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ABSTRACT

Reliable detections of Earth-sized planets in the habitable zone remain elusive in the Kepler sample,

even for M dwarfs.

The Kepler sample was once thought to contain a considerable number of M

dwarf stars (Teg < 4000 K), which hosted enough Earth-sized ([0.5,1.5] Rg) planets to estimate their
occurrence rate (1g) in the habitable zone. However, updated stellar properties from Gaia have shifted
many Kepler stars to earlier spectral type classifications, with most stars (and their planets) now
measured to be larger and hotter than previously believed. Today, only one partially-reliable Earth-
sized candidate remains in the optimistic habitable zone, and zero in the conservative zone. Here we
performed a new investigation of Kepler’s Earth-sized planets orbiting M dwarf stars, using occurrence
rate models with considerations of updated parameters and candidate reliability. Extrapolating our
models to low instellations, we found an occurrence rate of 7g = 8.58T8%59 % for the conservative
habitable zone (and 14.22175-9%% for the optimistic), consistent with previous works when considering
the large uncertainties. Comparing these estimates to those from similarly comprehensive studies of
Sun-like stars, we found that the current Kepler sample does not offer evidence to support an increase
in ng from FGK to M stars. While the Kepler sample is too sparse to resolve an occurrence trend
between early and mid-to-late M dwarfs for Earth-sized planets, studies including larger planets and/or

data from the K2 and TFESS missions are well-suited to this task.

Keywords: Exoplanets (498) — Habitable planets (695)

1. INTRODUCTION

In the ongoing search for life in the Universe, one
standing question is the occurrence rate (or frequency)
of Earth-sized planets in the habitable zone. Studies to
this point are often focused on Sun-like (FGK) stars, in
part because they are most reflective of our own solar
system and thus life as we know it. Sharing this fo-
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cus, the Kepler mission (Borucki et al. 2010; Borucki
2016) sought to detect Earth-sized habitable zone plan-
ets, with long-term monitoring preferentially targeting
Sun-like stars. Mechanical failures rendered the Kepler
telescope unable to continue viewing its target field be-
fore it could provide sufficiently numerous confident de-
tections of Earth-sized planets at ~ 1year orbital peri-
ods to enable robust occurrence calculations. As such,
many estimates for the occurrence rate of Earth-sized
habitable zone planets (1g) around FGK stars are based
on extrapolations from the close-in population where
Kepler’s survey completeness for small planets is com-
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parably higher than in the habitable zone. Estimates
for ng around Sun-like stars span from ~ 1 — 100% de-
pending on various physical and statistical considera-
tions, with recent estimates tending towards 10 — 40%
(see e.g., discussions in Kunimoto & Matthews 2020;
Bergsten et al. 2022).

The habitable zone for M dwarfs occurs at shorter
orbital periods (~ 30 — 140 days), meaning Earth-sized
habitable zone planets around these stars would have
ideally been detected within Kepler’s lifespan. Yet the
survey’s selection of fewer M dwarfs for monitoring,
coupled with its generally poor sensitivity to fainter
stars, meant that the Kepler population contained only
a few detections of these planet candidates around M
dwarfs. Nonetheless, Dressing & Charbonneau (2015)
leveraged the available Kepler information to identify a
sample of 156 planets around M dwarf (Tpg < 4000 K,
logg > 3) stars, and estimated (via the inverse detec-
tion efficiency method) the occurrence rate of Earth-
sized habitable zone planets. For [1.0,1.5] Rg planets,
they estimated an occurrence of 7g = 15.827:%50%
for a conservative habitable zone (between the moist
and maximum greenhouse boundaries, Kopparapu et al.
2013) and 24.2871%3¥% for an optimistic habitable zone
(between the recent Venus and early Mars boundaries).
Separately, Mulders et al. (2015a) used the Kepler Q1-
Q16 planet candidate sample (Mullally et al. 2015) to
find that M dwarfs have ~ 3.5 times more small plan-
ets than FGK stars. While the Mulders et al. (2015a)
estimate was derived from the close-in (P < 50days)
population, it has since been applied to scale ng esti-
mates from FGK stars as an approximation for Earth-
sized habitable zone planets around M dwarfs (see e.g.,
Hardegree-Ullman et al. 2023).

