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Abstract

Context. Planets form during the first few Myr of the evolution of the star-disk system, possibly before the end of the embedded phase. The properties of very young disks and their subsequent evolution reflect the presence and properties of their planetary content.

Aims. We present a study of the Class II/F disk population in L1688, the densest and youngest region of star formation in Ophiuchus. We also compare it to other well-known nearby regions of different ages, namely Lupus, Chamaeleon I, Corona Australis, Taurus and Upper Scorpius.

Methods. We selected our L1688 sample using a combination of criteria (available ALMA data, Gaia membership, and optical and near-IR spectroscopy) to determine the stellar and disk properties, specifically stellar mass (M⋆), average population age, mass accretion rate (Ṁacc) and disk dust mass (Ṁdust). We applied the same procedure in a consistent manner to the other regions. Results. In L1688 the relations between Ṁacc and M⋆, Mdust and M⋆, and Ṁacc and Mdust have a roughly linear trend with slopes 1.8–1.9 for the first two relations and ~1 for the third, which is similar to what found in the other regions. When ordered according to the characteristic age of each region, which ranging from ~ 0.5 to ~5 Myr, Ṁacc decreases as t−1, when corrected for the different stellar mass content; Mdust follows roughly the same trend, ranging between 0.5 and 5 Myr, but has an increase of a factor of ~3 at ages of 2–3 Myr. We suggest that this could result from an earlier planet formation, followed by collisional fragmentation that temporarily replenishes the millimeter-size grain population. The dispersion of Ṁacc and Mdust around the best-fitting relation with M⋆, as well as that of Ṁacc versus Mdust are equally large. When adding all the regions together to increase the statistical significance, we find that the dispersions have continuous distributions with a log-normal shape and similar widths (~0.8 dex).

