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ABSTRACT

A relation between the mass accretion rate onto the central young star and the mass of the surrounding protoplanetary disk has long
been theoretically predicted and observationally sought. For the first time, we have accurately and homogeneously determined the
photospheric parameters, mass accretion rate, and disk mass for an essentially complete sample of young stars with disks in the Lupus
clouds. Our work combines the results of surveys conducted with VLT/X-Shooter and ALMA. With this dataset we are able to test a
basic prediction of viscous accretion theory, the existence of a linear relation between the mass accretion rate onto the central star and
the total disk mass. We find a correlation between the mass accretion rate and the disk dust mass, with a ratio that is roughly consistent
with the expected viscous timescale when assuming an interstellar medium gas-to-dust ratio. This confirms that mass accretion rates
are related to the properties of the outer disk. We find no correlation between mass accretion rates and the disk mass measured by
CO isotopologues emission lines, possibly owing to the small number of measured disk gas masses. This suggests that the mm-sized
dust mass better traces the total disk mass and that masses derived from CO may be underestimated, at least in some cases.

Key words. accretion, accretion disks — protoplanetary disks — stars: pre-main sequence — stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

The evolution of a protoplanetary disk significantly influences
the planetary system that is formed. The final mass distribution
of planets resembles the evolution of the surface density of gas in
the disk (e.g., Thommes et al. 2008) and more massive disks lead
to systems with more massive planets (Mordasini et al. 2012).
The evolution of the disk structure is mainly driven by processes
happening in the disk, such as dust evolution (Testi et al. 2014),
and by interaction between the disk and the central star through
viscous accretion and winds (Alexander et al. 2014).

In the context of viscously evolving protoplanetary disks, the
mass accretion rate onto the central star (M,..) and the mass of
the disk (Mgisk) should be directly correlated (e.g., Eq. (7) of
Hartmann et al. 1998). The ratio between these quantities is re-
lated to the viscous timescale (#,) at the outer radius of the disk
(Rout) and the assumptions about the disk viscous properties.

* ESA Research Fellow.

Article published by EDP Sciences

Overall, it is expected that Moo ~ Mgisk/t,(Rowe) With a coefficient
of order unity (e.g., Jones et al. 2012). In disks that evolved vis-
cously, the ratio M i/ My must be comparable to the age of the
system independent of the initial conditions and value of the vis-
cosity parameter a. The tight correlation between M, and stel-
lar masses (MpecocM, '8, e.g., Muzerolle et al. 2003; Natta et al.
2006; Alcald et al. 2014; Manara et al. 2016) was also explained
by Dullemond et al. (2006) as a consequence of the initial rota-
tion rate of the cores where disks formed. They predict a strong
dependence of Mgk on Mi and a tight correlation of Mg with
M. as a consequence of viscous evolution. This theoretical re-
lation between Mg and M, has been empirically investigated,
but previous studies were unable to find any significant correla-
tion (e.g., Andrews et al. 2010; Ricci et al. 2010).

In this Letter we present a study of an almost complete
and homogeneous dataset of young stars in the ~1-3 Myr old
Lupus star-forming region (Comerén 2008, d = 150-200 pc).
We collected M, measured from ultraviolet (UV) excess with
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the VLT/X-Shooter spectrograph, and M;sx measured both from
sub-mm continuum and CO line emission with Atacama Large
Millimeter/submillimeter Array (ALMA). We look for correla-
tions between M,c. and My, as predicted by viscous theory.

2. Data sample

The sample analyzed here includes Class II and transition disk
(TD) young stellar objects (YSOs) with 0.1 < M, /My <2.2, thus
including only the TTauri stars of the ALMA sample. Both the
ALMA and X-Shooter surveys are complete at the ~95% level.
In total, there are 66 objects with ALMA and X-Shooter data
available. The list of targets included in the analysis is reported
in Table A.1.

The ALMA data are presented by Ansdell etal. (2016,
hereafter AW16). The setting includes continuum emission
at 335.8 GHz (890 um) at a resolution of ~0.34"x0.28"
(~25%20 AU radius at 150 pc) and the '*CO and C'30 3-
2 transitions. From the continuum emission, detected for 54
of the targets included here, AW16 derive disk dust mass
(M isk dust) Using typical assumptions of a single dust grain opac-
ity (890 um) = 3.37 cmz/g and a single dust temperature 7T qys =
20 K. From the CO emission lines, AW 16 derive the disk gas
mass (Mgisk,gas) Tor 29 disks in our sample, but for 22 of these
the lower bound of the acceptable values of Mgisk gas is uncon-
strained because of the lack of C'30 detection. Upper limits are
calculated for the other 37 targets.

