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8 Observatório Nacional/MCTI, Rio de Janeiro, 20921-400, Brazil
9European Southern Observatory, Karl-Schwarzschild-Str. 2, D-85748 Garching bei München, Germany and

10Max-Plank-Institut für Extraterrestrische Physik, Giessenbachstraße 1, D-85748 Garching, Germany
Re-submitted to ApJ: 5 May 2016

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 M� in the young (1–3 Myr),
nearby (150–200 pc) Lupus complex. Our observations cover the 890 µm continuum and the 13CO
and C18O 3–2 lines. We use the sub-mm continuum to constrain Mdust to a few Martian masses
(0.2–0.4 M�) and the CO isotopologue lines to constrain Mgas to roughly a Jupiter mass (assuming
ISM-like [CO]/[H2] abundance). Of 89 sources, we detect 62 in continuum, 36 in 13CO, and 11 in
C18O at > 3� significance. Stacking individually undetected sources limits their average dust mass
to . 6 Lunar masses (0.03 M�), indicating rapid evolution once disk clearing begins. We find a
positive correlation between Mdust and M⇤, and present the first evidence for a positive correlation
between Mgas and M⇤, which may explain the dependence of giant planet frequency on host star mass.
The mean dust mass in Lupus is 3⇥ higher than in Upper Sco, while the dust mass distributions in
Lupus and Taurus are statistically indistinguishable. Most detected disks have Mgas . 1 MJup and
gas-to-dust ratios < 100, assuming ISM-like [CO]/[H2] 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; Hernández 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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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 M� should have
su�cient gravity to rapidly accrete gaseous envelopes,
reaching masses of ⇠1 MJup 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 di↵erent 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]/[H2]
molecular abundance and [CO]/[13CO] and [CO]/[C18O]
isotopologue ratios. WB14 assumed an ISM-like
[CO]/[H2] = 10�4 abundance and isotopologue ratios
of [CO]/[13CO] = 70 and [CO]/[C18O] = 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
C18O 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]/[H2] abundance. Such an e↵ect 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, , used in Equation 1 does not change su�ciently 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 e↵ort to better understand how circumstellar
disks may evolve into the observed exoplanet population.

• 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.

• We obtained ALMA Cycle 2 data for 89 disks in the
890 µm continuum and 13CO and C18O 3–2 lines.
We detected 62 disks in the continuum, 36 in 13CO,
and 11 in C18O. All sources detected in C18O were
detected in 13CO, and all sources detected in 13CO
were detected in the continuum.

• The continuum emission constrained Mdust down
to a few Martian masses and the CO isotopologue
emission constrained Mgas down to .1 MJup (as-
suming ISM-like [CO]/[H2] abundance). The dust
masses spanned ⇠3 orders of magnitude and the
gas masses were typically . 1 MJup.

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

• We derived a positive correlation between Mdust
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 Mgas 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.

• By comparing our continuum results to sub-mm
surveys of other star-forming regions, we found
that the mean dust mass in Lupus is 3⇥ 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.

• 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]/[H2] abundance, the
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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.

MCA and JPW were supported by NSF and NASA
grants AST-1208911 and NNX15AC92G, respectively.
MCA acknowledges student observing support from
NRAO. NM is supported in part by the Beatrice W.
Parrent Fellowship in Astronomy at the University of
Hawaii. Leiden is supported by the European Union
A-ERC grant 291141 CHEMPLAN, by the Netherlands
Research School for Astronomy (NOVA), and by grant
614.001.352 from the Netherlands Organization for Sci-
entific Research (NWO). CFM gratefully acknowledges
an ESA Research Fellowship. We thank J.M. Alcalá
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