Conclusions. This detailed study of L1688 confirms the general picture of Class II/F disk properties and extends it to a younger age. The amount of dust observed at ~1 Myr is not sufficient to assemble the majority of planetary systems, which suggests an earlier formation process for planetary cores. The dust mass traces to a large extent the disk gas mass evolution, even if the ratio Mdust/Mdisk at the earliest age (0.5–1 Myr) is not known. Two properties are still not understood: the steep dependence of Ṁacc and Mdust on M⋆ and the cause of the large dispersion in the three relations analyzed in this paper, in particular that of the Ṁacc versus Mdust relation.
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1 Introduction
The formation of planets in disks around young stars has been actively studied for a long time, especially since the discovery of exoplanets and the realization that most stars in the Galaxy are likely to host planetary systems.
Based on Solar System evidence and the study of the incidence of disks around young stars, it has been inferred that planet formation has to occur in the first few million years since the formation of the host star (e.g., Johansen et al. 2014; Pfalzner et al. 2015, and references therein). It is now widely accepted that planets form in protoplanetary disks, which are formed as the byproduct of the star formation process (e.g., Shu et al. 1987). The lifetimes of protoplanetary disks set an upper limit to the planet formation process of about few Myr, which is consistent with the timescale for the formation of the pristine bodies in the Solar System (e.g., Hernández et al. 2008, and references therein). There is increasing evidence that at least some planets form early in the evolution of the star–disk systems (e.g. Keppler et al. 2018; Pinte et al. 2018, 2019, 2020; Casassus & Pérez 2019; Alves et al. 2020), most likely when the disk is still accreting matter from the collapsing core, based on the lack of solids available to form planetary cores in disks older than 0.5–1 Myr (e.g. Greaves & Rice 2010; Najita & Kenyon 2014; Ansdell et al. 2016; Testi et al. 2016; Manara et al. 2018; Sanchis et al. 2020) In these early evolutionary stages (so-called Class 0 or Class I protostars, Lada 1987; Andre et al. 1993), the properties of the collapsing core, such as the rotation and magnetic field, are likely to affect the disk structure itself, and, as a consequence, the planet population that is undergoing formation. The first high-angular-resolution observations by ALMA of HL Tau, a young stellar object at the transition between Class I and Class II, show structures that may be interpreted as having resulted from advanced planet formation (ALMA Partnership 2015).
At a slightly later stage, when the envelope has almost entirely dispersed (so-called Class II young stellar objects Lada 1987), disks carry the imprints of the planetary systems that they host (e.g., gaps and rings), and the presence of planets affects the disk’s evolution (e.g. Isella et al. 2016). On the other hand, disks lose matter due to accretion onto the central star and winds; the decrease in the gas density over time may affect, in turn, further planet growth and the dynamical evolution of young planetary systems (Hartmann et al. 2016; Ercolano & Pascucci 2017). The solid disk component changes over time as grains grow and drift with respect to the gas toward the star, then becoming trapped in winds and accretion flows. In addition, grains are lost to rocky planets and planetesimals, which, on the other hand, may also collide and fragment, replenishing the grain population (Johansen et al. 2014; Turner et al. 2014). The environment, which hosts gravitational interactions in dense clusters and strong UV radiation field due to nearby massive stars, can also play a role (e.g., Winter et al. 2018, 2020).
One possible way to study the interplay and the timeline of all these processes relies on the availability of measurements of some basic bulk quantities, such as stellar and disk masses, for a large number of objects of different masses and in different star-forming regions. The Class II evolutionary phase lasts much longer than Class I/0, and statistical studies of disk properties were initiated long time ago. Their results include, for example, a measurement of the disk lifetime of few Myr by measuring the fraction of objects with near-IR excess (Hernández et al. 2008) and evidence of accretion (Fedele et al. 2010) as function of the typical age of each region, as well as the dependence of the mass accretion rate on the age of the central star, as predicted by viscous accretion disk models (Hartmann et al. 2016). Other works have provided unexpected results, such as the steep correlation between the mass accretion rate and the stellar mass [image: equation] found in Taurus (Muzerolle et al. 2005) and ρ-Oph (Natta et al. 2006), which was interpreted as having resulted from a spread in the properties of the parental cores (Dullemond et al. 2006), although alternative explanations have not been excluded (e.g. Ercolano et al. 2014; Vorobyov & Basu 2009; Alexander & Armitage 2006; Clarke & Pringle 2006; Hartmann et al. 2006; Gregory et al. 2006).
It is, however, only in the last decade that with the advent of large surveys both in the optical and mm wavelengths, these kinds of studies have become possible for a large number of star-forming regions and possible evolutionary patterns have been established. In particular, the greatly improved sensitivity provided by VLT’s second-generation instruments and by ALMA have allowed for population studies of accretion and disk properties to be extended down to very-low-mass stars (VLMS) and brown dwarfs (BDs), and, more generally, lower-mass disks, allowing us to effectively undertake broader population studies (Testi et al. 2016; Sanchis et al. 2020). The broad wavelength range and sensitivity of VLT/X-shooter has been used to derive reliable stellar parameters and mass accretion rates (e.g. Alcalá et al. 2017; Manara et al. 2015, 2017, 2020), while complementary ALMA surveys have allowed us to measure millimeter dust continuum and molecular line emission for disks over a large range of stellar masses, from brown dwarfs to solar-mass stars (e.g. Ansdell et al. 2016; Pascucci et al. 2016; Barenfeld et al. 2016; Testi et al. 2016; Cazzoletti et al. 2019). While the original hope to constrain the disks gas masses from the observations of the carbon monoxide isotopologues have turned out to be more uncertain than originally expected (e.g., Miotello et al. 2017; Bergin & Williams 2017), several complementary lines of evidence suggest that the millimeter continuum flux is a good proxy of the solids mass in disk albeit with systematic uncertainties due to the poorly constrained dust physical and chemical properties (Turner et al. 2014; Andrews 2015). Moreover, a number of recent studies have started to investigate the different evolution of the dust millimeter grains and the gas component of the disk by including the effects of growth, drift, and fragmentation (Pinilla et al. 2020; Sellek et al. 2020; van der Marel & Mulders 2021; Michel et al. 2021). On the other hand, the few available attempts to directly measure disk masses from gas kinematical modeling show a remarkable consistency with estimates from the dust continuum measurements (assuming the canonical gas to dust ratio of 100, e.g. Veronesi et al. 2021, Izquierdo et al., in prep.).
Notwithstanding the above uncertainties, several important trends for disk bulk properties have been confirmed: the steep dependence of Ṁacc on M⋆ (e.g. Alcalá et al. 2017; Manara et al. 2017, 2020), and the steeper than linear correlation between Mdust and Macc (e.g. Ansdell et al. 2016; Pascucci et al. 2016; Barenfeld et al. 2016). Manara et al. (2016) showed for the first time that Ṁacc increases almost linearly with the disk (dust) mass, as predicted by viscous evolution models. This was also confirmed by Mulders et al. (2017), who also pointed out that the dispersion of the data points cannot be easily reconciled in the simplified viscous evolutionary models, unless the age of the disks is comparable with the viscous timescale (Lodato et al. 2017). A clear trend showing a decrease in Mdisk(or Mdust) with the age of the region was found when comparing the 2–3 Myr Lupus and Chamaeleon I with the 5–8 Myr Upper Scorpius (Ansdell et al. 2017). Other intriguing results have also been reported. For example, Upper Scorpius has large mass accretion rates and a huge dispersion of values when compared to Lupus and Chamaeleon I for disks of the same mass (Manara et al. 2020), contrary to the expectations of viscous evolutionary models (see e.g. Lodato et al. 2017; Rosotti et al. 2017).
Very recently, the ALMA data of two very young regions, ρ-Oph (Williams et al. 2019; Cieza et al. 2019) and Corona Australis (Cazzoletti et al. 2019) seem to indicate that the disk (dust) mass in these regions is smaller than in the older Lupus and Chamaeleon I regions. This is unexpected, and potentially very interesting, if confirmed. However, the results for ρ-Oph could be contaminated by a significant component of older objects, belonging to groups of different ages, including the overlapping Upper Scorpius population, in the same region (Esplin & Luhman 2020); moreover, only the cumulative mass distribution of the regions were compared, as a characterization of the stellar properties of the objects (M⋆ in particular) was not available.
In this paper we present a new analysis of the young stellar photosphere and disk properties for the Class II/F protoplanetary disks in the ρ-Ophiuchi L1688 region. This sample is then compared with other well known star forming regions in the Solar neighborhood, namely Lupus, Chamaeleon I, Corona Australis, Taurus and Upper Scorpius, with the aim of analyzing potential evolutionary trends. In all cases, we base our analysis on new membership and distance information derived from spec-troscopy and the Gaia DR2 data, and we derive the disk and stellar properties in a homogeneous way.
In Sects. 2 and 3, we describe the ρ-Ophiuchi L1688 sample properties, new observations, and results. In Sect. 4, we describe the properties of the objects in the other star-forming regions analyzed in this paper. The results are discussed in Sect. 5. Conclusions follow in Sect. 6.
2 Ophiuchus L1688 Sample
We focus our study on L1688, the densest and youngest region of star formation in Ophiuchus (Wilking et al. 2008; Esplin & Luhman 2020). We selected young stars with disks classified as Class II or F, observed with ALMA, and with estimates of three crucial photospheric parameters, namely spectral type (SpT), extinction (AK), and J-band magnitude, which allow us to estimate the stellar properties. In the following sections we summarize the details of the selection process.
2.1 ALMA L1688 Data
2.1.1 ALMA 1.3 mm Data from the ODISEA Survey
The Ophiuchus region was the subject of an extensive 1.3 mm ALMA survey of the young stellar population (The Ophiuchus DIsk Survey Employing ALMA (ODISEA), Cieza et al. 2019; Williams et al. 2019, W19 in the following). The survey includes all the protostars identified in the Spitzer “Cores to Disks” Legacy project (Evans II et al. 2009) for a total of 279 objects (Class I, Flat spectrum, Class II and Class III). Of these, 172 are classified as Class II and 50 as Class F1. The surveyed area covers, but extends beyond L1688, including, for example, members of the older Upper Scorpius association and of other young groups in the ρ-Ophiuchi star forming region (e.g. L1689 and L1709, among others). We will discuss in Sect. 2.2 how we selected from the ODISEA survey the members of L1688 that will be used in this study.
2.1.2 ALMA 0.89 mm data for VLMS and BDs
As part of a survey of very low mass stars and brown dwarfs with disks, we observed with ALMA a total of 25 objects at 0.89 mm with ALMA (Testi et al. 2016, T16 from now on, and this work). A detailed discussion of this sample is given in Appendix A.
2.2 Membership and Spectroscopy
Esplin & Luhman (2020, EL20 in the following) have recently published a new, critical analysis of the Ophiuchus region. Their aim was to establish the membership of all known objects with evidence of youth in addition to known spectral type in a region which includes the three main dark clouds of Ophiuchus (L1688, L1689, L1709) and a substantial area north of L1688, encompassing the majority of W19 ALMA region. They separated the Ophiuchus subgroups members from other populations by applying kinematic criteria to the Gaia second data release. The result is a catalog of 373 members, 259 candidate members and 59 stars with kinematics that are inconsistent with membership in Ophiuchus.
We focus on L1688, the youngest core of star formation in the region. It occupies an area on the plane of the sky defined according to Fig. 1 of EL20. In this region, there are 154 young stellar objects classified as Class F or Class II by W19 and Cieza et al. (2019, based on previous Spitzer surveys). Of these, 88 are classified as members of L1688 and 7 as candidate members by EL20. For all these objects we adopted the spectral type, extinction and J-band magnitude as given by EL20.
To these we added three sources (J162435.2-242620, J162618.1-243033, J162732.6-243323) in the L1688 region, for which EL20 does not provide spectral types. However, we did found spectroscopically determined spectral types, extinction, and J-band magnitude values for them in the literature (van der Marel et al. 2016; Mužić et al. 2012; McClure et al. 2010).
Seven of the BDs observed in Band 7 by T16 or in this study are not present in the ODISEA survey (GY92-320 from T16, and GY92-141, CFHTWIR-Oph-58, CFHTWIR-Oph-66, CFHTWIR-Oph-77, CFHTWIR-Oph-90, CFHTWIR-Oph-98, from this paper). They are all classified as member or candidate member by EL20, and we adopt their parameters from EL20, as above.
In summary, the L1688 sample analyzed in this work contains 105 objects.
2.3 Stellar Parameters
Using the J-band magnitude, the extinction and the spectral type, for each source we estimated photospheric luminosity L⋆ and effective temperature Teff. We derived the J-band extinction from AK using the ratio AJ/AK = 2.63 (EL20) and computed for each star the effective temperature Teff according to the SpT-Teff relation used by Testi et al. (1998) and Luhman et al. (2003) (see also the references quoted in these papers, as well as the analysis in Testi 2009). The luminosity is then derived from the J-band magnitude, corrected for extinction, the Gaia distance, and the bolometric correction to the J magnitude as compiled by Testi et al. (1998) and Luhman (1999). For the stars with no Gaia distance we adopt the average value of 139.4 pc (EL20).
We proceeded in the same way for objects with extinction and spectral type from other studies. In each case, we used the extinction law quoted in the relevant paper to convert to a consistent set of J-band extinctions (see Sect. 2.2).
The resulting Hertzsprung-Russel (HR) diagram is shown in Fig. 1 (top left panel), with overlaid the tracks from Baraffe et al. (2015). Uncertainties on both Teff and L⋆ can be very large, especially in a region of high extinction as L1688 (see, e.g., EL20). Manara et al. (2015) quote at least one spectral sub-class and >0.2dex in L⋆, even when using X-shooter spectra with their broad wavelength coverage and high sensitivity. As discussed in the literature (e.g., Alcalá et al. 2017), uncertainties in the spectral classification may be larger for G- and K-types, as compared to M-dwarfs. We thus estimated an error of 1.5–2 sub-classes for the higher-mass objects in our sample.
Stellar masses are derived by comparing the location on the HR diagram to the pre-main sequence evolutionary tracks of Baraffe et al. (2015), when possible; for objects with stellar mass larger than 1.4 M⊙, we used the Siess et al. (2000) tracks. The choice of these evolutionary tracks is meant to facilitate the comparison with previous works on a numberofstar-forming regions (e.g. Alcalá et al. 2017; Sanchis et al. 2020). For a given set of evolutionary tracks, and for the bulk of the stellar masses and ages covered in our sample, the evolutionary tracks are nearly vertical in the HR diagram; hence, the derived values of M⋆ are affected mostly by uncertainties in the spectral type. Values of M⋆ for objects more luminous than the evolutionary tracks was derived by vertically extrapolating the tracks. Typical uncertainties are at least ±10%, but can be significantly larger for individual objects with highly uncertain spectral type.
	[image: thumbnail]	Fig. 1 HR diagrams for the six star-forming regions, as labelled in each panel. Stellar evolutionary tracks (dotted lines) and isochrones (solid lines) are from Baraffe et al. (2015); masses and ages are as labelled.



