 1.6 Pa2018, Hou2016
HD119850 M1.5V 3677 4.79 −0.04 15.570 1.0 Pa2018, Hou2016
HD217987 M2V 3680 4.88 −0.22 8.809 1.0 Wo2005, To2006
HIP51317 M2V 3575 4.89 −0.09 8.35 0.1 Pa2018, Ga2016
GJ2066 M2V 3589 4.86 −0.06 62.215 < 2.0 Pa2018, Je2018
GJ250B M2.5V 3569 4.84 0.01 −5.40 < 2.5 Ro2012, Re2012
GJ752A M3V 3557 4.86 0.00 35.737 1.2 Pa2018, Hou2016
GJ581 M3.5V 3441 4.98 −0.08 −9.662 < 2.0 Sc2019, Re2018
GJ105B M4V 3392 4.81 0.05 26.815 2.4 Pa2019, Hou2016
GJ699 M4.5V 3278 5.10 −0.12 −110.506 2.0 Pa2018, Hou2016
GJ447 M4.5V 3251 5.10 −0.04 −31.087 2.2 Pa2018, Hou2016
GJ83.1 M5.0V 3185 5.15 −0.18 −28.832 < 2.0 Pa2018, Je2018
GJ1002 M5.5V 3038 5.04 −0.10 −40.058 < 2.0 Pa2019, Je2018
GJ551 M5.5V 2927 5.02 −0.07 −20.471 2.7 Pa2016, To2016
Wolf359 M6.5V 2900 5.40 0.18 19.413 < 2.0 Ra2018, Je2018

Br2016 = Brewer et al. (2016); Ga2016 = Gagné et al. (2016); Gl2005 = Glebocki & Gnacinski (2005); Gr2020 = Grandjean et al. (2020);
Hoj2019 = Hojjatpanah et al. (2019); Hou2016 = Houdebine et al. (2016); Je2018 = Jeffers et al. (2018); Li2017 = Lindgren & Heiter (2017);
Lu2017 = Luck (2017); Lu2018 = Luck (2018); Mc2017 = McDonald et al. (2017); Mi2012 = Mishenina et al. (2012); Mo2018 = Montes et al.
(2018); Pa2016 = Passegger et al. (2016); Pa2018 = Passegger et al. (2018); Pa2019 = Passegger et al. (2019); Ra2018 = Rajpurohit et al. (2018);
Re2012 = Reiners et al. (2012); Re2018 = Reiners et al. (2018); Ri2017 = (Rich et al. 2017); Ro2012 = Rojas-Ayala et al. (2012); Sc2019 =
Schweitzer et al. (2019); To2006 = Torres et al. (2006); Va2005 = Valenti & Fischer (2005); Wo2005 = Woolf & Wallerstein (2005); Ye2017 =
Yee et al. (2017); Zb1998 = Zboril & Byrne (1998).
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Fig. E.1. Best fit for the Balmer continuum region for the targets in the OB1 association.
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Fig. E.2. Best fit for the Balmer continuum region for the targets in the OB1 association and σ-Orionis cluster.
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Fig. E.3. X-Shooter spectra of Orion OB1 targets (red) with the best fit, composed of a photospheric template (green) and a slab model for the
accretion spectrum (cyan).
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Fig. E.4. X-Shooter spectra of σ-Orionis targets (red) with the best fit, composed of a photospheric template (green) and a slab model for the
accretion spectrum (cyan).
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Fig. F.1. Comparison between the observed VLT/X-Shooter (red) and HST/STIS (black) spectra.
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Fig. F.2. Comparison between the observed VLT/X-Shooter (red) and HST/STIS (black) spectra.
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Fig. G.1. Emission lines of the target CVSO17 observed with UVES and X-Shooter.
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Fig. G.2. Emission lines of the target CVSO36 observed with UVES and X-Shooter.
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Fig. G.3. Emission lines of the target CVSO58 observed with UVES and X-Shooter.
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Fig. G.4. Emission lines of the target CVSO90 observed with ESPRESSO and X-Shooter. Only one epoch of ESPRESSO data was taken.
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Fig. G.5. Emission lines of the target CVSO104 observed with UVES and X-Shooter. This target is a spectroscopic binary.

