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ABSTRACT

The time evolution of the dependence of the mass accretion rate with the stellar mass and the disk mass represents a fundamental way
to understand the evolution of protoplanetary disks and the formation of planets. In this work, we present observations with X-shooter
of 26 Class II very low-mass stars (<0.2 M) and brown dwarfs in the Ophiuchus, Chamaeleon-I, and Upper Scorpius star-forming
regions. These new observations extend the measurement of the mass accretion rate down to spectral type (SpT) M9 (~0.02 M) in
Ophiuchus and Chamaeleon-I and add 11 very-low-mass stars to the sample of objects previously studied with broadband spectroscopy
in Upper Scorpius. We obtained the spectral type and extinction, as well as the physical parameters of the sources. We used the
intensity of various emission lines in the spectra of these sources to derive the accretion luminosity and mass accretion rates for the
entire sample. Combining these new observations with data from the literature, we compare relations between accretion and stellar
and disk properties of four different star-forming regions with different ages: Ophiuchus (~1 Myr), Lupus (~2 Myr), Chamaeleon-I
(~3 Myr), and Upper Scorpius (5—12 Myr). We find the slopes of the accretion relationships (L.—Lycc, M,—M,.) to steepen in the
1-3 Myr age range (i.e., between Ophiuchus, Lupus, and Chamaeleon-I) and that both relationships may be better described with
a single power law. We find that previous claims for a double power-law behavior of the M,—M,. relationship may have been
triggered by the use of a different SpT-T. scale. We also find the relationship between the protoplanetary disk mass and the mass
accretion rate of the stellar population to steepen with time down to the age of Upper Scorpius. Overall, we observe hints of a faster
evolution into low accretion rates of low-mass stars and brown dwarfs. At the same time, we also find that brown dwarfs present
higher Mgig /M, ratios (i.e., longer accretion depletion timescales) than stars in Ophiuchus, Lupus, and Cha-I. This apparently
contradictory result may imply that the evolution of protoplanetary disks around brown dwarfs may be different than what is seen in the

stellar regime.
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1. Introduction

The evolution of protoplanetary disks ultimately sets the con-
ditions for planet formation. During this process, protoplane-
tary disks drastically change their dust and gas distributions as
well as their morphology. In order to understand planet forma-
tion, obtaining a better grasp of how this evolution takes place is
fundamental. The evolution of protoplanetary disks is driven by
the following physical processes: accretion of material through
the disk onto the central star (Hartmann et al. 2016), ejection of

* The 26 reduced and calibrated X-shooter are available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
685/A118
** Based on observations collected at the European Southern Obser-
vatory under ESO programme 105.20NP.001.

material through winds (Pascucci et al. 2023), and external fac-
tors such as binarity, encounters (Cuello et al. 2023), or external
photoevaporation (Winter & Haworth 2022; Maucé et al. 2023),
which can also significantly contribute to the loss of material in
protoplanetary disks.

A very practical way to study the evolution of disks is to
measure their bulk properties for a large number of young stel-
lar objects in star-forming regions of different ages, and span-
ning a wide range of stellar masses. Strong efforts have been
made in the last decade to measure the mass accretion rate (Me.;
Alcala et al. 2014, 2017; Manara et al. 2015, 2017a, 2020)
and the disk mass (My;sc; Barenfeld et al. 2016; Ansdell et al.
2016; Pascucci et al. 2016; Testi et al. 2016; Sanchis et al. 2020;
Miotello et al. 2023) of young stellar objects, using instru-
ments such as X-shooter and ALMA, respectively. Some of the
most important results based on the relationship between the
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measurements of these bulk properties are: a steep correlation
between the stellar mass (M.) and M, (Hillenbrand et al. 1992;
Mohanty et al. 2005; Natta et al. 2006) and between Mgisx and
M., (Mohanty et al. 2013; Andrews et al. 2013; Barenfeld et al.
2016; Pascucci et al. 2016; Rilinger et al. 2023). The Mg and
M. are also correlated and have a shallower slope close to lin-
ear (Manara et al. 2016a; Mulders et al. 2017). There is a decline
of the disk mass and steepening of its relationship with stellar
mass as a function of time (Ansdell et al. 2017; Pascucci et al.
2016). The relation between these properties and the stellar ones
can provide very strong tests for disk evolution and planet for-
mation models (see Manara et al. 2023, and references therein).

Focusing on the low-mass star and brown dwarf (BD)
side of these relationships, there have been several intrigu-
ing results: it was found that the M, —M,. relationship of
the Lupus (Alcald et al. 2017) and Chamaeleon-I (Cha-I here-
after, Manara et al. 2017a) star-forming regions (~2-3 Myr)
may experience a steeper decrease of the accretion rates
in the very low-mass star regime (<0.2-0.3 My) than in
the solar-mass regime. On the other hand, in the younger
Ophiuchus and NGC 1333 star-forming regions (~1Myr),
the entire population down to the star-BD boundary fol-
lows the same scaling relation (Manara et al. 2015; Testi et al.
2022; Fiorellino et al. 2021), which could suggest that this
is an evolutionary effect, where low-mass stars have a faster
decline of their accretion rates. Measurements of the accre-
tion rate in free-floating BDs appear to suggest that BDs fol-
low the accretion behavior of low-mass stars (Mohanty et al.
2005; Muzerolle et al. 2005; Herczeg & Hillenbrand 2008;
Alcald et al. 2017; Manara et al. 2015, 2017a), whereas there
is tentative evidence that planetary-mass companions do follow
the predictions of Stamatellos & Herczeg (2015) and present a
mass-independent accretion rate (e.g., Betti et al. 2023). How-
ever, Betti et al. (2023) recently found that BDs may be bet-
ter characterized by a steeper slope than stars in the M,—M,..
relationship and that this relationship steepens with increasing
age. When compared with the disk dust mass, Sanchis et al.
(2020) found that BDs in the Lupus star-forming region have
larger Mgisk/ M. ratios than stars (i.e., longer accretion deple-
tion timescale), indicating that BDs present lower accretion
rates for the same disk masses. There is also some evidence
that protoplanetary disks around BDs may be longer-lived than
those around their higher mass counterparts (Scholz et al. 2007,
Luhman & Mamajek 2012). All these issues may have a pro-
found implication in our understanding of how BDs form and
their ability to form their own planetary systems. However, sam-
ples of BDs with available accretion and protoplanetary disk
masses measurements are currently very limited (<50% com-
pleteness at spectral type, SpT later than M6 in all regions where
the accretion rate has been studied extensively, Alcald et al.
2017; Manara et al. 2015, 2017a; Natta et al. 2006; Testi et al.
2022).

At the same time, disks around BDs present sev-
eral similarities to those around higher-mass stars: they
undergo a T Tauri-like phase during their early evolution
where they accrete material from the disk and produce out-
flows (Jayawardhana et al. 2003; Natta et al. 2004; Whelan et al.
2005), they undergo dust processing and grain growth
(Sterzik et al. 2004; Apai et al. 2005; Pinilla et al. 2017), their
disks are typically flat (Scholz et al. 2007), and some show
signs of inner disk clearing (Muzerolle et al. 2006; Rilinger et al.
2019). This similarity between disks around BDs and stars hints
that the process for the formation of BDs can be consistent
with that of stars. It also tells us that BDs may also be able to

A118, page 2 of 23

produce their own planetary systems, given that protoplanetary
disks around BDs and very-low-mass stars (<0.2 M) present
gaps in their mass distribution like their higher mass counterparts
(Kurtovic et al. 2021; Pinilla et al. 2021). However, a planetary
origin of these gaps pose a strong challenge for planet forma-
tion models, since they would require a planet with at least a
Saturn mass (Pinilla et al. 2017; Sinclair et al. 2020), which is
very challenging for models of planet formation to reproduce
(Miguel et al. 2020; Mercer & Stamatellos 2020; Morales et al.
2019).

This work presents the study of the relationships between
the stellar, accretion and disk observables in four different star-
forming regions: Ophiuchus, Lupus, Cha-I, and Upper Scorpius.
The goal of this work is to study whether the evolution of the
protoplanetary disk mass accretion rates of young stellar objects
is the same across all masses. In the context of BDs, understand-
ing whether they follow low-mass stars in the evolution of the
scaling relations between the stellar and disk observables can
provide fundamental information about the physical processes
in protoplanetary disks around BDs. This work benefits from
new observations with VLT/X-shooter of 26 low-mass stars and
BDs in Ophiuchus, Cha-I, and Upper Scorpius (12 of which have
SpT >M6). In Sect. 2, we present the X-shooter observations,
their data reduction, and literature measurements of the accre-
tion rate and the protoplanetary disk mass. In Sect. 3, we analyze
the X-shooter observations, including the derivation of the SpT,
extinction, and the accretion luminosity. In Sect. 4, we present
the accretion and disk scaling relations (L,—Lacc, My—Mace,
M, —Mgis, Mgisk— M) for the four star-forming regions studied
in this work and their analysis. In Sect. 5 we discuss these results
and place them in the context of the understanding of disk evo-
lution. Lastly, in Sect. 6 we summarize our findings and present
the conclusions of this work.

2. Observations and data reduction

The observed sample was selected to extend the accretion rate
measurements in the Ophiuchus youngest cloud L1688, the
Upper Scorpius, and the Cha-I star-forming regions to lower
masses. The sample was originally selected from the members
of these regions with available or scheduled ALMA observa-
tions (Carpenter et al. 2014; Barenfeld et al. 2016; Testi et al.
2016, 2022; Ciezaetal. 2019). However, the ALMA pro-
gram in Cha-I was not completed, while some of the
Ophiuchus targets observed in this work had to be changed
for sources without ALMA observations because observations
were unfeasible due to a lack of available guide stars. All of the
observed sources presented infrared excess, found using Spitzer
and WISE (Luhman & Mamajek 2012; Esplin & Luhman 2020;
Luhman et al. 2008). The final sample includes 10 low-mass
stars and BDs from Ophiuchus, 11 low-mass stars from
Upper Scorpius, and 5 BDs from Cha-I. All the targets were
observed with the X-shooter (Vernet et al. 2011) spectrograph
at the VLT, under program ID 105.20NP.001 (PI: E. Sanchis).
X-shooter provides simultaneously a wide spectral coverage
(310—-2500 nm), with a moderate spectral resolution. The spec-
trum is divided in three arms that are usually referred to as the
UVB (11 ~ 310-550 nm), VIS (11 ~ 550—1050 nm), and near-
infrared NIR (44 ~ 1050-2500 nm) arms.

In Table A.1 we provide the log of the X-shooter observa-
tions. The targets from Upper Scorpius (brightest in the sam-
ple) were observed with the 1.0”, 0.4”, and 0.4" slits, leading
to a spectral resolution R ~ 5400, 18400, 11 600 in the UVB,
VIS, and NIR arms, respectively. The rest of the targets were
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observed using the 1.0”, 0.9”, and 0.9” slits leading to a spectral
resolution R ~ 5400, 8900, and 5600. The observations with
these narrow slits were carried out in nodding ABBA to allow for
proper sky subtraction. Prior to the narrow slit observations, each
target was also observed using wide slits in the three arms (5”
wide). These wide slit spectra were used to perform the absolute
flux calibration as in Alcald et al. (2017), Manara et al. (2017a).

