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decreases with increasing semimajor axis, and the need to
observe multiple transits imposes a hard limit on detectability
that is a function of the duration of the survey. To date, only the
Kepler survey has had the sensitivity to detect transiting planets
beyond ∼1 au, and they constitute a tiny fraction of the sample
of known transiting planets (Wang et al. 2015; Foreman-
Mackey et al. 2016; Uehara et al. 2016; Kawahara &
Masuda 2019). It is therefore quite rare to find transiting outer
companions to close-in super-Earths, but that may not
necessarily indicate that this configuration is rare.

Kepler-167 is unique among the sample of transiting
planetary systems detected by Kepler, as it contains three
close-in super-Earths accompanied by a confirmed transiting
0.9 RJ gas giant planet at 1.9 au (Kipping et al. 2016; Dalba &
Tamburo 2019). However, the measured radius of the outer gas
giant is consistent with more than an order of magnitude range
in its predicted mass (Stevenson 1982), making it difficult to
predict its dynamical effect on the inner super-Earths. In
Section 2, we present RV observations of the Kepler-167
system collected over 4 yr with the High Resolution Echelle
Spectrometer (HIRES) instrument on the Keck telescope. In
Section 3, we carry out a joint analysis of the RV and transit
data, which we use to place tight constraints on the mass and
eccentricity of Kepler-167e. We also derive revised stellar
properties using new Gaia data and refit the Kepler data for the
inner super-Earths in order to provide updated radii for these
planets. In Section 4, we use Kepler-167e’s measured mass and
radius to constrain its bulk metallicity using the methods
described in Thorngren & Fortney (2019). Since the super-
Earths are not detected in our RV data, we estimate their
masses using a nonparametric mass–radius (M–R) relationship
(Ning et al. 2018). This allows us to obtain an estimate of the
total metal mass contained in the Kepler-167 planets and the
corresponding minimum solid mass required to assemble this
system.

In Section 5, we examine the implications of these results for
the formation history of the Kepler-167 system. We know that the
gas giant core must have formed early in order to undergo
runaway accretion. In the pebble accretion paradigm, the core
grows until it reaches the “isolation mass.” This mass marks the
point where the core is massive enough to perturb the gas disk,
forming a pressure trap beyond its orbit that effectively halts the
accretion of pebbles. This pressure trap also blocks the transport
of pebbles to the inner disk (Morbidelli & Nesvorny 2012;
Lambrechts & Johansen 2014), reducing the reservoir of solids
available to form super-Earths (Ormel et al. 2017; Lambrechts
et al. 2019). However, pebble accretion is known to be a fairly
lossy process (Ormel 2017; Lin et al. 2018). That is, prior to
reaching the isolation mass, a substantial amount of solids can
flow past the growing giant planet core.

We use simple dust evolution models (Birnstiel et al.
2010, 2012) to model the growth of the giant planet core in the
outer disk and track the evolution of the solid-mass reservoir in
the inner disk (Ormel & Klahr 2010; Lambrechts & Johan-
sen 2012). We vary the effective pebble flux by changing key disk
properties such as initial solid mass and size. This allows us to
determine which disks are able to form giant planets and to
quantify the effect that the formation of the outer gas giant has on
the amount of dust that reaches the inner disk. We use these
models to relate the estimated solid masses of Kepler-167e and the
inner super-Earths to the likely properties of the primordial disk.
More broadly, we place constraints on the types of disks that can

produce systems of inner super-Earths and outer gas giant
companions under the pebble accretion paradigm. We summarize
our conclusions in Section 6.

2. Observations

2.1. Archival Photometry

Archival photometry of Kepler-167 exists from the Kepler
mission (e.g., Borucki et al. 2010), the Spitzer spacecraft
(Dalba & Tamburo 2019), and TESS (Ricker et al. 2015). The
transiting planets in this system were initially discovered in the
Kepler data (Kipping et al. 2016). The Spitzer observations
specifically targeted a transit of Kepler-167e, but they only
spanned part of the transit light curve. While these observations
did not improve the precision of Kepler-167e’s transit
ephemeris, they did establish that the transit occurred at the
expected time. This discovery significantly mitigated some of
the uncertainty inherent to long-period exoplanets with only
two observed transits, where the existence of transit timing
variations (TTVs) can significantly bias initial estimates of the
orbital period (e.g., Dalba & Muirhead 2016; Santerne et al.
2019). Kepler-167 was also observed by TESS in Cycle 2 of its
primary mission and Cycle 4 of its extended mission.
Our analysis of Kepler-167 archival photometry only uses

