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ABSTRACT

We present the first high-resolution sub-mm survey of both dust and gas for a large population of
protoplanetary disks. Characterizing fundamental properties of protoplanetary disks on a statistical
level is critical to understanding how disks evolve into the diverse exoplanet population. We use
ALMA to survey 89 protoplanetary disks around stars with M, > 0.1 Mg in the young (1-3 Myr),
nearby (150-200 pc) Lupus complex. Our observations cover the 890 pm continuum and the 3CO
and C'0 3-2 lines. We use the sub-mm continuum to constrain M. to a few Martian masses
(0.2-0.4 Mg) and the CO isotopologue lines to constrain Mg,s to roughly a Jupiter mass (assuming
ISM-like [CO]/[Hs] abundance). Of 89 sources, we detect 62 in continuum, 36 in 13CO, and 11 in
C'0 at > 3o significance. Stacking individually undetected sources limits their average dust mass
to < 6 Lunar masses (0.03 Mg), indicating rapid evolution once disk clearing begins. We find a
positive correlation between Mg,s; and M,, and present the first evidence for a positive correlation
between Mg, and M, , which may explain the dependence of giant planet frequency on host star mass.
The mean dust mass in Lupus is 3x higher than in Upper Sco, while the dust mass distributions in
Lupus and Taurus are statistically indistinguishable. Most detected disks have Mgas S 1 My, and
gas-to-dust ratios < 100, assuming ISM-like [CO]/[Hz] abundance; unless CO is very depleted, the
inferred gas depletion indicates that planet formation is well underway by a few Myr and may explain

the unexpected prevalence of super-Earths in the exoplanet population.

Keywords:

1. INTRODUCTION

The space-based Kepler transit survey (Borucki et al.
2010) and long-term ground-based radial velocity surveys
(Howard et al. 2010; Mayor et al. 2011) have opened the
field of exoplanet statistics, revealing an unexpected di-
versity in exoplanet systems (Winn & Fabrycky 2015).
But how such diverse planetary systems form remains
unclear, as similar demographic surveys of the preceding
protoplanetary disks have been limited by the sensitivity
and resolution of sub-mm arrays, which are our best tool
for probing these cold and often faint objects (Williams &
Cieza 2011). Surveys of the optically thick infrared (IR)
emission across young stellar clusters have constrained
the disk dispersal timescale to ~10 Myr, providing im-
portant checks on planet formation theories (Haisch et al.
2001; Hernéndez et al. 2007; Evans et al. 2009). However,
surveys of the optically thin sub-mm emission are needed
to probe the evolution of bulk dust and gas content; these
fundamental properties dictate the planet-forming capac-
ity of disks (e.g., Alibert et al. 2005; Mordasini et al.
2009; Bitsch et al. 2015) and thus can help explain the
diverse nature of the resulting exoplanet systems.

Population synthesis models are typically used to indi-
rectly study how protoplanetary disks may evolve into
planetary systems. Population synthesis models start
from assumed initial disk properties (e.g., dust surface
density) then use prescriptions for planet formation (e.g.,
core accretion) to explain observed exoplanet systems.
What types of planetary systems form depend sensitively
on the assumed disk properties (e.g., higher-mass disks
produce more massive planets; Mordasini et al. 2012),
yet disk properties and their evolution have remained
largely unconstrained for the average disk due to obser-
vational biases and limitations. For example, population
synthesis models often assume the canonical interstellar
medium (ISM) gas-to-dust ratio of ~100 (Bohlin et al.
1978), yet observations of a small sample of Taurus disks
suggest that this inherited value may decrease by a factor
of ~6 after just a few Myr (Williams & Best 2014).

A key factor limiting our understanding of disk evo-
lution is the small number of protoplanetary disks with
independently measured bulk dust and gas masses. Pre-
vious sub-mm surveys of young clusters concentrated on
dust content (Andrews et al. 2009; Lee et al. 2011; An-
drews et al. 2013; Williams et al. 2013; Carpenter et al.
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Table 1
Stellor Properties

Souwree d (pe) SpT M. /Mg Ref
Sz 65 150 K7.0 076 £018 2
Sz 66 150 M3.0 031+ 0 1
AREER U RIBRETGIT BN 15 5 .
JIB4A022T-3444000 1%
J15445T89-3423392 130 Moo 012 = 003 1
J15450634-34 17378 150 ois i
JIG4B088T- 341783 15 M&.0 0.14 3 043 2
Sz 6R 150 K2.0 213 + 034 2
Sz 69 1) M4o 019 4 003 i
Sx 71 A4} M1 D42 4 0.1 b |

Heletepoes; (1) Akals et gl (2014), (2) Aleald ot 8l {in peep),
{3) Alecian et al, (2013), [4) Mortier.ot al (2011), {5) Morin et al
{2008}, [6) Cleeves ot al. (in prep], ['-‘L?mmmm.e« al, [2015),
\_{8) Comerdn (2008). Full tuhlo available online. )

2014; Ansdell et al. 2015), but were often incomplete and
none measured bulk gas masses due to observational con-
straints, Although a spectroscopic survey by Fedele et al.
(2010} showed that ¢nner gas disk lifotimes are shorter
than dust disspation timescales, sensitive interferome-
ters are needed to probe bulk gas content while avoiding
confusion with ¢loud emissson. Studying both gas and
dust is critical because growing dust grains decouple from
the gas and evolve differently, yet hoth components de-
termine what types of planets may form. For example,
super-Earths may result when giant planet cores form
in gus-depleted disks, prohibiting the cores from rapidly
accreting gaseous envelopes a8 predicted by core acere
tion theory [e.g.. Pollack et al. 1996; Ida & Lin 2004). If
gas depletion is common in disks, this may help explain
the unexpected prevalence of super-Earths and scarcity
of goss giants scen in the exeplanct population (Howard
et al. 2012; Petigura et al. 2013; Marcy et al. 2014),

Characterizing the evolution of protoplanetary disks
on a statistical level, in both dust and gas, is therefore
critical to understanding planet formation and the ob-
served exoplanet population, The Atscama Large Mil-
limeter /submillimeter Array [ALMA) now provides the
sensitivity and resolution at sub-mm wavelengths to en-
able large-scale surveys of star-forming regions with ages
spanning the observed disk dispersal timescale. In this
wuork, wer use ALMA to conduct the first highe-resolution
sub-mm survey, in both dust and gas, of & large popu-
Iation of protoplanctary disks. We study the young (1-
3 Myr) and nearby (150-200 pc) Lupus star-forming re-
gion, as its proximity and yonth make it an ileal target
for a baseline study of early disk properties,

We describe our sample selection in Section 2 and
ALMA observations in Section 3. The messured con-
tinnum and line fluxes are presented in Section 4, then
converied to bulk dust and gas masses in Section 5, We
identify correlations with stellar properties and examine
disk evolution and planct formation in Section 6. Our
findings are summarized in Section 7.