The data reduction was carried out using the X-shooter
pipeline v.3.5.3 (Modigliani et al. 2010), which included bias
and flat-field corrections, order extraction and combination,
rectification, wavelength calibration, relative flux calibration
using standard stars observed in the same night, and extraction
of the spectrum. Telluric correction was performed using the
molecfit tool (Kausch et al. 2015; Smette et al. 2015) v.4.2.1.9
for the VIS and NIR arms. The correction was per-
formed by fitting the atmospheric model directly on the
spectra except for three cases (2MASSJ11112249-7745427,
CRBR 2317.5-1729, and BKLT J162736-245134), where we
used the telluric standard star observed in the same night. We
corrected the spectra for slit losses using the wide slit spec-
tra observed right before the narrow slit observations. In the
UVB arm we used a constant correction factor (median between
the flux of the wide and narrow slit spectra) for all the targets.
In the VIS arm we used a constant factor for the targets that
were observed with the 0.9” slit, while for the rest of the tar-
gets we applied a wavelength-dependent correction factor. In the
NIR arm, we adopted a wavelength-dependent correction for all
the targets. We visually evaluated that there is a smooth transi-
tion between the different arms of the flux calibrated spectra.
We observed that some of the targets with low signal in the
VIS arm present a jump in flux in the VIS-NIR transition. For
these objects (CRBR 2317.5—-1729, CRBR 2322.3-1143, GY92
90, ISO-Oph042, and SONYC RhoOph-6), we applied a con-
stant correction factor to the VIS arm spectra to match the blue
end of the NIR arm spectra. None of these objects presented any
signal in their UVB arm spectrum.

The wide slit observations of EPIC203756600 were
obtained with the 1.6”, 1.5”, 1.2” slits in the three arms, respec-
tively, in order to avoid contamination by a brighter T Tauri star
closer than 5" (which is also a member of Upper Scorpius). By
comparing with archival photometry we observe that only the
NIR arm suffered from some slit losses (maximum seeing dur-
ing the observations of 1.6”), therefore we rescaled the NIR arm
to match the red end of the 1.5 observations in the VIS arm
with a constant scaling factor.

We compared the flux-calibrated spectra with archival pho-
tometry for all the targets and found them to be in agreement
within the typical flux uncertainty of 5—10%. We find GY92 264
to be ~35% fainter than the photometric flux, as well as the
telluric standard star observed the same night (there were thin
cirrus clouds present during the observations). We performed a
constant factor flux correction of the target spectrum based on
the comparison of the telluric standard star with its photometric
fluxes.

3. Analysis
3.1. Derivation of spectral type and extinction

We derived the SpT and visual extinction (Ay) simultaneously by
comparing the X-shooter spectra with spectral templates. We fol-
lowed a similar methodology to that presented in Manara et al.
(2015). We compared the VIS and NIR arms target spectra with
a set of Class III nonaccreting young objects with SpT K5-M9.5

observed with X-shooter (Manara et al. 2013a, 2017b), which
serve as zero-extinction templates (Ay < 0.2 mag). Both the tar-
get and template spectra are normalized at 1.05 pm and resam-
pled to 3nm wide median windows. We excluded the K-band
from the fitting process to avoid any potential contribution from
the disk. Instead, we do not allow the spectral template to have
a K-band flux 10% greater than that of the object spectrum.
In the fitting process, we masked the regions that can be con-
taminated by telluric absorption and the region around Ha. We
compare each object with all the spectral templates reddened by
Ay = 0-24 mag with a 0.2 mag step. The goodness of fit of each
comparison is evaluated using the reduced y? minimization:

1 (0 -T)?
2 _ i i
X_N—m; g2

where O is the object spectrum, 7 the template spectrum, o is
the noise of the observed spectrum, N the number of data points,
and m the number of fitted parameters (m =2). To each object,
we associate the SpT and Ay of the fit that minimized the y°.
However, in the case of CRBR2317.5—-172, the template that
minimizes the y? is M9.5, which is significantly later than pre-
vious estimations (M5-M6, see Table A.2). Closer inspection
reveals that the M9.5 template reproduces well the H-band of
the target spectrum but fails to reproduce the end of the J-band
(1.2—1.35 um), where the target presents a flatter spectrum that
is more representative of earlier SpTs (Cushing et al. 2005). The
J-band is better reproduced by SpTs earlier than M6.5. While
the M6.5 template reproduces fairly well the H band, earlier
SpTs have much flatter H bands. CRBR 2317.5—-1729 is there-
fore classified as M6.5 with Ay = 17 mag. In Fig. 1, we show the
comparison of the derived SpTs with literature measurements
(see Table A.2 for a compilation of the SpT measurements in
the literature and the new measurements). We observe that both
measurements are in very good agreement, with a root mean
squared error of 0.58.

We also estimate the SpT using spectral indices defined in
the optical and NIR ranges. In the optical, we use the indices
selected in Manara et al. (2013a) coming from Riddick et al.
(2007), without the c81 and PC3 indices which we found to
provide very discrepant values in our SpT range of interest
(M4-L0). These indices are calibrated up to ~MS. In the NIR,
we use the methodology presented in Almendros-Abad et al.
(2022), that includes six different spectral indices. All these
spectral indices are affected by extinction, so before the deriva-
tion of the indices we de-redden the spectra using the extinc-
tion obtained in the comparison with the spectral templates. We
observe that the VIS indices are within 1 subSpT up to MS,
where the method stops working. The NIR indices, on the other
hand, do a worse job at M4—M5 generally overestimating the
value when compared to those obtained through a comparison
with the templates. At later SpTs, the NIR SpT indices perform
within 1 subSpT. Seeing that the SpT measurement coming from
the comparison with spectral templates is in agreement with the
SpT coming from spectral indices, we used the former as the
SpT measurement for all of our sources.

ey

3.2. Stellar properties

The luminosity of the spectral templates has been carefully esti-
mated in the literature (Manara et al. 2013a, 2017b). Therefore,
we estimated the luminosity of our sources from that of the
spectral templates: L, = df /dtzempF N * Liemp, Where d, and diemp
are the distances to the target source and the spectral template
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Fig. 1. Comparison of the SpT measured in this work (see Sect. 3.1)
and the SpT from the literature. Sources belonging to Cha-I are
shown with orange circles, to Upper Scorpius with blue circles and to
Ophiuchus with pink circles. We also show the 1:1 and +1 SpT rela-
tionships with the black solid and dashed lines, respectively. A small
offset in the SpT measurement from the literature has been applied to
all sources for clarity.

source, Fy is the flux scaling factor between the template and
the de-reddened flux calibrated target spectrum, and Lien, is the
luminosity of the spectral template. For each individual object
we take the distances from Gaia DR3 if they are available and
parallax/oparaiiax > 10, otherwise we take the mean distance to
the region. We derive the mean distance to each region using
Gaia DR3 parallaxes and the literature census of members of
these regions: for Upper Scorpius and Ophiuchus, we take the
membership census of Luhman & Esplin (2022) and for Cha-I
the membership census of Esplin et al. (2017). We derived the
distance to each cluster and its uncertainty from the mean and
standard deviation of the inverse of the parallax of the sources
with parallax/oparaax > 10. We find distances of 145 +9 pc,
138 =5 pc, and 190 + 13 pc for Upper Scorpius, Ophiuchus, and
Cha-I, respectively. The error in luminosity is calculated from
error propagation of the distance errors and an error in the tem-
plates luminosity of 0.2 dex (Manara et al. 2013a).

We calculate the T4 of all the targets directly from their
SpT. We use the T.g—SpT scale of Herczeg & Hillenbrand (2014)
for the objects with SpT earlier than M8 in order to be consis-
tent with Manara et al. (2023), which is the main catalog that
we compare our measurements to (see Sect. 3.6). At later SpTs,
we use the scale of Luhman et al. (2003). We did this since we
observe that the scale of Herczeg & Hillenbrand (2014) under-
goes a flattening of the relationship at late SpTs that is not
found in any other scale (Pecaut & Mamajek 2013; Mentuch et al.
2008; Luhman et al. 2003; Faherty et al. 2016). The T.g—SpT
scale found in Faherty et al. (2016), derived using members of
nearby young moving groups (ages 5—130 Myr) in the M7-L8
SpT range, hints that young objects follow the steepening seen in
Luhman et al. (2003) rather than that of Herczeg & Hillenbrand
(2014). The error in Teg is propagated from the SpT error. The
SpT error is assumed to be the SpT step of the spectral templates
at the SpT value.
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Fig. 2. HR diagram of the sample presented in this work. The sources
are color-coded following the same color-coding as in Fig. 1. The
isochrones (black dashed lines, shown for 0.5, 2, 10, and 300 Myr)
and the lines of constant mass (dark blue dotted lines, shown for 0.04,
0.07, 0.1, and 0.2 M) shown are from Baraffe et al. (2015). Source
CFHTWIR-Oph 77 is shown with a square to highlight its possible sub-
luminous nature.

In Fig. 2, we show the Hertzsrpung-Russell (HR) dia-
gram for the entire sample together with the isochrones from
Baraffe et al. (2015). All the sources are located in the HR dia-
gram within the typical spread observed in previous studies
of the same regions (Manara et al. 2015, 2017a, 2020). Object
CFHTWIR-Oph 77, Ophiuchus member, is located below the
30 Myr isochrone, which could indicate that this object is sub-
luminous. In the literature this object was classified with M9.75
(Alves de Oliveira et al. 2012), whereas we have classified it as
MS. However, the X-shooter spectrum of this object does not
present good signal-to-noise ratio (S/N) even in the NIR arm
(see Table A.1). Using a SpT of M9.75 would place this object
over the 2 Myr isochrone in the HR diagram. For consistency, we
maintain our spectral classification and consider the object to be
subluminous.

In order to estimate the masses, we first interpolated the
Baraffe et al. (2015) isochrones to a finer grid of 1000 x 1000
points in age and mass. Then, for each target we perform a monte
carlo simulation with 1000 iterations. In each iteration we per-
form a random sampling of the target’s T.¢ and L. in accordance
with the respective uncertainties and the selected age and mass
will be that of the closest point to the interpolated isochrones.
The mass and errors of each target are derived from the median
and 25/75 percentiles, respectively.

3.3. Accretion luminosity

We use accretion-related emission lines as the main proxy for the
measurement of the accretion luminosity of the targets, which
have been shown to provide consistent measurements of accre-
tion, specially when considering multiple lines (Rigliaco et al.
2012; Alcala et al. 2014). Only the Upper Scorpius targets and
one of the Ophiuchus targets present enough signal in the UVB
arm to inspect the accretion rates through the Balmer continuum
excess emission and the Balmer jump (see Sect. 3.4).