We obtain M,.. from the X-Shooter spectra (Alcald et al.
2014, and in prep.). Briefly, the stellar and accretion parameters
are derived by finding the best fit among a grid of models includ-
ing photospheric templates, a slab model for the accretion spec-
trum, and reddening (Manara et al. 2013). We use the UV excess
as a main tracer of accretion and the broad wavelength range
covered by X-Shooter (11 ~ 330-2500) to constrain both the
spectral type of the target and the extinction. Among the objects
discussed here, 57 have M, derived from X-Shooter measure-
ments, while 5 have an accretion rate compatible with chromo-
spheric noise (non accretors), and 4 targets are observed edge-
on, thus their M, are underestimated. The evolutionary models
by Siess et al. (2000) are used to determine M, and, thus, M.

Finally, the sample includes several resolved binaries. All
of these binaries have separations >2” and are indicated in
Table A.1.

3. Results
3.1. Disk dust mass

The values of M sk aust derived by AW 16 (see Sect. 2) are a mea-
sure of the bulk dust mass in the disk. Figure 1 shows the values
of M,.. measured for our targets as a function of Mdisk,dustl.

We first search for a correlation between the two quanti-
ties running a least-squares linear regression on the targets with
both Misk dust and M, measurements and find a moderate cor-
relation with » = 0.53 and a two-sided p-value of 1.5 x 107*
for the null hypothesis that the slope of this correlation is zero.
The best fit obtained with this method has a slope of 0.7 and a
standard deviation of the fit of 0.2. Then, we compute the lin-
ear regression coefficients using the fully Bayesian method by

' Objects observed edge-on or with accretion compatible with chro-

mospheric noise are shown in the plot, but they are not included in the
analysis of correlations between M. and Maisk qust-
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Fig. 1. Logarithm of M, vs. logarithm of M qus:. Green filled squares
are used for measured values, open squares for edge-on objects, and
downward pointing open triangle for objects with accretion compatible
with chromospheric noise. Transition disks are indicated with a circle.
We show fit results obtained using the Bayesian fitting procedure by
Kelly (2007), which considers errors on both axes and is only applied to
detected targets. The assumed best fit is represented with a red solid line,
while the light red lines are a subsample of the results of some chains.
The best fitting with this procedure overlaps with the least-squares best
fit.

Kelly (2007)%, which allows us to include uncertainties on both
axes in the fitting procedure. Uniform priors are used for the lin-
ear regression coefficients. We include some single chain results
in Fig. 1, as well as the best fit obtained with this method, which
has the same slope and intercept of the least-squares fit relation.
We adopt the median of the results of the chains as best fit val-
ues. We refer to Appendix B for the corner plots with the poste-
rior analysis results. The best fit obtained with this method has a
slope of 0.7+0.2, a standard deviation of 0.4+0.1, and a correla-
tion coefficient of 0.56+0.12. We also verified that the two quan-
tities are still correlated when upper limits on M s quse are prop-
erly considered using the same tool. The correlation coefficient
increases to 0.7+0.1, while the slope is larger (1.2+0.2) but com-
patible with that obtained using detections only. The same slope
is obtained including upper limits and using the emmethod and
buckleyjames method in ASURV. However, the slope estimated
when including upper limits is not well constrained (Kelly 2007)
and should be considered with caution. We then find a probabil-
ity lower than 10 of no-correlation using the Cox hazard test
for censored data in ASURV (Lavalley et al. 1992) including up-
per limits on Misk dust-

We show the dependence of the accretion luminosity (Lycc)
on the sub-mm continuum flux normalized to a distance of
150 pc in Fig. 2 to confirm that the correlation is not induced by
the conversion from L, to M. Indeed, L, is directly mea-
sured from the spectra, while the conversion to Mo depends on
M., which is derived from evolutionary models. A correlation is
found with r = 0.6, a slope of 0.8 = 0.2, and a standard deviation
of 0.5+0.1.