2. LUPUS SAMPLE & COMPLETENESS

The Lupns complex consists of four main star-forming
clouds {Lupus 1-IV) and is one of the youngest and clos-
cst star-forming regions (see review in Comeron 2008),
In general, Lupus 111 is at ~200 pc while Lupus I, II.
and IV are at ~150 pe, though distance estimates vary
due to the depth of the complex. The age of Lupus is
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Figure 1. Distribution of sources in our Lupus sample with

known stellar spoctral types (Table 1), The blue histagram
shows sources with ALMA observations, the open histogram
includes four sourcee for which we did not obtain ALMA ob-
servations {Section 2), and the red histogram shows the loca-
tiors of sources undetected in the continuum (Section 4.1).

.

~1-2 Myr (Comerdn 2008, and references therein) but
may be as old a5 3 + 2 Myr (Alcala et al. 2014). Lupus
I, IIL, and IV were observed for the ¢2d Spitzer legacy
project (Evans ot al. 2008) and shown to have high disk
fractions (T0-80%6; Merin et al. 2008) indicating young
disk populations. Lupns I1 is also an active star-forming
region (Schwartz 1977) and contains RU Lup, one of the
most active T Taurl stars known.

Our sample consists of Young Stellar Objects [YSOs)
in Lupus [-1V that are more massive than brown dwarks
(ie., M. > 0.1 My) and host protoplanetary disks [i.e.,
have Class IT or Flat IR spectra). We compiled our sam-
ple from sources fitting these criteria in the Lupus disk
catalogues available at the time of our ALMA Cycle 2
proposal (Merin et al. 2008; Comerdn 2008; Mortier et al,
2011: Hughes et al. 198). Disk classifications were taken
from the literature and primarily derived from the IR
spectral index slope (o) between the 2MASS Kg (2 um)
ancd Spitzer MIPS-1 (24 pm) bandg; for sources with-
ol Spatzer data, disk classifications were approximated
from their [R excesses and for secretion signatures (e.g.,
Hea). The preliminary stellar masses used for our sample
selection were estimated by fitting absolute J-band mag-
ulmdes to the 3 Myr Skess et al. (2000) model Isochrane.

e checked this sample against more recently pub-
lisbed Lupus disk catalogues, which utilized updated
Spitzer (Dunbamm et al. 2015) and Herschel (Bustamants
et al. 2015) data, These updated catalogues included one
additional source that fit our selection criteria, V1094
Sco (RXJJ1608.6-3922), which we added to our sample
but did not observe in our ALMA Cycle 2 program. We
also removed eight sources from our sample whose follow-
up VLT /X-Shooter spectra (Alcald et al., in prep) ro-
vealed as background giants dve to discrepant surface
gravitics and radial velocities (Frasea ct al,, m prep.):
these sources were observed {(but undetected) during our
ALMA Cycle 2 program (seo Table Mgm

Table 1 gives the 93 Lupus disks that fit our selec-
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850um Continuum Propectivs
Souros RA z:z0m Becyaneo Froot s a i PA Maun
(mdy) (nady beam ') {arcser) (deg) (deg) {(Mgz)
Sz 65 15:30:27.75 -34:46:17.56 64,49 = 0.32 Q.30 0,171 & 0.002 00 0=57 1516 £ 008
Sx 66 15:30: .26 -34:46:18.44 478 = 09 0.7 . . "t 34T £ 007
JINAZOIA-340%9I08  1043:01.29  -28:09:15.4) 001 =031 049 o D00 £+ 007
JIG430227-H444008  15:43:02.29  -34:4400.20 0,22 = 0.27 034 0,00 + 0.06
JI1G445TES-I420392 15:44:07.90 -34:23.39.50 -006 = 018 0.24 - v =001 & 0.04
J16450634- 3417078 15450632 (DA TAR 28 1500 = 0.40 0.4 0066 £ 007 43 £28 24239 353009
JIGASOSST-341 7339 16450885  -24:17:33.81 16.27 = 0.0 a0 0,173 £ 0.005 45 4 4 16 £ 5 18T £ 012
Sz 68 15:45: 1284 34173008 15037 = 046 0.6k 0159 0002 3442 S5 23 3534011
Sx 649 INA5:17.39 A4 182K 66 16,590 & 025 0.24 0092 4 0012 69 & 21 59+ 11 3499 &+ 007
Sx 71 15464471 32303600 16604 = 0063 037 0.508 £ 0008 4040 42 4+ 1 3902 4+ 016
\_ Full table svailable online, )

tion exiteria. Our adopted pomenclature uses primar-
ily Sz or 2MASS names, supplemented with ¢2d names.
Our ALMA Cycle 2 program did not obscerve Sz 76,
Sz T7. 8z 82, S5z 91, and V1094 Sco. However, for Sz 82
(IM Lup) we utilize existing ALMA data (Cleeves ot al,,
in prep) in this work. Note that although RXJIS56.1-
3655 and RXJ1615.3-3255 are listed ss Class II Lupus
disks in the Hterature (Wahha) et al. 2010; Andrews et al.
2011). we excluded them from our sample as their coor-
dinates are off the Lupus IV clonds (e.g., Cambrisy
1999). Thus we obtained ALMA data for 89 (out of 93)
sources in our sample for a 96% completenees rate,

Table 1 provides some basic siellar properties for our
Lupus sample. Stellar masses (M, ) were derived for the
69 sources with spectroscopically determined stellar of-
fective temperatures (T4} and luminesities (L,) using
Siess et al. (2000) evolutionary models; the median M,
uncertainty i3 ~16%. For details on the derivation of
these M., values, as well as their associated T and L,
values; see Alcald et al. (2014) and Alcald et al. (in prep).
The remaming 20 sources are highly obscured, making it
difficult to derive accurate stellar properties, thus we do
ot provide M, svalues for these sonrces in Table 1.