We first visually identify the emission lines that are detected
in each of the targets, focusing on 10 lines that are known to
be bright and have a good correlation with L,..: CaK, Ho, Hy,
HB, HeA587 nm, Ha, HeA667 nm, Pay, Pag, and Bry. The line
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fluxes are estimated on the flux-calibrated de-reddened spectra
using an automatic method that estimates the continuum and the
line extent simultaneously (Manara et al. 2015). Since this pro-
cess is automatic, we visually checked that the extent of all the
lines is correctly estimated and we corrected them if needed. The
continuum is then subtracted from the spectrum. For each line
detected in emission we calculate the integrated flux over the
line extent. The error in the line flux is estimated from the prop-
agation of 1o of the estimated continuum. For the sources with
no detected emission in any line we derive the upper limits of
the accretion luminosity as 3 X Fpoise X Ad, where Fse i the
rms flux-noise in the region of the line and AA is the expected
average line width, assumed to be 0.2 nm. The accretion lumi-
nosity measured using different lines agree well with each other
(typically within 0.2 dex).

Using the known distance to the targets we convert the line
flux to line luminosity. Lastly, we compute the accretion lumi-
nosity using the Ljj,e—Lacc relationships of Alcald et al. (2017).
The accretion luminosity of each source is determined as the
mean of the L, of all the detected lines, and its uncertainty from
the standard deviation of the L,.. values. The accretion luminos-
ity of each source is converted into mass accretion rates (Macc)
using the following relation (Gullbring et al. 1998):

LaccR.

= 2
GM.(1 - ) ?

acc

where R;, denotes the truncation radius of the disk (assumed
to be 5R,), G is the gravitational constant, M, is the stellar
mass, and R, is the stellar radius. The latter is estimated from
the T and luminosity assuming black-body radiation: L. =
4710'BR§T:E.

Eight of the targets in Upper Scorpius analyzed here over-
lap with the Fang et al. (2023) sample. The accretion luminosi-
ties and accretion rates derived in Fang et al. (2023) agree within
0.2 dex with our measurements.

3.4. UV excess

Additionally, for the targets that have good S/N in the UVB arm
(all Upper Scorpius targets and GY92 264), we also derive Ly,
from modeling of the UV continuum following the methodology
presented in Manara et al. (2013b). This methodology performs
a simultaneous fitting of a photospheric template (the same ones
we used in Sect. 3.1) and a slab model that aims to reproduce
the excess emission caused by the accretion (see Manara et al.
2013Db). This kind of modeling of the accretion emission is able
to reproduce most of the accretion observables and has been used
extensively (e.g., Herczeg & Hillenbrand 2008; Rigliaco et al.
2012; Manara et al. 2013b, 2016a, 2017a; Alcald et al. 2017;
Rugel et al. 2018; Venuti et al. 2019).

These measurements are consistent with the accretion rate
measurements using the emission lines made in Sect. 3.3, with
some exceptions: Several sources present negligible UV excess
(see Sect. 3.5) and their UV modeling provides significantly lower
accretion luminosities than those obtained from the emission
lines. We decided to use the accretion luminosity measurements
coming from emission lines as the measurement for accretion
luminosity for all the sources for consistency within our sample.

3.5. Accreting objects

An important caveat that needs to be addressed is that the
emission lines may not be tracing accretion of mass from the

protoplanetary disk but chrompospheric activity of the central
object. Pre-main sequence objects also possess high chromo-
spheric activity and emission from the chromosphere contributes
to the emission in both the UV continuum and the emission
lines. Chromospheric activity can even dominate the emission
in objects with low accretion rates. Manara et al. (2013a, 2017b)
studied the intensity of chromospheric emission in non-accreting
young objects like the ones we used for spectral typing in Sect. 3.
In the left panel of Fig. 3, we show the log(L,../L.) ratios of our
sample with detected accretion rate. We also show the approx-
imate emission level below which the contribution from stellar
chromospheric activity may become predominant as measured
in Manara et al. (2017b, shown with a black dashed line). We
observe that only half of the targets have L,.. /L, larger than the
Ly /L. chromospheric boundary by more than 1o

Another commonly used tracer that can discriminate
accretion from chromospheric dominated emission is
the EW of the Ha emission line (White & Basri 2003;
Barrado y Navascués & Martin 2003; Fang et al. 2009). In the
right panel of Fig. 3, we show the Ho EW as a function of SpT
for our sample. We also show the criteria for distinguishing
classical and weak line T Tauri stars of Fang et al. (2009), White
& Basri (2003) and Barrado y Navascués & Martin (2003), that
is sources with accretion-dominated emission from sources
with chromospheric-dominated emission. We observe that all
the Upper Scorpius sources except two (2MASSJ16053215
and PGZ160702) lie well below the chromospheric bound-
ary, and one Ophiuchus (BKLTJ162848) and another Cha-I
(2ZMASS J11114533) sources are below or very close to the
Fang et al. (2009) chromospheric noise boundary. There is
one Cha-I source (2MASSJ11122250) that has negligible
continuum at the location of the Ha line, therefore its EW mea-
surement is highly sensitive to the continuum that is subtracted
to the spectrum (by orders of magnitude). Additionally, the
criterion of Fang et al. (2009) is only defined up to M8 and
that of White & Basri (2003) up to M7.5. Above that SpT, we
can use the Barrado y Navascués & Martin (2003) saturation
criterion, which finds another Cha-I source to be be consistent
with chromospheric noise (2MASS J11112249).

The width of the Ha emission line is also a good tracer of
accretion (Muzerolle et al. 1998) and is typically inspected using
the full width of the line at 10% of the peak intensity. If the
width of the Ha line is larger than 200 km s~!, then the emission
is most probably associated with accretion (Jayawardhana et al.
2003). The Cha-I source with SpT>MS8 and very uncertain
He EW measurement (2MASS J11122250) presents a He full
width smaller than 200 km s~!. All of the sources with SpT < M8
located below the Ho EW chromospheric boundary present a full
width of the Ha line at 10% of the peak intensity smaller than
200kms~!. Source 2MASS J11112249, which appeared below
the Barrado y Navascués & Martin (2003) EW He criterion, has
an Ha emission line width of ~200km s~!. This source was also
above the log(La../L.) chromospheric noise criteria by slightly
more than 1o. Therefore, given that the source meets two of the
criteria, we consider the source to be an accretor.

Lastly, we wuse the shape of the HelA1083 line to
discriminate between accretion and chromospheric activity
(Thanathibodee et al. 2022). If a target presents blueshifted or
redshifted features in this line, they can be associated to accre-
tion, in contrast with the chromospheric feature that is located
at the line’s center (Thanathibodee et al. 2022; Edwards et al.
2006). A visual evaluation of the Hel 41083 line of the sources
with detected accretion rates leads to the same conclusion found
in the study of the He emission line width.
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Fig. 3. Logarithm of the ratio between the accretion luminosity and the stellar luminosity as a function of log7.g (left panel). The black dashed line
represents the boundary below which the impact of chromospheric emission on the observed accretion signatures becomes dominant. The symbols
follow the same color-coding as in Fig. 1. EW of the Ha emission line as a function of SpT (right panel). We show the chromospheric-dominated
boundary from Fang et al. (2009) with a black dotted line and the one from White & Basri (2003) with a dash-dotted line. We also show the
saturation limit from Barrado y Navascués & Martin (2003) with a dashed line. In both panels we highlight the sources that may have a significant
contribution in the measured accretion properties from the chromospheric activity with large empty black circles. A small offset in log7.q (left

panel) and SpT (right panel) has been applied to all sources for clarity.

Here, we briefly discuss some objects where the accretion
origin of their emission lines has been assessed in the literature.
Object ISO-Oph042 was classified in Mohanty et al. (2005) as a
non-accretor based on the He 10% width. We find this object to
present redshifted features in the Hel 11083 line and to meet all
the accretion diagnostics. Object PGZ2001J160702.1-201938
was classified in Fangetal. (2023) as a non-accretor based
on the EW and 10% full-width of the Ha line. However, we
find this object to be above the chromospheric boundary in
all accretion diagnostics and to present some redshifted fea-
tures in the Hel 11083 line. The rest of the targets from Upper
Scorpius presented here agree with the Fang et al. (2023) accre-
tion classification. Thanathibodee et al. (2022) found source
2MASS J16060061-1957114 to be consistent with chromo-
spheric activity based on the Hel 11083 line shape, as we also did.

Overall, we consider two Upper Scorpius sources
(2MASS J16053215 and PGZJ160702.1), three Cha-I sources
(2MASS J11084952, 2MASSJ11112249, and CHSM 12653)
and all but BKLT J162848 from Ophiuchus as accretors (see
Table 1). The emission of the rest of the targets may have a
significant contribution from chromospheric activity, so we
consider them as possible accretors and treat their accretion
measurement as an upper limit (marked with large black empty
circles in Fig. 3).

3.6. Literature data

Here, we compile the available measurements of the accre-
tion rate in the four star-forming regions studied in this work:
Ophiuchus, Lupus, Cha-I, and Upper Scorpius. Manara et al.
(2023) performed a compilation of the available accretion lumi-
nosity (L,) and protoplanetary dust mass (Mg,y) measure-
ments of sources in nearby star-forming regions (<300 pc). The
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stellar and accretion parameters compiled in that work came
mainly from surveys carried out with X-shooter. The authors
re-scaled the stellar luminosities to the new Gaia distances
and the T.y was obtained from the SpT using the scale from
Herczeg & Hillenbrand (2014). Stellar masses were derived
using the Baraffe et al. (2015) models for Teg < 3900K and of
Feiden (2016) for hotter stars. In a few cases where the stellar
properties were outside the range of validity of the models, the
models from Siess et al. (2000) were used. The authors also per-
formed a compilation of protoplanetary disk dust content mea-
surements, which come from many different ALMA surveys,
and homogenized the measurements following Ansdell et al.
(2016). We use this compilation as the primary source for
data from the literature. Regarding the Ophiuchus star-forming
region, we only use the data of known members of the L1688
cloud, which is the youngest in the region (Wilking et al. 2008;
Esplin & Luhman 2020).

The main change of the stellar and accretion measurements
of Manara et al. (2023) from previous accretion rate surveys
using X-shooter is the SpT-T.g scale used. Previous X-shooter
surveys of the same star-forming regions used the Luhman et al.
(2003) scale at M-types and the Kenyon & Hartmann (1995)
scale for the K-type stars (Manara et al. 2015, 2017a, 2020;
Alcala et al. 2017; Testi et al. 2022), while Manara et al. (2023)
used the Herczeg & Hillenbrand (2014) scale for the entire
SpT range. At SpTs earlier than K8 (>0.65 M), the Kenyon
& Hartmann (1995) scale systematically produces higher Teg,
and the difference between the two scales is larger than 100 K
at SpTs earlier than K6. The same happens at SpTs M4—-MS§
(~0.03-0.2 M), where the two scales have a typical difference
of 100K. This is also the SpT range where a change in Teg
corresponds to the greatest change in mass in the Baraffe et al.
(2015) isochrones (AM, =~ 0.2dex for a variation in T of



Almendros-Abad, V., et al.:

A&A, 685, A118 (2024)

Table 1. SpT, extinction, physical, and accretion properties of the sample presented in this work.