We then test for the robustness of the correlation, given
our assumptions to convert the continuum emission in Mgis dust-
First, we assumed a single disk opacity and gas-to-dust ratio for
all disks. To test whether a random variation of these param-
eters would affect our results, we perform the same statistical

2 https://github.com/jmeyers314/linmix
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Fig. 2. Logarithm of L, vs. logarithm of continuum emission normal-
ized to a distance of 150 pc. Symbols are as in Fig. 1.
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Fig. 3. Logarithm of M, vs. logarithm of the disk mass derived from
CO emission. Symbols are as in Fig. 1. No correlation is found between
these quantities.

tests on the same targets after randomly displacing the values
of Mgisk.aust Within a uniform distribution with size +1 dex and
centered on the measured value to mimic the uncertainties. We
perform this test ten times, and the correlation is still present in
nine out of ten realizations. Then, we test the effect of our as-
sumption of a single T4y by modifying our Mg qust Values as-
suming Tgus o L9? (Andrews et al. 2010). The correlation be-
comes less robust, but still significant (» = 0.3, p-value =0.03).
We conclude that there is a statistically significant relation be-
tween the logarithm of M, and the logarithm of M is qus. This
relation has a slope slightly smaller than unity.

The location of TDs in Fig. 4 is also highlighted. All but one
of the TDs are found to be below the best-fit relation in agree-
ment with, for example, Najita et al. (2015). This suggests they
have either lower M., or larger disk mass, or a different gas-to-
dust ratio, than typical full disks.

logM,. [M/yr]

Sa5 T Tho S35 30 S25
lOg(]'OO'Mdust) [MQ)]

-2.0 -15

Fig. 4. Logarithm of Moo VS. logarithm of M= 100 - Myisk dqust- Sym-
bols are as in Fig. 1. Also here, the best fit with the procedure by Kelly
(2007) overlaps with the least-squares best fit. The dashed lines repre-
sent different ratios of Mg /M., as labeled.

3.2. Disk gas mass

The lower detection rates of CO lines than continuum emission
(AW16) implies that we only measure Mg gas TOr a few objects.
Figure 3 reports the Myee VS. M gisk gas PlOL.

We perform the same statistical tests as for the Moo —
M gisk qust Telation. We find no correlation between the logarithm
of M, and the logarithm of M gisk a5 using the least-squares lin-
ear regression on the targets with measured Mg gas (r = 0.2,
p-value = 0.3). When considering uncertainties on the measure-
ments we find a value for the correlation coefficient of O.ngz‘ﬁ‘,
and thus we find no correlation. We obtain the same statistically
insignificant value for the correlation coefficient, which points
toward no correlation, even when we include the upper limits.
Finally, the Cox hazard test for censored data gives a probability
of 0.25 that the two quantities are not correlated. We then con-
clude that we do not detect any correlation between these two
quantities. The large number of upper limits compared to detec-
tion is probably a limiting factor in studying this relation and the
large error bars of the measurements are another limiting factor.
Deeper ALMA surveys of CO emission in protoplanetary disks
are needed to further study this relation. In Fig. 3, the TDs are
mixed with full disks.

4. Discussion

As mentioned in the Introduction, viscous evolution theory pre-
dicts that Myccoc Mgk /t,(Row). The evolution of the surface den-
sity of the disk (X) can be analytically described provided that
the viscosity (v) is known (e.g., Pringle 1981; Lodato 2008).

As described by Jones et al. (2012), a similarity solution
(Mgisx o< t77) is reached for times much larger than the viscous
timescales under the simple assumptions v o R" or v oc X"'R",
where R is the disk radius. By differentiating this solution, one
obtains M, « ot %9 and thus it is possible to define the
“viscous disk age” as fgix = Mis/Mace = t/o. Measurements
of the decline of M,.. with time suggest that o ~ 0.5 (e.g.,
Hartmann et al. 1998; Sicilia-Aguilar et al. 2010). For viscously
evolving disks, this implies that the age of the objects should
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be within a factor ~2 of the ratio Myix/M,cc. Jones et al. (2012)
have also shown that more complex assumptions on the disk
viscosity, such as different values for the a viscosity description,
lead to the same asymptotic behavior with M gisk/Mace ratios usu-
ally larger than the age of the objects by a factor 2-3, but always
less than 10.

Other processes happening during disk evolution, such as
a layered accretion, photoevaporation, and even planet forma-
tion, all lead to very similar values of M;g/M,c at late times,
and these values are always higher than the age of the object
(Jones et al. 2012). Thus, a disk that evolved only from inter-
nal processes has a Mg /M. ratio similar or larger than its
age regardless of the assumption on the disk viscosity. The only
means by which a disk might have an Mig/M,.. ratio smaller
than its age is if the disk is externally truncated (Rosotti et al.,
in prep.).