3. ALMA OBSERVATIONS

Our ALMA Cycle 2 ohservations (Project 1D:
2013.1.00220.8] were obtained on 2015 June 14 (ACK-
type sources and unknown spectral types) and 2015 June
15 {M-type sources), The continuum spectral windows
were centered on 328.3, 340.0, and 3418 GHz with
bandwidths of 1,875, 0.938, and 1.875 GHz and chan-
nel widths of 15.625. 0.244, and 0.977 MHz, respec-
tively, The bandwidth-weighted mean continuum fre-
quency was 335.8 GHz (890 um). The spectral setup
included two windows covering the '*CO and C'*0 3
2 transitions; these spectral windows were centered on
330.6 and 329.3 GHz, respectively, with bandwidths of
58.584 MHz, channel widths of 0,122 MHz, and velocity
resolutions of 0.11 km s~ 5,

The array configuration used 37 12-m antennas for the
M-ty];: sample and 41 12-m antennas for the AGK-type
sample with baselines of 21.4-T83.5 m. We integrated
for 30 scc per source on the AGK-type sample and 1
min per source on the M-type sample for an average rms
of 0.41 and 0.25 mJy beam ™}, respectively. Data cali-
bration and imaging were performed using CASA 4.4.0.
T'he data were pipeline calibrated by NRAO and included
flux, phase, bandpass, and gain calibrations, Flux cal-

ibration used observations of Titan, passband calibra-
tion used observations of J1427-4206, and gain calibra-
tion used observations of J1604-4228 or J1610-3958, We
estimated an absolute flux calibration ermor of 105 based
on variations in the gain calibrators,

We extracted continuum images from the calibraved
visibilities by averaging over the continuum channels
and cleaning with a Briggs robust welghting param-
cter of +0.5 for unresolved sources and —1.0 for re
solved sources. The average continuum beam size was
0.34" x0.28" (~50x40 AU ar 150 pe).  We extracted
OO and C'™O 3-2 channel maps from the calibrated
visibilities by subtracting the continuum and cleaning
with a Briggs robust weighting parameter of +0.5 in all
cases due to the weakness of the line cmission. Zero-
moment maps were created by integrating over the ve-
locity channels showing line omission; the appropriate
velocity range was determined for each source by visual
inspection of the channel map and spectrum, If no emis-
sion was visible, we summed across the average velocity
range of the detected sources (£2.3 km s7!) from the av-
erage radial velocity of Lupus I-IV sources (3.7 km s~ ';
Galli et ol, 2013}, Note that the dispersion around this
average radial velocity value is small (+0.4 km s~ '; Galll
ot al. 2013),

4 ALMA RESULTS
4.1, Contanenm Emssion

\We measured contivuwm flux densities by fitting ellip-
tical Gaussians to the visibility data with umnodelfit in
CASA. The elliptical Gaussian model has six free param-
eters: integrated flux density (F_,.. ), FWHM along the
major axis (a), aspect ratio of the axes (r), position angle
[PA), right ascension offset from the phase center (Asa),
and declination ofiset from the phase center (A4). If the
ratio of a to s uncertainly was less than five, & point-
source model with three free parameters {Floq., Qo, Ad)
was fitted to the visibility data instead.

For disks with resolved structure, flux densitics were
measured from continuuim images using clreular aperture
photometry. The aperture radius for each source was
decermined by a curve-of-growth method. in which we
applied snccessively larger apertures until the measured
flux density leveled off. Uncertainties were estimated by
taking the standard deviation of the flux densitics mea-
sured within a similarly skzed aperture placed randomly
within the field of view but away fram the source.

Table 2 gives our measured 890 pan continuum fiux
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Table 3
Gas Propertios
Soures Fiaoo Eaco Foso Eciwo Mz Mopsmin  Manemax
(lykms=')  (mlykms=))  (mlykms=')  (mlylm ') (Mye) (M) (M)

Sz 65 071 128 115 105 0y 0.3 105

Sx 66 153 45 < 111 " 0.2 1ie 10

J15430140- 240910 < 162 < 192 <10

J16430227-3444008 < 138 < 171 e < 1.0

J15445769-34 210352 < 84 ot < 102 ¢ <03 - e

J16450634- 3417078 355 111 <17 iea 0t 31

J1G4S88T-341 7333 750 87 573 15 3.2 1.0 1.5

Sz 68 215 133 aal 132 08 0.3 105

Sx 649 A66 T < 102 0.2 4 3.1

Sz 71 1294 107 < 111 0.4 E 1.0
\__Full table svailable online, )

densities and associnted uncertaintics. The uncertaimties
are statistical errors and do not include the 10% absolute
flux calibration ervor (Section ¥), For Sz 82, we report
the ALMA continuum measurement from Cleeves et al.
(in prep). Of the 89 sources, 62 were detectod with > 3o
significance; the continuum images of the 61 sources de-
tected by our ALMA Cycle 2 program (ie. excliding
Sz 82) are shown in Figure 2. Images for all sources
observed by our ALMA Cycle 2 program arc shown in
Figure Bl In Table 2 we also provide the fitted source
centers output by avmodelfit for detections. or the phase
centers of our ALMA obecrvations for non-detections,
For sources fitted with an elliptical Gaussian model, we
give 2 and PA as well as the inclination. 1, derived from
r assuming cireular disk structure. We also list the im-
age s, derived from a 49" radins annulus centered on
the fitted or expected source position for detections or
non-dotoctions, respectively.

4.2, Line Emission

We measured "*CO and C'*0 3-2 integrated flux den-
sitles and associared uncertainties from our ALMA zero-
moment mape (Section 3) using the same aperture pho-
tometry method described above for structured contin
uum sources (Section 4.1). For non-detections, we took
an upper limit of 3% the uncertainty when using an aper-
ture of the same size as the beam (~0.3"), Table 3 gives
our messured inmtegrated flux densities or upper limits.
For Sz 82, we roport ALMA line measurements from
Cleeves et al. (in prep). Of the 89 targets, 36 were
detected in **CO while only 11 were detected in C50
with > 3o significance. All sources detected in C50
were also detected in **CO, and all sources detected in
00 were also detected in the continuum,

. PROPERTIES OF LUPUS TNSKS
6.3, Dhst Masses

Assuming dust emission at sub.mm wavelengths is
isothermal and opsically thin, the sub-mm continuum
flux at a given wavelength (F.) & directly related 1o the
mass of the emitting dust (M., ), as shown in Hilde-
brand (1983):

d 2
— e T R ] DR
= Ty 0 (150) St
(1)

where B.(Teu) is the Planck function for a charac-
teristic dust temperature of Ty, = 20 K, the median
for Taurus disks {Andrews & Williams 2005). We 100k
the dust grain opacity. k., 48 10 em? g~' at 1000 GHz
and used an opecity power-law index of 5 = 1 (Beckwith
el 1l 1990). We sed distances, d, fromn Table 1.

Table 2 gives the M. values for our Lupus sample,
derived fram the 890 pm continuum fux densities and
associated uncertaintics measured in Section 4.1; the top
panel of Figure 3 shows My, for all the continmin-
detected disks. We employed this simple approach, which
estimates disk-averaged dust masses assuming 2 single
grain opacity and disk temperature, to ase interpreta-
tion and comparison with surveys of other regions (Sec-
tion 6.2), In particalar, we do not scale Ty with L,

Andrews et al. 2013) because: we do not have L, values

r every star in our sample (Secton 2); different survoys
apply different methods of deriving stellar parameters;
and our sumple is dominated by M-type stars, which lim-
its the potential affect on our inferred dust masses.

