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Abstract

Planets are born from disks of gas and dust, and observations of protoplanetary disks are used to constrain the
initial conditions of planet formation. However, dust mass measurements of Class II disks with ALMA have called
into question whether they contain enough solids to build the exoplanets that have been detected to date. In this
paper, we calculate the mass and spatial scale of solid material around Sun-like stars probed by transit and radial
velocity exoplanet surveys and compare those to the observed dust masses and sizes of Class II disks in the same
stellar-mass regime. We show that the apparent mass discrepancy disappears when accounting for observational
selection and detection biases. We find a discrepancy only when the planet formation efficiency is below 100%, or
if there is a population of undetected exoplanets that significantly contributes to the mass in solids. We identify a
positive correlation between the masses of planetary systems and their respective orbital periods, which is
consistent with the trend between the masses and the outer radii of Class II dust disks. This implies that, despite a
factor 100 difference in spatial scale, the properties of protoplanetary disks seem to be imprinted on the exoplanet
population.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Exoplanet formation (492); Planet formation (1241);
Planetary system formation (1257); Protoplanetary disks (1300)

1. Introduction

The discovery of exoplanets has provided us with an
opportunity to better understand the processes by which planets
form. In particular, large exoplanet surveys allow us to
statistically evaluate how common different types of planets
and planetary systems are. Transit and radial velocity surveys
have shown that exoplanets that are smaller than Neptune are
common at orbital periods less than a year around Sun-like
stars (Howard et al. 2010; Mayor et al. 2011; Howard et al.
2012; Fressin et al. 2013). A smaller fraction of these Sun-like
stars, about 10%, have giant planets (>0.3MJ) that are typically
located at a few au (e.g., Cumming et al. 2008; Mayor et al.
2011; Fernandes et al. 2019; Fulton et al. 2021).

The presence of these exoplanets is challenging to explain
based on the measured properties of protoplanetary disks,
which are thought to be the environments where planets form.
Surveys of nearby star-forming regions at millimeter wave-
lengths have measured disk dust masses for large numbers of
young stars (e.g., Andrews & Williams 2005), revealing that
the typical Class II protoplanetary disk around a Sun-like star
has approximately ∼10 M⊕ of detectable solids, though with a
large dispersion of 0.8 dex (e.g., Ansdell et al. 2016; Pascucci
et al. 2016). This amount of solids is barely enough to build the
exoplanets found in the Kepler and radial velocity surveys
(Najita & Kenyon 2014). This implies either that planet
formation is close to 100% efficient or that formation must start
in an earlier phase when disks are more massive (e.g., Greaves
& Rice 2010, 2011). Indeed, observations of Class I objects
indicate a larger dust mass reservoir than Class II disks (Tobin
et al. 2020; Tychoniec et al. 2020).

Najita & Kenyon (2014) carried out the first study
comparing the mass budgets of protoplanetary disks and
exoplanets, based on the different exoplanet surveys (including

Kepler) and disks masses from the Taurus star-forming region
measured with the Submillimeter Array (SMA; Andrews et al.
2013). Significant advances have been made since then in
measuring and characterizing the properties of protoplanetary
disks and the demographics of exoplanets.
For protoplanetary disks, a larger sample of Class II disks

have been observed with the Atacama Large Millimeter Array
(ALMA) at moderate spatial resolution, extending the census of
Class II disks to lower disk and stellar masses (e.g., Ansdell
et al. 2016; Barenfeld et al. 2016; Pascucci et al. 2016; Ansdell
et al. 2017; Cieza et al. 2019). Surveys have measured disk
sizes for a large number of disks, revealing a large population
of compact (<30 au) dust disks (e.g., Long et al. 2019; Sanchis
et al. 2021). The dust mass and size appear to be tightly
correlated, with massive disks being systematically larger than
lightweight disks (Tripathi et al. 2017; Andrews et al. 2018;
Hendler et al. 2020).
On the exoplanet front, the Kepler planet occurrence rates

have become more precise after the release of the DR25 catalog
(Thompson et al. 2018) and improved stellar characterization
(e.g., Berger et al. 2018, 2020). With a better understanding of
planetary system architectures, it is now possible to estimate
the fraction of stars with planets as small as Earth, and
statistical reconstructions of planetary system architectures
show that 30%–50% of Sun-like stars have one or more planets
within 1 au of the star (Mulders et al. 2018; Zhu et al. 2018; He
et al. 2019).
At larger distances from the star, radial velocity surveys have

measured giant planet occurrence rates out to 10 au, with an
estimated occurrence of 10%–25% dependent on the lower
mass limits (0.1 or 0.3 MJup; Cumming et al. 2008; Fernandes
et al. 2019; Fulton et al. 2021). Direct imaging surveys provide
limits farther out (near 10–100 au) on the occurrence of

The Astrophysical Journal, 920:66 (11pp), 2021 October 20 https://doi.org/10.3847/1538-4357/ac178e
© 2021. The American Astronomical Society. All rights reserved.

1

https://orcid.org/0000-0002-1078-9493
https://orcid.org/0000-0002-1078-9493
https://orcid.org/0000-0002-1078-9493
https://orcid.org/0000-0001-7962-1683
https://orcid.org/0000-0001-7962-1683
https://orcid.org/0000-0001-7962-1683
https://orcid.org/0000-0002-0093-065X
https://orcid.org/0000-0002-0093-065X
https://orcid.org/0000-0002-0093-065X
https://orcid.org/0000-0002-3853-7327
https://orcid.org/0000-0002-3853-7327
https://orcid.org/0000-0002-3853-7327
mailto:gijs.mulders@uai.cl
http://astrothesaurus.org/uat/498
http://astrothesaurus.org/uat/492
http://astrothesaurus.org/uat/1241
http://astrothesaurus.org/uat/1257
http://astrothesaurus.org/uat/1300
https://doi.org/10.3847/1538-4357/ac178e
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac178e&domain=pdf&date_stamp=2021-10-15
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac178e&domain=pdf&date_stamp=2021-10-15


massive (2–13MJup) giant planets that are of order 3%–6% for
solar-mass stars (Nielsen et al. 2019; Vigan et al. 2021). The
shape of the semimajor axis distribution, with a peak interior to
10 au measured by radial velocity (Fernandes et al. 2019;
Fulton et al. 2021) and a declining frequency at larger
separations measured by direct imaging (Nielsen et al. 2019;
Wagner et al. 2019; Vigan et al. 2021), indicates that radial
velocity surveys may already probe most of the giant planet
population.