We compare our results with these theoretical expectations
by showing in Figs. 3 and 4 the M_;/M,. ratios for three dif-
ferent values of Myi/Maee = 0.1 Myr, 1 Myr, and 3 Myr. We as-
sume that the rotal disk mass (M) is Misk = Maisk gas in Fig. 3,
while Mgisi = 100- Mg aust in Fig. 4. Indeed, to convert Mgk dust
to Mgk one needs to know the gas-to-dust ratio. We assume an
interstellar medium value of 100 for the gas-to-dust ratio, as is
commonly done (e.g., Andrews et al. 2010; Ricci et al. 2010). If
the gas-to-dust ratio has no dependence on Mg, this has no im-
pact on the correlation between M,.. and My but is instructive
for the discussion. The typical age of Lupus targets is ~1-3 Myr
with a spread of 1-2 Myr (e.g., Alcald et al. 2014).

The location of the targets in Fig. 4 is in general agreement
with the aforementioned theoretical expectations. Most of the
targets (60%) have positions between or compatible with the 1
and 3 Myr lines. However, several of the targets in Fig. 3 do not
match the expectations from viscous evolution theory as they lie
above the Mg /Mae. = 1 Myr line.

The lack of correlation between M,.. and M gisk gas s contrary
to expectations from viscous evolution theory. When assuming
Mis = 100 - Mgisk qust, however, we find a correlation between
Mg and M,.. and also Myiq /M, ratios that are compatible
with expectations from theory. Thus, we are inclined to conclude
that the total disk mass M sk o Misk dust> as With this assumption
the correlation is present. This in turn suggests that Mg;g gas Mea-
sured from CO emission is possibly lower than the toral M, at
least for the more massive disks. A possible explanation for this
might be that carbon is processed in more complex molecules
(e.g., Bergin et al. 2014; Kama et al. 2016) or that more detailed
modeling of CO lines is needed, but this discussion is out of the
scope of this paper.

The slope of the observed correlation between M, and
Misk, as measured from dust emission, is consistent with being
linear, as expected if all disks evolve viscously, however, we can-
not exclude that it is actually shallower. The exact slope can be
derived with a better handle on the uncertainty in the Mg esti-
mate, namely the gas-to-dust ratio, disk grain opacity, disk tem-
perature, and their dependence on the stellar properties. More
constraints on these values are awaited from future ALMA sur-
vey of disks with higher sensitivity, multiple band observations,
and targeting several molecules in order to better determine the
chemical properties of the disks. The interest in further con-
straining this slope is related to the fact that this relation can
tell us what evolutionary processes dominate at different stellar
masses.
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5. Conclusions

In this Letter we compared the most complete and homogeneous
datasets of properties of young stars and their disks to date. We
used accretion rates onto the central star determined from UV
excess with the VLT/X-Shooter spectrograph and disk masses
from both sub-mm continuum and CO line emission measured
by ALMA.

We detected a statistically significant correlation between
M. and My with a slope that is slightly smaller than 1. This
is found when assuming that the total disk mass is proportional
to the disk dust mass, but not when using the disk gas mass.
The latter result could be due to large uncertainties in Misk gas
estimate and low number statistics. For this reason, deeper sur-
veys of gas emission in disks are needed. When measuring M ;s
from dust emission, transitional disks are found to have either a
smaller M, or a larger My than full disks.

We compared the observed My derived from dust emission
and M,.. with basic predictions from viscous evolution theory
and we found a good agreement with the expected Myig/Mace
ratios for our targets.

Future studies should look for the My — M, correlation for
objects with different ages and in different environments.
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Appendix A: Sample

C. F. Manara et al.: Evidence for a correlation between M,.. and M

Table A.1. Targets included in the analysis.