the Kepler data. The Spitzer observations mitigate uncertainties
in the orbital period due to possible TTVs but do not improve
the precision of the outer planet’s ephemeris when we assume a
constant ephemeris. The epochs of the TESS photometry span
transits of the inner planets but not the outer one. However,
TESS was designed to survey stars much brighter than Kepler-
167 (V≈ 14), and the TESS observations are too imprecise to
improve our constraints on the physical properties of the small
inner super-Earths in this system.
The Kepler spacecraft observed Kepler-167 during 17

quarters of its primary mission (2009 May through 2013
May). Observations in quarters 1–8 were long cadence
(30 minutes), while those in quarters 9–17 were short cadence
(1 minute). This observation window spanned dozens to
hundreds of transits of the three inner planets and two transits
of the outer giant planet (Kipping et al. 2016). We accessed the
Pre-search Data Conditioning Simple Aperture Photometry
(PDCSAP; Jenkins et al. 2010; Smith et al. 2012; Stumpe et al.
2012) through the Mikulski Archive for Space Telescopes12

using the lightkurve13 package (Lightkurve Collaboration
et al. 2018). Although the PDCSAP data are corrected for many
sources of systematic noise, we noticed a quasiperiodic
variability signal in the corrected photometry for this target
that is likely due to stellar rotation. We modeled this signal
using Gaussian process (GP) regression as implemented in the
celerite214 package built into the exoplanet15 tool kit
(Foreman-Mackey et al. 2017, 2021; Foreman-Mackey 2018;
Luger et al. 2019; Agol et al. 2020). We fit the long- and short-
cadence data with quasiperiodic kernels of different widths but
the same period. We determined the maximum a posteriori
parameters for the GP (see Section 5.1) with a numerical
optimization method (Salvatier et al. 2016). Then, we
subtracted the GP signal from the long- and short-cadence
data before fitting for the transits.

12 https://archive.stsci.edu/
13 https://docs.lightkurve.org/
14 https://celerite2.readthedocs.io/en/latest/
15 https://docs.exoplanet.codes
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Earth-like rock–iron compositions, and we therefore adopt it as
our baseline value for all subsequent calculations. How does
this mass compare with the solid-mass budget in the inner disk?
Since the disk density profiles are poorly constrained by the
observations, we use the minimum-mass solar nebula (MMSN)
and minimum-mass extrasolar nebula (MMEN) as baselines to
estimate the dust content of the inner disk (Chiang &
Youdin 2010; Chiang & Laughlin 2013; Dai et al. 2020).
The MMSN and MMEN predict 7 and 36 M⊕ of solids within
the orbit of the giant planet, respectively. Even in the more
optimistic MMEN, the formation of Kepler-167ʼs super-Earths
would require dust to be converted to planets with a fairly high
efficiency of 40%. The predicted efficiency of converting dust
to super-Earths by either pebble accretion or planetesimal
accretion is instead expected to be 10%–20% (Drążkowska
et al. 2016; Liu & Ormel 2018; Ormel & Liu 2018; Lenz et al.
2020). Moreover, dust in the inner disk is likely to drift into the
star on very short timescales. This suggests that the initial solid
budget of the inner disk was very likely supplemented by the
addition of small solids from regions exterior to Kepler-167e’s
orbit, which could have migrated inward via radial drift. We
explore this scenario in more detail below.

5. Formation of Inner Super-Earths with Outer Gas Giant
Companions

We use our observational constraints on the properties of the
Kepler-167 planets to explore potential formation scenarios for
this system. In particular, we are interested in how the presence of
a growing giant planet core affects the dust distribution in the disk,
since the dust content of the inner disk determines the potential for
close-in super-Earth formation. For the giant planet core, we
assume that it grows by accreting the marginally coupled

“pebbles.” In the pebble accretion paradigm, the growth of the
giant planet core depends on the pebble flux through the disk, and
a threshold pebble flux is typically required to form a sufficiently
large core prior to the dispersal of the gas disk (e.g., Bitsch et al.
2019). We do not consider planetesimal accretion for the
formation of the cold giant planet’s core (e.g., Schlecker et al.
2021) because it is highly inefficient at the relevant orbital
distances unless the planetesimals are assumed to be small and the
turbulent stirring is assumed to be very weak (Johansen &
Bitsch 2019). For the inner super-Earths, both pebble and
planetesimal accretion appear to be feasible. However, super-
Earth progenitors are likely to dynamically evolve and merge after
reaching pebble/planetesimal isolation masses (Dawson et al.
2016; Lambrechts et al. 2019), which significantly complicates
their formation modeling. We therefore do not explicitly model
their formation and instead impose the condition that the amount
of solids that reaches the inner disk must be sufficient to form a
system of close-in super-Earths (see Section 5.3.2).
In order to understand the formation of the Kepler-167

