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ABSTRACT

The evolution of young stars and disks is driven by the interplay of several processes, notably the accretion and ejection of material. These
processes, critical to correctly describe the conditions of planet formation, are best probed spectroscopically. Between 2020 and 2022, about
500 orbits of the Hubble Space Telescope (HST) are being devoted in to the ULLYSES public survey of about 70 low-mass (M� � 2 M � ) young
(age < 10 Myr) stars at UV wavelengths. Here, we present the PENELLOPE Large Program carried out with the ESO Very Large Telescope (VLT)
with the aim of acquiring, contemporaneously to the HST, optical ESPRESSO/UVES high-resolution spectra for the purpose of investigating the
kinematics of the emitting gas, along with UV-to-NIR X-shooter medium-resolution �ux-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 being made available to the whole community. Here, we describe the data and the �rst scienti�c analysis of the accretion
properties for the sample of 13 targets located in the Orion OB1 association and in the �-Orionis cluster, observed in November–December 2020.
We �nd 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 (�3). The comparison of the �ts 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%, which is well within the assumed uncertainty. Its origin can be either due to an
erroneous UV extinction curve or to the simplicity of the modeling and, thus, this question will form the basis of the investigation undertaken over
the course of the PENELLOPE program. The combined ULLYSES and PENELLOPE data will be key in attaining a better understanding of the
accretion and 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 processes
that are intimately connected and our knowledge of the proper-
ties of young stars and their circumstellar disks are key to under-
standing planet formation (e.g.,Morbidelli & Raymond 2016).
The early evolution of stars and disks is regulated by the inter-
play of several mechanisms, in particular, accretion onto the star
(see reviews byBouvier et al. 2007; Hartmann et al. 2016) and
ejection of matter from the disks through winds and out�ows
(see reviews by e.g.,Frank et al. 2014; Ercolano & Pascucci
2017), as well as processes that are attributed to the e�ects of the
local environment (e.g.,Fischer et al. 2017; Winter et al. 2018).
These processes are driven by the transfer of angular momen-

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

tum in the disk (e.g.,Lynden-Bell & Pringle 1974; Pringle 1981;
Bai 2016; Pudritz & Ray 2019). Thus, the study of accretion and
ejection it is fundamental in order to consistently explain how
the initial angular momentum is distributed and how disks are
dispersed (e.g.,Alexander et al. 2014). Both of these character-
istics are necessary for the explanation of why planetary systems
are formed so di�erently from each other.

The task, however, is not a simple one. It is only by observ-
ing large samples of young stars and probing wide ranges of
age and mass that we can gain access to a su�cient set of
statistics to aid in the understanding of both processes. Spectro-
scopic surveys of young stars in di�erent star-forming regions
have shown that the mass accretion rates onto the central star
( �Macc) slowly decrease with isochronal ages, possibly in accor-
dance with viscous evolution models (e.g.,Hartmann et al. 1998;
Sicilia-Aguilar et al. 2010; Antoniucci et al. 2014), although
high accretion rates are still observed at ages of >5�10 Myr
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(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 the steep dependence of�Macc on 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, 2017a; Alcalá et al. 2014, 2017; Venuti et al.
2014) may be the consequence of a single dominant phenomenon
or a mix of many, such as, initial conditions followed by vis-
cous evolution (e.g.,Alexander et al. 2006; Dullemond et al.
2006), an imprint of internal photoevaporation (e.g.,Clarke
& Pringle 2006; Ercolano et al. 2014), di�erent accretion
regimes at di�erent stellar masses (e.g.,Mohanty et al. 2005;
Hartmann et al. 2006), environmental e�ects (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�Macc from spectroscopy and of disk masses
with millimeter interferometry, mainly with the Atacama Large
Millimeter/submillimeter Array (ALMA), has also revealed the
presence of a correlation between these two quantities (e.g.,
Manara et al. 2016b; Mulders et al. 2017), which is possibly in
line with expectations drawn from viscous evolution (e.g.,Jones
et al. 2012; Lodato et al. 2017; Rosotti et al. 2017), but this
also reveals tensions with respect to this simpli�ed 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, including external or internal photoevapora-
tion (e.g.,Rosotti et al. 2017; Sellek et al. 2020a; Somigliana et al.
2020), or dust evolution (Sellek et al. 2020b).