Several recent advancements have since changed the
field of Kepler demographics, including the release of
the final Kepler DR25 catalog (Thompson et al. 2018)
and stellar parameter revisions informed by the Gaia
mission (Gaia Collaboration et al. 2018, e.g., Berger
et al. 2020b). The work of Hsu et al. (2020) incorpo-
rated these advancements by using DR25 in conjunction
with information from Gaia DR2 and the 2MASS point
source catalogue (Skrutskie et al. 2006). They estimated
an occurrence rate of 337 19% for [0.75, 1.5] Rg planets in
the conservative habitable zone around M dwarfs, and
found that 7ng estimates are sensitive to the choice of
modeling priors in this regime of sparse detections. Hsu
et al. (2020) also found that the small planet occurrence
rates around M dwarfs are comparable to those of FGK
stars (Hsu et al. 2019) when evaluated at similar instel-
lations, thus raising concerns that the factor of 3.5 offset

between M and FGK stars might not be applicable to
the habitable zone.

A third advancement which merits consideration
are new statistical treatments of candidate reliability
(Bryson et al. 2020a,b), which serves to better account
for false positives and false alarms. To date, no study
has incorporated Kepler candidate reliability alongside
DR25 and Gaia-revised parameters to revisit the ques-
tion of Earth-sized habitable zone planets around Ke-
pler’s M dwarfs. Here we seek to do just that, providing
an updated look into the occurrence rate of such planets
around the most abundant type of star in the Galaxy.

In Section (2), we outline the motivation for a new
study by investigating how previous works and planet
samples have been impacted by recent advancements
in the field. We describe the current Kepler sample
of Earth-sized planets around M dwarfs in Section (3),
and introduce our approaches to calculating planet oc-
currence and fitting population models in Section (4).
We discuss our results in Section (5) and describe the
habitable zone occurrence rates in Section (5.1). In Sec-
tion (6), we provide an updated comparison of Earth-
sized planet occurrence rates within and across spectral
types, before summarizing our work in Section (7).

2. NEED FOR AN UPDATED INVESTIGATION

Before performing an updated analysis with the cur-
rent Kepler sample, we examined how the properties
of planets originally studied in Dressing & Charbon-
neau (2015) (hereafter DC15) had been impacted by
subsequent studies. Of the 156 planets presented in
DC15 (their Table 9), there were 145 planets’ around
85 stars with planet parameters within [0.5,4] Rg and
[0.2,400] I, where Ig denotes the instellation flux of
(present-day) Earth. Cross-matching with the Kepler
DR25 catalog (Thompson et al. 2018), we found that
five planet candidates are now considered false posi-
tives according to automated classification via Robovet-
ter (Coughlin 2017). We include a brief discussion of
objects with contrasting dispositions between DR25 and
subsequent literature in Appendix (A).

For the remaining 140 planets around 83 stars, we
cross-matched host stars with the Gaia-Kepler Stellar
Properties Catalog (Berger et al. 2020b). We found that

1 The candidate planet K04427.01 appeared with 1.56f8:§g Rg and
0.17t8:8§ Ig in DC15, which fell outside of the original 0.2 Ig

lower bound. After updating properties with Gaia, the host
star has T,g = 3895 K, and the candidate has a habitable zone
instellation of 0.32 4+ 0.03 Ig;. However, the planet radius of
1.797:8:(1]3 Rg exceeds the “Earth-sized" definition at 1o, so it is
excluded from this discussion (but is considered for our analysis
of the current Kepler sample; Section 3).
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seven stars (hosting fourteen planets) were not included
in the updated catalog (typically because of low-quality
photometry or lacking a Gaia DR2 parallax), and we
thus excluded these objects from the following analy-
sis. This included one of six planets which, within the
original 1o uncertainties, could have fallen within the
DC15 bounds for an Earth-sized habitable zone planet
([1,1.5] Rg, [0.23,1.54] Ig) for an optimistic habitable
zone. This planet was detected in DC15 with a radius
of 1.03 Rg and subsequently appeared as K01681.04 in
Kepler DR24 (0.77Rg, Coughlin et al. 2016). However,
K01681.04 later appeared in Kepler DR25 with a radius
of 10.39 Rg, so it is unlikely that this planet would now
contribute to 7g (barring an uncharacteristic order of
magnitude decrease in stellar radius with Gaia).

From the remaining 126 planets orbiting 76 stars, we
used the Gaia-updated stellar mass (M,) estimates from
Berger et al. (2020b) along with DR25 orbital periods (P)
to calculate planet semi-major axes (a) with Kepler’s
law for a negligible planet mass:

211/3
0 [GM*P ] ’ (1)
472

and used these in conjunction with Berger et al. (2020b)
luminosities (L,) to estimate updated planetary instel-
lations (I):
L*

I= Tra? (2)
We also updated planet radii by multiplying the DR25
planet-to-star radius ratios with the Berger et al.
(2020b) stellar radii. For all above calculations, we prop-
agated uncertainties with Monte Carlo sampling of split-
normal distributions using the 1o uncertainties provided
in Berger et al. (2020b) for stellar parameters and in
DR25 for planetary parameters.?