For planets with masses below 0.1 or 0.3 MJup outside of
1 au, the exoplanet census becomes incomplete (e.g., Fulton
et al. 2021). Microlensing surveys of low-mass stars hint at a
large population of Neptune-mass planets between 1 and 10 au
whose occurrence rate is of order unity (e.g., Cassan et al.
2012; Suzuki et al. 2016). A direct measurement of the
occurrence rate of Earth- and Neptune-mass planets at these
separations around Sun-like stars, however, is not expected to
arrive until the Roman Space Telescope exoplanet survey (e.g.,
Penny et al. 2019).

It is now time to reassess the comparison between disk
masses and exoplanets with these new data and insights.
Recently, Manara et al. (2018) used the collection of ALMA
dust disk masses to compare with the masses of detected
exoplanets from the online archive exoplanet.eu. The authors
found that “exoplanetary systems masses are comparable or
higher than the most massive disks.” However, the online
exoplanet databases do not properly represent the exoplanet
population because they contain data from surveys with
different sensitivities and targeting strategies. As a result, these
exoplanets are not representative of the intrinsic exoplanet
population, and hence one should be cautious when using them
for statistical studies. For example, hot Jupiters are over-
represented because they can be more easily detected in many
surveys, which skews the average planet mass to higher values
(see Figure 1). Thus, looking at only the detected planet masses
gives the impression that most planets are as massive as Jupiter,
while in reality most planets are Neptune-mass or smaller (e.g.,
Howard et al. 2010; Mayor et al. 2011).

In this paper, we derive the mass and spatial scale of solids
contained in exoplanets and Class II protoplanetary disks,
taking into account various detection biases. In Section 2, we
determine the mass distribution of solids contained in
exoplanets and protoplanetary disks around Sun-like stars.
Then, we calculate the spatial scale of the mass reservoirs
probed by detected exoplanets and compare those to the
observed sizes of protoplanetary disks in Section 3. We finish
by drawing conclusions on how the statistical links between
exoplanets and protoplanetary disks can inform planet forma-
tion models.

2. Solid Mass Budget

In this section, we derive the distribution of solid mass
detected in exoplanets and as dust in Class II protoplanetary
disks. A schematic of our approach is shown in Figure 2. We
focus on Sun-like stars so as to not let the comparisons be
biased by stellar-mass dependencies of exoplanet populations
(e.g., Mulders 2018a) and protoplanetary disks (e.g., Andrews
et al. 2013; Pascucci et al. 2016). The two exoplanet samples
we consider here have a well-characterized detection bias that
allows us to reconstruct the underlying exoplanet population:
the Kepler survey of transiting planets (e.g., Borucki et al.
2010; Thompson et al. 2018) and radial velocity surveys, of

which we will use the survey from Mayor et al. (2011). The
two exoplanet samples partially overlap for large planets at
short orbital periods but are complementary in other regions of
parameter space: the Kepler sample is sensitive to lower-mass
planets, while the radial velocity (RV) sample extends to longer
orbital periods. We omit microlensing surveys (e.g., Suzuki
et al. 2016) and direct imaging surveys (e.g., Nielsen et al.

Figure 1. Exoplanet populations as observed or with bias corrections, as a
function of planet mass and orbital period. (a) Detected exoplanets with a mass
measurement from the exoplanet.eu database, taken on 2020 March 26. (b)
Detected exoplanets in the volume-limited radial velocity survey from Mayor
et al. (2011). (c) Same as panel (b), but correcting for detection bias. The
symbol size is scaled proportional to the intrinsic planet occurrence, estimated
from the inverse of the detection efficiency as described in Fernandes et al.
(2019). The dotted and dashed lines represent the median planet mass and
orbital periods of each data set. The bias correction shows that giant planets,
and in particular hot Jupiters, are less frequent than smaller exoplanets.
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2019) here because they have mainly detected exoplanets
around lower- and higher-mass stars. However, we will discuss
their planet mass constraints in Section 4.

The protoplanetary disk samples are based on the ALMA
surveys of Lupus (Ansdell et al. 2016) and Chamaeleon I
(Pascucci et al. 2016) of Class II disks. We omit Class 0/I
objects from this analysis because their stellar properties are not
known, and thus a potential bias in comparing with exoplanets
around Sun-like stars is hard to quantify. We also do not
account for dust in Class III or debris disks, as they contain
negligible amounts of measured dust mass (e.g., Wyatt 2008;
Holland et al. 2017; Lovell et al. 2020; Michel et al. 2021). We
will come back to this in the discussion in Section 4, where we
also discuss the possible contributions of debris disk parent
bodies.

Because not all stars have (detected) disks or exoplanets, we
will calculate the solid mass distribution as a fraction of all
stars.

2.1. Radial Velocity Exoplanets

We use the CORALIE–HARPS survey of Mayor et al.
(2011) to calculate the solid mass distribution of radial-
velocity-detected exoplanets. This survey was conducted using
a volume-limited sample of stars similar in mass to the Sun. It
is sensitive to planets as low in mass as ∼3M⊕ short orbital
periods, while the largest planets are detected out to a distance
of ∼10 au (Figure 1(b)). The detected planet mass distribution
is shown with the purple line in Figure 3, with a median
detected planet mass of ∼100M⊕.