Winds from protoplanetary disks a�ect the disk evolu-
tion by carrying away angular momentum and perhaps even
driving accretion (Ferreira et al. 2006; Bai 2016). Studies
of forbidden emission lines emitted from high-velocity jets
and out�ows have shown that typically the mass loss rate
is a factor of �0.1�0.3 of �Macc (e.g., Hartigan et al. 1995;
Nisini et al. 2018). On the other hand, thanks to the study of
large samples of young stellar objects, it is becoming more evi-
dent that the low-velocity component of forbidden lines, trac-
ing slow disk winds (e.g.,Natta et al. 2014) is composed of
multiple sub-components tracing either internal photoevaporative
winds (e.g.,Ercolano & Owen 2016; Ercolano & Pascucci 2017;
Ballabio et al. 2020) or, most probably, 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�1 ) allows us to deter-
mine the physical conditions 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 and ejection properties
is, nonetheless, achievable solely by combining data at di�er-
ent wavelengths from the ultraviolet (UV) to the optical and to
the infrared (IR), since each of these trace di�erent processes
and regions 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.,Stau�er et al. 2014; Siwak et al. 2018). The vari-
ability of the accretion process has been studied both with
spectroscopy (e.g.,Basri & Batalha 1990; Johns & Basri 1995a;
Johns & Basri 1995b; Jayawardhana et al. 2006; Biazzo et al.
2012; Costigan et al. 2014; Sousa et al. 2016) and with photom-
etry (e.g.,Cody & Hillenbrand 2010; Cody et al. 2014; Venuti
et al. 2014). The variability of emission lines is observed both in

their intensity and morphology, which can be understood via ade-
quate modeling (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 is aimed at obtain-
ing low- and medium-resolution spectra of young stars cov-
ering the wavelength range from �140 nm to �1 µm, hence
providing an unprecedented view of accretion and ejection trac-
ers at ultraviolet wavelengths. Inspired by this initiative, we
proposed (and were granted) a �250 h Large Program on the
ESO VLT that is aimed at obtaining complementary data to
all the targets of the ULLYSES program. This program, named
PENELLOPE in order to underline the complementarity to
ULLYSES and to match its spelling �aw, is a public (no pro-
prietary time) community-driven e�ort. PENELLOPE uniquely
provides optical high-resolution (even at R > 100 000) and
medium-resolution �ux-calibrated optical and infrared spectra
(up to 2.5 µm) at R > 10 000, providing access to the follow-
ing information that is otherwise not obtainable with the spectra
provided by ULLYSES: main stellar properties (luminosity, tem-
perature, gravity, rotational velocity, mass, age), accurate inter-
stellar extinction, and veiling; kinematics and geometry of the
accretion 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 provide the whole community with a unique and contempo-
raneous UV, optical, and near-infrared dataset to study the stellar,
accretion, and wind and out�ow properties of a signi�cant sam-
ple of objects spanning a wide range of disk ages (�1�10 Myr)
and evolutionary stages, including full and transitional disks, and
Class III disk-less targets.

In this work, we present the observing strategy and data
reduction and analysis process of the VLT/PENELLOPE pro-
gram (Sect.2) and use the sample of targets in the Orion region
(see Sect.3) as a �rst 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 emis-
sion line pro�les, including the possibility to use this information
to study out�ows and ejection processes is deferred to future
works. We then discuss the accretion properties for these tar-
gets in the context of current surveys of accretion properties
in Sect.5. Finally, we outline the conclusions of this work in
Sect.6.