5.2. (Gas Musses

Measuring the gas content in cireumstellar disks s es-
sential for a complete understanding of planet forma-
tion, The CO line observations in this work provide a
means to estimate bulk gas masses independently from
the dust, Physical-chemical models of protoplanctary
disks have shown that a significant fraction of CO is sui-
fictently warm to avoid freeze-ont and also sufficiently
shiclded from UV radiation to avoid photodissociation
(Adkawa et al. 2002), This structure has been simu-
lated by Williams & Best (2014) (hereafter WB14) in
parametrized models te show that the surviving CO gas
fraction is generally large, except for exceptionally cold
oc low-mass disks. In particular, combining the CO
and C'*0 isotopologue lines, with their moderate-to-low
optical depths, provides a relatively simple and robust
proxy of bulk gas content in protoplanetary disks.

We compare our measured **CO and C*®0 3-2 line lu-
minosities to the WB14 model grids in Figgme 4. The two
panels show different vadues for the C*0 isotopologae
abundance: the ISM value (left) and a factor of 3 lower
[right), The redweed C*0O abundance was required to
fit some of the Taurus disk observations in WBI14, and i5
simibarly necessary to fit some of the Lupus disk obscrva-
tions in this work; specifically, the left panel of Figure 4
shows that some upper limits do not match any model
grid points when assuming an 1SM-like C'*0 abundance.
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Figure 3. Dust masses (top), gis masses (middle), and gas-to-dust. ratios (bottom) for continuumedetected sources in our Lupus
sample. Blue polnts Indicate detections and gray triangles indicate upper lmits. Dust mass=es are from Table 2 and described In
Section 5. |; the associatad ecror bars include the 1058 absolute fux calibrasion nncertamty. Gas masses and associated

are from Table 3 and described in Section 5.2: error bars with downward arrows indicate sourees detected in *CO but not G0,
for which we did not place lower limits on their gas masses, Gas-to-dust ratios and sssoclated ranges are directly caleulatod
\from tho dust masses and the range of possible gas musses. Stars show the results of our stecking analysis (Section 5.3).
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The physical reasoning for a reduced C*0 abundance is
C0 isotope-salective photodissociation (van Dishoeck &
Black 1988), which has been modceled in detail for proto-
planetary disks in Miotello et al. (2014). The empirical
factor of 3 used in Figure 4 is sufficient to fit our Lu-
pus observations and les within the range of models in
Miotello et sl, (2014) for massive disks. Although our ob-
served fluxes do not match the models of Miotello 22 al,
{2004) for low-mass disks, those models covered a lim-
ited set of disk parameters and will be expanded to &
larger model grid to interprot the CO isotopologne de-
tections in Lupus with more sophisticated treatment of
isotope-selective effects (Miotello et al,, submitted),
QOur derived gas masses are given in Table 3 Wa de-
termined these gas masses by comparing our *CO and
C'™0 line luminesity measurements oc upper lhwits to

the WB14 model grids. We considered both WB14 model
grids (ISM and 3x reduced C'"O abundance) in order
ta take into acoount possible otope-sclective photodis-
soclation effects. The line lumnosity uncertainties in-
cluded the statistical errors in Table 3 and a 10% abeo-
Jute Hux calibration error (added in quadratuce), For the
11 sources detected in both *CO and C'™0, we calcu-
lated the mean (in log space) of the WBI4 model grid
points within £+37 of our measured *CO and C**0 line
luminosities (Mg, ). and also set upper (Mg, 0] and
Jower (M miv) limits based on the maximum and min-
i WBL4 mode] grid ?nlms conslstent with the data.
For the 25 sources with **CO detections and C*0 up-
per Hmits, we similarly calculated My, and M. mox
but set M min 10 2ero as the effect or isotope-selective
photodissociation may be stronger for low-mass disks
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{Miotello et al,, submitted), For the 53 disks undetected
in hoth lines, we set only upper limits to the gas masses
usinﬁ the maximum model grid points consistent with
the ™CO and C™0 line hunincsity upper limits.

Figure § (middle panet) shows the derived gas masses
or npper Lmits for the continuum-detected sources in our
Lupus sample, The disk gas masses are very low, in most
cases much less than the Mionloum Mass Selar Nebula
{MMSN). For disks with at least one line detection, the
inferred gas-to-dust ratios are almeet universally below
the ISM value of 100 (Figure 3, bottom panel), The gas-
to-dust ratio upper limits are poor for low-mass disks
with weak emission, but are more stringent for suffi-
ciently massive disks (My > 10 Mg). These low gas
mases and Jow gas-to-dust ratios confirm the findings of
WEB, who presented a similar result for a amall sample
of nine Class 11 disks around K/ M-type sources in Tau-
rus. We discuss the implications and caveats of these
findings in Section 6.3,

5.4, Stacked Non-detections

We performed a stacking analysis to constrain the
average dust and gas mass of individually undetected
sources. Before stacking, we centered each image on the
expected source Jocation and scaled the flux to 200 pe.
We then measured Aax densities in the stacked images
using aperture photometry as in Section 4,1. We con-
firmied that the source locations were known to sufficient
accuracy for stacking by measuring the average offset of
the detected sources from their phase centers: we found
(Ac) = —0.15" and {Ad) = —0.22", both smaller than

the average beam size. Moreover, because the dispension
around the mean radial velocity of Lupus I-TV sources
1s much smaller than the velocity range over which we
integrated the zero-moment maps (Seciion 3), any radial
welocity differences among the gas non-detections should
have negligible effects on the stacking,

We first stacked the 27 continuum non-detections, but
did pot. find a slgnificant mean sigeal in the continuum,
B0, or C*0 stacks. The lack of line emission = ex-
pected given the undetected continuum, but the absence
of continuum emission I8 surprsing given the sensitive
ity of the stacked image. We measured a mean signal
of 0.08 £ 0,06 mly, which gives o 37 upper limit on the
average dust mass of individually undetected continuum
sources of ~f Lunar masses (0.03 My ), comparable to
debris disk levels (Wyatt 2008). The stark contrast be-
tween the detected and undetected continnum sources
[see Figure 3, top panel) suggests that protoplanatary
dizgks evolve quickly to debris disk levels once disk clear-
ing begins (Alexander et al 2014).

We then stacked the 25 sourees detected in the contin.
uum and 'Y CO, but not C*0. We measured a continuum
mean sigual of 45.25+ 0,20 mJy and a "*CO mean signal
of 586 = 27 mJy km s~ ' (Figure 5, upper left panel). In-
terestingly, the stacking also revealed o significant mean
signal for C'*0 of 132420 wJy km s~ (Figure 5, lower
Jeft panel). The stacked continuum fux corresponds Lo
My ~ 19 M= and the stacked line Huxes correspond
10 My ~ 0.4 My, (Figure 4), giving an average gas-to-
dust ratio of only ~7 for sources detected In the contin-
wum and *CO, but not C**0 (Figure 3, bottom paned).
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Finally, we stacked the 26 sources detected in the con.
tinuum, but undetocted in both (OO and C'™O. We
messured & continuum nean signal of 953 £ 0.13 mly.
The stacking revealed a significant mean signal for **CO
(Figure 5, upper right panel), but not C*O (Figure 5,
lower right panel}: the stacked gas fluxes were 54 &
7 mly kmm s and 3 & 8 mly km s1, respectively.
The continuum Hux corresponds to My, ~ 4 M, while
the *CO line flux and C™0 upper limit correspond to
M S 02 M, (Figure 1), for an average gas-to-dust
ratio of =13 for disks detected in the continuum but un
detected in "*CO and C™0 (Figure 3, bottom panel).