Name Region SpT Ay Tesr L, logLacc M, logM e Acc?@
[mag] [K] [Lol [Lo]l  [Mo] [Moyr']
CHSM 12653 Cha-I M7.5 1.0 2720 0.007 -4.7 0.032 -11.02 N
2MASS J11084952-7638443 Cha-I M9 1.4 2570 0.003 -5.1 0.023 —-11.49 N
2MASS J11112249-7745427 Cha-I M9 0.0 2570 0.003 -5.6 0.022 -11.91 N
2MASS J11114533-7636505 Cha-I M8 0.2 2670 0.003 -5.8 0.031 -12.27 Y
2MASS J11122250-7714512 Cha-I M9 0.6 2570 0.003 -5.8 0.023 —-12.19 N
2MASSJ16031329-2112569 Upper Sco  M4.5 0.6 3085 0.04 -4.0 0.132 -10.71 Y
2MASS J16052661-1957050  Upper Sco  M4.5 0.4 3085 0.062 -3.7 0.15 -10.33 Y
2MASS J16053215-1933159  Upper Sco  M4.5 0.8 3085 0.027 -3.1 0.121 -9.85 N
2MASS J16060061-1957114  Upper Sco M4 0.8 3190 0.093 -3.7 0.195 —10.39 Y
PGZ2001J160702.1-201938  Upper Sco M5 0.6 2980 0.033 -3.8 0.094 -10.31 N
2MASS J16083455-2211559  Upper Sco  M4.5 0.4 3085 0.024 4.4 0.12 -11.12 Y
2MASSJ16101888-2502325 Upper Sco  M4.5 0.6 3085 0.047 -4.0 0.142 —10.64 Y
2MASSJ16102819-1910444  Upper Sco M4.5 1.0 3085 0.027 -4.0 0.123 -10.71 Y
2MASS J16145928-2459308 Upper Sco M4 0.6 3190 0.067 —-4.0 0.192 -10.7 Y
2MASSJ16151239-2420091 Upper Sco  M4.5 0.6 3085 0.014 -44 0.111 -11.27 Y
2MASSJ16181618-2619080 Upper Sco M4 2.0 3190 0.055 -3.9 0.189 —10.69 Y
CRBR 2317.5-1729 Ophiuchus M6.5 17.0 2815 0.099 -3.3 0.087 <-9.48 ?
CRBR 2322.3-1143 Ophiuchus M5 10.8 2980 0.012 -4.5 0.079 <-11.22 ?
ISO-Oph042 Ophiuchus M5 6.6 2980 0.043 -3.2 0.098 -9.65 N
GY92 80 Ophiuchus  MS5.5 6.3 2920 0.022 -4.4 0.07 <—10.88 ?
GY92 90 Ophiuchus M9 8.5 2570 0.008 -4.6 0.02 <-10.71 ?
SONYC RhoOph-6 Ophiuchus  M9.5 8.4 2520 0.002 -4.4 0.02 <-10.64 ?
GY92 264 Ophiuchus  M7.5 1.0 2720 0.012 -4.1 0.033 -10.33 N
CFHTWIR-Oph 77 Ophiuchus M8 11.8 2670 0.001 -3.9 0.047 <-10.69 ?
BKLT J162736-245134 Ophiuchus  M9.5 5.8 2520 0.002 -4.3 0.023 <-10.72 ?
BKLT J162848-242631 Ophiuchus  M6.5 2.2 2815 0.01 49 0.045 -11.36 Y

Notes. Y Accretion measurement may have contribution from the chromospheric activity (see Sect. 3.5). Possible non-accretors are reported with

“Y”, whereas upper limit estimates are reported with “?”.

100K). In both SpT ranges, the difference between the Te.g
scales translates to different masses for the same SpT (lower
masses using the Herczeg & Hillenbrand 2014 scale), which
affects the mass accretion rate measurements and the classifi-
cation of objects as stellar or sub-stellar as well. Both scales
agree well in the SpT range K8—-M3 which roughly translates to
masses 0.3—0.65 M. Overall, the M,—M,.. diagram will shift
toward lower masses and higher accretion rates when using
the Herczeg & Hillenbrand (2014) scale in the two SpT ranges,
where the scales differ the most (as mentioned above) and the
relationship will conserve its shape in the 0.3-0.65 My mass
range.

Recently, Fang et al. (2023) studied a sample of Upper
Scorpius members using Keck/HIRES. The accretion properties
were derived from the line luminosities of the emission lines
present in the optical wavelength range (480—980 nm) using the
Liine—L,. relationships of Fang et al. (2018). Fang et al. (2018)
scaled the Alcald etal. (2017) Lijne—Lacc relationships to the
Gaia DR2 distances. Fang et al. (2023) derived the T.g directly
from the SpT using the Fang et al. (2017) scale, which is com-
bination of that from Pecaut & Mamajek (2013) for stars ear-
lier than M4 and from Herczeg & Hillenbrand (2014) for stars
later than M4. The masses were derived using the Feiden (2016)
evolutionary tracks. We used the combined Manara et al. (2023)
and Fang et al. (2023) sample as a literature source for accre-
tion rate measurements in Upper Scorpius. For the sources that
appear in both catalogs we take the accretion measurements from
Manara et al. (2023) that come from the modeling of the UV
emission continuum.

Majidi et al. (2023) recently measured the accretion rates of
several new members of the Lupus star-forming region using X-
shooter. They obtained the physical parameters of the sources
using ROTFIT (Frasca etal. 2017). The accretion luminosity
was estimated from the luminosity of several emission lines
and the Alcald et al. (2017) Ljjne—Lacc relationships. Since these
sources are new members of the Lupus star-forming region, they
have no available measurement of the mass of their protoplane-
tary disks.

We evaluated the membership of all the sources we have used
to its corresponding star-forming region based on their proxim-
ity to the known members of the region and their kinematics. In
Appendix B, we provide a detailed report of this analysis. Over-
all, we found a number of Lupus sources to be possible non-
members of the region, but rather of one of the older associations
of the Scorpius-Centaurus complex. We consider these sources
as possible non-members of the Lupus star-forming region and
discuss throughout the paper how the rejection of these sources
as members of Lupus would affect the results.

The entire sample of sources with accretion rate measure-
ment and/or protoplanetary dust content estimate from the lit-
erature combined with the new accretion rate estimates using
the X-shooter spectra presented here will be used to study the
relationship between the stellar properties, the mass accretion
rate, and the protoplanetary dust content. In order to do so, all
the sources needs to be analyzed using the same methodology.
We therefore re-calculate the accretion rate and stellar masses
of the Fang et al. (2023) and Majidi et al. (2023) sources fol-
lowing the same methodology we have used for our X-shooter
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Fig. 4. SpT histogram of sources with accretion measurement in the literature (dashed lines, see Sect. 3.6) and the new data (solid lines) in Cha-I
(left panel), Upper Scorpius (middle panel), and Ophiuchus (right panel). Each region follows the same color-coding as in Fig. 1.

sample presented in this Section. Additionally, Lupus member
2MASS J16085953-3856275 has an SpT of M8.5 (Alcald et al.
2014). To be consistent with the methodology used in this work,
we re-calculated its accretion rate and stellar mass using the
Luhman et al. (2003) SpT-T.g relationship to estimate its Teg.

We also evaluated whether any of the sources in the litera-
ture are subluminous. We considered all subluminous sources
that have been flagged as such in Manara et al. (2023) or if
they are located below the 30 Myr isochrone (using Baraffe et al.
2015 isochrones). Apart from the sources defined as sublumi-
nous in the literature, we also found one source from Ophiuchus
(SSTc2d J162656.3-244120), two sources from Upper Scorpius
(SSTc2d J162459.8—245601, SSTc2dJ162637.1-241560), and
one source from Lupus (2ZMASS J16085373—-3914367) to be
subluminous.

We also evaluated whether any of the sources in the literature
are subluminous. We considered all subluminous sources that
have been flagged as such in Manara et al. (2023). We also found
one source from Ophiuchus (SSTc2d J162656.3-244120), two
sources from Upper Scorpius (SSTc2dJ162459.8—245601,
SSTc2d J162637.1-241560), and one source from Lupus
(2MASS J16085373-3914367) to be located below the 30 Myr
isochrone (using Baraffe et al. 2015 isochrones), and considered
them as subluminous as well.

The combined sample of sources with accretion rate mea-
surement in the literature of the Ophiuchus, Lupus, Cha-I and
Upper Scorpius star-forming regions represent ~50%, >90%,
>90%, and <20% of the entire census of sources with infrared
excess in each region, respectively. While the census of Cha-I
and Lupus members with accretion measurements is almost
complete, the census in Ophiuchus and Upper Scorpius is highly
incomplete, specially in the case of Upper Scorpius. As can be
seen in Fig. 4, the new observations with X-shooter increase sig-
nificantly the amount of sources in the late spectral type bins
with their accretion rate characterized in Cha-I, Ophiuchus, and
Upper Scorpius.

3.7. Relative ages

This work is aimed at studying the evolution of protoplanetary
disks. Therefore, we need to establish the relative age order-
ing of the four regions studied in this work. Testi et al. (2022)
recently estimated the ages of the four regions from their HR

A118, page 8 of 23

diagrams and comparison to the Baraffe et al. (2015) evolution-
ary tracks. These authors found that the ordering in age of these
regions would be (from youngest to oldest): Ophiuchus (1 Myr),
Lupus (2 Myr), Cha-I (2.8 Myr), and Upper Scorpius (4.3 Myr).
We performed the same analysis using the updated luminosities
and T.¢ and find the same ordering of the regions, although it
is important to mention that Lupus and Cha-I have a very sim-
ilar age. It is also worth noting that the quoted estimated age
for Upper Scorpius is on the lower limit of recent age esti-
mates of the region in the literature using different method-
ologies (5—12 Myr, Ratzenbock et al. 2023; Luhman & Esplin
2022; Miret-Roig et al. 2022). Overall, we decided to follow the
age ordering of Testi et al. (2022).

4. Results

In this section, we analyze the relationship between the accre-
tion luminosity (mass accretion rate) and the stellar luminosity
(mass), as well as the relationship of the protoplanetary disk dust
mass with the stellar mass and the mass accretion rate. These
relationships are built for all the sources with measured accretion
properties in the Ophiuchus, Lupus, Cha-I, and Upper Scorpius
star-forming regions.

4.1. Relationship between luminosity and accretion
luminosity

In Fig. 5, we show the logL.—logL,. relation for the
Ophiuchus, Lupus, Cha-I, and Upper Scorpius star-forming
regions. In each panel, we present the data presented in this
work in black and the data from the literature in different col-
ors (see Sect. 3.6; Ophiuchus, Cha-I, and Upper Scorpius follow
the same color-coding of Fig. 4, while Lupus sources are shown
with dark cyan circles). In these four regions we observe that the
accretion luminosity increases with the luminosity of the cen-
tral object. Higher luminosity sources also exhibit higher Ly /L.
ratios (Lyc > 0.1 L,). The correlation between both parameters
is therefore steeper than linear (i.e., slope larger than one of the
linear correlation between the variables in log scale), in agree-
ment with previous studies (e.g., Natta et al. 2006; Manara et al.
2012). The new observations presented in this work expand the
L,.. measurements at the low-brightness edge of the Ophiuchus,
Cha-I, and Upper Scorpius star-forming regions.
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Fig. 5. logL.—log L, relationship for the four regions studied in this work: Ophiuchus (top left panel, pink), Lupus (top right panel, dark cyan),
Cha-I (bottom left panel, orange), and Upper Scorpius (bottom right panel, blue). The data from the literature are shown in different colors, while
the data presented in this work are shown with black circles. CFHTWIR-Oph 77 is represented in the top left panel with an empty black square
to highlight its subluminous nature. We show the single and segmented power-law fits we have performed to the relationship in each region with
solid and dashed lines, respectively. The light solid lines represent examples from the posterior distribution of the single power-law fit. The gray
dotted lines mark the regions of constant L,../L. ratio (labeled in the lower-right panel).