2. PENELLOPE survey strategy

2.1. HST ULLYSES program

HST is dedicating 1000 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 cycles 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 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

1 https://ullyses.stsci.edu/

A196, page 2 of46



C. F. Manara et al.: PENELLOPE. I. Survey presentation and Orion

140 nm to 180 nm with medium resolution (R � 17 000) and
from 250 nm to 310 nm with low resolution (R � 3000). The oth-
ers, including all the stars discussed in this paper, are observed
once, with COS medium-resolution (R � 15 000) spectroscopy
in the far-ultraviolet (120 nm < � < 180 nm) and Space Telescope
Imaging Spectrograph (STIS) low-resolution (R < 1000) spec-
troscopy in the near-ultraviolet (160 nm < � < 320 nm) and opti-
cal (� < 1 µm), all obtained within �24 h of each other.

The targets are located in nine nearby star-forming regions,
namely Chamaeleon I, Corona Australis, � Cha, � Cha, Lupus,
Orion OB1, �-Orionis, TW Hydrae, and Taurus. All these star-
forming regions are accessible by telescopes located in the
Southern Hemisphere. This choice was made given that 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 also for the purpose of enabling 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 and STIS obser-
vations have been coordinated, when possible, with photometric
observations by the NASA Transiting Exoplanet Survey Satellite
(TESS,Ricker et al. 2015). In addition, a number of ground-
based astronomical observatories are ready to monitor the
targets during the HST observations with simultaneous multi-
band photometry. These data, which are to be made 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 contempora-
neously to HST with two major observing modes, that is, high-
resolution spectroscopy (R > 70 000) with UVES or ESPRESSO
(Sect. 2.2.1), and medium-resolution (R � 10 000�20 000)
spectroscopy with X-shooter to obtain broad-wavelength, �ux-
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 �rst
epochs has a two-day absolute time window, followed by the
next with a relative time window of a minimum time separation
of one night and a maximum of two nights. The exact intervals of
the observations are updated about two weeks before the obser-
vations once the HST time windows have been �nalized.

2.2.1. High-resolution spectra

High-resolution spectroscopy is performed either with the
Ultraviolet 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 �bre-fed (1.0�� wide) spectrograph which allows
for R � 140 000 (�v � 2 km s �1 ) spectra between 380 nm
and 788 nm to be obtained. ESPRESSO o�ers great schedul-
ing �exibility, as it can be operated from any of the four Unit
Telescopes (UT) of the VLT. Fainter targets, as well as targets
that are to be probed when ESPRESSO is not available (see
Sect.3), are observed with the UVES spectrograph, which pro-
vides twice lower R � 70 000 (�v � 4 km s�1 ) spectral reso-
lution. This instrument, fed through a long slit, has two arms,

Red (� � 480 nm) and Blue (� � 450 nm). The resolution
and wavelength range depend on the speci�c setting. PENEL-
LOPE uses 0.6�� wide slits in both arms, leading to a resolv-
ing power R � 70 000, centering the dichroics at 580 nm (red
arm) and 390 nm (blue arm), respectively. This allows us to
simultaneously cover the wavelength ranges � � 330�450 nm,
480�680 nm, with a small gap between 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 position angles 0� , 120� , and 180� in the
three epochs (see later), apart from known cases where the tar-
get is a visual binary with separation in the range of �1�� –8�� . In
those cases, the slit is aligned to include both components of the
system.

2.2.2. Medium-resolution �ux-calibrated spectra

The medium-resolution broad-wavelength coverage �ux-
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 � � � 500 nm), VIS (500 � � � 1000 nm), and NIR
(1000 � � � 2500 nm). Each target is observed �rst 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 �ux
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, 18 400, and 11 600 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 e�ects of di�erential 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 out�ow prop-
erties 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:

First, three high-resolution spectra (ESPRESSO or UVES),
each one taken on the night before, on the night of the HST
observations, and on the following night. These are needed to
have a detailed understanding of the line pro�les, especially to
study accretion and ejection processes, and their short-term vari-
ability in order to estimate and correct for any variability of the
accretion and ejection processes occurring between the time of
the HST and VLT observations.

Second, a combination of narrow-slit (for the resolu-
tion) plus wide-slit (for the �ux-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 mea-
surement across the spectrum of the target brightness at the time
of the observation and to study several spectral features from the
Balmer continuum to the K-band in the infrared.