5.4, Transition Disks

Transiticn disks (TDs) are protoplanetary disks with
inner cavities and/or anmular gaps in their duost distriba-
tions. TDs were initially identified by the mid-IR deficits
m their Spectral Epengy Distributions (SEDs), indicating
a lack of warm micron-sized dust grains close (o the cen-
tral star (see review in Espaillat et al. 2014). Inner disk
clearings and dust rings ware later confirmed with re-
solved mm contimaum images (e.g., Andrews et al, 20011),
TDs are now considered to be sites of ongolng disk evo-
lution, and their dust and: gas distributions may be in
some cases signposts of embedded planets clearing gaps
in the disk (e.g.; Pinilla et al, 2012; Pérez et al, 2014; van
der Marel et al 2015, 2016a: Canovas ot al. 2015)

Our ALMA continuurm images show several Lupas
disks with signaturcs of inner dust cavities. Three disks
[2MASS J16083070-3526268, RY Lup, Sz 111) show
cledrly resolved dust rings with cavity diamesers of ~0.8"
[~80 AU radivs at 200 pe), 2MASS J16083070-3828268
and 5z 111 were previously recognized as TDs from the
mid-IR deficits in their SEDs (Merin et al. 2008). Al-
though RY Lup was not previously identified as a TD
by its SED (Mansct ¢t ol. 2009), this is hkely because
its strong 10 pm silicace emission feature, seen in its IRS
spectrum (Kessler-Silaced et al. 2006), washes ont the
mid-1R dip in its broadband Huxes.

Three sources (Sz 100, Sz 123, 2MASS J160TOR54-
3914075} show possible cavities with diameters of <0.4".
Sz 123A 15 o known TD candidate from the IR deficit
in its SED (Merfn et al. 2008; Bustumanze et al. 2015),
though its mid-IR flux is potentially confused by its
nearby companion Sz 1238, which is undetected in our
ALMA images. The SED of Sz 100 is consistent with a
primordial disk (Merin et al. 2008], though the broad-
band continuum 18 alse likely affected by the bright sili.
cate features seen in its IRS spectrum (Oliveira et &l in
prep. ). 2MASS J1G0T0854-3914075 shows small excesses
at all IR wavelengths in its SED,

Six sources in our sample were dentified as TD can-
didates in the literature, but do not exhibit cavities in
our ALMA images: Sz 84 (Merin et al. 2010), MY Lup




{(Romero et al. 2012), Sz 112, 2MASS J16011549-
4152331 (van der Marel et al, 2016b), 2MASS J1616G2055-
3922144, and 2MASS J16081497-3857145 (Bustamante
ot ul. 2015). This implies that the dust cavities of these
disks, if present, must be £0.3" in diameter (<25 AU ra-
dius at 150 pc). We also did not obseeve two previously
identified TD candidates in Lupus (Section 2): Sz 76
{vin der Marel et al. 2016h) and Sz 91 {Tsulagoshi et al.
2014; Bustamante et al, 2015; Canoves et al. 2015).
Thus the fraction of TDs in our Lupus sample with re-
solved cavities is 10% (6/62) when considering only con-
tinuum detections, This increases to 197 (12/62) when
including the known TDs in our ssmple that were unre-
solved in our ALMA continuum images. This 13 consis-
tent with previous estimates of TD fractions in young
stellar clusters (e.g., see Figure 11 in Espaillat et a),
2014). Interestingly, the TDs are among the strongest
and largest continuum sources in our sample (Figures 2
& 3). When cousidering only the brightest half of onr
continuum-detected Lupus sample, the fraction of TDs
is 19% (6/31), which is coosistent with the 20% value
found for Taurus and Ophinchus disks In Andrews et al,
(2011) (see their Figure 10). Thus on timescales of just
a few Myr, o large fraction of the most massive disks
show clear evideuce for substantial disk evolution in the
regions most relevant. for planet formation:
Additionally, we found that "*CQ emission is detocted
toward all the continunme-identified TDs, while the over-
all detection rate of *CO in our continuum-detected
sample s only 56%. C*O emission is also detected to-
ward all our TDs with resolved cavities, while the overall
detection rate of C'%0 in our continunm-detected sample
15 only 18%, The gas emission s clearly present inside
the dust cavities of the resolved TDs (Figure B1). con-
sistent with previous T obzervations (Mathews et al
2012; van der Marel et al. 2013; Cassssus et al. 2013;
Bruderer et al. 2014; Zhang et al. 2014; van der Marel
et al. 2015). The larger CO lsotopalogue detection rate
toward the TDs may be explained by the directly heated
CO will increasing the flux of optically thick lines (Brud-
erer 2013), or could be related to their relatively stronger
contirum emission. The Lupus TDs will be fully ana-
lvzed in a scparate paper (van der Marel et al., in prep.).

fi. DISCUSSION
6.1, Correlations with Stellar Moss

A positive correlation between M. and M, has been
found in sub-mm surveys of star-forming regions with
increasing confidence over the last several decades (see
discussion in Andrews et al. 2013), The first statistically
robust confirmation of this correlation was by Andrews
et al. (2013) for Class TI disks in the young (~1-2 Myr)
Taurus region. Barenfeld et al. (submitted) later used
ALMA to derive the relation for “primordial” disks in
the older (~5-10 Myr) Upper Sco region

To characterize this relation in Lupus, we employed
the same Bayesian linear regression technique from Kelly
(2007} used by Andrews et al. (2013) and Barenfeld et
al. [submitted). This technique characterizes linear cor-
relations given measarement errors, upper limits, and -
trinsic scatter. For the 20 obscured sources in our sam-
ple without stellar masses (Section 2), we took a Monte
Carlo (MC) approech by rendomly assigning M, values
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Figurw 6. Disk dust mass ;Md....) as a function of stellar
mass {M.) for Lupus disks (Section 6.1). Blue circles show
contimuum detections and grav tiangles show 3o upper limlts
{error bars include the 10% absohste flux calibration error).
The 20 obsvured sources, for which we did not derive M,
values, are not shown, The blue line gives our Bayesian lnear
regression ft for Lupus, while the purple and green lines show
our derived relations for Taurus and Upper Sco, respectively.
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hase] o the distribution of Lupus F-IV YSOs derived
in Mortier o1 al. (2011) (see their Figure 9). We com-
bined the pesterior disteibutions of 100 MC runs, find-
ing a positive relation between log{ Ma...) and log(M.,)
with a slope of 1.8 + (1.4 and dispersion of 0.9 + 0.2 dex,
as shown in Figure 6. To confirm the significance of
this relation we wsed the Cox proportional hazard test
for censored data, implemented in the R Project for
Statistical Computing (R Core Team 2015; Therneau
20135), Anding <0.0005 probability of no correlation for
all MC runs. Note that we find the same results to within
errors when simply removing the sources with unknown
stellar masses. We also Lested our results using stellar
masses derived from the evolutionary meoxdels of Baraffe
et al, (1998) and Baraffe et al. (2015); we found that
the derived relations cemain significant and consistent to
within errors regardless of the model used.