To highlight the effects of the stellar sample selection, the
planet mass distribution of all detected exoplanets from the
online archive exoplanet.eu that was used by Manara et al.
(2018) is shown in pink in Figure 3. This sample is a
heterogeneous combination of exoplanets surveyed with
different sensitivities in terms of planet mass. Hot Jupiters

are overrepresented in this sample, which leads to a median
planet mass of 300M⊕ that is a factor of 3 higher than the
volume-limited stellar sample of the Mayor et al. (2011)
survey, as indicated by the purple arrow in Figure 3 and the
horizontal lines in Figure 1.
Even within a single survey, the sensitivity to detect planets

of different masses varies from star to star. The survey
detection efficiency as a function of planet mass and orbital
period was characterized by Mayor et al. (2011) using
injection-recovery tests. For each detected exoplanet, j, we

Figure 2. Steps taken to debias observed samples of exoplanets and disks to facilitate an apples-to-apples comparison between the amount of solids per star.

Figure 3. Selection and detection biases affect the exoplanet mass distributions
from Figure 1, as indicated by arrows. The pink line represents the cumulative
mass distribution of all known exoplanets with a reported mass from the
exoplanet.eu database, taken on 2020 March 26. The purple line represents the
detected mass distribution from the volume-limited radial velocity survey from
Mayor et al. (2011). The teal line represents the detection-bias-corrected planet
mass distribution from Fernandes et al. (2019). The teal dotted line represents
the solid mass distribution estimated using the heavy-element mass fraction
scaling relation from Thorngren et al. (2016).

3

The Astrophysical Journal, 920:66 (11pp), 2021 October 20 Mulders et al.



extract the survey completeness, Cj, as described in Fernandes
et al. (2019). This completeness is defined as the probability
that the planet is detected in the survey based on its mass and
orbital period. We calculate a weight factor, wj N C

1

j
=


, where

Nå is the number of stars in the survey, to debias the mass
distribution of exoplanets (Figure 1(c) and Figure 3, teal line).
The median planet mass is ∼5M⊕, which is more than an order
of magnitude lower than the median mass of the biased
distribution of detections, as indicated by the teal arrow.
Accounting for the combined detection and selection effects
yields a median mass that is almost two orders of magnitude
lower than the median mass of all known exoplanets from the
online archive exoplanet.eu.

The more massive planets are gas giants, and thus a
significant fraction of their measured mass is not in solids. To
calculate the solid components in these exoplanets, Mc, we use
the best-fit scaling relation between heavy-element abundance
and planet mass from Thorngren et al. (2016), given by

M M
M

M
M M

M

60 if

otherwise

. 1c J
c

0.6

= >Å⎜ ⎟
⎧

⎨
⎩

⎛
⎝

⎞
⎠ ( )

The correction for planet heavy-element mass primarily affects
the more massive end of the planet mass distribution (Figure 3,
teal dotted line). We ignore the intrinsic dispersion in the
relation because we are primarily interested in the core mass
distribution, which is less affected by scatter than estimates for
individual planets.

A final correction that has to be made before exoplanets can
be compared to disks is to calculate what fraction of stars have
planets of a given mass. Some stars may not have planetary
systems at all, or some planets may be below the survey
detection limit. Assuming that the mass distribution of detected
exoplanets applies to all stars can significantly bias the results,
especially if planet occurrence rates are much smaller than 1.
For example, giant planets are typically detected around ∼10%
of stars (e.g., Cumming et al. 2008; Fernandes et al. 2019), so
as long as 10% of stars have similarly massive disks, the
average disk mass can be much lower without creating a
conundrum.

The fraction of stars with planetary systems, here denoted by
F, is related to the planet occurrence rate, f=∑jwj, by

F
f

n
, 2=

¯
( )

where n̄ is the average number of planets per planetary system.
The number of planets per system has not been robustly
determined from radial velocity surveys. The average detected
number of planets per system is 1.5 in the sample of Mayor
et al. (2011), but this number increases for the smaller planets
that are intrinsically more common, so this number is likely a
lower limit. Therefore, we assume a somewhat higher number
of two planets per system (n 2RV =¯ ). We note that the detection
efficiency of multiplanet systems was not considered in the
injection-recovery tests of Mayor et al. (2011), and thus it is
difficult to determine the intrinsic planet multiplicity based on
publicly available data.

The mass in solids per planetary system, Ms, is estimated
from each individual planet detection as M n Ms cRV= ¯ . The
fraction of stars with at least a given amount of solids in its

planetary system is then

F M
n

M w
1

. 3s
j M M

sj j
RV , sj s

å> =
>

( )
¯

( )

After applying these corrections, the fraction of stars with
planetary systems more massive than 10M is 32%, e.g., the
radial velocity planet population represents roughly a third of
solar-mass stars.

2.2. Transiting Exoplanets from Kepler

We derive the mass distribution of transiting exoplanets
based on the survey completeness from Mulders et al. (2018).
This completeness was calculated on a grid of orbital period
and planet radius using all main-sequence stars in the Kepler
survey. This stellar sample has a median mass, estimated from
isochrone fitting using isoclassify (Huber et al. 2017), of
1.0 solar mass and a standard deviation of 0.3Me, and its
occurrence rate is representative of that of solar-mass stars. We
therefore do not make any additional mass or effective
temperature cuts, as they would only reduce the sample size.
The calculation uses the detected planet candidates from the
Kepler DR25 planet catalog (Thompson et al. 2018), the survey
detection efficiency measurements from KeplerPORTS
(Burke & Catanzarite 2017), and the Gaia stellar parameters
(Berger et al. 2018). For each detected planet candidate, we
determine the weight factor wj N C

1

j
=


by evaluating the survey

completeness at the period and radius of the planet.
Next, we calculate the planet mass from the detected planet

radii using the best-fit mass–radius relation from Chen &
Kipping (2017):

M M

R

R
R R

M
R

R

if
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withMt= 2M and R M M Rt t
0.28= Å Å( ) . While the mass–radius

relation in Chen & Kipping (2017) is probabilistic, we ignore
this aspect since we are considering the wider distribution of
planet properties, which is less affected by intrinsic scatter. The
mass in solids per planet is again calculated using the estimates
of heavy-element abundance from Thorngren et al. (2016) in
Equation (1). The planet solid mass distribution is shown in
Figure 4 with the solid dark-purple line. We note that the
cumulative occurrence of planets adds up to a number larger
than 1, showing that a correction for multiple planets per star is
necessary.
As a final step, we calculate the fraction of stars with the

given amount of planetary mass in solids by correcting for the
number of planets per system, nj. The fraction of stars with
planets, F, is related to the individual planet weights as

F
w

n
, 5

j

j

j
å= ( )

where nj is the number of planets in the system. Unfortunately,
in transit surveys nj cannot be directly measured because of
geometrical biases: the probability that multiple planets transit
their star is low even for low mutual inclinations of the planets’
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orbits. Thus, the number of detected transiting planets around a
star is not a good measure of the real multiplicity because most
planets in a system will not be transiting.