system, we must therefore first understand the dynamical
evolution of solids throughout the disk, which determines the
local pebble flux. These pebbles could be directly accreted by the
growing protoplanet or could form planetesimals. The pebble
flux is very sensitive to the assumed protoplanetary disk
properties, such as disk mass, size, metallicity, and turbulence,
as well as material properties, such as the fragmentation velocity
of grains (e.g., Drążkowska et al. 2021). Since our knowledge of
these properties is incomplete, we explore a broad parameter
space of potential disk models. Although these models are
motivated by a desire to explain the origin of the Kepler-167
system, we do not make any star-specific assumptions other than
the stellar mass. This means that the models presented here are
broadly applicable to all Sun-like stars.

5.1. Protoplanetary Disk Model

We utilize a simple two-population dust evolution model
(Birnstiel et al. 2012) as implemented in the publicly available

Figure 4. Posterior probability distribution for bulk metallicity and its
covariance with the observational priors on planetary mass and age. Kepler-
167e’s radius, mass, and age are used to infer its bulk metal content from
planetary evolution modeling as described in Thorngren et al. (2016) and
Thorngren & Fortney (2019).

Figure 5. Posterior for the total mass contained in the three inner super-Earths
obtained using mr-exo (Kanodia et al. 2019), which utilizes the M–R
relationship from Ning et al. (2018). The median of the distribution is shown
with a gray line. We also mark the total mass contained in three planets
assuming they are pure rock (MgSiO3; brown), iron (black), or Earth-like
(blue) using the median radii of these planets from Table 3 and M–R relations
from Zeng et al. (2019).
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dust across the gap opened by the planet, it is expected to be a
few orders of magnitude smaller than the flux in a smooth disk
(e.g., Morbidelli & Nesvorny 2012; Lambrechts et al. 2014;
Drążkowska et al. 2019). This means that the mass budget for
planet formation in the inner disk is simply the sum of the
initial solid reservoir and the cumulative amount of solids
delivered from the outer disk before the gas giant core reaches
the isolation mass. The initial solid reservoir in the inner disk is
typically negligible compared to the flux from the outer disk for
all but the smallest disks.

The next question that arises is: how much solid mass needs
to be delivered to the inner disk for close-in super-Earths to
form? The required mass depends on how super-Earths are
formed and is likely to be model-dependent. We adopt two
illustrative limits from the pebble and planetesimal accretion
paradigms that provide us with useful estimates of the dust
mass needed to form super-Earths. Assuming super-Earths
form by accretion of “dry” pebbles onto lunar-mass seeds,
Lambrechts et al. (2019) showed that an integrated pebble flux
190M⊕ is necessary to form systems of super-Earths with
masses and orbital architectures comparable to those observed
by Kepler. In their models, a factor of 2 increase in the pebble
flux (from 100 to 200 M⊕ Myr−1) changes the final outcome
from widely spaced terrestrial planets to compact systems of
close-in super-Earths. Accounting for 50% mass loss for
pebbles across the water snow line, a higher pebble accretion
efficiency of our prescription, and the inverse dependence of
the accretion efficiency on stellar mass (see Appendix A), we
modify this threshold to 190/0.5× 3/10× 0.75∼ 86 M⊕.

18

This modification is likely to be imperfect because the pebble-
mass threshold is sensitive to various time- and space-
dependent quantities. Nonetheless, the key point is to compare
the pebble-mass threshold for super-Earth formation and the
accretion efficiency of a cold giant planet core in the same
framework, which we endeavor to do in our study. A less
(more) efficient pebble accretion prescription would increase
(decrease) the threshold mass for super-Earth formation, but it
would also increase (decrease) the pebble mass that filters past
the cold giant planet core and reaches the inner disk.