To compare our correlation between Mg, and M, in
Lupuis to thase found in Taurus and Upper Sco, we cal-
enlated the dust masses uniformly across each region by
translating the sub-mm continuum fluxes {or 3o upper
limits) given in Andrews et al. (2013) and Barcnfeld ot
al. (submitted) into dust masses using Equation 1 sealed
to the distances of the clusters and the observation wave-
Jengths of the surveys. We assumed T = 20 K for all
digks and adopted distances of 145 pe for Upper Sco (de
Zeauw et al. 1999) and 140 pe for Taurus (Kenyou et al,
2008), We considered only sources with M, 2 0.1 M,
as this was the stellar mass limit comnnon to the three
surveys. All stellar masses were derived using Siess et al,
[2000) evolutionary models. Compared to Lupus, we find
a similar slope (1.7 : 0.2) and dispersion (0.7 £ 0.1) for
Taurus disks, but a steeper slope (2.4 & 0.4) and similar
dispersion (0.7 £ 0.1) for Upper Sco disks,

The Mauwe vi. M, relations for Lupus, Taurus, and
Upper Sco are shown together in Figure 6, The nearly
identical relations for the similerly aged Taurus and Lu-
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Figure 7. Disk gas mass (M., ) as a2 function of stellar mass
(M, ) for Lupus disks (Section 6,1}, Blue cireles show sources
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Tlimits for sources undetected in both lines. Eeror bars cover
the mange of model gas musses, as described in Section 5.2,
where arror bars with downward arrows represent sources
with '*C0 but not C'*0 detections. The 20 obscured sources,
for which we did not derive M. values, are not shown,

.
pus regions suggests there may be a universal correla-

tion between M., and M, imprinted at disk formation,
while their divergence from the older Upper Sco region
at lower stellar masses may indicate that disk evolution
serves to steepen this initial relation with age. For ex-
ample, if the most massive disks tend to have large inner
holes (as suggested hy this and other sub-mm surveys of
star-forming regions: Section 5.4) then their dust may be
trapped in the outer disk for longer timeacales compared
to lower-mass disks, effectively steepening the relation
between My, and M, with age.

Confirming a clear positive correlation between My
and M, in Lupus supports the suggestion by Andrews
et al. {2013) that such a relation fundamentally explaing
the correlation between giant planet frequency and host
stor mass identified i the exoplanet population (Endl
et al. 2006: Johnson et al 2007; Bonfils et al 2013;
Bowler ot al. 2010), This is because core growth i
more efficient both in higher-mass disks [e.g., Thommes
ot al. 2008; Mordasini et al. 2012) amxd around higher-
mass stars (e.g., Kennedy & Kenyon 2008). Thus the
sources in the upper right of Figure 6 are more likely to
form giant planet cores before the gas disk dissipates, al-
lowing the cores to scerete substantial gasoous envelopes
and become gas giant planets.

Lupuy disks also exhibit o Jarge dispersion in Mg,
spanning ~2 orders of magnitude for a given M,.. An-
drews et ol, (2013) noted that the similacly large dis-
persion in Taurus is likely 4 corsequence of the inherent,
diversity in disk temperatures, dust opacities, and evo-
lutionary states acroes the region. The large dispersion
in Lupus may result from different. environments andfor
evolutionary states across the Lupus IV clouds. To
test this, we re-derived the Mg vs. M, correlation us
ing only Lupus T sources: we chose Lupus T because it
containg the most sources in our sample and is more dis-
tant compared to the other clouds, thus possibly in a dif-

0.0

M, (M)

Figure 8, Dust mass curnalative distributions for Lupus,
Taurus, and Upper Sco disks around host stans with M, >
0.1 M {Section £.2). The average dust maseses for each region
are given for reference, The distribations were calculated us-
ing the Kaplan-Meier estimator to inciude upper himits; line

\widths Indicate 1o confidence intervals, &8s View Source
ferent environment. We found consistent slope [1.4:£0.5
and dispersion (1.1 £ 0.3) values to within errors. indi-
cating that the large dispersion in Lupns & an Intrinsic
property of the disk population due to the range of ini-
tal disk conditions (e.g., core angular momentum) and
suggesting a range of pessible planetary outcomes,

Because we estimated the gas mass of each disk in-
dependently from the dust (Section 5.2), we are able to
show for the first time that M, and M, may also he
correlatod, az illustrated m Figure 7. We used the same
MC approach for assigning M, values to the 20 obscured
sources without stellar masses, and again emploved the

Cox proportional hazard test for censored data to eval-
uate the significance of the correlasion. We found a ten-
tazive positive correlation between M, and M, with
a 0,01 probability of no correlation on average. How-
ever. Lhe significant number of gas upper limits, and the
large uncertainties on the gas mass estimates, means that
we coukd not rehably determine the slope of the rela
tion. Thus this relation should be re-visited with higher-
sensitivity line observations, or in regions that have move
sources with M, = 0.5 M, where we dotect almost all
dizks in gas and dust. If confirmed, this positive relation
between Mo, and M, would further explain the positive
cone!ationmween giant planet frequency and host star
mass seen in the exoplanct population.