However, the average number of planets per system, n̄, can
be estimated using a careful treatment of the complex
geometric detection biases (e.g., Lissauer et al. 2011; Tremaine
& Dong 2012). The mass in solids per planetary systems is
approximated as M n Ms c= ¯ . The previous equation can then be
simplified as

F
n

w
1

, 6
j

jå=
¯

( )

and the fraction of stars with at least a given amount of solids is

F M
n

w
1

. 7s
M M

j

sj s

å> =
>

( )
¯

( )

Figure 4 shows the fraction of stars with at least a given
amount of solids for different values of n 1, 2, 3, 6=¯ .
Forward modeling of Kepler planet populations indicates that
n̄ is typically in the range 2–6 (Mulders et al. 2018; Zhu et al.
2018; He et al. 2019), though the intrinsic distribution of planet
multiplicity is uncertain and model dependent (Zhu et al. 2018;
Sandford et al. 2019; Zink et al. 2019).

To identify the best value of n̄ for the Kepler sample, we
compare the different distributions to the fraction of stars with
planetary systems estimated using a parametric forward model
from Mulders et al. (2018) (dashed line). We find that the
assumption n 3=¯ works well for the Kepler sample. This
yields a cumulative fraction of Sun-like stars with detectable
planets of F= 47% (Figure 6), which is also consistent with
estimates from other forward models (e.g., Zhu et al. 2018; He
et al. 2019; Yang et al. 2020).

2.3. Protoplanetary Disk Dust Masses

Solid masses of Class II protoplanetary disks have been
measured with ALMA in multiple star-forming regions (e.g.,
Ansdell et al. 2016; Barenfeld et al. 2016; Pascucci et al. 2016;
Ansdell et al. 2017; Cieza et al. 2019). These mass

measurements represent the amount of solids in millimeter-
sized dust grains and are calculated from the millimeter flux
density using the stellar distance and assumptions on the disk
temperature, dust opacity, and optical depth. Here we use the
combined Chamaeleon I (Pascucci et al. 2016) and Lupus
(Ansdell et al. 2016) stellar samples because for these regions
stellar masses have also been homogeneously recomputed (e.g.,
Pascucci et al. 2016; Alcalá et al. 2017; Manara et al. 2017).
We use the disk masses from the online table of Mulders et al.
(2017), calculated using an average disk temperature of T= 20
K. The cumulative distribution of disk masses is shown with
the dotted line in Figure 5. From this sample, we select only
disks with approximately solar-mass host stars
(0.5<Må/Me< 2). This cut mainly removes low-mass stars
because they are more numerous than Sun-like stars. Because
of the positive correlation between protoplanetary disk mass
and stellar mass, this cut increases the median disk mass by a
factor of five from ∼2M to ∼10 M⊕.
Stars without protoplanetary disks (Class III objects) are

excluded from these surveys, and a correction has to be made
to estimate the fraction of stars with a given amount of solids.
Here, we assume that Class III disks have a negligible amount
of detectable dust compared to Class II objects, as is the case
for Lupus at least (Lovell et al. 2020). The fraction of stars with
protoplanetary disks decreases with time (e.g., Haisch et al.
2001) and is typically 50% at the age of Lupus and
Chamaeleon I (Luhman et al. 2005). Therefore, we normalize
the mass distribution of disks such that the cumulative number
of stars with disks of any mass is Fdisk= 50% (Figure 6).
Because the disk fraction tends to decrease with time, the
cumulative distribution function (CDF) of an older (younger)
star-forming region would have a lower (higher) normalization.

2.4. Comparing Disk and Exoplanet Masses

Figure 6 shows the distribution of solid masses derived from
samples of transiting planets, radial velocity planets, and Class
II protoplanetary disks.
The Kepler and radial velocity surveys overlap in the range

5<Ms/M⊕< 20, where both surveys trace the same popula-
tion of exoplanets in terms of mass and period (see also

Figure 4. Fraction of stars with planets, calculated from the Kepler planet
occurrence rate under different assumptions of the number of planets per
system, n̄. The distribution is compared to the parametric population model
from Mulders et al. (2018), which makes an assumption of a broken power-law
radius distribution. We adopt n 3=¯ throughout this paper. Note that n 1=¯
yields a fraction above 1, which is not a physical solution.

Figure 5. Stellar selection biases affect the protoplanetary disk mass
distributions, indicated by the arrow. The dotted red line shows the disk mass
distribution of all stars in Lupus and Chamaeleon I from Mulders et al. (2017).
The solid line shows how the mass distribution changes when only selecting
Sun-like stars, here defined as 0.5 < Må/Me < 2.
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Figure 7). At larger planetary system solid masses, the radial
velocity planets trace an additional population of colder giants
outside of 1 au that is not detected with Kepler, and the
distributions deviate.

All three distributions peak near ≈10M⊕, consistent with
previous estimates of the average amount of solids in planets
and disks (e.g., Najita & Kenyon 2014; Mulders et al. 2015b;
Pascucci et al. 2016). The distribution of disk masses appears
wider than that of exoplanets. However, we do not see many
exoplanetary systems whose masses are higher than the most
massive disks as claimed by Manara et al. (2018), which we
attribute to the authors not taking into account necessary bias
corrections for exoplanets. While a number of planetary
systems exist with solid masses above 100 M⊕—a region
where few disks are detected—these constitute a tiny fraction
of the total systems in the tail of the probability distribution
(see Figure 6) and do not constitute a significant mass budget
issue at the population level.