Because the original DC15 sample was defined for
cool stars with Tog < 4000K, it is important to note
which stars did or did not meet this classification af-
ter receiving updated temperature estimates in Berger
et al. (2020b). Thus, when plotting the DC15 planet
sample with updated parameters in Figure (1), we split
the sample into those with host stars still considered
cool, and those with host stars now considered too warm
(Teg > 4000 K) to be relevant. We found that two of the
DC15 Earth-like planets are excluded from the cool star
sample with this change (K00571.05 with T, = 4023 K
and K02650.01 with T, = 4096 K). Of the still-cool

2 Qur planet parameters are functionally identical to those of
Berger et al. (2020a), who use a similar methodology and set of
input parameters, with only small (< 1%) variations attributable
to our Monte Carlo sampling.

stars, the aforementioned revisions of planetary param-
eters had caused the remaining three DC15 Earth-like
planets (K00463.01, K02418.01, K03284.01) to no longer
fall within the [1,1.5] Rgy, [0.23,1.54] I regime.

The above changes left the original DC15 sample with
no Earth-sized planets in the habitable zones of cool
stars (lower left panel of Figure 1). We note that the
DC15 study took place before the release of Kepler’s fi-
nal catalog in DR25, such that it could not have made
use of the full Kepler sample. More recently, Hsu et al.
(2020) revisited this subject employing both DR25 and
their own revised stellar properties informed by Gaia
and 2MASS (i.e., separate from the catalog of Berger
et al. 2020b). They found a similar paucity of relevant
planets at habitable zone separations (see e.g., their Fig-
ure 3). More generally, they note that the uncertain-
ties on Kepler’s M dwarf occurrence rate estimates are
larger than previously believed: for example, for planets
with P < 50days and [1,2.5] Rg, DC15 found an occur-
rence rate of 7 = 1.3815-15 while Hsu et al. (2020) found
n=11373%

While Hsu et al. (2020) provided an excellent evalu-
ation of Kepler’s M dwarf occurrence rates, their work
preceded an analysis on the importance of per-candidate
reliability in Kepler demographic studies (Bryson et al.
2020b). Reliability generally accounts for a candidate’s
odds of being a false alarm or false positive, and re-
liability scores (as defined in Bryson et al. 2020a) are
bounded between 0 and 1. In an occurrence calculation
including reliability, a candidate’s contribution will ei-
ther remain at full weight (if perfectly reliable) or be
downweighted (less reliable candidates contribute less),
meaning that occurrence rates with reliability are typ-
ically lower than those without (see e.g., Bryson et al.
2021; Bergsten et al. 2022). Even in the scenario where
a regime of interest is unpopulated (i.e., zero relevant
candidates), accounting for reliability can help to ensure
more robust extrapolations from populated regimes. As
such, to make full use of available Kepler statistics, it
is necessary to revisit the sample of M dwarfs incor-
porating DR25, Gaia-revised parameters, and candidate
reliability in pursuit of updated occurrence rates.

3. CURRENT SAMPLE

Having found the DC15 planet sample sufficiently
changed from that of their original study, we elected to
perform a new analysis using the current Kepler sam-
ple. Beginning from the Berger et al. (2020b) cata-
log, we employed the same effective temperature cut
(Tog < 4000 K) used in DC15. We also adopted the em-
pirical selection criterion of Huber et al. (2016) where a
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Dressing & Charbonneau (2015) Original Sample

of 145 Small Planets around 85 Stars
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Figure 1. Top: Original properties of small planets included in the Dressing & Charbonneau (2015) study of Kepler’'s M
dwarfs (T.g < 4000 K). Rectangles represent the optimistic (purple) and conservative (green) habitable zone boundaries used in
Dressing & Charbonneau (2015). Translucent red points denote planets later labeled as false positives in Kepler DR25 (Thompson
et al. 2018), while opaque colored points represent “Earth-sized" candidates considered relevant to the habitable zone. Bottom:
current planet properties with updates from Gaia DR2 (Gaia Collaboration et al. 2018; Berger et al. 2020b), split between left:
stars that are still below 4000 K and right: stars that are now warmer than 4000 K. Translucent points represent the original
properties from Dressing & Charbonneau (2015), while opaque points denote the updated properties of those planets, with
lines lines connecting the two for each individual planet. Black arrows denote the average (log,,) change in planet properties,
measured independently along either axis. The host star of one of the six original habitable zone planets (K01681.04, blue)
was not included in the Gaia-Kepler Stellar Properties Catalog (Berger et al. 2020b), and thus does not appear in either of the

updated parameter panels.