In order to quantify the relationship between L, and L,
we performed a power-law fit using the maximum-likelihood
Bayesian method developed by Kelly (2007)'. The main advan-
tage of this method is that it can handle upper limits data points,
which dominate the available L,.. measurements in some regions.
We performed the fit to the entire mass range spanned by all
the observations in each region. Sub-luminous sources may be
seen under a particular star-disk geometry (e.g., edge-on) and,
as a result, their luminosity may not represent the total luminos-
ity of the central source. Therefore, we excluded the sublumi-
nous sources in this or any of the fits performed in this work. In

! We used the available python implementation of the code: https:

//linmix.readthedocs.io/en/latest/ and https://github.
com/jmeyers314/linmix

Fig. 5, we show the mean power-law fit in pink, dark cyan, orange,
and blue solid lines for Ophiuchus, Lupus, Cha-I, and Upper
Scorpius, respectively. The parameters of the single power-law
fits performed are presented in Table C.1. The slopes found are in
the range 1.2—1.8, confirming the steeper than linear correlation
between logL. and logL,... These slopes are also in the range of
previous estimations (e.g., Natta et al. 2014; Alcald et al. 2017).
The spread over the power-law fit is typically between 0.5 and
1 dex and is similar for the four regions studied.

There have been claims in the literature that the accretion
relationship is rather better described with a double power law
(Alcala et al. 2017; Manara et al. 2017a). Therefore, we also
modeled the L,—L, relationship with a segmented power law
broken at L, = 107%3 L. In Fig. 5, we show the broken power-
law fits performed to each region with dashed lines.
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In the top panel of Fig. 6, we show the slopes of the sin-
gle (represented with circles) and double power-law (represented
with squares for the faint sample, and with stars for the bright
sample) models of the L.—L,. relationship for each region.
The slope of the single power-law model undergoes a steepen-
ing between Ophiuchus, Lupus and Cha-I (i.e., approximately
between 1-3 Myr). The difference in the slope between these
regions is larger than 1o~. Upper Scorpius does not continue the
steepening trend found at younger ages and its slope is consis-
tent with that of Lupus. The same result is found if we do not
consider the possible non members of Lupus.

On the other hand, the slopes of the faint sample power-law
fit in Ophiuchus, Lupus, and Cha-I present the same steepen-
ing trend seen in the single power-law fit in the 1-3 Myr age
range, and the bright samples are consistent within 1o~ and with
a slope =1 in this age range. The faint and bright samples of
Upper Scorpius present slopes consistent with each other and
with the single power-law slope.

We used several metrics to test the statistical significance of
the segmented power-law model over the single power-law fit
in the four regions. We used the same metrics and criteria as in
Manara et al. (2017a): the R2, the Akaike information criterion
(AIC), and the Bayesian information criterion (BIC; see e.g.,
Feigelson & Babu 2012). We observe that the single power-law
model is the preferred model in all the cases, although both mod-
els have very similar statistical significance. If we do not include
the upper limits in the derivation of the metrics, the statistical
preference of the single power-law model becomes even smaller.
Since the single power-law model is simpler, we conclude that
this model is a better representation of the L,—L,. relationship.

4.2. Relationship between stellar mass and mass accretion
rate

In Fig. 7, we show the logM,—log M, relation for the four
regions studied in this work. We confirm that the mass accre-
tion rate increases with the mass of the central object and that
the correlation between the two parameters is steeper than linear,
where more massive sources tend to have larger M,../M, ratios.
The new observations presented here expand the M,.. measure-
ments at the low-mass tail of the Ophiuchus, Cha-I, and Upper
Scorpius star-forming regions.

We performed a power-law fit to the logM, —log M. rela-
tionship of the four regions. The mean single power-law fit is
represented in Fig. 7 with solid lines and the parameters of these
fits are presented in Table C.1. The derived slopes are in agree-
ment with the slopes found in the literature for the same regions
(Alcala et al. 2017; Manara et al. 2017a, 2015; Testi et al. 2022;
Mulders et al. 2017). The spread over the power-law fit is typi-
cally between 0.5 and 1 dex, which is consistent among the four
regions and with Testi et al. (2022).

The correlation between M, and M,.. undergoes an appar-
ent steepening below ~0.25 M, in Ophiuchus, Cha-I and Lupus.
Such a behavior can imply that the relationship is better described
by a double power law or by a single steeper slope follow-
ing the upper envelope of accretion rates. In the latter case, as
the M, decreases the range of M,.. values (at a given mass)
becomes smaller because the low accretors at this mass range
would not present detectable M, or disk. Therefore, we also
model the logM,—1log M, relationships with a double power
law (dashed lines in Fig. 7). In the bottom panel of Fig. 6 we
show the slopes of the single and double power-law models
of this relationship. The single power-law slopes of this rela-
tionship do not present the same evolutionary sequence as the

A118, page 10 of 23

25t 6 Al # >03L, O <03Le
2.0 L+ = Lacc
(O]
s
T 1.5 g DO (e
o O
1.0 1 &
%
O Al #* >025Ms O <025M,
3 .
M« —M
g ach
o210 *
V) o p
0
1 %
s
Ophiuchus Lupus Cha-I Upper Sco

Increasing age

Fig. 6. Slope of the single and segmented power-law fits to the
logL.—log L, (top panel) and logM,—log M,.. (bottom panel) rela-
tionships for the four regions studied in this work. The slopes of the
single power-law fits are shown with circles, of the faint and low-mass
samples with squares and the bright and high-mass samples with stars.
A small offset in age in the slopes of each region was performed for
visualization purposes. The symbols follow the same color-coding as in
Fig. 5.

L.—L, relationship: the slope of Cha-I is the steepest, but Ophi-
uchus and Lupus have very similar slopes. All the slopes, how-
ever, agree within 1o. The slopes of the low-mass sample of
Ophiuchus, Lupus and Cha-I are steeper than the single power-
law slope and the high-mass sample slope, and the low-mass sam-
ple of Lupus does present a steeper slope than that of Ophiuchus.
Therefore, we observe a steepening of the slopes of the low-
mass sample as observed in the L,—L,.. relationship. As was the
case for the accretion luminosity relation, Upper Scorpius does
not follow the single power law or low-mass power-law trends
found at younger ages. The high-mass sample slopes are consis-
tent with each other and with linearity. In this case, if we do not
consider the Lupus possible non-members, the single power-law
slope of Lupus becomes shallower than in Ophiuchus.

The slopes of the low-mass sample found in Lupus and
Cha-I (2.24 and 2.61, respectively) are consistently lower than
those found in Alcald et al. (2017) and Manara et al. (2017a) for
the low-mass sample, respectively (4.58 and 6.45, respectively).
The difference between the slopes can be explained by the dif-
ferent scale used to convert SpT to Teg-.

We test which model is preferred using the same metrics as
for the L.—L,. relationship (Sect. 4.1). We find that the sin-
gle power-law model is preferred in the Ophiuchus, Lupus, and
Upper Scorpius regions. In Cha-I, we observe that the metrics
show a slight preference of the double power-law model. The
same conclusions are reached if the upper limits are not consid-
ered to calculate the metrics of the different fits.

Up to this point, we have found that the slopes of the accre-
tion relationships (L.—Lac. and M,—M,.) present a steepening
in the 1-3 Myr age range (noting the caveat that the Lupus mem-
bership may affect this result in the M, —M,. relationship). This
steepening may be explained by a faster evolution into lower
accretion rates at lower masses. We also found that the sta-
tistical significance of a double power law description of both
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Fig. 7. logM.— log M, relationship for the four regions studied in this work: Ophiuchus (top left panel), Lupus (top right panel), Cha-I (bottom
left panel), and Upper Scorpius (bottom right panel). The symbols follow the same color-coding as in Fig. 5. The data from the literature are shown
with different colors, while the data presented in this work are shown with black circles. CFHTWIR-Oph 77 is represented in the top left panel
with an empty black square to highlight its subluminous nature. We also show the single and segmented power-law fits we have performed to the
relationship in each region with solid and dashed lines, respectively. The light solid lines represent examples from the posterior distribution of the
single power-law fit. The gray dotted lines mark the regions of constant M,../M, ratio (labeled in the lower-right panel).

relationships is similar to that of a single power law descrip-
tion. Given the simpler nature of the single power-law model,
this may be the best description of both relationships. Therefore,
we do not further discuss the possibility of these relationships
being modeled by a double power law here. At the same time, the
steepening of the single power-law models with age still implies
that the evolution of the accretion rates is not the same across all
masses.

4.3. Relationship between stellar mass and protoplanetary
disk mass

In Fig. 8, we show the relationship between the stellar mass
and the protoplanetary disk mass (M) of Ophiuchus, Lupus,
Cha-I, and Upper Scorpius. We assume the typical 100 gas-to-

dust ratio to convert the dust masses into total disk masses. In
Fig. 8, we highlight the BDs (defined as sources with M, <
0.1 M) using black squares in order to evaluate whether the
disks around BDs evolve similarly to those around stars (repre-
sented with circles). We observe that BDs in Ophiuchus, Lupus,
and Cha-I mostly have Mgg < 1072 M., whereas all the
regions (except Upper Scorpius) present a population of stars
with Mgige > 1072 M, (see also Fig. 9). This seems to indi-
cate that BDs rarely host very massive protoplanetary disks
with Mg > 1072 M, and that the relationship between both
parameters is steeper than linear, similarly to previous studies
(Pascucci et al. 2016; Testi et al. 2022). At the same time, the
detection limit of the different ALMA surveys in these regions
is located at My ~ 107*7 M, in Upper Scorpius and at Mg ~
10743 My, in the other regions. This detection limit represents the
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approximate value where most M,y upper limit measurements
lie. This detection limit is the reason why there are few BDs below
the Mg = 1073 M, line. In Upper Scorpius, we observe that most
of the population has My < 1072 M,, although the population
of BDs in Upper Scorpius remains largely unexplored.