Alternatively, super-Earths might form by planetesimal
accretion. To quantify the dust mass needed to form super-
Earths in this paradigm, we need to know the efficiencies with
which (i) dust is converted into planetesimals and (ii)
planetesimals are converted into super-Earths. Unfortunately,
quantifying the efficiency of converting dust into planetesimals
is quite challenging, and there are few estimates in the
literature. Here we use the results of Drążkowska et al. (2016),
who used global dust evolution models coupled with
planetesimal formation by the streaming instability to show
that ∼23% of their dust mass is converted into planetesimals.
The planetesimals in Drążkowska et al. (2016) form interior to
their location of the water snow line, so we additionally
account for 50% mass loss of the pebbles that form these
planetesimals. Assuming that planetesimals are converted into
planets by mutual collision and growth with 100% efficiency
(commonly assumed in this paradigm), the combined mass of
∼15 M⊕ of the Kepler-167 super-Earths translates to

∼15/0.23/0.5∼ 130M⊕ of solids required for formation by
planetesimal accretion.
Figure 7 shows the dust mass delivered to the inner disk

between tseed and tiso, i.e., while the core is growing, for
different disks in which the seed reaches Miso. We find that this
integrated dust mass is primarily a function ofMiso and depends
only weakly on disk properties (disk size and dust mass). It also
has a weak dependence on tseed itself, i.e., when the seed is
introduced (not shown in the plot). This is because the amount
of dust mass filtered through to the inner disk while the core is
forming depends on the pebble accretion efficiency ò (see
Appendix A), and most of the parameters that affect ò are
constant for our disk models (e.g., αt, temperature structure). A
larger Miso results in the delivery of a larger amount of solids to
the inner disk because seeds take longer to reach a larger Miso.
This is because the larger Miso places the seed at a larger orbital
separation, where the disk aspect ratio is higher and pebble
accretion efficiency is lower. The amount of dust mass
delivered to the inner disk between tseed and tiso is ∼10×
Miso, which implies a cumulative ò∼ 10% for our disk models.
With such efficiencies, the dust mass delivered between tseed
and tiso alone is enough to form inner super-Earths via
planetesimal or pebble accretion for Miso 10M⊕. This
inflowing material is augmented by the initial dust located
interior to the giant planet’s orbit, as well as the dust mass
delivered before tseed.
Figure 8 shows the pebble isolation time for the outer giant

companion and the corresponding total solid mass available in
the inner disk for a range of tseed and Miso= 15 M⊕ (left panel)
and a fixed tseed= 105 yr with varying Miso (right panel). For a
fixed Miso (left panel), the amount of solids that reaches the
inner disk generally increases with tseed. This is primarily
because of the increase in dust mass supplied to the inner disk
by radial drift before tseed, and not because of differences in the
dust mass delivered between tseed and tiso. We note that for a
given tseed, models with different disk gas masses and dust-to-
gas ratios but the same total dust mass have fairly different tiso,
even though they allow roughly the same mass of solids to
reach the inner disk. Although we consider tseed values as low
as 104 yr, we find that there are many potential disk models
with enough solids to form super-Earths. This implies that no

Figure 7. Dust mass that filters through to the inner disk between tseed (the time
at which a lunar-mass seed is introduced) and tiso (when the core reaches Miso)
for different Miso and a fixed tseed = 105 yr. All disk models in which a lunar-
mass seed reaches Miso are shown. The filtered dust mass is primarily a
function of Miso and does not strongly depend on the assumed disk properties.

18 We note that Lambrechts et al. (2019) quantified the pebble mass required to
form super-Earths after lunar-mass seeds had already formed. This pebble-mass
threshold does not include the pebble mass required to form the seeds in the
first place.
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temporal fine-tuning in the giant planet core’s formation is
necessary in order to enable the formation of inner super-
Earths. For a fixed tseed (105 yr in the right panel of Figure 8), a
larger Miso results in the availability of a larger amount of
solids for super-Earth formation in the inner disk. In this panel,
models with the same Miso but different disk properties have a
different total solid mass available in the inner disk due to the
disk-dependent contribution of radial drift before tseed.

Variations in disk properties, tseed, and Miso lead to a large
range in the dust mass available for planet formation in the
inner disk. For the most massive disks, the dust mass supplied
to the inner disk can significantly exceed the threshold dust
mass required to form super-Earths. This might lead to the
formation of inner planets with higher masses. For example,
Lambrechts et al. (2019) showed that increasing the total
available pebble mass from 190 to 340 M⊕ moved the range of
planet masses produced from 2–20 to 5–30 M⊕ and increased
the mean mass of the planets that form by a factor of 2. The
most massive disks may therefore also allow for the formation
of massive sub-Neptunes and Neptunes interior to a cold giant
planet’s orbit. This could possibly explain how planetary
systems with such architectures emerge (e.g., HAT-P-11, Yee
et al. 2018; HD 47186, Bouchy et al. 2009).