We note that the fraction of stars with disks and planets
never goes above 50%, so our analysis is only accounting for
half the Sun-like stars. The other stars may either have
exoplanets outside of the detection limits of transit and radial
velocity surveys or never have formed planets at all. The
observed fraction of stars with disks depends on the
evolutionary phase and typically decreases with time (e.g.,
Haisch et al. 2001). It is therefore unlikely that protoplanetary
disks in older regions like Upper Sco, with a disk fraction
below 25% (Luhman & Mamajek 2012), represent the
formation sites of all observed exoplanets. While planet
formation is likely ongoing in the disks that survive to this
age, more than half the exoplanet systems must have formed
around stars that have already dispersed their disks by the age
of Upper Sco, 5–10Myr.
Younger regions, such as Taurus, with a higher disk fraction

of 75% (Luhman et al. 2010), therefore include a significant
fraction of disks that do not form the exoplanets that can be
detected with radial velocity or transit surveys. Either some of
these disks form different types of planets (such as traced by
microlensing or debris), or some of them may not form
exoplanets at all.
In general, there is relatively good agreement between the

different solid mass distributions. This result supports the
earlier conclusion from Najita & Kenyon (2014) that the mass
reservoirs of solids contained in the Kepler and radial velocity
exoplanets are of similar magnitude to those in protoplanetary
disks.

3. Spatial Scales

The solid mass reservoirs of exoplanets and protoplanetary
disks, while similar in magnitude, are detected at different
distances from the star. Dust disk sizes are typically in the
range 10–100 au, with most of the mass located at larger radii.
On the other hand, most exoplanets are detected at smaller
radii, with giant planets mainly concentrated between 1 and
10 au and smaller planets detected with high occurrence interior
to 1 au, though their census at larger radii is incomplete.
In this section, we will quantify the difference between the

measured outer radii of protoplanetary disks and the observed
location of the exoplanet population. In particular, we will
focus on the positive correlation between disk mass and size
identified by Tripathi et al. (2017) and others. Massive Class II
protoplanetary disks are observed to be larger than lighter
disks, which in turn tend to be more compact. We will look for
a similar trend in the exoplanet population by measuring the
sizes of planetary systems as a function of their solid mass.
We note that this analysis of measuring the spatial scales of

solids is different from that of the minimum-mass solar nebula
(Weidenschilling 1977; Hayashi 1981) or minimum-mass
extrasolar nebula (e.g., Kuchner 2004). The MMSN or MMEN
attempts to reconstruct the mass (or surface density) distribu-
tion within protoplanetary disks based on the masses and
locations of (exo)planets within planetary systems. This
approach has also been applied directly to exoplanet popula-
tions (e.g., Chiang & Laughlin 2013). In contrast, in the spatial
scales analysis of this paper we focus on differences across
stars: we assume that the observed dispersion in radii of
protoplanetary disks reflects a range of initial conditions or
different evolutionary pathways and that those differences will
be reflected in the observed semimajor axes of the observed
exoplanet population.

Figure 6. Solid mass budget of exoplanet systems and protoplanetary disks
around solar-mass stars. The distributions for the Kepler and radial velocity
surveys are corrected for detection biases, while the protoplanetary disk
surveys are complete down to very low disk mass. The cumulative distributions
are expressed as a fraction of all stars. Note that not all stars have disks or
exoplanets, at least within the detection limits of current surveys.

Figure 7. Estimated solid system mass vs. spatial scale for exoplanets systems
and protoplanetary disks around solar-mass stars. The symbol size is
proportional to the inverse survey completeness for each exoplanet to better
reflect the true occurrence. The sizes of protoplanetary disks are the radii that
enclose 68% of the flux (circles), or an upper limit to that value (triangle).
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To measure how the spatial scales of solids are distributed
across stars in samples of both Class II disks and exoplanets,
we apply the same detection and selection bias corrections as in
the preceding section in order to compare, as best as we can,
detected solids around similar groups of stars.

The results, described below, are visualized in Figures 7 and
8. In these visuals and subsequent ones, the occurrence of
detected planets is explicitly accounted for, either by scaling
the size of the symbols or by applying a weight in the
histogram calculations.

3.1. Exoplanet Semimajor Axis Distribution

For exoplanets, the planetary system solid mass Ms was
estimated from each individual planet detection by accounting
for the average number of planets per planetary system, n̄. We
continue following this approach here and estimate the spatial
scale where this mass is detected from the semimajor axis of
that planet, which in turn is calculated from the planet orbital
period using Kepler’s third law and assuming a solar-mass star.

These spatial scales are shown in Figure 7, with each symbol
representing a single detected planet. The symbol area size for
each planet is proportional to the weight factor, wj, to illustrate
the detection biases of these surveys. That is, large symbols
correspond to planets detected despite a low survey detection
efficiency, and thus those symbols represent a large number of
undetected planets. Likewise, small symbols correspond to
those planets that are easy to detect, and such planets are likely
not underrepresented in our data.

The majority of planetary systems, those with solid masses
in the range 5–20 M⊕, are detected between 0.05 and 0.5 au.
Their spatial distribution follows the known orbital period
dependence of sub-Neptunes from the Kepler survey, where
planet occurrence is measured to be roughly constant in the

logarithm of orbital period between 10 days and 1 yr, or
0.1–1 au for a solar-mass star (e.g., Petigura et al. 2013). Inside
of 0.1 au, the Kepler planet occurrence rate falls off rapidly
with decreasing orbital period (e.g., Youdin 2011; Howard
et al. 2012). Planetary systems with solid masses above 20M⊕
are primarily detected in the radial velocity survey between 1
and 10 au, consistent with estimates of Bryan et al. (2016) and
Fernandes et al. (2019). The onset of this rise in giant planet
occurrence with semimajor axis (e.g., Dong & Zhu 2013;
Santerne et al. 2016) is also seen here in the Kepler data
between 0.5 and 1 au, near the edge of the detection limit
at ∼1 au.
Planetary systems with solid masses less than 5M⊕ are