We performed a single power-law fit to the relationship in
each region (see solid lines in Fig. 8). We observed that the cor-
relation between both parameters is slightly steeper than linear
in all the regions (slopes = 1.1-1.5, see Table C.1). These slopes
are shallower than those found in previous works for the same
regions (Pascucci et al. 2016; Ansdell et al. 2017; Testi et al.
2022). This is consistent with the difference in the methodol-
ogy used to derive masses between the works (see Sect. 3.6). If
we exclude the BDs from the fit, the slopes are similar to those
obtained using the entire mass range. In Fig. 9, we show the
ratio between disk mass and stellar mass for the four regions
studied in this work. We also show the best-fit power law to
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the M.—Mgs relationship with solid lines. The black dashed
line represents the detection limit of the ALMA surveys in each
region (i.e., the locus of upper limit Mg, measurements in each
region). We observe that the ALMA detection limit may be hid-
ing the low-mass stars and BDs with even lower M;s /M. ratios,
which would show the M,.—Mg;y relationship to be steeper than
what we have found.

In the top panel of Fig. 10 we show the slope of the M, — Mgk
relationship for each region. The circles represent the power-law
fit performed to the entire mass range, and the star symbols rep-
resent the fit performed to the stellar population. We observe that
independently of including the sub-stellar population or not, all
the slopes are similar within 1o~. When the entire mass range
is considered, Lupus presents the steepest slope, and when the
sub-stellar population is not taken into account then it is Upper
Scorpius that presents steeper slopes. Therefore, we do not
observe any steepening of the M.—Mg relationship with
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Fig. 10. Slope of the power-law fits performed to the logM.— log My«
(top panel) and logM g — log M. (bottom panel) relationships for the
four regions studied in this work. The circles represent the slopes of
the power-law fit performed to the entire data set, and the stars that
performed to the stellar population. A small offset in age in the slopes
of each region was performed for visualization purposes. The symbols
follow the same color-coding as in Fig. 5.

age, which contrasts with the findings of previous works
(Pascucci et al. 2016; Ansdell et al. 2017). The same results are
found if we do not consider the possible non-members of Lupus.

4.4. Relationship between protoplanetary disk mass and
mass accretion rate

In Fig. 11, we show the relationship between total disk mass and
mass accretion rate for the Ophiuchus, Lupus, Cha-I, and Upper
Scorpius star-forming regions. The dotted lines represent differ-
ent constant Mig. /M, ratios (also known as accretion deple-
tion timescale, Jones et al. 2012; Rosotti et al. 2017). Again we
show the stars using circles and the BDs using black squares.
We observe that the mass accretion rate increases with the proto-
planetary disk mass and this correlation is consistent with being
linear or sub-linear (i.e., slope < 1), in line with Manara et al.
(2016b) and Mulders et al. (2017). We also observe that the BDs
in Ophiuchus, Lupus, and Cha-I seem to present longer accretion
depletion timescales (the same behavior was previously reported
in Lupus, Sanchis et al. 2020). However, the samples in all the
regions contain a significant population of BDs with upper limits
measurement of their dust masses, thus possibly consistent with
shorter accretion depletion timescales. We performed a power-
law fit to the stellar population (see solid lines in top panels of
Fig. 11 and Table C.1) and observed that most of the BDs lie well
below this line. The slopes we have derived range between 0.5
and 0.7 for Ophiuchus, Lupus, and Cha-I; whereas Upper Scor-
pius presents an almost linear slope. These slopes are also in
agreement with the slopes found in Testi et al. (2022) using only
M, > 0.15 M, sources, except for Ophiuchus where we find a
shallower slope. We observe that Lupus is the only region with
mean accretion depletion timescales longer than 1 Myr, although
all the regions agree within 1o.

In the bottom panel of Fig. 10 we show the slopes of
the power-law fit performed to the stellar (star symbols) and
entire population (circles) of the Misk—Mpce relationship. We
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observe a steepening of the relationship in the entire age range
when considering only the stellar population. The relationship in
these regions becomes steeper by ~0.2 units when the BDs are
included in the fit, but the general trend is maintained (except for
Upper Scorpius, but there are almost no substellar objects char-
acterized in this region). If we do not consider the Lupus possible
non-members in the fit performed to the entire population, the
slope of the relationship in Lupus becomes very similar to that
of Ophiuchus. At the same time, the power law performed to the
stellar population maintains the same steepening trend when we
are not considering the Lupus possible non-members.

We compared the distribution of the accretion depletion
timescale of the BD and stellar populations with disk masses
within the range of the BD disk masses (all disks with Mg <
1073 My) in Ophiuchus, Lupus, and Cha-I. In Fig. 12 we show
the cumulative distribution function (CDF) of the accretion
depletion timescale for stars and BDs for the three regions. We
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used the Anderson-Darling test to evaluate whether both distri-
butions are truly different by performing for each region a Monte
Carlo simulation of the stellar and substellar distributions. We
confirm that both distributions are indeed different in the three
regions, with a probability <0.5% of both distributions being
sampled from the same underlying distribution. We conducted
the same analysis excluding the upper limits (dashed lines) and
we find that while in Lupus and Cha-I the result is very simi-
lar as before; in the case of Ophiuchus, the probability increases
to 5.5%. It is important to note that there is a very low number
of BDs with detections in both accretion rate and protoplanetary
dust mass in Ophiuchus. The same result is found if we do not
consider the possible non-members in Lupus.

We found that the M,—Mgig. and Mgig— M. relationships
present a different behavior than the L, —L,cc, M,—M, relation-
ships. We found that the slopes of the M.—M ;s relationship are
similar in all the regions regardless of including BDs or not. On



Almendros-Abad, V., et al.: A&A, 685, A118 (2024)

Ophiuchus

CDF

Accretion depletion timescale [log Myr]

Lupus

1.0

0.8 A1

0.6 A

CDF

0.4 -

0.2 A

0.0 T
-2
Accretion depletion timescale [log Myr]

Cha-l
1.0 1

0.6 A

CDF

0.4 -

S —

0.2 A

|

0.0 1— ; 1 .

-2 -1 0 1 2
Accretion depletion timescale [log Myr]

Fig. 12. CDF of the accretion depletion timescale (M,c./Mgg) of
Ophiuchus (top panel), Lupus (middle), and Cha-I (bottom). The black
lines represent the CDF of BDs and the colored lines that of stars with
Mg < 1073 Mg, (color-coded by region as in Fig. 5). The dashed lines
represent the same CDF excluding the upper limit measurements.

the other hand, the Mg — M, relationship presents a steepening
with age in the entire age range considered when we only eval-
uate the behavior of the stellar population, when including the
BDs in the analysis the steepening stops at Cha-I, similarly to
what we have found in the L,—L,.. and M.—Me. relationships.
We have also found that BDs present longer accretion depletion
timescales than stars in Ophiuchus, Lupus, and Cha-1.

5. Discussion
5.1. Accretion evolution of BDs

Here, we discuss the accretion properties of BDs. In Sect. 4.4
we found BDs to present larger My /M, ratios (i.e., longer
accretion depletion timescales) than average stars do. A similar
result was first reported in Sanchis et al. (2020) for the Lupus

star-forming region. Sanchis et al. (2020) argued that within the
viscous disk evolution paradigm, a lower value of the @ viscos-
ity parameter would provide the lower accretion rates found for
BDs. A lower viscosity would at the same time be explained by a
global lower ionization rates in BDs (e.g., Mohanty et al. 2005).

Longer accretion depletion timescales could also be
explained by a larger fraction of structured disks around BDs.
Sources with transition disks have longer accretion depletion
timescales than sources of the same disk mass (Najita et al. 2007,
2015; Manara et al. 2016b; Mulders et al. 2017; Gangi et al.
2022) similarly to what we have found for BDs (see Rosotti et al.
2017, for a theoretical explanation of this behavior in transition
disks). In this scenario, our results would be naturally repro-
duced by a larger fraction of substructures in the disks of BDs.
van der Marel & Mulders (2021) found a stellar mass depen-
dence of the fraction of structured disks, where high-mass stars
are more prone to have structures in their disks. If this result
holds for very low-mass sources, there would be a lower frac-
tion of BDs with structured disks than low-mass stars, contrary
to what would be needed to reproduce our result. A possible
caveat is that the spatial resolution of the ALMA observations
has not been able to uncover structures in the smallest disks. Cur-
rently there is a very small sample of low-mass stars and BDs
where structured disks have been found (see review by Pinilla
2022). And most interestingly, if these structures found around
low-mass stars and BDs are of planetary origin, they pose a
strong challenge for planet formation models (Pinilla et al. 2017;
Pinilla 2022). Further high-angular-resolution observations of
disks around BDs are needed to conclude how frequent are struc-
tures in disks around low-mass stars and BDs and whether they
can explain this result (Pinilla et al. 2021; Kurtovic et al. 2021,
Long et al. 2023).

An important caveat that needs to be addressed is that the
longer depletion timescales of BDs could also be due to the
detection limit of the ALMA observations. In order to test
this, we estimated the lower envelope of accretion depletion
timescales caused by the ALMA detection limit as a function
of mass in each region. This estimate consists of a combination
of the single power-law fits performed to the M, —M,. relation-
ships with an extra +0.5dex (representing the upper locus of
accretion rates in each region), and the ALMA detection limit,
which is located at Mgigx ~ 10743 My, in Ophiuchus, Lupus, and
Cha-I. In Fig. 13 we show the accretion depletion timescale as
a function of the stellar mass for Ophiuchus, Lupus, and Cha-1.
We show the sources with ALMA non-detections with empty
squares and a down-looking arrow. Accretion rate upper limit
measurements are represented with empty circles and an up-
looking arrow. The estimated lower envelopes of the accretion
depletion timescales of each region are shown with a black dot-
ted line. The gray shaded region represents a +0.5 dex spread.
We observe that in Cha-I, and potentially in Lupus, the accre-
tion depletion timescales of BDs may indeed be affected by the
ALMA detection limits at masses <0.2 M. Therefore, deeper
ALMA observations of disks around BDs are needed to unam-
biguously confirm this finding.

The accretion rate of BDs may also tell us about the mech-
anism by which these objects formed. Stamatellos & Herczeg
(2015) performed simulations of BDs formed by disk frag-
mentation in the protoplanetary disk of a higher mass star.
They predicted that BDs formed this way would present accre-
tion rates and protoplanetary disk masses independent of the
central object’s mass. Accretion rate measurements in sub-
stellar companions to T-Tauri stars have found high accre-
tion rates (Zhou et al. 2014; Santamaria-Miranda et al. 2018;
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Fig. 13. Accretion depletion timescale as a function of the stellar mass
for the Ophiuchus (top panel), Lupus (middle panel), and Cha-I (bottom
panel) star-forming regions. Empty squares represent sources without
Mk detections. The black dotted line and gray shaded area represent
the estimated lower envelope and spread of depletion timescales based
on the ALMA detection limit of these surveys. The symbols follow the
same color-coding as in Fig. 5.