5.3.3. Constraints on Kepler-167’s Protoplanetary Disk Properties

We can use our grid of disk models to constrain the
properties of Kepler-167ʼs protoplanetary disk. We know that
(1) Kepler-167e’s core must reach the isolation mass well
before the dissipation of the disk, (2) enough solids must be
delivered to the inner disk prior to this point to allow for super-
Earth formation, and (3) after Kepler-167e’s core reaches the
isolation mass, there must be enough solids still present beyond
its orbit to account for its remaining bulk metal content (∼66
M⊕−Miso). By taking these three conditions into account, we
can place a lower limit on the initial dust mass of the disk as a
function of disk size. For condition 1, we adopt a stricter limit
of 1 Myr rather than our prior 10 Myr for tiso, as we know that
Kepler-167e had enough time to accrete a relatively massive
(i.e., Jupiter-like) gaseous envelope. This limit is also in better

agreement with the observational constraints on the average
disk lifetimes for isolated Sun-like stars, which are around 3
Myr (e.g., Mamajek 2009; Williams & Cieza 2011). Our new
upper limit on tiso excludes scenarios with a tseed of 10

6, leaving
us with a choice between a tseed of 10

4 and 105 yr. However, for
this exercise, we only use tseed= 105 yr, as 104 yr is likely too
early for a lunar-mass seed to form (Lambrechts & Johansen
2012; Visser & Ormel 2016; Johansen & Lambrechts 2017). For
condition 2, we adopt the higher limit of 130 M⊕ for the dust
mass required for super-Earth formation that is imposed by
planetesimal accretion (Drążkowska et al. 2016).
Given the sensitivity of gas accretion rates to core mass (e.g.,

Lee 2019), we also limit our models to Miso of 15 and 20 M⊕,
which are more likely to produce a Jovian-mass planet. We
note that our results are not qualitatively different for an Miso of
10M⊕. Although this requires the giant planet core to accrete
additional solids after reaching Miso in order to match the bulk
metal content of Kepler-167e (∼66 M⊕), this is a more
plausible scenario than models in which the pebble isolation
mass is set to 66 M⊕. Cores of this size can only form in the
most massive and largest disk in our grid (∼1000 M⊕ solids,
disk size of 200 au). Since Kepler-167e’s bulk metal content is
typical for planets in its mass range (see Section 4.1 and
Thorngren & Fortney 2019), it seems unlikely that all of these
giant planets formed with such a large Miso. Planets that have
reached the pebble isolation mass may continue to accrete
solids in the form of planetesimals (as suggested for Jupiter;
Alibert et al. 2018), or they might accrete the pebbles that grow
from the dust present the circumplanetary disks (e.g.,
Drążkowska & Szulágyi 2018). Indeed, Thorngren et al.
(2016) argued that the late-stage accretion of planetesimals is
needed in order to explain the mass–metallicity relation
observed for extrasolar giant planets. We do not model this
process explicitly here but simply require that the remaining
solid content at orbital separations beyond the giant planet’s
core is equal to or greater than 66 M⊕−Miso at the time when
the core reaches the isolation mass.
The initial dust mass of the disk is a product of the disk dust-

to-gas ratio and gas mass. In Section 5.3.2, we showed that

Figure 8. Pebble isolation time vs. total solid mass available in the inner disk for all disk models in which a 0.01 M⊕ seed reaches Miso (i.e., those containing an outer
gas giant). In the left panel, we vary tseed and fix Miso to 15 M⊕. In the right panel, tseed is fixed to 10

5 yr, and Miso is varied. The initial seeds are placed at 3.2, 5.6, and
8.2 au to produce cores of 10, 15, and 20 M⊕, respectively. We mark the estimated dust masses that are required for super-Earth formation in the pebble (Lambrechts
et al. 2019) and planetesimal (Drążkowska et al. 2016) accretion paradigms using shaded regions. Models with the same disk size and initial solid mass are connected
via dotted lines.
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varying the disk dust-to-gas ratio and gas mass while keeping the
total dust mass constant does not affect the solid mass that
reaches the inner disk. We therefore reduce the dimensionality of
our original grid by fixing the dust-to-gas ratio to 0.015, taking
the median stellar [Fe/H]= 0.02 and assuming solar [Fe/
H]= 0.014 (Asplund et al. 2009). We are left with a grid in
which we vary Miso, tseed, disk size, and disk gas mass. We then
identify the subset of models in this grid that fulfill the three
conditions listed above. In practice, we find that the second
condition (130M⊕ supplied to the inner disk) is automatically
met when the first and third conditions are satisfied.