star is considered a dwarf if:

arctan (

This left a sample of 2807 Kepler M dwarf stars; the
distribution of stellar effective temperatures is shown in
Figure (2). We then matched these stars with the Kepler
DR25 planet catalog to identify 60 confirmed and 26 can-
didate planets orbiting 62 stars in this M dwarf sample,
and calculated revised radii and instellations for these

Terr — 6300
—67.172

logg > > + 3.876. (3)

4.671

planets with the methodology described in the previous
section. We also used the candidate reliability scores
calculated in Bergsten et al. (2022), which followed the
approach of Bryson et al. (2020b) to calculate reliabil-
ity in terms of a candidate’s false alarm reliability (Rga,
Bryson et al. 2020b) and false positive probability (Mor-
ton et al. 2016). All candidates in our sample had high
reliability against being a false alarm (Rpa = 95%), such
that any low reliability scores were driven by a fairly
high probability that a candidate was a false positive.
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Distribution of Kepler's M Dwarfs

=

o
)
L

All M Dwarfs

Number of Stars
=
o

10°

3000 3200 3400 3600 3800
Stellar Effective Temperature [K]

Figure 2. Distribution of stellar effective temperatures
(from Berger et al. 2020b) for our sample of Kepler M
dwarf stars (Teg < 4000 K). The distribution of stars hosting
Earth-sized planets is highlighted in blue, and is not signif-
icantly distinct from the overall distribution (a two-sample
Kolmogorov-Smirnov provides a KS statistic of 0.16 and a
p-value of 0.38).

Previous works have indicated that the distribution
of occurrence rates (and trends therein) evaluated in or-
bital period may differ from those evaluated in instella-
tion for the same planet sample (see e.g., Hsu et al. 2020;
Petigura et al. 2022). This may be especially prevalent
when studying a small number of planets, where the
dependence on individual stellar properties in convert-
ing between dimensions may introduce enough variation
to alter the shape of the resulting occurrence distribu-
tions. To enable an assessment of how the chosen di-
mension might impact occurrence rate calculations, we
defined two separate samples: one in orbital period,
and one in instellation. For both samples, we adopted
a radius range of [0.5,1.5] Rg to focus on Earth-sized
planets. Adopting the same separation bounds as DC15
([0.5,200] days; [0.2,400] Ig,) yielded a sample of 40 plan-
ets around 32 stars in orbital period and 39 planets
around 31 stars in instellation when considering only
median parameter values. The difference in sample size
is caused by one planet (K02542.01) with an instella-
tion of I = 4341'% Ig, though the errors are such that
this planet may be included when accounting for input
uncertainties.

In general, we note that sampling within parameter
uncertainties can affect sample size and thus inferred
occurrence rates. Relevant for this study, there are sev-
eral planets whose median radii exceed 1.5 Rgq, but may
fall into the Earth-sized classification within their un-
certainties, including some with P > 50 days where we
otherwise lack planets. As such, the samples shown in
Figure (3) include a larger number and range of planets

than what is described above, as some may be included
when we consider input uncertainties in Section (4.2).

While the Kepler completeness contours used to cal-
culate planet occurrence are defined in the planet ra-
dius/orbital period plane, we needed to convert these
contours to the planet radius/instellation plane to cal-
culate planet occurrence in instellation-space. Follow-
ing the methodology of Bryson et al. (2021), we took
the per-star completeness maps® and applied a one-
dimensional conversion, translating each orbital period
point to a corresponding instellation flux value via Equa-
tions (1) and (2) using that star’s median mass and lu-
minosity from Berger et al. (2020b). We then inter-
polated each star’s two-dimensional completeness map
onto a uniform grid, and added the results for all stars
to create the summed completeness grid necessary for
Section (4.2). Because the orbital period maps are all
defined on the same grid, we may simply add them
together as-is without re-interpolating onto a common
grid. The average completeness maps (obtained by di-
viding the summed maps by the total number of stars)
are shown in Figure (3).

4. OCCURRENCE RATE METHODOLOGY

We adopted two approaches to calculating planet oc-
currence rates: direct evaluation via the inverse detec-
tion efficiency method, and indirect evaluation by way
of a population forward model. The former is straight-
forward but can only constrain occurrence rates where
there are exoplanet detections. Extrapolations from
a forward model are thus needed to evaluate occur-
rence rates in poorly- or un-populated regimes, such as
the longer-period (or lower-instellation) habitable zones
that we were interested in studying. The inverse detec-
tion efficiency method is still a useful way of comparing
model predictions in regimes where there is a significant
number of exoplanet detections, and so we performed
both evaluations where we could.