2.4 Mass Accretion Rate
The largest survey of mass accretion rates in L1688 was published by Natta et al. (2006). Accretion luminosities were computed for a sample of 104 Class II/F stars using the L(Paβ) in 96 cases or L(Brγ) for the remaining 8 luminosity as a proxy for Lacc. Of the 105 objects in our sample, 60 have been observed by Natta et al. (2006). We recomputed the line luminosity for the distance and extinction adopted in this paper and derive Lacc from the relations of Alcalá et al. (2017).
We then derived the mass accretion rates from the relation Ṁacc = 1.25LaccR⋆/(GM⋆), with R⋆. computed from the photospheric luminosities and effective temperatures.
We note that in Natta et al. (2006), who selected their sample from the ISOCAM YSOs in the study of Bontemps et al. (2001), a total of 140 objects were observed, of which 35 were classified as Class III and 105 as Class II. The 45 ISOCAM Class II objects excluded from the sample discussed in this paper are either not present in the ALMA ODISEA survey or are classified as non-members of L1688 by EL2O.
3 Results for L1688
The L1688 sample of 105 objects is the largest among the nearby star forming regions (d < 150–160 pc), spanning a large range of spectral types, stellar luminosities (between ~10−3 and 10 L⊙), and masses (from ~0.01 to ~1 M⊙). The M⋆ distribution is shown in Fig. 2.
3.1 Relationship Between Disk Dust Mass and Stellar Mass
The dust mass in each disk is computed from the millimeter flux, assuming optically thin emission and Rayleigh-Jeans approximation, according to:
[image: equation](1)
where Fmm is the observed flux, d the distance, κv the dust opacity at the frequency of the observations, and Bv the Planck function at the dust temperature Tdust. Adopting κv = 2.3 cm2 g−1 at 1.3 mm and Tdust = 20K, as in Ansdell et al. (2017), Eq. (1) gives Mdust/M⊙ ~ 9 × 10−11 d2 F1.3 mm with d in pc and F1.3 mm in mJy. For the 7 L1688 BDs with only 0.89 mm fluxes from ALMA, we assume a ratio of F1.3 mm/F0.89 mm = 0.44 (see Appendix A).
In the following, we define the total (gas + dust) disk mass as Mdisk = 100 × Mdust. Also, we use Mdust or Mdisk depending on the context. We note that, in fact, both are simply proportional to the measured millimeter flux.
The distribution of Mdust as a function of M⋆ is shown in Fig. 3. Compared to the compilation of Testi et al. (2016), this is a significant improvement. With the exception of a handful of BDs, all disk masses come from a coherent set of ALMA measurements at 1.3 mm; the membership and stellar parameters have been derived in a consistent and more accurate way for a sample that is three times greater, covering the range of stellar masses in a more uniform way.
We note that for stars above ~0.4 M⊙, all disks have been detected at 1.3 mm, thanks to the sensitivity of the ODISEA ALMA survey (Cieza et al. 2019). The 2 orders of magnitude in dispersion for Mdust at any given M⋆ is consistent with what is observed in other nearby star forming regions (e.g., Pascucci et al. 2016; Ansdell et al. 2017, Ansdell et al. 2016).
Figure 3 shows lines Mdisk ∝ (M⋆/M⊙) and Mdisk (Μ⋆/Μ⊙)2, for different proportionality coefficients, as labeled. We confirm the results presented by Testi et al. (2016) in their study of the dust masses in disks around BDs, namely that the relation between Mdust and M⋆ when a sufficiently broad range of M⋆ is considered is steeper than linear. This result has since been confirmed by most nearby Class II disk populations studied so far (e.g. Pascucci et al. 2016; Ansdell et al. 2017). To quantify the relationship between Mdust and M⋆, following the approach used in similar studies, we performed a power law fit to the data shown in Fig. 3, using the method developed by Kelly (2007) (see Appendix H for details). When using the full sample, including upper limits, we find that Mdust~M⋆1.5 (cyan thick line in figure), but we note that this result is mostly constrained by the limited data in the BDs regime. A fit for M⋆ ≥0.15 M⊙ gives Mdast~M⋆1.9 (orange thick line in figure), with an uncertainty of ~0.4.
	[image: thumbnail]	Fig. 2 Stellar mass distribution for the six regions, as labelled. The total number of stars in each regions is given in the respective panel. The distribution for L1688 is shown in all the other panels by the red line.



	[image: thumbnail]	Fig. 3 Dust mass, Μdust, as a function of the stellar mass M⋆ for L1688. Filled dots are actual measurements, open dots with arrows are upper limits. Cyan lines plot the results of a linear fit over the whole range of Μ⋆; orange lines the results when stars with M⋆ < 0.15 M⊙ are excluded (see text). For comparison, we plot the relations Μdisk ∝ Μ⋆2 (dashed black lines) and Μdisk ∝ M⋆(dotted grey lines) for different values of the Μdisk/Μ⋆ ratio, as labelled. Note that, as always, Μdisk = 100 × Mdust.



	[image: thumbnail]	Fig. 4 Mass accretion rate as a function of M⋆ for L1688; symbols as in Fig. 3. Cyan lines show the results of a linear fit over the whole range of M⋆; orange lines the results when stars with M⋆ < 0.15 M⊙ are excluded (see text). For comparison, we plot the relations Ṁacc ∝ Μ⋆2 (dashed black lines) and Ṁaœ ∝ M⋆(dotted grey lines) for different values of the Ṁacc/M⋆ ratio, as labeled.



3.2 Relationship Between Mass Accretion Rate and Stellar Mass
Figure 4 shows the measured Ṁacc values and upper limits in L1688 as a function of the stellar mass. Grey dotted and black dashed lines show the relations expected for a linear and quadratic dependence of the mass accretion rates on the stellar mass. As already noted in other star-forming regions (e.g. Muzerolle et al. 2005; Natta et al. 2006; Alcalá et al. 2017; Manara et al. 2017), when extending to the very low mass stars and BDs, the Ṁacc values are lower than expected from a linear relation.
To quantify the relationship between Ṁacc and M⋆, following the approach used in similar studies, we performed a power law fit to the data shown in Fig. 4, using the method developed by Kelly (2007) (see Appendix H for details). When using the full sample, including upper limits, we find that Ṁacc~M⋆1.9 (cyan thick line in figure). A fit for M⋆ ≥ 0.15M⊙ gives a similar result, within the uncertainties (Ṁacc ~ M⋆1 8 orange thick line in figure). These values are nearly identical to the results of Natta et al. (2006), who did not have a significant number of spectral type classifications for the Ophiuchus Class II YSOs; hence, their stellar masses were derived from the extinction corrected J-band luminosities assuming a single 1 Myr isochrone. The net result is that photospheric parameters derived in our previous study were more uncertain and that the upper limits were correlated with the stellar luminosity and mass, as they were also derived from the J-band luminosities (see Natta et al. 2006, for details of the procedure).
4 Comparison with Other Star-Forming Regions
The new ALMA data, membership determination, and stellar properties set a much firmer foundation for the characterization of L1688 disk properties, allowing us to add it to the sample of the other nearby star-forming regions to study the evolution of disk populations. For this purpose, we selected a sample of the best-studied nearby regions and re-determined their stellar and disk properties, as described in this section, to ensure an approach that is as homogeneous as possible.
4.1 Data Selection
4.1.1 Lupus
The Lupus disk population has been extensively studied with ALMA by Ansdell et al. (2016, 2018); Sanchis et al. (2020), and the photopheric and disk accretion properties with X-shooter by Alcalá et al. (2014, 2017). Recently, Luhman (2020) re-assessed the membership to the Lupus cloud of all candidates using Gaia data, as in EL2O. We apply the same criteria described in Sect. 2.2 to the selection of objects of Class F/II that are members or candidate members according to Luhman (2020), and have been observed with ALMA. This results in a reduction from the original 95 objects observed by Ansdell et al. (2018) to the 63 studied in this paper. All these objects have a determination of stellar parameters and accretion rates from X-shooter observations (Alcalá et al. 2017), which we recomputed using the new Gaia distances. Disk masses are computed from the data in the 1.3 mm survey of Ansdell et al. (2018), with the same prescription used for L1688.
The table of the adopted properties for the Lupus sources is reported in Appendix C.
4.1.2 Upper Scorpius
A fraction of the Upper Scorpius disk population has been surveyed with ALMA at 0.88 mm by Barenfeld et al. (2016), who also report the photospheric effective temperatures and luminosities for their sample. While it remains incomplete, this is nonetheless the largest homogeneous millimeter survey of Upper Scorpius available to date. Luhman & Esplin (2020) analyzed the membership properties of Upper Scorpius using Gaia data. We applied the same selection criteria as before to define the sample of the 74 Upper Scorpius Class F and II discussed in the following, using, as before, the new Gaia distances to recompute photospheric and accretion properties. Manara et al. (2020) sampled a subset of 34 sources from the Barenfeld et al. (2016) study with X-shooter to derive disk accretion properties – all of these are included in our sample. We note that Manara et al. (2020) has already used the new Gaia distances. Disk masses are computed from the Barenfeld et al. (2016) fluxes converted to 1.3 mm using the average ratio 0.4 (spectral index 2.4) as derived for the disk populations of several nearby star-forming regions (Ansdell et al. 2018; Ribas et al. 2017; Tazzari et al. 2021), and Eq. (1). The table of the adopted properties for the Upper Scorpius sources is reported in Appendix D.
4.1.3 Chamaeleon I
A large fraction of the Chamaeleon I disk population has been surveyed with ALMA at 0.89 mm by Pascucci et al. (2016), while Manara et al. (2017) carried out an extensive spectroscopic campaign to accurately determine stellar photospheric properties and accretion rates. Following Manara et al. (2019), we used Gaia DR2 to correct the derived parameters using the new individual (for the stars in the Gaia catalogue) and average distances. Starting from Pascucci et al. (2016), and applying the same selection criteria as before we derive a sample of 79 Chamaeleon I Class F and II stars, which we use in the following. The Gaia membership of the Cha I region was recently analyzed by Galli et al. (2021), and 64 of our 79 stars are confirmed members, with their distance estimates consistent with our values. Of the remaining 15 stars, 13 do not pass the strict quality standards of Galli et al. (2021), but are classified as members by Esplin et al. (2017); the remaining two stars are considered candidate members according to the criteria of Pascucci et al. (2016) and Manara et al. (2017). As for Upper Scorpius, we computed disk masses from the 0.89 mm fluxes converted to 1.3 mm fluxes with the same constant factor of 0.4 and Eq. (1). The table of the adopted properties for the Chamaeleon I sources is reported in Appendix E.
4.1.4 Corona Australis
The Corona Australis regions was surveyed with ALMA by Cazzoletti et al. (2019), who also reports on the distance estimate and the photospheric parameters of the stars. The Gaia membership of the Corona Australis region was recently analyzed by Galli et al. (2020), and only 15 of our 36 stars are present in the Gaia members catalog, probably because of the strict quality threshold applied on the data and the high extinction in the Corona Australis region. We thus adopted as candidate members all the sources in Cazzoletti et al. (2019). The table of the adopted properties for the Corona Australis sources is reported in Appendix F.
4.1.5 Taurus
The most complete compilation of submillimeter continuum measurements of young stars with disks in the Taurus region is that of Akeson et al. (2019). Recently Esplin & Luhman (2019) revisited the membership and properties of the Taurus young stars using Gaia data. To derive the stellar photospheric parameters we thus followed the same procedure as in the L1688 region (see Sect. 2.2). The table of the adopted properties for the Taurus sources is reported in Appendix G.
4.2 Stellar Mass Distributions and Ages
Figure 1 shows the HR diagram for the six regions, while the mass distribution is shown in Fig. 2. While only L1688 – and to some extent Taurus – extends to very low mass objects and BDs, above M⋆ ~ 0.15 M⊙, all the regions are well sampled.
A comparison of the HR diagrams shows that L1688 is the youngest, with ages similar to those of Taurus and Corona Australis; Lupus and Chamaeleon are likely older by ~ 1–2Myr, while Upper Scorpius is about 5 Myr. This agrees with the relative age distribution in the literature, where there is general consensus that L1688 is one of the youngest region of star formation, several Myr younger than Upper Scorpius (see, e.g., Esplin & Luhman 2020). For each region, Table 1 shows the median values, first and third quartiles of the stellar age distribution of the stars in our samples, derived from comparison to the Baraffe et al. (2015) evolutionary tracks. To avoid the parameter range where the evolutionary tracks are closer to each other than the uncertainties on the stellar temperature and luminosity, we considered only stars with masses in the range of 0.15 ≤ M⋆/M⊙ ≤ 1.0. In the following, we use these as the representative ages for our samples of Class II objects in each region. The uncertainties on age estimates derived by comparing the location of the stars on the HR diagram with evolutionary tracks are well known (see, e.g., D’Antona 2017; Herczeg & Hillenbrand 2015; Braun et al. 2021) and beyond the purpose of this paper.
Table 1 
Characteristic age of the regions.