6.2, Comparisen to Other Regions

Sub-mm surveys of star-forming regions at different
ages provide the best svailable tool for probing dust moss
evolution, as sub-nm continuuwm emission can be directly
related to bulk dust mass (Section 5.1). This work pro-
vides a pear-complete census of protoplanetary disks in
the voung (~1-3 Myr) Lupus [-IV clouds with a dust
mass sensitivity of ~0.2-0.4 M, (Section 5.1), making
it an ideal beseline survey of carly disk couditions, In
an effort to understand disk evolution. we can compare
our Lupus dust mass distribution to those found in other
regions located in different environments or at different




\

) pree—— - ———y e

08

06 b

(=py)
LY
b

02 L

Taurus

ou A B— o

00000 €000 001 0ol 01 1.0
Po

Figure 9. Comparisons of the dust mass distributions in Tau-
rus and Upper Sco to that of the Lupus reference sample. pe
15 the probabllity that the potentially incomplete and for bi-
aeexi comparisem samples are drawn from the seme parent
population as the complets refarence sample. f(< py) is the
cumulative distribution of pg constencted from two-sample
tests for censored datasets in 10° MC runs. The nominal 20
and 3¢ probabilities that the comparison samples are differ-
ent from the reference smmple are shown for guldsuce, The
median p, for Taurus is (.67, implying a statistically indis-
tinguishable dust mass distribution from Lupus, The median
pe for Upper Sco is 1x10°%, implying a statistically difforent

dunt mass distribution from Lupus. y
stages of evolution. Only two other star-forming regions,
Taurus and Upper Sco, have been surveyed in the sub-
mm with similar sensitivity and completeness, Taurus
has a similar age to Lupus (~1-2 Myr) and its Clsss [1
disks were surveyed down to the brown-dwarl Limit with
a dust mass sensitivity of ~2 My (Andrews et al. 2013).
Upper Sco was recently surveyed in the sub-mm with
ALMA with a dust mass sensitiviiy of ~0.1 M, (Baren-
feld ¢4 al., submitted) and its older age (~5-10 Myr)
makes it an important point for comparison,

We calculated dust masses uniformly across each re
gion, as described in Section 6.3, and considered only
sources with M, > 0.1 M~. Figure 8 shows the dust mass
cumulative distributions, calculated using the Kaplan-
Meier estimator in the ASURV package (Lavalley et al
1992} w include upper limits, Lupus and Taurus have
consistent mean dust masses (15+3 Mg, and 15+2 M,
respectively), while Upper Sco has a significantly Jower
mean dust mass (543 Mz ). We confirmed these resnles
using the two-sample tests in ASURV, which estimate
the probability that two samples of censored data have
the saame parent distribution. We found probabilities of
0.87-0.9% for Lupus and Taurus, indicating statistically
similar dust moss dlstnbuhon& We also found probabil-
ities of < 5 x 16~ for Lupus and Upper Sco us well as
Taurus and Upper Sco, indicating statistically different
dust mass distributions.

When comparing the dust mass distributions of two
regions, it is important to confirm that they have compa-
rable stellar dstributions due to the correlation between
Myet and M, (e.g., Figure ). We therefore employed
the aforementioned two-sample tests in ASURV to deter-
mine the probabilities of the samples being drawn from
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the same parent population of stellar masses. For this
analysis we removed the 20 obscured sources in our sam-
ple for which we do not bhave stellar masses. We found
probabilities of 0.002-0.04 for Lupus and Taurns, 0.33-
0.97 for Lupus and Upper Sco, and 0.0001-0.0003 for
Taurus and Upper Sco.

Thus the dust mass distribution of Lupns is readily
comparable to that of Upper Sco tn Figure 8, indicat-
ing that the mean dust mass in Lupus is 3x higher than
in Upper Seo. Althongh the dust distributions in Lu-
pus and Taurus are remarkably similar in Figure &, the
marginal similarities in their stellar distributions may be
(umslng the divergence at low dust masses. Indeed, Luo-

' stellar distribution is known to be dominated by

te-M stars when compared to Taurus (see discussion in
Comerdn 2008}, which whea combined with the correla-
tion between M., and M, could at least partly explain
the deviation at low dust masses.

We also performed a more robust statistical compari-
son of the dust mass dstributions ln Taures and Upper
Sco to that of cur near-complete Lupus sample, follow-
ing the methodology of Andrews ev al. (2013). Their
technique uses MC simulations of two-sample test for
censored datasets (Feigelson & Nelson 1985) to take into
account differences in stellar distributions, particularly
mass and binarity. In short, we selected from the ref.
erence Lupus sample a subset of disks with the same
distribution of host, star spectral types as the comparison
sample, then compared the simulated dust mass distribu-
tions using twe-sample teete for censored datasets. The
cumulative probability distributions of 10* MC runs are
shown in Figure 9. illustrating that the Taurus dust mass
distribution is statistically indistinguishable from that of
Laupniss. while the Upper Soo dust mass distribution is sig-
nificantly different from that of Lupus, regardless of any
differences in their stellar distributions. We found con-
sistent results when using Taurus as the reference sample
instead of Lupus:

6.3. Gas Depletion

Protoplanetary disks presumably form with an inher-
ited ISM gas-to-dust ratio of ~100 {Bohlin et al. 1978),
but evolve to the opposite extreme of dusty debris disks
with negligible gas in <10 Myr (Williams & Cleza 201 12.
How quickly the dust and gas disperse, in particular rel-
ative to each other, likely dictates the types of planets
that will form in a given disk. Determining the statisticsl
properties of the dust and gas content in large samples of
protoplanctary disks is therefore important for providing
constraints on planet formation theorles and explaining
trends that sre observed in the exoplanet population,

Figure 3 shows the dust masses, gas masses, and gas-to-
dust ratios for the 62 disks in our Lupus sample that were
detected 1n the 890 pm continuum. This represents the
largest collection of disk dust and gas masses to date, pro-
viding new constraints ou disk evolution. We find that,
despite their moderate age of ~1-3 Myr, typical disks in
Lupus have gas masses well below the MMSN and gas-
to-dust ratios lower than the inherited ISM value. This
mplies that giant planet formatlon is rapid, being largely
complete after just a few Myr,

Additionally, such rapid gas depletion in typleal pro-
toplancta?' disks may explain, at least qualitatively, the
scarcity of gas giants and prevalence of intermediate-
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mass planets seen in the exoplanet population. In par-
ticular, exoplanet surveys have found that intermediate-
mass planets (e.g., “super-Earths” with masses between
that of Earth and Neptune) are over an order of magni-
tude more abundant than gas giants around G/K-type
stars with P < 100 days (Howard et al. 2012; Petigura
et al. 2013; Marcy et al. 2014). This finding challenges
traditional planet formation theories, which predict a
“planetary desert” at intermediate masses (Ida & Lin
2004). This is because cores of ~10 Mg, should have
sufficient gravity to rapidly accrete gaseous envelopes,
reaching masses of ~1 My, within ~0.1 Myr if gas is
still present in the disk (e.g., Pollack et al. 1996). How-
ever, if typical disks are already depleted in gas at a
few Myr, such cores capable of accreting gaseous en-
velopes would more often end up as intermediate-mass
super-Earths or Neptunes rather than gas giants. Fur-
thermore, the fact that the exoplanet population is more
of a “tropical rainforest” at these intermediate masses
(i.e., exhibiting a diversity of compositions; Hand 2011)
may be due to the inherent diversity and rapid evolution
of circumstellar disks having significant influences on the
assembly of planetary systems.