primarily detected within 0.2 au. This is, at least in part, due to
the detection bias of Kepler, whose minimum detectable planet
size increases with orbital period and is not sensitive to Earth-
sized planets outside of ∼50 days. However, occurrence rate
studies have also shown that smaller planets tend to be located
closer in to the star than larger ones (Howard et al. 2012;
Petigura et al. 2018), suggesting that the apparent correlation
between spatial scale and planet size in Figure 7 may be a real
feature of the exoplanet population and not purely be attributed
to survey biases and detection limits.
Overall, the spatial scales of detected exoplanets increase

with planetary system solid mass, a trend also noted by other
works (e.g., Martinez et al. 2019). A quantile regression of the
median planet semimajor axis at different solid system masses,
taking into account the detection efficiency weight factors w,
reveals that the Kepler planet population scales as a ∝ Ms

0.5,
while the radial velocity exoplanet population scales as a Ms

1µ
(Figure 9). We note that the scaling derived here is significantly
steeper than that of the minimum-mass (extra)solar nebula,
which would be Ms∝ a0...0.5 for surface density index
p= 1.5...2. This shows that this approach is indeed measuring
variations in planetary system sizes among stars and not the
surface density profiles of individual protoplanetary disks.
The detection limit of the combined Kepler and radial

velocity exoplanet census roughly follows a steeper diagonal
line that scales as a Ms

1.35µ . As mentioned before, the
exoplanet census for small (<10M⊕) planets is incomplete
owing to detection bias outside of 1 au (and outside of 0.2 au

Figure 8. Completeness-corrected distribution of (a) masses and (b) spatial
scales of solids in exoplanets and disks. The arrow indicates the two orders of
magnitude of planet migration or pebble drift needed if planets form
exclusively from the solids currently observed in Class II disks.

Figure 9. Quantile regression of the spatial scales of exoplanets systems at
different system masses. The thick solid lines show the median, while the
shaded area shows the 1σ percentiles. The different slopes between the Kepler
and RV data hint at detection limits playing a role in setting the exponent.
However, the similarity with the disk size–mass relation is striking.
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for Earth-sized planets). While a decrease in the giant planet
distribution with semimajor axis has been detected (Fernandes
et al. 2019; Nielsen et al. 2019), there is no clear indication
from Kepler planet occurrence rate of a decline with semimajor
axis near the detection limit at 1 au, and thus the peak of this
planet population could lie at larger semimajor axes. Assuming
an occurrence rate constant in the logarithm of orbital period, a
similar number of planets would be present between 1 and
10 au as detected with Kepler between 0.1 and 1 au. In that
case, the apparent correlation between planet size and
semimajor axis in Figures 7 and 9 could be the result of these
detection limits. A scenario where the peak of planet
occurrence of sub-Neptunes lies near that of the RV giants
can neither be excluded nor be confirmed with these data.
Microlensing is sensitive to sub-Neptunes at separations
between 1 and 10 au (Cassan et al. 2012), but their semimajor
axis distribution has not been characterized in the context of a
peaked distribution. A census of small planets at larger
semimajor axes, such as with the Nancy Grace Roman Space
Telescope, is needed to confirm the relation between planet size
and semimajor axis.

3.2. Protoplanetary Disk Radii

We calculate the spatial scale of the detected solid mass
reservoir based on observed outer disk radii. Note that we do
not consider the surface density profiles of individual disks, but
that we use disk outer radii as a proxy for the spatial scale at
which most solids are located. The spatial distribution of dust
in the outer regions of protoplanetary disks can be computed
from the intermediate-resolution ALMA data targeting all Class
II disks in Lupus and Chameleon I (Ansdell et al. 2016;
Pascucci et al. 2016; Ansdell et al. 2018; Long et al. 2018).

Here, we use dust disk outer radii from the analysis of
Hendler et al. (2020), who fitted radial profile models to
visibility data of a large sample of Class II disks with available
ALMA interferometric data and reported the radii that enclose
68% and 90% of the millimeter flux. We take the radii that
enclose 68% to be a tracer of where most of the disk mass is
located. The flux distribution is a proxy for the solid mass
distribution, with the two related by the dust temperature and
optical depth. The location that encloses 68% of the flux
encloses less than 68% of the mass because temperature
increases inward. Therefore, we take the R68 to be a proxy of
M50, e.g., the point where half of the mass is detected. A full
radiative transfer calculation to estimate the disk surface
density is beyond the scope of this paper. However, R68 and
R90 are tightly correlated, and their offset is only 0.1 dex
(Hendler et al. 2020), and thus the choice for one over the other
would not significantly affect the conclusions of this paper.

From the sample of 54 Sun-like stars (0.5<M/Me< 2) in
Lupus and Chamaeleon I used in Section 2, 36 have a disk
radius measurement, of which 6 are an upper limit. We
calculate the disk mass from the millimeter flux using the
same disk temperature of T= 20 K as in Pascucci et al. (2016).
To verify that the sample of disks with radius measurements is
not biased toward bigger, brighter disks compared to the entire
sample that also includes disks without radius measurements,
we calculate the Kolmogorov–Smirnov (KS) distance between
the two mass distributions and find a high (pKS= 83%)
probability that the two samples are drawn from the same
distribution.

The disk masses and radii are shown in red in Figure 7.
Upper limits are indicated with triangles. The disk mass and
outer radii are positively correlated (Figure 9), with R68 ∝ Md

0.5

and a scatter of 0.2 dex (see also Tripathi et al. 2017; Andrews
et al. 2018).