4.3 Mdust Cumulative Distributions
One methodology that has been widely used in the past to compare the typical disk dust mass in different star-forming regions is the cumulative mass distribution (e.g., Andrews et al. 2013; Ansdell et al. 2016).
Figure 5 shows the dust mass cumulative distribution for each star-forming region computed using the Kaplan-Meier estimator from the lifelines2 package, which takes into account the upper limits using a proper technique for left censored datasets. Lupus, Taurus, and Chameleon have a similar cumulative function for the disk (dust) mass and differ from those of Upper Scorpius and Corona Australis, while the L1688 cumulative dust mass function is placed between these two groups. This confirms the results already shown by W19, namely, of an apparent discrepancy, with the expectation of a monotonic decline of the dust mass content with age, also noted by Cazzoletti et al. (2019).
An important limitation of the comparative analysis of the cumulative mass distributions is that it does not take into account the properties of the sampled stellar masses. We attempt to address this limitation in the following sections.
	[image: thumbnail]	Fig. 5 Comparison of the Μdust cumulative distributions in the various regions. The color-shaded regions show the uncertainty range for each distribution.



4.4 Mdust–M⋆ Relation
The distribution of values of the disk mass versus M⋆ is shown in Fig. 6 for all the regions. As for L1688, we performed for each region, a power-law fit to the data (Kelly 2007) for the whole sample and for M⋆ > 0.15 M⊙ (see Appendix H); the results are shown in Fig. 6 and Table H.1. With the possible exception of Taurus, the inclusion of the lower-mass objects does not change the values of the slopes within the uncertainties. Slopes vary between ~1 for CrA and Taurus (we note, however, that the fits are heavily affected by upper limits), ~1.3 for Chamaeleon and ~2 for L1688, Lupus and Upper Scorpius. There is no clear trend with the age of the regions, as L1688, Lupus and Upper Scorpius have similarly steep slopes. We note that the slopes derived for some of the regions are slightly different from those reported by Pascucci et al. (2016) and Ansdell et al. (2017), due to a combination of the revision of our samples based on the Gaia membership and distance, along with the new photospheric parameters, and the stellar mass range (see also Hendler et al. 2020).
4.5 Ṁacc–M⋆ Relation
Figure 7 plots the mass accretion rate Ṁacc as a function of M⋆ for the four regions where homogeneous estimates of Ṁacc are available. Linear fits for the whole samples and the more massive stellar population M⋆ > 0.15 M⊙ are shown in Appendix H. The results are given in Table H.1 and shown in Fig. 7. All regions have steep slopes (in the range 1.6–2.3) when the whole sample is considered, consistent with each other within the uncertainties. For stellar masses larger than 0.15 M⊙, the nominal values for Lupus and Chamaeleon I slopes are smaller; however, the difference is not significant considering the uncertainties. Alcalá et al. (2017) and Manara et al. (2017) found that a fit with a break and two slopes is a more accurate description of the data for Lupus and Chamaeleon I. We do not see evidence that this is the case in the L1688 region (see also Fiorellino et al. 2021, for the case of NGC 1333). This may point to evolutionary differences in the very-low-mass stars and BDs as compared to stars. In this paper we focus on the evolution of the objects more massive than about 0.15 M⊙, as the samples of objects below ~0.1 M⊙ are still strongly affected by incompleteness and small number statistics.
4.6 Ṁacc–Mdisk Relation and Accretion Disk Lifetimes
Figure 8 shows the relation between Ṁacc and the disk mass Mdisk for all objects with measured Mdisk (upper limits are not included). Linear fits are described in Appendix H. The results show that the trend is about linear for all four regions, with no significant difference between them (see Fig. 8), nor for different M⋆ intervals. A roughly linear trend was found by Manara et al. (2016) in the Lupus star-forming region, by Mulders et al. (2017) in Lupus and Chamaeleon I, and by Manara et al. (2020) in Upper Scorpius. We confirm these results and find that this is also the case for L1688.
The ratio Mdisk/Ṁacc provides an interesting timescale for disk evolution after the first million years, and is plotted in Fig. 9 as a function of M⋆. We can see that there is no trend with M⋆ for M⋆ > 0.15 M⊙; at lower M⋆, there is a hint of larger values of this ratio among Lupus (as noted by Sanchis et al. 2020) and Chamaeleon I objects, but not in L1688. However, there are very few objects at these low masses, and a large number of Ṁacc upper limits in L1688, which, taken all together, limit the significance of this result.
4.7 Dispersion Around the Linear Fits
All regions show a broad range of Mdust and Ṁacc values for the same M⋆. Inspection of Figs. 6, 7, and 8 shows that in all cases the observed values are distributed over an interval of at least two dex, with no obvious trends. We quantify this dispersion by measuring the distance (in dex units, [image: equation]) of the values from the best fits at fixed values of M⋆. We consider the sample of M⋆ ≥ 0.15 M⊙ and add together the results of all the regions. In this way, we correct for potential systematic differences among regions and significantly improve the statistical significance of the results, which are shown in Fig. 10 for Mdust (top panel) and Ṁacc (middle panel), respectively.
Both distributions are well described by a Gaussian with a width of σ = 0.65 and 0.87 for Mdust and Ṁacc, respectively, when upper limits are included and treated as measurements. Figure 10 shows also the results when they are excluded (dotted lines); the distributions are still well described by Gaussians with similar widths (σ =0.64 and 0.84, respectively). Upper limits are concentrated among objects below the fitted relations (negative values of [image: equation]), but do not change the overall distribution too much.
Finally, we have performed a similar analysis for the dispersion of the observed values of Ṁacc for the same Mdisk (Fig. 10, bottom panel). The distribution is again well represented by a Gaussian, with σ = 0.84 and 0.73 when upper limits are included or not, similarly to that of the other two distributions.
5 Discussion
In this section, we discuss the disk properties defined in the previous sections as a function of the characteristic age of each region. We note that this approach assumes that one region “ages” into another one and that other differences, such as the initial conditions under which disks form or the environment in which they evolve are irrelevant.
5.1 Time Evolution of Dust Mass and Mass Accretion Rates
In order to control how the results may be affected by the strong dependence of both Mdisk and Ṁacc on M⋆, we both use the full 0.15–3 M⋆ interval (removing the dependencies on M⋆ as derived in Appendix H), along with narrow intervals of M⋆, and we compute the median and quartile values for the various disk (sub-)samples. The results are shown as a function of the age of the region in Figs. 11 and 12.
In all cases, we compute how medians and percentiles are affected by upper limits by comparing the two extreme cases: assuming that the true value of the quantity is equal to the estimated upper limit, or that the true value is much smaller than the smallest measured value in the full sample. The two values of the medians are often very similar; when they are not, the range between the two extremes appears as a filled box in the figure. In some case, the number of upper limits is larger than the number of detections in the given M⋆ interval. In such case the lower extreme of the median range cannot be defined by our procedure and we show the median as an arrow. The 75% percentile is always defined.
A close inspection of the results shows that it is possible to identify an overall temporal trend, similar for both Mdust and Ṁacc: a slow, linear decrease with time (∝ t−1), as shown in Fig. 11. This temporal evolution is expected for viscous disks (under the assumption that Mdust traces the total disk mass). Hartmann et al. (2016) report an almost linear time decrease of Ṁacc ∝ t−1.07 in a large sample of individual stars from various star forming regions with masses in the interval 0.3–1.0 M⊙ and ages, derived from the location of the individual stars on the HR diagram, ranging from ~0.1 to ~20 Myr.
As shown in Fig. 9 there is no evidence for a time evolution of the ratio τ = Mdisk/Ṁacc. If we assume a simple viscous evolution of the disk populations, we expect that when the age of the disk population is much larger than the viscous timescale, τ will increase with the age of the region (Lodato et al. 2017). This is, in fact, not the case and τ remains constant at ~ 1 Myr over an interval of ages of several Myr, presenting a challenge for simple viscous evolution models.
	[image: thumbnail]	Fig. 6 Dust mass Mdust is shown as a function of the stellar mass for the six regions. In each panel the lines show the result of a linear fit performed including the whole range of M⋆ as discussed in the text. The orange line shows the best fit for L1688.