Any lack of availability of instruments or poor atmospheric
conditions may hinder the possibility of executing this strategy.
Therefore, these points represent a guideline to be followed as
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much as possible, but which could be altered if needed. In any
case, the goal is to obtain three high-resolution spectra and one
X-shooter spectrum per each HST target and observation.

2.3. Contemporaneous photometry

Photometric data that are close in time to the ULLYSES and
PENELLOPE observations presented in this paper were col-
lected from several ground-based observatories with the aim of
studying the variability and to provide a reference for absolute
�ux calibration.

In this work, we make use of data taken at the
M. G. Fracastoro station (Serra La Nave, Mt. Etna, 1750 m a.s.l.)
of the Osservatorio Astro�sico di Catania (OACT, Italy) from
25 November to 16 December 2020. We used the facility imag-
ing camera at the 0.91 m telescope with a set of broadband
Bessel �lters (B, V, R, I, Z) as well as two narrow-band �lters,
H� 9 and H� 18, centered at 656.8 nm and at 676.4 nm, whose
full widths at half-maximum are 9 and 18 nm, respectively. The
index H� 18�H� 9 has a weak dependence on the photospheric
parameters and is basically a measure of intensity of the H�
emission in units of the continuum that can be converted into H�
equivalent width (Frasca et al. 2018). The Z �lter has a transmit-
tance that produces a passband very similar to that of the Sloan
z� �lter when it is multiplied by the responsive quantum e�-
ciency of the adopted CCD. The CCD camera adopts a Kodak
KAF1001E2 1k × 1k chip that, with a focal reducer, covers a �eld
of view of about 11.5 × 11.5 arcmin.

The broadband 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 on the nights
with the best photometric conditions. These observations were
used to calculate, for a number of non-variable stars in the same
�elds of the targets, the zero points and transformation coe�-
cients to the Johnson-Cousins system. The transformations to
the Johnson-Cousins system were then used to derive the stan-
dard magnitudes of our targets. The magnitudes of the local
comparison 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 H� photometry, we
refer toFrasca 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,
Henden et al. 2018) were used to calibrate the AAVSO photo-
metric data for our targets. The r, i magnitudes were converted
to RC, IC using the prescription given by SDSS4.

Some additional photometry was obtained at the Crimean
Astrophysical Observatory (CrAO) on the AZT-11 1.25 m tele-
scope equipped with a CCD camera (with the ProLine PL23042
detector) and a set of broadband Bessel �lters (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 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#Lupton2005

2.4. Spectroscopic data reduction process

Spectroscopic data reduction was carried out using the ESO
Re�ex work�ow v2.8.5 (Freudling et al. 2013), speci�cally, 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 standard
steps of �at, bias, and dark correction, wavelength calibration,
spectral recti�cation and extraction of the 1D spectra, and �ux
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 as follows. The 1D
extraction of the X-shooter spectra is carried out with IRAF5

from the recti�ed �ux-calibrated 2D spectrum in cases where
the S/N of the UVB arm is low, and for resolved binaries. For the
latter cases, particular attention must be paid to the selection of
the parameters for apertures de�nition and trace of the spectrum
pro�le to maximize the signal of the extracted �ux, avoiding to
mix the spectra of two close stars.

Telluric correction is performed using the molec�t (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 molec�t work�ow
to the ESPRESSO data. The correction is always performed �t-
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
con�guration. This is possible since only a few O2 telluric lines
around the [Oi] �6300 Å and H2O lines around H� and Nai D2
are present; they can be easily identi�ed 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, 2017b), Rugel et al.(2018), andKóspál et al.(2020), and
leads to a typical absolute �ux calibration accuracy of �10%.
The reduced, �ux-calibrated, and telluric-corrected spectra are
available on Zenodo7 in the ODYSSEUS data community8, and
will also be made available also on the ESO Archive Phase 3
service.