Bettietal. 2022), in agreement with the predictions by
Stamatellos & Herczeg (2015). On the other hand, the objects
studied here are not companions and Stamatellos & Herczeg
(2015) did not model the effect that an ejection from the pro-
toplanetary disk host would have on its accretion rates or disk
masses. Therefore, the comparison with these predictions in iso-
lated objects needs to be performed with caution. In the L,—L,.
and M,— M, relationships, the new BDs do not stand out as out-
liers from the trend established by the low-mass stars (see Figs. 5
and 7). However, the position of BDs in the M,—M,. relation-
ship of BDs is very sensitive to the T.z—SpT scale used. The
two least massive BDs in Lupus (2MASS J15551027-3455045,
J16085953-3856275) are located above the low-mass seg-
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mented power-law fit (see also Majidi et al. 2023). In Cha-I,
the low-mass BDs whose accretion measurement was pre-
sented here, may also deviate from the low-mass power-law fit.
In the case of Cha-I, when using the Herczeg & Hillenbrand
(2014) T.—SpT relationship for the low-mass BDs as
well, these sources lie in much better agreement with the
low-mass stars.

Betti et al. (2023) recently compiled a large number of mass
accretion rate measurements of stars, BDs and planetary-mass
companions. Using this dataset they found that BDs may fol-
low a steeper correlation between M, and M, than stars. They
also found that the slope of this relationship for BDs under-
goes a steepening with time, similarly to what we have found
for the entire mass regime. The slopes of the M,—M,. rela-
tionship found in Betti et al. (2023) agree well with the values
we have found in this work for the same age ranges. How-
ever, we do not find the BDs to follow a distinct steeper cor-
relation between the M. and M,., not even if we consider
the Herczeg & Hillenbrand (2014) T.z—SpT relationship for the
low-mass BDs as well (as discussed above). It is important to
note that Betti et al. (2023) found the slope of the BD regime
to undergo the most important steepening at ages older than
3 Myr, which is above the oldest age of the regions we have
studied into the BD regime in this work. Another interesting
result from Betti et al. (2023), is that they found that the accre-
tion rates of BDs derived from the Ha line luminosity may be
overestimated compared to the measurement using the UV con-
tinuum excess. We cannot test this result on the X-shooter sam-
ple presented in this work, because no signal was detected in
the UVB arm in any of the BDs. However, if this overestima-
tion of the accretion rates is real, it would imply that the slopes
of the M,— M. and Myiq—M,.. relationships in the BD regime
may actually be steeper than what we have found. It would also
imply that BDs would have longer accretion depletion timescales
than what we have found, making them even more different
than stars.

5.2. Implications for the understanding of disk evolution

There is general agreement that protoplanetary disks around
high-mass stars (=1.5 M) evolve faster than their low-mass
counterparts, based on the study of the protoplanetary disk frac-
tion (i.e., sources with excess emission caused by warm dust
in the inner part of the disk over total number of members
of a young cluster) in young clusters (Carpenter et al. 2006;
Ribas et al. 2015). The low-mass regime (<1 M) presents no
clear trend with mass in the fraction of disk bearing stars at
young ages (~1—4 Myr; Luhman et al. 2010; Monin et al. 2010).
However, the older Upper Scorpius presents hints of larger
disk fractions in low-mass stars and BDs (Scholz et al. 2007,
Luhman & Mamajek 2012; Luhman 2022; Dawson et al. 2013),
as well as in the even older (~20 Myr) associations in the Sco-
Cen complex (Luhman 2022). A similar mass-dependent disk
fraction was also found in the ~5Myr old A Ori star-forming
region (Bayo et al. 2012). These results may indicate that very
low-mass sources have longer-lived protoplanetary disks. At the
same time, we observed that the correlation between the stellar
mass and the protoplanetary disk mass is slightly larger than one
(in line with previous results, e.g., Pascucci et al. 2016). Conse-
quently, the ratio between disk mass and stellar mass decreases
with the mass of the central object (see Fig. 9). And in this
work, we have found that very low-mass stars and BDs have a
faster evolution in terms of their accretion rates, leading to lower
values than their higher mass counterparts. Such a result is in
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agreement with the results of Betti et al. (2023), although we
have found that this phenomena is already at work at even earlier
ages (<3 Myr).

Overall, these results pose an apparently contradictory sce-
nario: very low-mass sources evolve faster into lower accretion
rates, they may possess lower disk masses but they also may
have longer-lived disks. This discrepancy may be alleviated if
the evolutionary timescale of the dusty inner disk with respect to
the timescale of the accretion processes is different. Transition
disks present a very different behavior compared to low-mass
sources: transition disks have no dust in the inner part of the
disk, but there is ongoing accretion (see review by van der Marel
2023, and references therein). There is a number of sources with
evidence of dust in their inner disk, but no appearance of accre-
tion (see Manara et al. 2017a, and references therein), such as
the sources presented in this work, which have had their infrared
excess detected and whose accretion diagnostics are compatible
with chromospheric activity.

In the context of viscously evolving disks, the strong depen-
dence of the mass accretion rates with stellar masses (M. «
M?) has been reproduced in different works (Alexander &
Armitage 2006; Hartmann et al. 2006; Dullemond et al. 2006;
Somigliana et al. 2022). Alexander & Armitage (2006) studied
the M,—M,.. relationship in the viscous evolution paradigm
assuming that this relationship is set by a variation in the ini-
tial conditions with the stellar mass, in particular, so that the
“initial” disk size increases with decreasing stellar mass. Such
a scenario resulted in BDs presenting a slower evolution in
terms of the accretion rates (i.e., a longer viscous timescale),
which is contrary to the results of our study. On the other hand,
Hartmann et al. (2006) reproduced the shape of the M,—M,e.
relationship in the context of viscous evolution, invoking the
notion that the disk masses decrease steeply with the stellar
mass. In these models, the authors found that viscous evolution
is faster in lower mass stars (i.e., a shorter viscous timescale),
similarly to what we have found. Somigliana et al. (2022) found
that the slope of the M,—M, relationship would undergo an
evolutionary steepening when the M., —Mg;y relationship is ini-
tially steeper than the M,—M,. relationship. The slope of the
relationship between the disk mass and the accretion rate is
also naturally reproduced by viscous models (Dullemond et al.
2006; Mulders et al. 2017; Lodato et al. 2017). At the same
time, viscous models predict that the spread of this relationship
becomes smaller with age (Lodato et al. 2017). Manara et al.
(2020) found that the M.—Mg; relationship of Upper Scor-
pius presented a similar spread as younger regions, contrary
to predictions of viscous evolution. Sellek et al. (2020) stud-
ied this issue including a modeling of the evolution of dust
and found that this discrepancy can be reconciled when taking
into account that disk masses are measured through the con-
tinuum flux. Another possibility is that the binary population
may have biased the observed accretion depletion timescales
toward lower values (Zagaria et al. 2022). In any case, a model
that explains not only the steepening of the accretion rate
scaling relationships but also that of the My —M,c. relation-
ship and the corresponding spreads has not been put forward
so far.

Current MHD wind disk models have no particular pre-
diction of the shape and evolution of these relationships.
However, the initial conditions can be tailored to reproduce
the accretion and disk mass relationships (e.g., Mulders et al.
2017; Tabone et al. 2022). These models also naturally repro-
duce the spread in the Mgy —M,. relationship. Recently,
Somigliana et al. (2023) showed that MHD wind disk mod-
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els predict a smaller decrease with time of the spread in the
M gisk— M e relationship than purely viscous models.

6. Summary and conclusions

In this work, we present the analysis of the protoplanetary disk
and accretion scaling relations in four different star-forming
regions: Ophiuchus (~1 Myr), Lupus (~2 Myr), Cha-I (~3 Myr),
and Upper Scorpius (5—12 Myr). This work included 26 new X-
shooter spectra of low-mass stars and BDs in Ophiuchus, Cha-I
and Upper Scorpius. We derived the physical and accretion prop-
erties of these objects, and combined the new measurements with
those from the literature. The combined sample of sources was
analyzed using a homogeneous methodology.

We analyzed the shape and time evolution of the disk scaling
relationships (L.—Lycc, M,—Myee, Mu—Maik, Maisk— M) in the
four different star-forming regions studied here. We found that
the accretion relationships (L,—Lacc, M.—M,c.) are reproduced
by a single or a double power law with a similar statistical signif-
icance. Since the single power-law model is simpler, we find this
model to be a better description of both relationships. We found
that the slopes of the accretion relationships undergo a steepen-
ing with time in the 1-3 Myr age range (i.e., between Ophiuchus,
Lupus, and Cha-I). For the Mgjg—M,c. relationship we found
that the steepening extends down to the age of Upper Scorpius
if only the stellar population is considered (the BD population
of Upper Scorpius has almost no measurements of their proto-
planetary disk dust content). This result is most possibly driven
by a faster evolution of the low-mass stars into lower accretion
rates while keeping an equally lower Mgk. The single power-
law slope of the accretion relationships in Upper Scorpius does
not follow the trend seen at younger ages, which may indicate
that all sources have evolved into lower accretion rates. How-
ever, it is important to note that the accretion rate and disk mass
measurements in Upper Scorpius are very incomplete and do not
extend to the BD regime.

We found the M,.—Mg; relationship to be steeper than lin-
ear, but we did not find any evidence for an evolutionary behav-
ior of the slopes of this relationship as previously proposed
(Pascucci et al. 2016; Ansdell et al. 2017). However, the sensi-
tivity limit of the ALMA surveys in these regions needs to be
increased to better understand the time evolution of this rela-
tionship better. We also found that the BD population of the
regions studied in this work present longer accretion depletion
timescales than the stellar population, which was confirmed via
an Anderson-Darling test between the BD and stellar popula-
tions. A possible caveat of this result is the current detection limit
of protoplanetary disk dust observations.

Overall, this field would immensely benefit from an increase
in the number of low-mass stars and BDs with their accre-
tion rates measured, especially in the case of the Ophiuchus
and Upper Scorpius star-forming regions. Subsequent deep
ALMA observations of disks around BDs may be able to con-
firm whether BDs present longer accretion depletion timescales,
while high angular resolution ALMA observations of BDs will
also help to constrain our understanding of the impact of sub-
structures in disks around BDs.
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Appendix A: Observing log and literature coordinates, distance, region to which they belong and spectro-
parameters scopic parameters from the literature of the observed sample.

In Table A.1, we present the observing log of the X-Shooter
observations presented in Sect. 2. In Table A.2, we show the

Table A.1. X-Shooter observing log of the sample presented in Sect. 2.