Disks are stratified with gas-rich atmospheres and dust
settling toward the midplane (D’Alessio et al. 2006).
This may be the root cause of the preferential loss of gas
relative to dust via photoevaporation (Alexander et al.
2014), layered accretion (Gammie 1996), and/or disk
winds (Gressel et al. 2015; Bai et al. 2016). Rapid gas
depletion would also be consistent with the findings of
Fedele et al. (2010), who used spectroscopically measured
accretion rates (i.e., a completely different methodology
from this work) to show that inner gas disk lifetimes are
shorter than inner dust dissipation timescales; here we
extend this finding to disk-averaged values.

The main caveat with our derived gas masses is
that they depend inversely on the assumed [CO]/[Hs]
molecular abundance and [CO]/[*3CO] and [CO]/[C*0]
isotopologue ratios. WB14 assumed an ISM-like
[CO]/[Hz] = 10~* abundance and isotopologue ratios
of [CO]/[*¥CO] = 70 and [CO]/[C*¥O] = 550 or 1650.
These values are consistent with those measured in
molecular clouds (Frerking et al. 1982; Lacy et al. 1994;
Ripple et al. 2013; Shimajiri et al. 2014) as well as with
a direct measurement in a disk (France et al. 2014).
However, the strong HD (Bergin et al. 2013) but weak
C'0 emission toward the TW Hydra disk has been in-
terpreted as a much lower CO abundance in this system
(Favre et al. 2013). Kama et al. (2016) suggested that
repeated cycling through the midplane may “dry out”
the CO from the warm molecular layer and significantly
reduce the [CO]/[Hz] abundance. Such an effect would
increase our inferred gas masses and gas-to-dust ratios.
Our data cannot distinguish between these possibilities,
but regardless of the cause, the weak CO isotopologue
emission indicates rapid disk evolution, either directly in
the gas-to-dust ratio or chemically via permanent loss of
volatiles to solids.

Finally, it is important to note that the low gas-to-
dust ratios are not due to over-estimated dust masses.
For realistic conditions of grain compositions and sizes,
Ossenkopf & Henning (1994) show that the dust opac-
ity, k, used in Equation 1 does not change sufficiently to

account for the factor of ~10 discrepancy between our
inferred gas-to-dust ratios and that of the ISM. If any-
thing, the growth of planetesimals, and lock-up of solids
into meter- and larger-sized bodies, would decrease the
continuum emission and thereby increase the apparent
gas-to-dust ratio.

7. SUMMARY

We presented the first high-resolution sub-mm survey
of both dust and gas for a large sample of protoplanetary
disks in an effort to better understand how circumstellar
disks may evolve into the observed exoplanet population.

e We used ALMA to survey protoplanetary disks in
the young (1-3 Myr) and nearby (150-200 pc) Lu-
pus I-IV clouds. The region’s proximity and youth
make it ideal for a baseline study of early disk prop-
erties.

e We obtained ALMA Cycle 2 data for 89 disks in the
890 pum continuum and '3CO and C'30 3-2 lines.
We detected 62 disks in the continuum, 36 in 2CO,
and 11 in C'®0. All sources detected in C*8O were
detected in '>CO, and all sources detected in >*CO
were detected in the continuum.

e The continuum emission constrained Mg, down
to a few Martian masses and the CO isotopologue
emission constrained Mg,s down to <1 My, (as-
suming ISM-like [CO]/[Hz] abundance). The dust
masses spanned ~3 orders of magnitude and the
gas masses were typically <1 Myyp.

e Our stacking analysis showed that the average dust
mass of an undetected Lupus disk was <6 Lunar
masses (0.03 Mg), indicating that protoplanetary
disks evolve rapidly to debris disk levels once disk
clearing begins.

e We derived a positive correlation between Mgyt
and M, for Lupus disks, with a slope and disper-
sion nearly identical to those of the similarly aged
Taurus region. We also presented the first evidence
for a positive correlation between Mg,s and M..
Both relations would provide an origin for the de-
pendence of giant planet frequency on stellar mass
that is seen in the exoplanet population.

e By comparing our continuum results to sub-mm
surveys of other star-forming regions, we found
that the mean dust mass in Lupus is 3x higher
than that of the older Upper Sco region. We also
found that Lupus and the similarly aged Taurus
region have consistent mean dust masses and sta-
tistically indistinguishable dust mass distributions.

e Typical disks in Lupus have gas masses well be-
low the MMSN and gas-to-dust ratios lower than
the ISM. The inferred rapid gas depletion indicates
that giant planet formation is largely complete by
a few Myr, and may also explain the unexpected
prevalence and diversity of intermediate-mass plan-
ets seen in the exoplanet population. Although the
gas masses may be underestimated due to our as-
sumption of an ISM-like [CO]/[Hz] abundance, the



weak CO isotopologue emission indicates rapid disk
evolution, either directly in the gas-to-dust ratio or
chemically via permanent loss of volatiles to solids.
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APPENDIX

A. REJECTED TARGETS

Eight of the sources in our original targes list were observed duri
be background giants based on the leck of Li T absorption at 67078
prep) as well as discrepant surface gravities and radial velocities with respect to Lupus YSOs (Frasca et al., in prep).
All #ight sources were undetected in the contirmm and line. Table Al gives the names of these rejected sources (Sz
or 2MASS), the phaso center coordinates of their ALMA observations, their 860 pm continuum fluxes derived from
uvmnodelfit using a point-source model {Section 4.1), and their "*CO and C**O upper limits (Section 4.2).

L5

our ALMA Cyele 2 program, but later fonnd to
in the VLT /X-Shooter spectra (Aleald et al., in

-

Toble Al h
Hejected Targets
Souros RAja000 D6 aca0 Feom Faco Ferwo
(mly)  (mdy km &™) (mdy kms—')
Sa78 15:63:41.18  -3000:37.10 0004028 < 180 < 2007
Saty 15:55:42.68  -38.08,10.40 -0.5520.27 < 168 < 198
JISHOM5268-41540T2 15:609:45.28 -41.54:57.20 0124019 < 105 < 120
JIG00T42-4149484 16000733 <31 .45:48.90 -O.l_m.m < 102 < 120
JI60TOS63-3MT7219  16:07:08 64 -394T:22.70 038030 < 188 < 19
JIGOS0618-3912225  16:08:06.17 -39:12:22.50 0.34:40.23 < 102 < 10
JIGI L4865 3817580 16114867 38175830 0.1240.30 < 188 < 3
JI6122260-3TI3276  16:12:22.73  -3T:13:27.60 -0.04:40.50 < 171 < 24
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Figure Bl. ALMA 890 um contiomuam images (left) 300 sero-moment maps (middie), and C'™0O zero-moment maps [righs) for all
Lupus YSOs obeerved by aur ALMA Cycle 2 program,. [nages ave 3" x 3" in size. Gray images indicate pon<detoctions, Synthesiaed beamns
are shown in the Jower right cormer of the continuuwm images
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