5.2 Disk Mass and Dust Mass
The similarity of the time evolution of Mdust to that of Ṁacc indicates that Mdust is a good overall, first-order tracer of Mdisk, as already noted by Manara et al. (2016). The disk mass is computed assuming a constant, canonical factor of Mdisk= 100 × Mdust. This is just a normalization factor. In fact, the overall trend, which is similar to that of Ṁacc, does not change as long as Mdisk/Mdust remains roughly constant over the time interval spanned by the regions studied in this paper. If planet formation occurs at an earlier stage and significantly depletes the disk of its grain population, then our assumption of Mdisk/Mdust = 100 in the 1 Myr old Class II population of L1688, Taurus and Corona Australis may grossly underestimate the total disk mass at that age. In this case, the true timescale (Mdisk/Ṁacc) will be proportionally higher than the τ ~ 106 yr indicated in Fig. 9. However, the constancy of τ in the following evolution remains. The results of this paper do not give any direct constraint on the value of Mdisk/Mdust in the youngest Class II samples, but suggest that, whatever the initial value, the gas and dust evolution is not massively decoupled in the following few million years, at least in disks that survive the passing of time.
	[image: thumbnail]	Fig. 7 Mass accretion rate as a function of M⋆ for the four regions for which Ṁacc is known, as labeled. In each panel we show the result of a linear fit performed including the whole range of M⋆ as discussed in the text. The orange line shows the best fit for L1688.



5.3 Dispersions
The three relations we analyzed are dominated by the large dispersion of points around the best-fitting relations (see Fig. 10), well above the observational uncertainties (see e.g. discussion in Manara et al. 2020; Mulders et al. 2017). The distribution of the distances from the best fits is smooth and well described by Gaussian functions. The dispersion is a characteristic of the whole populations and it is not influenced by a limited number of peculiar objects; therefore, it is therefore related to a dispersion of the underlying physical processes. The dispersion in the Ṁacc–Mdisk relation is similar to the one in the other two relations, namely MdiSk versus M⋆ and Ṁacc versus M⋆. A possible interpretation is that stars of the same age and mass can accrete at very different mass accretion rates, even when their disk mass is the same (e.g. Dullemond et al. 2006; Mulders et al. 2017; Manara et al. 2020). The origin of this is still not understood, and there have been a number of different suggestions (initial conditions, time variability, magnetic fields, disk dissipation processes), none of them fully satisfactory. Alternatively, it has been suggested that disks of the same gas mass can have very different dust evolution causing an additional dispersion in the relation between the (dust-derived) disk masses and mass accretion rates (Sellek et al. 2020). Our results (Fig. 10) may provide quantitative constraints to both interpretations.
	[image: thumbnail]	Fig. 8 Maœ as a function of the disk mass Μdisk = 100 × Mdust for all the objects with measured Μdisk. In each panel, we show the result of a linear fit performed including the whole range of M⋆, as discussed in the text. The orange line shows the best fit for L1688.



5.4 Mdust Excess in Lupus and Chamaeleon I
Figure 12 shows an interesting effect, on top of the time dependence defined by the dotted line, namely, displaying how the two regions with ages of ~2 – 3 Myr (Lupus and Chamaeleon I) have, on average, more massive disks than expected for their age. The difference is a factor of ~3 and it is rather uncertain. We note that it appears to be more pronounced for low-mass stars. It is, however, potentially very interesting, as dynamical models of the evolution of dust, planetesimals, and planetary populations in disks predict that the total mass of grains detectable at mm wavelengths may not decrease monotonically with time, but increase after the formation of sufficiently large planets, as these excite a population of planetesimals into eccentric orbits and trigger collisional fragmentation (Turrini et al. 2012, 2019; Gerbig et al. 2019). If this is indeed the case, then our results suggest that the peak of this process should occur at 2–3 Myr, and point to an earlier phase of planet formation. In this view, planets form on timescale of about 0.5–1 Myr, or even less. Objects such as L1688, Taurus, and Corona Australis may be at a stage where planets have already formed, but the creation of a significant population of secondary grains is just beginning. Their dust content is still dominated by the remaining fraction of the original solid population. Over the following 1–2 Myr, collisional fragmentation of planetesimals increases the dust mass; further in time, this dust production stops and the disk dust mass declines.
This view is consistent with the current idea that planet formation has to occur at very early ages, before the age of the youngest populations discussed in this paper. We note that this generation of a secondary population of dust at 2–3 Myr is not large enough to change the overall trend of the time evolution, as discussed in Sect. 5.1.
	[image: thumbnail]	Fig. 9 Ratio Μdisk/Ṁacc is plotted as a function of M⋆ for all objects with measured Μdisk. The dotted line corresponds to Μdisk/Ṁacc = 1 Myr.



	[image: thumbnail]	Fig. 10 Distribution of the dispersion from the individual best-fitting relations for of all regions combined (see text). The dispersion (in dex units, [image: equation]) is computed as the distance of the individual values of Mdust and Maœ from the best-fit relation with M⋆ (top and middle panels) or Mask (bottom panel), we include all objects with Μ⋆ > 0.15 Μ⊙. The solid black lines show the results when upper limits are treated as actual measurements, gray shaded areas show the results when they are excluded. The blue solid and dotted lines show the Gaussian fits to the two distributions.



5.5 Disk Dispersal Processes
If, as discussed in Sect. 5.1, Ṁacc and MdiSk decrease with time approximately as t−1, after 5 Myr the disk mass and mass accretion rate would only be reduced by a factor of 5. This would result in very long dispersal times, much longer than the typically observed value of few Myr (Hernández et al. 2008). The fact that Class III objects show mm emission similar to that of field debris disks (Lovell et al. 2021; Michel et al. 2021) suggests that disks may need to dissipate very fast, much faster than the ages of those we observe in the surviving Class II populations. The most likely candidates for these fast dissipation processes are photoevaporation or planet formation. Population synthesis models predict a clear tail of low values in the Ṁacc vs. MdiSk relation, as most of the disk dispersal and disk planet interaction processes predict a faster decline of Ṁacc compared to Mdisk. This is not observed in the present study (see Fig. 10) and it is possible that the short timescale of these processes makes it very difficult to find evidence for this in the properties of the surviving disks (see also Manara et al. 2019). Our large samples, which span a large range of ages, offer, in principle, the possibility of identifying the tail of objects in the dispersal phase, but we do not find any clear evidence for such a tail (see Sect. 4.7). In Fig. 10 (bottom panel), the few objects at [image: equation] could be further investigated as potentially residing in the phase of dispersal.
We conclude that the analysis of bulk population properties of Class II disks does not tell us how disks disappear; these follow the slow evolution that is consistent with viscosity or wind-driven accretion, not the catastrophic events that lead to the disk dissipation on short timescales. The potential impact of different planetary architectures and dust evolution on the timescales of disk dissipation is currently being discussed and may be a dominant factor in explaining the observed dispersion of properties (see Sect. 5.3, and Sellek et al. 2020; Pinilla et al. 2020; van der Marel & Mulders 2021; Michel et al. 2021).
	[image: thumbnail]	Fig. 11 Ṁacc medians and percentiles as a function of age for L1688 (red), Lupus (blue), Chamaeleon I (yellow), and Upper Scorpius (green). From top to bottom: for the full range of stellar masses 0.15 ≤ Μ⋆/Μ⊙ < 3.0 (after removing the trends with M⋆ as derived in Appendix H), and for three mass bins, as labeled. In each case, the dotted line shows the trend Ṁacc ∝ t−1, normalized to the median value for L1688. The filled box shows the possible range of the median value, following the treatment of upper limits described in the text.