2.5. Data analysis

The data are �rst analyzed with two tools, named here as “�t-
ter” and ROTFIT, as described below. The analysis is aimed at

5 iraf is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under the cooperative agreement with the National
Science Foundation. NOAO stopped supporting IRAF, seehttps:
//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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deriving the stellar, accretion, and photospheric properties of the
targets.

2.5.1. Fitter of broadband spectra to obtain stellar and
accretion properties

The analysis of the X-shooter spectra to derive stellar and
accretion properties is carried out with the method originally
described inManara 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, 2017a; Venuti et al. 2019). In short,
the observed spectrum is dereddened and �t 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 �nd
the best �t comprises Class III photospheric templates with spec-
tral types (SpT) from G- to late M-type taken fromManara et al.
(2013b, 2017b), di�erent slab models, and a series of extinc-
tion values (AV) all assuming the reddening law byCardelli
et al. (1989) and RV = 3.1. The integrated �ux of the best �t
slab models gives an estimate of the excess luminosity due to
accretion (Lacc), and the best �t normalization of the Class III
templates gives an estimate of the stellar luminosity (L� ). By
converting the SpT to e�ective temperature (Te� ) using the rela-
tion byLuhman et al.(2003), together withKenyon & Hartmann
(1995), as described byManara 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 byBara�e et al.(2015) or, if M� > 1.4 M� , bySiess 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. 2017a). Finally, the
mass accretion rate (�Macc) is obtained from the classic relation
�Macc= 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 byAlcalá et al.(2017). Typically, the val-
ues of Lacc obtained from the �tter described above and the
mean value of Lacc derived from the emission line �uxes are
similar within the uncertainties (e.g.,Herczeg & Hillenbrand
2008; Alcalá et al. 2014, 2017). The presence of multiple
accretion tracers 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 Te� and log g,
radial (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 �2

minimization of the di�erence between the observed and tem-
plate parameters in selected spectral regions. To construct the
grid of templates, we collected di�erent photospheric tem-
plates with spectral types similar to our targets. We built two
grids of templates of high-resolution spectra of real slowly
rotating stars with a low activity level: the �rst one includes
spectra retrieved from the ELODIE archive (R � 42 000,
Moultaka et al. 2004), which are the same used for the analy-
sis 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 TableC.1along with references for the quoted stellar
parameters.

To perform the �2 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 res-
olution 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, that
is, the HARPS templates were brought to the UVES resolution
(R = 70 000) and resampled on the points of the target spectra.
For the determination of photospheric parameters, v sin i, and
veiling from high-resolution spectra, we prefer real over syn-
thetic spectra, because generally the former better reproduce 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 uncertain
intensity values, Landé factors and broadening e�ects. 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 �t speci�c spectral regions containing gravity-sensitive
features.

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 speci�c spectral regions free from broad features
and emission lines. The v sin i and veiling values are treated as
free parameters in the �tting procedure and the best values are
found by the �2 minimum.

The photospheric lithium-poor templates with no sign of
accretion and absent (or negligible) chromospheric emission in
the cores of strong lines �tted 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 Lii �6707.8 Å line from
blended nearby lines, which, unlike Lii �6707.8 Å, are present
in the templates. Finally, this enables us to remove strong photo-
spheric lines around emission lines tracing out�ows and winds,
such as the [OI]�6300 Å line (see Figs.1, H.1, andH.2 for a few
examples). The line pro�les corrected for telluric absorption and
for photospheric absorption lines will be provided to the com-
munity through Zenodo and the ESO Phase 3 Archive, and will
serve as a great dataset to study the accretion and ejection mech-
anisms (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 �rst observations of the ULLYSES and PENELLOPE pro-
grams have focused on targets located in the Orion region. In
particular, ten targets are part of the Orion OB1 association, and
three of the �-Orionis cluster. In the following, we brie�y intro-
duce the two regions, and report the properties from the litera-
ture, including the distances from the recent Gaia EDR3 release
(Gaia Collaboration 2016, 2021), for the 13 targets analyzed here
(see Table1).

9 http://archive.eso.org/wdb/wdb/adp/phase3_main/form
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