Article number, page 36 of 46page.46



Manara et al.: PENELLOPE - I. Survey presentation and Orion

500 0 500
Velocity [km/s]

0

2

4

6

8

10
Co

nt
in

uu
m

 N
or

m
al

ize
d 

flu
x

CVSO107 - Halpha
CVSO107_ep1
CVSO107_ep2
CVSO107_ep3
CVSO107_XS

500 0 500
Velocity [km/s]

0

2

4

6

Co
nt

in
uu

m
 N

or
m

al
ize

d 
flu

x

CVSO107 - Hbeta
CVSO107_ep1
CVSO107_ep2
CVSO107_ep3
CVSO107_XS

500 0 500
Velocity [km/s]

0

1

2

3

4

Co
nt

in
uu

m
 N

or
m

al
ize

d 
flu

x

CVSO107 - HeI5876
CVSO107_ep1
CVSO107_ep2
CVSO107_ep3
CVSO107_XS

200 0 200
Velocity [km/s]

0.0

0.5

1.0

1.5

2.0
Co

nt
in

uu
m

 N
or

m
al

ize
d 

flu
x

CVSO107 - OI_6300
CVSO107_ep1
CVSO107_ep2
CVSO107_ep3
CVSO107_XS

Fig. G.6. Emission lines of the target CVSO107 observed with UVES and X-Shooter.
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Fig. G.7. Emission lines of the target CVSO109 observed with UVES and X-Shooter. In the second and third epoch of UVES observations of
CVSO109 the Hα line is saturated, and this is therefore not shown here.
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Fig. G.8. Emission lines of the target CVSO146 observed with ESPRESSO and X-Shooter.
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Fig. G.9. Emission lines of the target CVSO165 observed with ESPRESSO and X-Shooter.
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Fig. G.10. Emission lines of the target CVSO176 observed with UVES and X-Shooter.

Article number, page 41 of 46page.46



A&A proofs: manuscript no. penellope_paperI_orion_accepted_arxiv

500 0 500
Velocity [km/s]

0

2

4

6

8

10
Co

nt
in

uu
m

 N
or

m
al

ize
d 

flu
x

SO518 - Halpha
SO518_ep1
SO518_ep2
SO518_ep3
SO518_XS

500 0 500
Velocity [km/s]

0

1

2

3

4

5

Co
nt

in
uu

m
 N

or
m

al
ize

d 
flu

x

SO518 - Hbeta
SO518_ep1
SO518_ep2
SO518_ep3
SO518_XS

500 0 500
Velocity [km/s]

0.0

0.5

1.0

1.5

2.0

Co
nt

in
uu

m
 N

or
m

al
ize

d 
flu

x

SO518 - HeI5876
SO518_ep1
SO518_ep2
SO518_ep3
SO518_XS

200 0 200
Velocity [km/s]

0.0

0.5

1.0

1.5

2.0

Co
nt

in
uu

m
 N

or
m

al
ize

d 
flu

x
SO518 - OI_6300

SO518_ep1
SO518_ep2
SO518_ep3
SO518_XS

Fig. G.11. Emission lines of the target SO 518 observed with UVES and X-Shooter.
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Fig. G.12. Emission lines of the target SO 583 observed with UVES and X-Shooter.
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Fig. G.13. Emission lines of the target SO 1153 observed with UVES and X-Shooter.
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Fig. H.1. Subtraction of the non-active, lithium-poor template (red lines) from the spectrum of CVSO 109 (black dots) in five different spectral
regions. The most prominent emission and absorption lines have been indicated.
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Fig. H.2. Subtraction of the non-active, lithium-poor template (red lines) from the spectrum of CVSO 165 (black dots) in five different spectral
regions. The most prominent emission and absorption lines have been indicated.
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