	[image: thumbnail]	Fig. 12 Mdust medians and percentiles as a function of age for L1688 (red), Corona Australis (purple), Taurus (black), Lupus (blue), Chamaeleon I (yellow), and Upper Scorpius (green). From top to bottom: For the full range of stellar masses 0.15 ≤ Μ⋆/Μ⊙ < 3.0 (after removing the trends with M⋆ as derived in Appendix H), and for three mass bins, as labeled. In each case, the dotted line shows the trend Mdust ~ t−1, normalised to the median value for L1688. The filled box shows the possible range of the median value, following the treatment of upper limits described in the text.



6 Summary and Conclusions
This paper provides a description of disk masses and mass accretion rates in the ρ-Oph region L1688, one of the richer and younger star-forming regions in the Solar neighbourhood. Our selection criteria require that the objects have been observed with ALMA (W19), have distance and membership properties taken from Gaia (EL20), and an estimate of spectral type and extinction. We estimated Teff, L⋆, and M⋆ for each object and derived a characteristic age of the population of ~1 Myr. The relations between Mdisk and M⋆, Ṁacc and M⋆, and Ṁacc and Mdisk are qualitatively similar to those observed in other regions, with a roughly linear trend with slopes ~ 1.8–1.9 for the first two relations and ~ 1 for the third (for M⋆ > 0.15 M⊙). All three relations have large dispersion around the best fit.
The main interest in studying L1688 is to put it in the context of the other regions studied so far, and to characterize, in particular, the disk evolution over time. To this end, we re-analyzed the data for Corona Australis, Taurus, Lupus, Chamaeleon I and Upper Scorpius, using the same selection criteria and analysis as for L1688. The stellar and disk properties are given in the Appendix B. The results confirm the results of previous analyses in the literature, with differences due to different selection criteria and assumptions, that do not affect the global picture.
We note that our selection of Class II/Flat disks limits our results to the evolution from the time the star-disk systems emerge from their parental core to the time they lose the near or mid-IR excess used in disk classification. The star-forming regions in this paper range in age from about 0.5 to 5 Myr. When ordered according to the characteristic age of each region, there is evidence of a relatively slow decline of Ṁacc, roughly as t−1. A similar trend is observed when plotting the properties of a sample of individual stars as function of the stellar age (Hartmann et al. 2016) and is expected if disk evolution is controlled by some kind of viscosity.
The behavior of Mdust over time is more complex. Assuming the same conversion factor from millimeter flux density to dust mass, the values of Mdust in L1688 (age ~1 Myr) and in Upper Scorpius (age ~4.5 Myr) show a decline that is consistent with the same trend as observed in Ṁacc. However, an interesting aspect of the Mdust behavior is that it is not monotonic with age, but shows an increase of a factor of ~3 at the age of 2–3 Myr above the overall time trend. A similar behavior is predicted by some theoretical models where the earlier (<1 Myr) formation of planets excites a population of planetesimals into eccentric orbits, subsequently triggering a collisional fragmentation cascade (Turrini et al. 2012, 2019; Gerbig et al. 2019). This result is very interesting as it is a potential confirmation of early planet formation. Nonetheless, we note that our observations suggest that the amount of millimeter detected dust is only a factor of ~3 larger than the value expected from the evolutionary trend. In turn, this means that the total disk mass estimates, based on a conversion from the millimeter continuum flux, are probably qualitatively correct within the same factor.
All the relations have large dispersions. To minimize the limitations induced by the relatively small samples, for all the regions we combined the dispersions from each of the individual fits. We find that the dispersions of measurements around each of the three relationships Mdust versus M⋆, Ṁacc versus M⋆, and Ṁacc versus Mdisk have continuous distributions with a roughly log-normal shape and similar widths (~±0.8 dex), with no outliers. In particular, in the Ṁacc versus Mdisk relation, there is no evidence of a tail of objects with low Ṁacc. This confirms the need for a rapid disk-dispersal mechanism, such as photoevaporation or planet formation, which, however, do not seem to significantly affect the disk properties considered in this paper during the Class II/F phase.
When compared to the predictions of viscous disk evolution, we confirm an almost linear decrease of both Macc and Mdisk over time. However, viscous models encounter a number of difficulties, already noticed in the literature (e.g. Mulders et al. 2017; Manara et al. 2020), which our study confirms. Among them, there is the large dispersion in the Ṁacc–Mdisk relation, which does not change over time, along with the fact that the ratio of these two quantities is constant in time.
The origin of two properties remains puzzling: the steep dependence of Ṁacc and Mdisk on M⋆ and the cause of the large dispersion in the three relations analyzed in this paper; in particular that of the Ṁacc versus Mdisk relation. These dispersions could be related to a particular combination of different effects, including initial conditions, dust evolution, and disk dispersal properties (e.g. Dullemond et al. 2006; Lodato et al. 2017; Sellek et al. 2020; Somigliana et al. 2020).
An important caveat is that even the relatively large and well-characterized samples discussed in this paper are still limited in a number of ways. Two major limitations are (still) the sensitivity limits and the completeness of the samples. For example, values of Ṁacc in L1688 come from a relatively old work (Natta et al. 2006), while about 50% of the measurements are upper limits and many of the recently classified members by EL20 were not included. Even the extensive ALMA survey has a large number of upper limits and is incomplete. The same is true for Upper Scorpius.
To attain progress in the understanding of disk populations evolution and dissipation, it is necessary to overcome the limitations outlined above. It is equally important to dedicate significant amounts of ALMA time to obtain systematic measurements of molecular gas properties, as well as disk radii. Extending similar studies to the earlier (e.g., Class 0 and I) and later (Class III) phases of disk evolution is necessary to explore the planet formation phase, as well as disk dissipation.
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Appendix A  ALMA 0.89mm Observations of BDs and Very Low Mass Objects in L1688
	[image: thumbnail]	Fig. A.1 Observed 1.3mm versus 0.890mm flux for the L1688 objects with measurements at 1.3mm and 0.98 mm.



Testi et al. (2016, T16) observed 17 BDs and very-low-mass objects in L1688 at 0.89mm. We note that 1 of the 18 published in Τ16 (ISO-Oph 164) was, in fact, an erroneous observation (while the source coordinates in Table 1 in Τ16 are correct, the source really observed with ALMA was GY92-317, located at 16:27:40.10 −24:38:36.46). Nine additional sources were observed as part of the ALMA project ADS/JAO. ALMA 2017.1.01243. S on April Ist, August 17th, and 18th, 2018. A total of 44 Antenna Elements were available during the observing sessions. We used the ALMA Band 7 receivers tuned to a frequency of ~338 GHz, the total effective bandwidth usable for continuum was approximately 6 GHz and the 13CO(3–2) line was covered in one of the spectral windows of the correlator. Standard calibration was performed by the ESO ALMA Regional Centre, and the flux density scale is expected to be accurate within 5%. The total time on source was about 12min per target. Peak, integrated fluxes, and upper limits are computed as described in T16.
The 0.89mm fluxes and upper limits are displayed in Table A.1 for the total sample of 25 objects; data from T16 are marked as such in the last column of the table. All objects but ISO-Oph42 are classified as member or candidate member by EL2O; distances, spectral types, and extinction come from their paper. For ISO-Oph42, stellar parameters are from Mužić et al. (2012), as given in T16, corrected for the new Gaia distance. Stellar luminosity and mass are computed as described in Sect. 2.
W19 gives measurements or upper limits for 19 of the objects in Table A.1. Figure A.1 plots the 1.3mm flux versus the 0.890 flux for all the objects with both measurements; it shows that there is a very tight relation, with a ratio F1.3mm/F0.89mm =0.44. The corresponding spectral index is αmm = 2.2.
We caution that, in order to make a comparison with the recent literature, in this paper we adopt a conversion factor between observed millimeter flux and dust mass using a constant dust temperature of 20 K. This is different from the assumption of Τ16, who used the prescription [image: equation] (following Andrews et al. 2013). The derived Mdust values are systematically lower than those in T16, by a factor of 3–10; see also the discussion on the adopted value of Tdust in Τ16 Appendix A. However, these different assumptions do not affect the slope of the Mdust-M⋆ relation.
Table A.1 
VLMO with ALMA 0.89mm data.