3.3. Comparing Disk and Exoplanet Spatial Scale

The comparison between spatial scales of detected solids in
protoplanetary disks and exoplanets does not significantly
change the need for inward migration of pebbles or
protoplanets: the spatial scales where solids in protoplanetary
disks are detected are two orders of magnitude larger than those
of exoplanets. Most of the solids in exoplanet systems are
detected between 0.1 and 1 au, while most of the disk emission
that represents a similar amount of solids is detected between
10 and 100 au. This is indicated with an arrow in Figure 8(b). If
observed exoplanets indeed form from the observed mass
reservoir in protoplanetary disks, then planets or their building
blocks need to migrate inward over two orders of magnitude
during formation. Both planet migration and a pebble accretion
scenario could achieve this.
The comparison does show a hint of how this migration

mechanism operates: detected exoplanets and disks both show
a positive correlation between the amount of solids and the
semimajor axis where they are detected (Figure 9). More
massive planets are located farther from the star, and the disks
that contain enough solids to form them are also larger. This
suggests that the observed size scaling of the solid mass
reservoir may be retained during the planet formation process,
even if exoplanets or their building blocks migrate inward by a
factor 100 in semimajor axis.
Within the hypothesis that planets migrate inward through

type I or type II migration, it is not clear why such a relation
would be preserved, as the final locations of exoplanets are
determined more by the location where migrating planets are
trapped and less by their starting location. Within the pebble
accretion hypothesis, a similar argument can be made that the
fast radial drift of pebbles could erase this scaling relation and
that the locations of exoplanets are determined more by where
pebbles are accreted, and not where they came from. However,
since the observed Class II disk dust distributions may already
be sculpted by drift of pebbles (e.g., Pinilla et al. 2020; van der
Marel & Mulders 2021), this could be seen as an argument in
favor of pebble accretion.

4. Summary and Discussion

We have calculated the mass and spatial distribution of
heavy elements contained in exoplanets around Sun-like stars
from the Kepler and radial velocity surveys and compared
those to the solids detected in Class II protoplanetary disks in
the Lupus and Chamaeleon I star-forming regions. The solid
mass reservoirs of exoplanets and protoplanetary disks appear
to be of similar magnitude, consistent with previous results
(Najita & Kenyon 2014). We find that roughly half of Sun-like
stars have disks and exoplanets, with a median solid mass of
≈10–20 M⊕.
The solid mass reservoirs trace different spatial scales,

consistent with the idea that planets or their building blocks
migrate inward during formation. Most of the solids contained
in exoplanets are located between 0.1 and 1 au, with a smaller
contribution traced by giant planets between 1 and 10 au. In
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contrast, the same amount of dust in protoplanetary disks is
detected at spatial scales of 10–100 au, e.g., two orders of
magnitude larger.

The correlation between protoplanetary disk radius and mass
(e.g., Tripathi et al. 2017) is possibly reflected in the exoplanet
population, with the more massive giant planets preferentially
located farther out than sub-Neptunes. However, a census of
sub-Neptunes between 1 and 10 au from the star, such as with
the Nancy Grace Roman Space Telescope (e.g., Penny et al.
2019), would be needed to confirm that this is not due to
detection bias. If confirmed, the locations where exoplanets
form may have a direct dependence on the initial distribution of
(solid) mass in the disk, providing a direct link between the
properties of protoplanetary disks and the variety of observed
exoplanet systems.

The results of the analysis presented here are consistent with
those of previous papers. Protoplanetary disks around Sun-like
stars do contain similar amounts of solid material to that
contained in exoplanets (Najita & Kenyon 2014; Mulders et al.
2015b; Pascucci et al. 2016). We do not find support for the
statement in Manara et al. (2018) that “exoplanetary systems
masses are comparable or higher than the most massive disks.”
Instead, a discrepancy between disks and exoplanets arises only
when considering either an additional population of planets not
yet detected around Sun-like stars or that the efficiency with
which protoplanetary disks convert their solids into exoplanets
is likely less than 100%.

There are three data sets that provide additional constraints
on the planet population. We have not included them in this
analysis because they do not directly measure the solid mass
distribution around Sun-like stars. However, we show how
these results complement our analysis in Figures 10 and 11:

1. Microlensing surveys have detected a significant popula-
tion of Neptune-mass planets at a few au around
predominantly low-mass stars (e.g., Cassan et al. 2012).
The planets were mainly thought to orbit low-mass M

dwarfs, and because the host star masses have not been
directly measured in many cases, it is not clear whether
this sample also represents a direct measurement of the
planet occurrence rates around solar-mass stars. In
Figure 10 we show the microlensing planetary system
mass distribution using the detection efficiency and
planet/star mass ratio from Suzuki et al. (2016),
assuming solar-mass host stars and two planets per
planetary system. These rates are consistent with the
radial velocity solid mass distribution.

2. Roughly 20% of Sun-like stars have detected debris disks
(Carpenter et al. 2009; Eiroa et al. 2013; Sibthorpe et al.
2018). The detected mass in debris disks (and also Class
III disks) is typically smaller than that in Class II disks
(e.g., Holland et al. 2017); see also Figure 11. However,
this debris likely corresponds to a large mass reservoir of
solids outside of 20 au needed to continually replenish the
detected small dust. Krivov & Wyatt (2021) estimate
using models that the mass reservoir of parent bodies is of
order ∼10 M⊕ (see also Kennedy & Wyatt 2010; Kenyon
& Bromley 2010). This is indicated with a purple
pentagon in Figure 10. It is not yet clear whether these
parent bodies reside in the same systems as detected
exoplanets (Yelverton et al. 2020) or whether they form a
separate reservoir of material that would increase the
fraction of stars with solids to ≈70%. Currently, there is
no sample of directly estimated planetesimal belt masses
(and semimajor axes) for a representative range of debris
disks for Sun-like stars to include in our analysis.