Figure 9 shows the resulting constraints on the size and
initial solid mass of Kepler-167ʼs protoplanetary disk. We find
that we require an initial solid mass larger than ∼300 M⊕ and a
radius larger than 40 au in order to explain this system’s
present-day properties. Within this range, disks with a larger
Miso require higher initial solid masses in order to form Kepler-
167e. For our chosen tseed= 105 yr, the requisite dust mass rises
sharply with decreasing disk size. This is primarily driven by
the need to have sufficient solid mass beyond the giant planet to
explain its bulk metal content (condition 3). Since smaller disks
have shorter radial drift timescales and dust rapidly drains out
of their outer regions, they need to have larger dust masses to
meet this requirement.

We next consider whether or not these constraints are
consistent with results from protoplanetary disk surveys. In
Figure 10, we plot the Atacama Large Millimeter/submillimeter
Array (ALMA) and Very Large Array (VLA) disk radii and dust
masses estimated for Class 0 and I sources in the Orion cluster
(Tobin et al. 2020) and compare them to the theoretical
constraints from our models. Since we are interested in the
initial dust mass and size, we exclude Class II disks, which show
significant signs of processing, especially for dust mass (e.g.,
Tychoniec et al. 2020). If we consider the VLA and ALMA
measurements in isolation, we find that very few disks lie above

the planet formation threshold contours we have for Kepler-167.
However, disk radii estimated from the VLA and disk dust
masses estimated from ALMA tend to be underestimates. This is
evident when we instead plot dust masses derived from the VLA
against disk radii obtained from ALMA for the same disks
(shown in red). Doing so moves the ALMA points up in dust
mass and the VLA points to larger radii. Dust masses derived
from the VLA are likely closer to the true values, as the disks are
much more likely to be optically thin at 9 mm than at 0.87 mm.
Similarly, since disks tend to appear smaller in continuum
emission at larger wavelengths, the radii estimated from ALMA
are likely to be closer to the characteristic disk radii that we have
in our models. When we combine dust masses from the VLA
with disk radii from ALMA, we find that a substantial fraction of
the disks meet the threshold dust mass and disk size necessary
for the formation of the Kepler-167 system.
The formation threshold for the Kepler-167 system is

primarily driven by the properties of Kepler-167e, in particular
its bulk metal content and the need to form it early. Since
Kepler-167e is fairly representative of giant planets beyond
several au around FGK stars, we can roughly quantify the
fraction of disks around single FGK stars that lie above our
formation threshold ( fdisk) and compare it with the corresp-
onding occurrence rate of giant planets (e.g., Wittenmyer et al.
2020; Fulton et al. 2021). Of the 425 disks targeted by ALMA
in Tobin et al. (2020), 45 disks lie above the Miso= 15 M⊕
threshold. However, this sample is likely to contain both
massive and low-mass stars that will bias our estimate of fdisk.
Correcting for this contamination, as well as the presence of
close companions to FGK stars that likely go undetected in
Tobin et al. (2020; see Appendix B for details of this
correction), we find that fdisk ≈ 14%.
We conclude that it is reasonably probable that a star with

Kepler-167ʼs mass might host a disk with an initial solid mass
and radius that lie above the thresholds indicated by our disk
models. If we take the giant planet occurrence rate beyond

Figure 9. Initial solid mass and size of protoplanetary disks that can produce
the Kepler-167 planetary system assuming tseed = 105 yr. The color of the
points indicates the total amount of solids that is available in the inner disk. We
find that �165 M⊕ of solids reach the inner disk for all of our models; thus,
they all exceed the super-Earth formation threshold. We gray out the region
corresponding to small disks with very large solid masses, as these disks are
unlikely to exist in practice.

Figure 10. Disk dust mass and radius estimates for Class 0 and I sources in the
Orion cluster that are detected with both ALMA (0.87 mm) and the VLA
(9 mm; Tobin et al. 2020). We plot the threshold contour above which disks
can form systems like Kepler-167 (corresponding to Miso = 15 M⊕ and the
tseed = 105 yr curve in Figure 9). Since disks tend to be optically thin in the
VLA bandpass, dust mass estimates obtained from these observations are
closer to the true estimates. However, disk sizes obtained from ALMA are
likely closer to the characteristic disk size that is used in our modeling. We
therefore plot dust mass estimates from the VLA against disk radii from ALMA
in red.
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