Object RA (J2000)  Dec (J2000)
1. 2MASSJ16100133-3906449 16:10:01.32  —39:06:44.90
2. SSTc2dJ154508.9-341734 15:45:08.88  —34:17:33.70
3. SSTc2dJ161243.8-381503 16:12:43.75  —38:15:03.30
4. MYLup* 16:00:44.53  —41:55:31.20
5. SSTc2dJ160830.7-382827¢ 16:08:30.70  —38:28:26.80
6. Sz68%¢ 15:45:12.87  —34:17:30.80
7.82133" 16:03:29.41  —41:40:02.70
8. RYLup 15:59:28.39  —40:21:51.30
9. Sz98 16:08:22.50  -39:04:46.00
10. SSTc2dJ160927.0-383628 16:09:26.98  —38:36:27.60
11. Sz118 16:09:48.64  —39:11:16.90
12.Sz73 15:47:56.94  —35:14:34.80
13.Sz83 15:56:42.31  -37:49:15.50
14. Sz90 16:07:10.08  —39:11:03.50
15. SSTc2dJ161344.1-373646¢ 16:13:44.11  -37:36:46.40
16. Sz65%¢ 15:39:27.78  —34:46:17.40
17. Sz88A 16:07:00.54  —39:02:19.30
18. Sz129 15:59:16.48  —41:57:10.30
19. Sz106° 16:08:39.76  —39:06:25.30
20. 2MASSJ16085324-3914401 16:08:53.23  —39:14:40.30
21.Sz111 16:08:54.68  —39:37:43.90
22.SSTc2dJ161018.6-383613¢ 16:10:18.56  —38:36:13.00
23. SSTc2dJ160026.1-415356¢ 16:00:26.13  —41:53:55.60
24. Sz95¢ 16:07:52.32  —38:58:06.30
25.8z71 15:46:44.73  —34:30:35.50
26. Sz96 16:08:12.62  —39:08:33.50
27.8z117 16:09:44.34  -39:13:30.30
28. SSTc2dJ160000.6-422158¢ 16:00:00.62  —42:21:57.50
29. Sz131 16:00:49.42  —41:30:04.10
30. Sz72 15:47:50.63  —35:28:35.40
31.Sz123B 16:10:51.31  —38:53:12.80
32. Sz130¢ 16:00:31.05  —41:43:37.20
33. Sz66¢ 15:39:28.29  —34:46:18.30
34. 2MASSJ16085529-3848481¢ | 16:08:55.29  -38:48:48.10
35.Sz123A¢ 16:10:51.60  —38:53:14.00
36. Sz74 15:48:05.23  -35:15:52.80
37. SSTc2dJ160002.4-422216 16:00:02.37  —42:22:15.50
38. 5297 16:08:21.79  -39:04:21.50
39. Sz99 16:08:24.04  —39:05:49.40
40.Sz103 16:08:30.26  —39:06:11.10
41. Par-Lup3-3 16:08:49.40  —39:05:39.30
42.Sz110 16:08:51.57  -39:03:17.70
43. SSTc2d160901.4-392512 16:09:01.40  -39:25:11.90
44. Sz69°¢ 15:45:17.42  —34:18:28.50
45. Par-Lup3-4° 16:08:51.43  -39:05:30.40
46.Sz113 16:08:57.80  —39:02:22.70
47.Sz115 16:09:06.21  —39:08:51.80
48. Sz88B 16:07:00.62  —39:02:18.10
49. SSTc2dJ155925.2-423507 15:59:25.24  —42:35:07.10
50. 2MASSJ16081497-3857145 16:08:14.96  —38:57:14.50
51.Sz114 16:09:01.84  -39:05:12.50
52. AKC2006-19 15:44:5790  -34:23:39.50
53.85z104 16:08:30.81  —39:05:48.80
54.8Sz112¢ 16:08:55.52  —-39:02:33.90
55. SST-Lup3-1 16:11:59.81  —38:23:38.50
56. Sz84 15:58:02.53  -37:36:02.70
57. Lup713¢ 16:07:37.72  -39:21:38.80
58. Lup604s 16:08:00.20  —39:02:59.70
59. Sz100¢ 16:08:25.76  —-39:06:01.10
60. Lup6074¢ 16:08:28.10  —39:13:10.00
61. Sz108B¢ 16:08:42.87  -39:06:14.70
62. 2MASSJ16085373-3914367¢ | 16:08:53.73  -39:14:36.70
63. SSTc2dJ161029.6-392215 16:10:29.57  -39:22:14.70
64. Sz81A 15:55:50.30  —38:01:33.00
65. SSTc2dJ161019.8-383607¢ 16:10:19.84  —38:36:06.80
66. Lup818s¢ 16:09:56.29  —38:59:51.70

Notes.  Accretion compatible with chromospheric noise (Alcald et al. 2014; in prep.). ®» Edge-on targets (Alcald et al. 2014; in prep.). ) Binary

with separation less than 7”.
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Appendix B: Corner plots of fit of the log M. vs. 10g(100 - Mgk aust) relation (see Sect. 3.1 and
Fig. 4). This is done using linmix (Kelly 2007), only data with

We show in Fig. B.1 the corner plots showing the intercept, detection on both axes, and including the errors on both axes.

slope, standard deviation, and correlation coefficient for the fit
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Fig. B.1. Corner plot of the log My vs. 10g(100- Mg aust) fit done using the linmix routine (Kelly 2007).
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