3. Direct imaging surveys have provided constraints on the
occurrence rate of super-Jupiters at large separations
(e.g., Nielsen et al. 2019; Vigan et al. 2021). The
SPHERE/SHINE survey has detected one 10 Jupiter
mass exoplanet around an FGK star, corresponding to an
occurrence rate of 2.5% (Vigan et al. 2021). We show
this detection in Figure 10, which we assign a solid mass
of Ms= 238 M⊕ following Equation (1). The GPI survey

Figure 10. Solid mass reservoirs around Sun-like stars based on other
exoplanet surveys compared to the distributions from Figure 6. The mass in
microlensing planets is based on Suzuki et al. (2016) assuming solar-mass host
stars and for two different assumptions of the number of planets per system (n)
in blue. The mass in directly imaged planets is based on the single exoplanet
detection around FGK stars from SPHERE/SHINE (brown plus sign; Vigan
et al. 2021) and the upper limits and parametric models from GPI (pink;
Nielsen et al. 2019). The mass distribution of parent bodies of debris disks is
not directly measured, but an estimate of 10 M⊕ (Krivov & Wyatt 2021) for
20% of G stars (Eiroa et al. 2013) is indicated with a purple pentagon.

Figure 11. Solid mass reservoirs from other disk surveys compared to the
distributions from Figure 6. The masses of younger disks, Class 0 and I, are
from Tychoniec et al. (2020) and have no measured stellar masses. The solid
mass distributions of older disks are based on the compilation of Michel et al.
(2021) and adjusted for the disk fraction and scaled to solar-mass stars if
needed. Debris disks masses are from Holland et al. (2017) scaled to a 20%
disk fraction. Class III disks masses are from Michel et al. (2021) scaled to 50%
of stars. The masses of older Class II disks in Upper Sco are from Barenfeld
et al. (2016) and scaled to a disk fraction of 25%.
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has reported an upper limit of 6.9% for exoplanets around
FGK stars with masses larger than 2 Jupiter mass
(Nielsen et al. 2019). Most directly imaged planets
(<13MJ) are detected around intermediate-mass stars
(>1.5 Me), but conclusions about the planet population
around Sun-like stars can also be drawn by fitting
distributions in planet/brown dwarf mass, semimajor
axis, and stellar mass. These distributions are generally
consistent with radial velocity mass and semimajor axis
distribution extrapolated to larger radii (e.g., Fernandes
et al. 2019; Nielsen et al. 2019). We also show the
estimated 3.5% occurrence of the parametric model from
GPI for planets larger than 5 Jupiter masses (Ms= 158) in
Figure 10. All these limits are consistent with the tail of
the radial velocity planet mass distribution.

Inward migration of planets or planetary building blocks
may seem a likely explanation to the discrepancy in spatial
scales, as those mechanisms have the potential to move a
significant amount of material inward over large distances at
short timescales. However, doing so would require those
mechanisms to convert nearly all of the observed dust into
exoplanets. In reality, those mechanisms are likely to operate at
a much lower efficiency, as also pointed out by Najita &
Kenyon (2014) and Manara et al. (2018). Planet population
synthesis models that match the observed exoplanet population
using disk migration (Mordasini 2018; Mulders et al. 2019)
start with a population of disks that are significantly more
massive, because most planetesimals are not accreted onto
planets. Pebble accretion models also require massive disks
because most pebbles are not accreted onto planets but drift
into the star (e.g., Appelgren et al. 2020). Thus, while the
observed solid material in Class II protoplanetary disks is large
enough to match current-day exoplanets, the reservoir from
which exoplanets formed was likely larger. Surveys of
younger, more embedded Class 0/I disks have indeed
identified that these disks appear to be significantly more
massive (Tychoniec et al. 2018; Tobin et al. 2020; Tychoniec
et al. 2020). We show the derived dust mass distributions of
Class 0 and Class I objects from Tychoniec et al. (2020) in
Figure 11. The stellar-mass distribution and disk fraction of
these objects are not well determined, and thus we cannot
correct for the selection bias in this sample.

A big caveat to our analysis of the solid mass reservoirs
would be the case that the masses of Class II disks are
systematically underestimated. The conversion from millimeter
flux to dust mass rests on assumptions about the dust
properties, disk temperature, and optical depth. Some of these
uncertainties, in particular on disk temperature and optical
depth, can be mitigated using radiative transfer modeling (e.g.,
Ballering & Eisner 2019). However, the opacity of dust,
reflecting both its composition and grain size distribution,
remains uncertain to a large degree (e.g., Birnstiel et al. 2018).
Recently, Zhu et al. (2019) found indications that the dust
emission traced with ALMA at millimeter wavelengths is
optically thick, and thus their mass and surface density could be
significantly underestimated, as also noted in Andrews et al.
(2018). If disks have an additional mass reservoir in the inner
disk that planets form from, this would likely go undetected in
ALMA surveys.

Finally, we have focused the comparisons in this paper on
Sun-like stars, mainly because this is where most exoplanets to
date have been detected, and population statistics are available

for a wide range of planet masses and orbital separations, and
from different detection methods. Most of the protoplanetary
disks in nearby star-forming regions, however, orbit lower-
mass stars that will become main-sequence M dwarfs. The
census of exoplanets around these lower-mass stars is less
complete owing to these stars being intrinsically less bright and
therefore being underrepresented in magnitude-limited surveys
(e.g., Malmquist 1922). However, a number of key differences
in the exoplanet population compared to that around Sun-like
stars have emerged from smaller surveys. M dwarfs have a
higher occurrence rate of planets smaller than Neptune (e.g.,
Mulders et al. 2015a) but a lower occurrence rate of giant
planets (e.g., Johnson et al. 2010). Microlensing surveys have
also revealed a large number of Neptunes-mass planets near the
snow line around low-mass stars (e.g., Suzuki et al. 2016).
These observations appear to challenge planet formation
models more than exoplanets around Sun-like stars because
their protoplanetary disks are expected to be lower in mass
(e.g., Mulders et al. 2015b; Gaidos 2017; Suzuki et al. 2018).
While it is beyond the scope of this paper to create a planet
population model for M dwarfs, it would be worth reevaluating
these exoplanet population properties in light of the new
correlations between disk size, disk mass, and stellar mass
emerging from ALMA surveys (e.g., Andrews et al. 2018;
Hendler et al. 2020). In a separate paper (van der Marel &
Mulders 2021), we propose a hypothesis for the planet
population around M dwarfs based on the statistics of gaps
and rings detected in protoplanetary disks with ALMA.
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