Name Date Slit width ["x 11"] Exp. time [Nexpxt(s)] S/NatAd=
UVB VIS NIR | UVB VIS NIR 700 855 1300
CHSM 12653 2021-04-30 1.0 0.9 09 | 4x560 4x650  4x700 3 14 19

2MASS J11084952-7638443 | 2021-04-09 | 1.0 09 09 | 4x660 4x750  4x750
2MASS J11112249-7745427 | 2021-04-30 | 1.0 09 0.9 | 4x660 4x750  4x750
2MASS J11114533-7636505 | 2021-05-02 | 1.0 09 09 | 4x610 4x700  4x750
2MASS J11122250-7714512 | 2021-04-29 | 1.0 09 09 | 4x660 4x750  4x750 3 12
2MASS J16031329-2112569 | 2021-06-28 1.0 04 04 | 4x520 4x430  4x500 88 80

1 4 13

1

2

0

31
2MASS J16052661-1957050 | 2021-06-28 | 1.0 04 04 | 4x450 4x360 4x500 | 38 100 102

16

54

5 15
8 17

2MASS J16053215-1933159 | 2021-06-28 1.0 04 04 | 4x550 4x460  4x600 53 44
2MASS J16060061-1957114 | 2021-06-29 | 1.0 04 04 | 4x450 4x360  4x500 127 132
PGZ2001 J160702.1-201938 | 2021-06-29 | 1.0 04 04 | 4x550 4x460  4x600 | 20 64 60
2MASS J16083455-2211559 | 2021-06-29 | 1.0 04 04 | 4x550 4x460  4x600 | 26 76 64
2MASS J16101888-2502325 | 2021-05-04 | 1.0 04 04 | 4x520 4x430 4x500 | 43 103 94
2MASS J16102819-1910444 | 2021-09-04 | 1.0 04 04 | 4x650 4x560  4x700 | 20 66 50
2MASS J16145928-2459308 | 2021-05-04 | 1.0 04 04 | 4x520 4x430 4x500 | 46 110 100

2MASSJ16151239-2420091 | 2021-07-05 | 1.0 04 04 | 4x650 4x560 4x700 | 21 66 42
2MASSJ16181618-2619080 | 2021-05-04 | 1.0 04 04 | 4x550 4x460 4x600 | 22 76 82
CRBR 2317.5-1729 2021-08-30 | 1.0 09 09 | 4x660 4x750  4x750 0 0 9
CRBR 2322.3-1143 2021-08-31 1.0 09 09 | 4x610 4x700  4x750 0 1 10
ISO-Oph042 2022-07-13 | 1.0 09 09 | 4x630 4x700  4x750 1 8 45
GY92 80 2021-07-18 | 1.0 09 09 | 4x610 4x700  4x750 1 7 29
GY92 90 2021-08-05 1.0 09 09 | 4x660 4x750  4x750 0 1 9
SONYC RhoOph-6 2021-09-03 | 1.0 09 09 | 4x770 4x860  4x900 0 0 2
GY92 264 2021-09-01 1.0 09 09 | 4x660 4x750  4x750 16 6l 113
CFHTWIR-Oph 77 2022-06-11 1.0 09 09 | 4x930 4x1020 4x1050 | O 0 1
BKLT J162736-245134 2021-07-17 | 1.0 09 09 | 4x660 4x750  4x750 0 0 1
BKLT J162848-242631 2021-07-07 | 1.0 09 09 | 4x560 4x650  4x700 4 22 26
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Object/other name RA(2000) Dec(2000) Region SpT Av  References
CHSM 12653 11:08:29.270  -77:39:19.836 Cha-I M7.25 0.0 1
2MASS J11084952-7638443  11:08:49.524  -76:38:44.350 Cha-I M8.75 0.0 1
2MASS J11112249-7745427 11:11:22.499  -77:45:42.710 Cha-I M8.25 0.0 1
2MASS J11114533-7636505 11:11:45.336 -76:36:50.533 Cha-I M8 1.2 1
2MASS J11122250-7714512  11:12:22.509 -77:14:51.237 Cha-I M9.25 0.0 1
2MASSJ16031329-2112569  16:03:13.297  -21:12:56.905 Upper Sco M4.75 0.8 2
2MASS J16052661-1957050  16:05:26.611  -19:57:05.050 Upper Sco  M4.5 0.2 2
2MASS J16053215-1933159  16:05:32.151  -19:33:15.994 Upper Sco M4.75 0.9 2
2MASS J16060061-1957114  16:06:00.615 -19:57:11.455  Upper Sco M4 09 2
PGZ2001 J160702.1-201938  16:07:02.118 -20:19:38.769  Upper Sco M5 0.8 2
2MASS J16083455-2211559  16:08:34.552  -22:11:55.917 Upper Sco  M4.5 0.3 2
2MASSJ16101888-2502325 16:10:18.881 -25:02:32.546  Upper Sco M4.75 0.3 2
2MASSJ16102819-1910444  16:10:28.195 -19:10:44.486 Upper Sco M4 0.5 2
2MASS J16145928-2459308  16:14:59.287  -24:59:30.804 Upper Sco M4.25 1.0 2
2MASS J16151239-2420091  16:15:12.393  -24:20:09.121  Upper Sco M4 03 2
2MASSJ16181618-2619080 16:18:16.185 -26:19:08.065 Upper Sco  M4.5 2.1 2
CRBR 2317.5-1729 16:26:18.982  -24:24:14.259  Ophiuchus M6 24 .4 3
CRBR 2322.3-1143 16:26:23.814  -24:18:29.001 Ophiuchus MS5.5 8.5 3
ISO-Oph042 16:26:27.809  -24:26:41.82  Ophiuchus M5 6.2 4
GY92 80 16:26:37.807 -24:39:03.196 Ophiuchus M5.5 6.8 3
GY92 90 16:26:39.917 -24:22:33.427 Ophiuchus MS8.25 7.6 3
SONYC RhoOph-6 16:27:05.926  -24:18:40.215 Ophiuchus M8 6.8 3
GY92 264 16:27:26.581 -24:25:54.386  Ophiuchus M8 0.3 3
CFHTWIR-Oph 77 16:27:25.644 -24:37:28.516 Ophiuchus M?9.75 10 5
BKLT J162736-245134 16:27:36.611  -24:51:36.09  Ophiuchus LO 2.1 3
BKLT J162848-242631 16:28:48.704 -24:26:31.794 Ophiuchus M6.25 1.9 3

References. (1) Esplin et al. (2017); (2) Luhman et al. (2018); (3) Esplin & Luhman (2020); (4) Wilking et al. (2005); (5) Alves de Oliveira et al.

(2012).

Appendix B: Membership of the sources used in
this work

In this section, we evaluate the membership of all the sources
used in this work to their respective star-forming regions. We
compared their Gaia DR3 kinematics (Gaia Collaboration 2023)
and location to that of known members of the different regions
(Luhman & Esplin 2022). To restrict the comparison solely to
the sources with reliable Gaia astrometry, we made a cut in
RUWE<2.5 (Fitton et al. 2022). We found that the sources of
all regions except for Lupus agree well with the kinemat-
ics and location of known members of each region. In the
case of Lupus, we found a number of sources whose kine-
matics and location could also be explained with membership
to another of the groups of the Scorpius-Centaurus complex.
Therefore, we made a more detailed comparison of the loca-
tion and kinematics of these sources with the catalog of Lupus
members from Luhman (2020), and that of Upper Scorpius,
Upper Centaurus Lupus (UCL), and Lower Centaurus Crux
(LCC) from Luhman & Esplin (2022). The main flags for pos-
sible non membership to Lupus that we find to be the most
useful are:

— Proper motion in right ascension < -15 "/yr: Below this
value, membership to UCL would be much more probable
than membership to Lupus.

— Located at a distance < 147 pc (or parallax > 6.8"): at shorter
distances, the parameter space is dominated by members of
UCL and Upper Scorpius.

— Located off clouds: the location of the Lupus clouds com-
pletely overlaps with the extent of UCL members.

Based on the evaluation of these aspects we find the following
sources with reliable Gaia DR3 astrometry to be possible non-
members of Lupus:
— Sources 2MASS J15445789-3423392, 2MASS J15592523-
4235066, 2MASS J15414081-3345188, 2MASS J16011870-

3437332,2MASS J15383733-3422022, 6010590577947703936,

2MASS J15414827-3501458, UCAC4273-083363 and
6014269268967059840 all have proper motions in right
ascension < -15 "/yr, which is in better agreement with a
membership to UCL. Only one of these sources is located in
the cloud (2MASS J15592523-4235066).

— SSTc2d J160828.1-391310 is on cloud but its proper motion
in right ascension is close -15 "/yr and its proper motion in
declination is also just outside the locus of the known Lupus
members.

— 2MASS J16134410-3736462 is slightly off cloud, it has
proper motions in right ascension -13.5 "/yr and it is located
at the distance of known Lupus members.

— 2MASS J15361110-3444473 is off cloud and has slightly
discrepant proper motions that could make it a UCL mem-
ber (larger proper motions in declination). It is also located
slightly further away from the cluster, however, within the
cluster’s distance in 1-20.

— 2MASS J16081497-3857145 is on cloud but has a proper
motion in declination that is much lower than other Lupus
members, which could make it rather a member of Upper
Scorpius.

Figure B.1 shows the location and kinematics of the adopted
members and possible non-members of Lupus together with the
Lupus members of Luhman (2020).
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Fig. B.1. Location and kinematics of the Lupus star-forming region. Top-left panel shows the on-sky location, top-right panel shows the kinematics,
bottom-left panel shows the comparison between the distance, and the proper motion in right ascension, and the bottom right panel shows the
comparison between the distance and the proper motion in declination. Adopted members are shown with cyan circles and the possible non
members are shown with white-filled crosses. Members of Luhman (2020) are shown with small circles.
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Appendix C: Power law fit results Table C.1. Parameters of the power-law fits performed in this work.
Note: all the power-law fits have been performed on the logarithm of
In Table C.1, we present the results of the power-law fits per-  both variables involved in each relationship.

formed to the four relationships studied in Sect. 4. For the

M, — Mgk and Mgisx — My relationships we also provide the

results of the power-law fits performed to the stellar population Relationship Region Slope Intercept
(>0.1Mg). All the fits were performed on a log scale of both L, — Lo Ophiuchus 1.19+0.08 -1.46+0.08
quantities involved in each fit. Lupus 1.52+0.12 -1.46+0.14
(only members) 1.46+0.15 -1.47+0.14
Cha-I 1.76+£0.11  -1.1+0.12
Upper Sco 1.5+0.17  -1.65+0.2
M, — My Ophiuchus 1.67+0.18 -7.76+0.14
Lupus 1.79+£0.22  -8.27+0.18
(only members) 1.41+0.22 -8.35+0.16
Cha-1 2.08+0.18 -7.86+0.14
Upper Sco 1.33+0.29 -9.17+0.21
M, — Myisk Ophiuchus 1.07£0.15 -2.55+0.12
Lupus 1.48+0.18 -2.03+0.14
(only members) 1.38+0.19 -2.06+0.14
Cha-I1 1.24+0.17 -2.46+0.12
Upper Sco 1.22+0.19 -3.16+0.15
M, — Myisk Ophiuchus 1.27+0.28 -2.48+0.15
(>0.1My) Lupus 1.39+0.27 -2.06+0.16
(only members) 1.39+0.27 -2.06+0.16
Cha-I 1.13£0.27 -2.48+0.13

Upper Sco 1.51£0.23 -3.03%0.16
Misk — Mace Ophiuchus 0.75+0.13  -6.33+0.41

Lupus 0.81+0.1 -6.86+0.31
(only members) 0.73+0.11 -7.03+0.32
Cha-I 0.95+0.12  -6.0+0.39

Upper Sco 0.9+0.14 -6.47+0.58
Myige — Mipee Ophiuchus 0.5+£0.11  -6.82+0.34

(>0.1My) Lupus 0.57+0.12 -7.39+0.34
(only members) 0.57+0.12 -7.39+0.34
Cha-I 0.71+£0.14 -6.45+0.41

Upper Sco 0.92+0.16 -6.37+0.63
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