Appendix B  ρ-Ophiuchi/L1688 data
Parameters of the Class F and II sources in L1688 studied in this paper are shown in Table B.1. We report in the following order:

	88 sources observed by Williams et al. (2019) and classified as members of L1688 by Esplin & Luhman (2020)


	7 sources observed by Williams et al. (2019) and classified as candidate members by Esplin & Luhman (2020)


	3 sources observed by Williams et al. (2019) in the geographical region of L1688 and with spectral types and magnitudes from McClure et al. (2010); Mužić et al. (2012); van der Marel et al. (2016)


	7 VLMS and BDs sources observed either as part of this study or in Testi et al. (2016) and classified as members of L1688 by Esplin & Luhman (2020)




Table B.1 
Properties of L1688 objects


Appendix C  Lupus Data
Parameters of the Class F and II sources in Lupus studied in this paper are shown in Table C.1.
Table C.1 
Properties of Lupus objects


Appendix D  Upper Scorpius Data
Parameters of the Class F and II sources in Upper Scorpius studied in this paper are shown in Table D.1.
Table D.1 
Properties of Upper Scorpius objects


Appendix E  Chamaeleon I Data
Parameters of the Class F and II sources in Chamaeleon I studied in this paper are shown in Table E.1.
Table E.1 
Properties of Chamaeleon I objects


Appendix F  Corona Australie Data
Parameters of the Class F and II sources in Corona Australis studied in this paper are shown in Table F.1.
Table F.1 
Properties of Corona Australis objects


Appendix G  Taurus Data
Parameters of the Class F and II sources in Taurus studied in this paper are shown in Table G.1.
Table G.1 
Properties of Taurus objects


Appendix H  Mdust vs. Μ⋆, and Ṁacc vs. Μ⋆ Regression
In this appendix we show the results of applying the Kelly (2007) method to the samples analyzed in this paper. We used the python implementation of the linmix code3. In all cases we included the non-detections in the dataset, properly accounting for censored data in the computations.
In Figs. H.1 and H.2 we show the results of fitting the following relation:
[image: equation](H.1)
to the Corona Australis, Taurus, and L1688 (Fig. H.1, from top to bottom), and Lupus, Chamaeleon I and Upper Scorpius (Fig. H.2, from top to bottom) samples. In all figures the left panel shows the data and the resulting fit including the full population (cyan) and only the subsample with Μ⋆ ≥ 0.15 M⊙ (orange).
In Fig. H.3 we show the results of fitting the following relation:
[image: equation](H.2)
to the L1688, Lupus, Chamaeleon I and Upper Scorpius (from top to bottom) samples. In all figures the left panel shows the data and the resulting fit including the full population (cyan) and only the subsample with M⋆ ≥ 0.15 M⊙ (orange).
In Fig. H.4 we show the results of fitting the following relation:
[image: equation](H.3)
to the L1688, Lupus, Chamaeleon I and Upper Scorpius (from top to bottom) samples. In all figures the left panel shows the data and the resulting fit including the full population (cyan) and only the subsample with M⋆ ≥ 0.15 M⊙ (orange).
The values derived for all regions and all relationships are reported in Table H.1. The value of δ in the table is a measure of the dispersion of the points from the fit (see linmix documentation).
	[image: thumbnail]	Fig. H.1 Power-law fits to the Mdust vs. M⋆ relationships. From top to bottom: Results for Corona Australis, Taurus, and L1688. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.1, and for the β parameter in Eq. H.1. Cyan is when all objects are included, orange when objects with Μ* < 0.15 M⊙ are excluded.



	[image: thumbnail]	Fig. H.2 Power-law fits to the Mdust vs. M⋆ relationships. From top to bottom: Results for Lupus, Chamaeleon I, and Upper Scorpius. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.1, and for the β parameter in Eq. H.1. Cyan is when all objects are included, orange when objects with Μ⋆ < 0.15 M⊙ are excluded.



Table H.1 
Results of the power-law fits to the Mdust vs. M⋆ relations. The value of δ is a measure of the dispersion from the fit (see linmix documentation).

	[image: thumbnail]	Fig. H.3 Power-law fits to the Ṁacc vs. M⋆ relationships. From top to bottom: Results for L1688, Lupus, Chamaeleon I, and Upper Scorpius. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.2, and for the β parameter in Eq. H.2.



	[image: thumbnail]	Fig. H.4 Power-law fits to the Ṁacc vs. Μdisk relationships. From top to bottom: Results for L1688, Lupus, Chamaeleon I, and Upper Scorpius. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.3, and for the β parameter in Eq. H.3.
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1 In this paper we adopt the existing SED classifications based on Spitzer observations, as defined in the cited references for each region.
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	[image: thumbnail]	Fig. 1 HR diagrams for the six star-forming regions, as labelled in each panel. Stellar evolutionary tracks (dotted lines) and isochrones (solid lines) are from Baraffe et al. (2015); masses and ages are as labelled.
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	[image: thumbnail]	Fig. 2 Stellar mass distribution for the six regions, as labelled. The total number of stars in each regions is given in the respective panel. The distribution for L1688 is shown in all the other panels by the red line.
In the text



	[image: thumbnail]	Fig. 3 Dust mass, Μdust, as a function of the stellar mass M⋆ for L1688. Filled dots are actual measurements, open dots with arrows are upper limits. Cyan lines plot the results of a linear fit over the whole range of Μ⋆; orange lines the results when stars with M⋆ < 0.15 M⊙ are excluded (see text). For comparison, we plot the relations Μdisk ∝ Μ⋆2 (dashed black lines) and Μdisk ∝ M⋆(dotted grey lines) for different values of the Μdisk/Μ⋆ ratio, as labelled. Note that, as always, Μdisk = 100 × Mdust.
In the text



	[image: thumbnail]	Fig. 4 Mass accretion rate as a function of M⋆ for L1688; symbols as in Fig. 3. Cyan lines show the results of a linear fit over the whole range of M⋆; orange lines the results when stars with M⋆ < 0.15 M⊙ are excluded (see text). For comparison, we plot the relations Ṁacc ∝ Μ⋆2 (dashed black lines) and Ṁaœ ∝ M⋆(dotted grey lines) for different values of the Ṁacc/M⋆ ratio, as labeled.
In the text



	[image: thumbnail]	Fig. 5 Comparison of the Μdust cumulative distributions in the various regions. The color-shaded regions show the uncertainty range for each distribution.
In the text



	[image: thumbnail]	Fig. 6 Dust mass Mdust is shown as a function of the stellar mass for the six regions. In each panel the lines show the result of a linear fit performed including the whole range of M⋆ as discussed in the text. The orange line shows the best fit for L1688.
In the text



	[image: thumbnail]	Fig. 7 Mass accretion rate as a function of M⋆ for the four regions for which Ṁacc is known, as labeled. In each panel we show the result of a linear fit performed including the whole range of M⋆ as discussed in the text. The orange line shows the best fit for L1688.
In the text



	[image: thumbnail]	Fig. 8 Maœ as a function of the disk mass Μdisk = 100 × Mdust for all the objects with measured Μdisk. In each panel, we show the result of a linear fit performed including the whole range of M⋆, as discussed in the text. The orange line shows the best fit for L1688.
In the text



	[image: thumbnail]	Fig. 9 Ratio Μdisk/Ṁacc is plotted as a function of M⋆ for all objects with measured Μdisk. The dotted line corresponds to Μdisk/Ṁacc = 1 Myr.
In the text



	[image: thumbnail]	Fig. 10 Distribution of the dispersion from the individual best-fitting relations for of all regions combined (see text). The dispersion (in dex units, [image: equation]) is computed as the distance of the individual values of Mdust and Maœ from the best-fit relation with M⋆ (top and middle panels) or Mask (bottom panel), we include all objects with Μ⋆ > 0.15 Μ⊙. The solid black lines show the results when upper limits are treated as actual measurements, gray shaded areas show the results when they are excluded. The blue solid and dotted lines show the Gaussian fits to the two distributions.
In the text



	[image: thumbnail]	Fig. 11 Ṁacc medians and percentiles as a function of age for L1688 (red), Lupus (blue), Chamaeleon I (yellow), and Upper Scorpius (green). From top to bottom: for the full range of stellar masses 0.15 ≤ Μ⋆/Μ⊙ < 3.0 (after removing the trends with M⋆ as derived in Appendix H), and for three mass bins, as labeled. In each case, the dotted line shows the trend Ṁacc ∝ t−1, normalized to the median value for L1688. The filled box shows the possible range of the median value, following the treatment of upper limits described in the text.
In the text



	[image: thumbnail]	Fig. 12 Mdust medians and percentiles as a function of age for L1688 (red), Corona Australis (purple), Taurus (black), Lupus (blue), Chamaeleon I (yellow), and Upper Scorpius (green). From top to bottom: For the full range of stellar masses 0.15 ≤ Μ⋆/Μ⊙ < 3.0 (after removing the trends with M⋆ as derived in Appendix H), and for three mass bins, as labeled. In each case, the dotted line shows the trend Mdust ~ t−1, normalised to the median value for L1688. The filled box shows the possible range of the median value, following the treatment of upper limits described in the text.
In the text



	[image: thumbnail]	Fig. A.1 Observed 1.3mm versus 0.890mm flux for the L1688 objects with measurements at 1.3mm and 0.98 mm.
In the text



	[image: thumbnail]	Fig. H.1 Power-law fits to the Mdust vs. M⋆ relationships. From top to bottom: Results for Corona Australis, Taurus, and L1688. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.1, and for the β parameter in Eq. H.1. Cyan is when all objects are included, orange when objects with Μ* < 0.15 M⊙ are excluded.
In the text



	[image: thumbnail]	Fig. H.2 Power-law fits to the Mdust vs. M⋆ relationships. From top to bottom: Results for Lupus, Chamaeleon I, and Upper Scorpius. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.1, and for the β parameter in Eq. H.1. Cyan is when all objects are included, orange when objects with Μ⋆ < 0.15 M⊙ are excluded.
In the text



	[image: thumbnail]	Fig. H.3 Power-law fits to the Ṁacc vs. M⋆ relationships. From top to bottom: Results for L1688, Lupus, Chamaeleon I, and Upper Scorpius. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.2, and for the β parameter in Eq. H.2.
In the text



	[image: thumbnail]	Fig. H.4 Power-law fits to the Ṁacc vs. Μdisk relationships. From top to bottom: Results for L1688, Lupus, Chamaeleon I, and Upper Scorpius. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.3, and for the β parameter in Eq. H.3.
In the text





    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Dust mass, Μdust, as a function of the stellar mass M⋆ for L1688. Filled dots are actual measurements, open dots with arrows are upper limits. Cyan lines plot the results of a linear fit over the whole range of Μ⋆; orange lines the results when stars with M⋆ < 0.15 M⊙ are excluded (see text). For comparison, we plot the relations Μdisk ∝ Μ⋆2 (dashed black lines) and Μdisk ∝ M⋆(dotted grey lines) for different values of the Μdisk/Μ⋆ ratio, as labelled. Note that, as always, Μdisk = 100 × Mdust.
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        Comparison of the Μdust cumulative distributions in the various regions. The color-shaded regions show the uncertainty range for each distribution.
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        Mass accretion rate as a function of M⋆ for the four regions for which Ṁacc is known, as labeled. In each panel we show the result of a linear fit performed including the whole range of M⋆ as discussed in the text. The orange line shows the best fit for L1688.
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        Distribution of the dispersion from the individual best-fitting relations for of all regions combined (see text). The dispersion (in dex units, [image: equation]) is computed as the distance of the individual values of Mdust and Maœ from the best-fit relation with M⋆ (top and middle panels) or Mask (bottom panel), we include all objects with Μ⋆ > 0.15 Μ⊙. The solid black lines show the results when upper limits are treated as actual measurements, gray shaded areas show the results when they are excluded. The blue solid and dotted lines show the Gaussian fits to the two distributions.
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        Ṁacc medians and percentiles as a function of age for L1688 (red), Lupus (blue), Chamaeleon I (yellow), and Upper Scorpius (green). From top to bottom: for the full range of stellar masses 0.15 ≤ Μ⋆/Μ⊙ < 3.0 (after removing the trends with M⋆ as derived in Appendix H), and for three mass bins, as labeled. In each case, the dotted line shows the trend Ṁacc ∝ t−1, normalized to the median value for L1688. The filled box shows the possible range of the median value, following the treatment of upper limits described in the text.

      

    

  
    
      Fig. 12 
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        Mdust medians and percentiles as a function of age for L1688 (red), Corona Australis (purple), Taurus (black), Lupus (blue), Chamaeleon I (yellow), and Upper Scorpius (green). From top to bottom: For the full range of stellar masses 0.15 ≤ Μ⋆/Μ⊙ < 3.0 (after removing the trends with M⋆ as derived in Appendix H), and for three mass bins, as labeled. In each case, the dotted line shows the trend Mdust ~ t−1, normalised to the median value for L1688. The filled box shows the possible range of the median value, following the treatment of upper limits described in the text.

      

    

  
    
      Fig. A.1 
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        Observed 1.3mm versus 0.890mm flux for the L1688 objects with measurements at 1.3mm and 0.98 mm.

      

    

  
    
      Table D.1 

      Properties of Upper Scorpius objects

      
        


	2MASS
	d (pc)
	Teff (K)
	Log10(L⋆) (L⊙)
	M⋆ (M⊙)
	F345GHz (mJy)
	err (mJy)
	Mdust (M⊕)
	Log10(Lacc) (L⊙/yr)
	Log10(Ṁacc) (M⊙/yr)





	J15354856-2958551
	145.0
	3236
	−0.6
	0.2
	1.92
	0.15
	0.48
	−2.77
	−9.45



	J15514032-2146103
	142.19
	3236
	−1.33
	0.2
	0.76
	0.16
	0.18
	−3.48
	−10.3



	J15521088-2125372
	167.64
	3236
	−1.68
	0.19
	≤0.45
	–
	0.15
	–
	–



	J15530132-2114135
	146.35
	3236
	−1.19
	0.21
	5.78
	0.14
	1.5
	−3.01
	−9.82



	J15534211-2049282
	135.63
	3311
	−0.9
	0.25
	2.93
	0.29
	0.64
	−2.62
	−9.44



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…





      

      
Notes. Table C1 is only available in electronic form at the CDS




    

  
    
      Table E.1 

      Properties of Chamaeleon I objects

      
        


	2MASS
	d (pc)
	Teff (K)
	Log10(L⋆) (L⊙)
	M⋆ (M⊙)
	F345GHz (mJy)
	err (mJy)
	Mdust (M⊕)
	Log10(Lacc) (L⊙/yr)
	Log10(Ṁacc) (M⊙/yr)





	J10533978-7712338
	191.81
	3560
	−1.7
	0.33
	4.6
	0.79
	2.0
	−4.4
	−11.72



	J10555973-7724399
	185.08
	4060
	−0.74
	0.81
	34.1
	1.32
	14.0
	−1.12
	−8.43



	J10561638-7630530
	196.48
	2935
	−1.1
	0.14
	3.99
	0.16
	1.8
	−4.37
	−10.78



	J10574219-7659356
	190.0
	3415
	−0.28
	0.32
	9.12
	0.83
	4.0
	−1.83
	−8.35



	J10580597-7711501
	186.57
	3060
	−2.0
	0.11
	2.68
	0.16
	1.1
	−4.94
	−11.68



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…





      

      
Notes. Table E1 is only available in electronic form at the CDS




    

  
    
      Table F.1 

      Properties of Corona Australis objects

      
        


	2MASS
	d (pc)
	Teff (K)
	Log10 (L⋆) (L⊙)
	M⋆ (M⊙)
	F225GHz (mJy)
	err (mJy)
	Mdust (M⊕)





	J18563974-3707205
	159.19
	2860
	−0.9
	0.1
	≤0.3
	–
	0.23



	J19005974-3647109
	143.58
	3190
	−1.83
	0.16
	0.65
	0.11
	0.40



	J19011629-3656282
	156.05
	2980
	−1.51
	0.09
	1.37
	0.24
	1.0



	J19011893-3658282
	149.32
	3560
	−0.61
	0.38
	2.77
	0.26
	1.8



	J19013232-3658030
	160.89
	3300
	−0.78
	0.24
	≤0.24
	–
	0.18



	…
	…
	…
	…
	…
	…
	…
	…





      

      
Notes. Table F1 is only available in electronic form at the CDS




    

  
    
      Fig. H.1 

      
        [image: thumbnail]
      

      
        Power-law fits to the Mdust vs. M⋆ relationships. From top to bottom: Results for Corona Australis, Taurus, and L1688. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.1, and for the β parameter in Eq. H.1. Cyan is when all objects are included, orange when objects with Μ* < 0.15 M⊙ are excluded.

      

    

  
    
      Fig. H.2 

      
        [image: thumbnail]
      

      
        Power-law fits to the Mdust vs. M⋆ relationships. From top to bottom: Results for Lupus, Chamaeleon I, and Upper Scorpius. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.1, and for the β parameter in Eq. H.1. Cyan is when all objects are included, orange when objects with Μ⋆ < 0.15 M⊙ are excluded.

      

    

  
    
      Fig. H.3 

      
        [image: thumbnail]
      

      
        Power-law fits to the Ṁacc vs. M⋆ relationships. From top to bottom: Results for L1688, Lupus, Chamaeleon I, and Upper Scorpius. From left to right: Plot of the dataset and fit results, probability distributions for the a parameter in Eq. H.2, and for the β parameter in Eq. H.2.
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