All subsequent calculations were performed first in or-
bital period P with the corresponding period sample,
and then again in instellation I (where I was substi-
tuted for P as needed) with the instellation sample.

4.1. Inverse Detection Efficiency Method

We employed the classical inverse detection efficiency
method, modified to incorporate the reliability of planet
candidates as in Bergsten et al. (2022). For a survey

3 We created per-star completeness maps using a modified version
of epos (Mulders et al. 2018, updated in Bergsten et al. 2022),
which includes the per-star detection efficiency contours gener-
ated via KeplerPORTs (Burke & Catanzarite 2017).
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Current Kepler Sample of Small Planets around M Dwarfs
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Figure 3. The current sample of Kepler small confirmed and candidate planets with Gaia-updated properties, plotted in left:
orbital period and right: instellation. Error bars represent lo uncertainties, and opacity is determined by reliability (fully
opaque corresponds to a reliability score of 1, Bryson et al. 2020a). The average Kepler completeness maps for these M dwarfs
are plotted in the background, with contours denoting relevant orders of magnitude (0.01% to 10%). Grey rectangles denote

the parameter range(s) of interest for this study.

with N, stars, the occurrence 7 in a given bin of plane-
tary parameters with Ny planet candidates is given by:

1 el
J
o 4
TIbin N* zj: COIIlpj’ ( )
with uncertainties given as o = npin/\/Np. Here,
the j* planet in a bin provides a weight proportional
to its reliability rel; and inversely proportional to the
host star-specific completeness comp; evaluated at that
planet’s parameters.

4.2. Population Modeling

Following the approach of Youdin (2011) and Burke
et al. (2015), we adopted a population distribution func-
tion of the form:

d2f

dPdR FoChg(P, R). (5)

The normalization factor C,, is defined such that the in-
tegral of Equation (5) over the entire sample domain
(i.e., [0.5,1.5] Rg and [0.5,200]days or [0.2,400]Ig)
equals the scaling parameter Fy, which represents the
average number of planets per star. The shape function
g(P, R) describes how the planet population behaves in

orbital period and radius. Previous demographic stud-
ies have often made use of (broken) power laws in these
dimensions to match observed occurrence rate distribu-
tions (see e.g., Youdin 2011; Howard et al. 2012; Dong
& Zhu 2013; Burke et al. 2015). We opted for a conven-
tional broken power law in orbital period and a single
power law in radius, defined by:

(P/Pbreak)ﬂl it P< Pbreak

g(P,R) = R“
(F)/-Pbreak)ﬁ2 it P Z Pbreak'

(6)

This contains four free parameters in addition to Fy:
the exponents 8, and fs control the slope of the occur-
rence distribution in orbital period space on either side
of the break Ppreak, and « determines the slope of the
occurrence distribution in planet radius space.

The work of Bergsten et al. (2022) studied Kepler’s
small planets around Sun-like (FGK) stars and found
evidence of a period-dependent radius distribution that
is not well-described by the simple power laws above.
In their model, the small planet population shifts from
being dominated by super-Earths at shorter periods to
sub-Neptunes at longer periods, switching around some
transition orbital period, and potentially signifying the
effects of atmospheric mass loss processes. A large num-
ber of small planet detections was required to constrain
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the fairly complex functional form that described this
behavior.

Bergsten et al. (2022) found the transition period to
scale with stellar mass, and extrapolations of that trend
would place the transition at very short orbital periods
(~ 5+ 1days) for the median stellar mass of our sample
(0.50Mg). This coincides with typical values of Ppreak
in Equation (6) for M dwarfs, such that the steep occur-
rence slope at shorter periods may explain the lack of
detected planets needed to resolve the closest-in side of
the transition. However, assuming a uniformly varying
behavior across FGKM stars such that this extrapola-
tion holds, this also means that the relative fractions of
super-Earths and sub-Neptunes should be roughly flat
with orbital period for the majority of our domain of in-
terest. As such, the simple power laws of Equations (5)
and (6) may be suitable for modeling the current M
dwarf sample especially given the presently limited num-
ber of detected planets; exploration of more complicated
forms may be enabled by larger datasets in the future.

4.2.1. Model Fitting

The population model was fit to the planet sample by
minimizing the corresponding Poisson likelihood func-
tion (Eqn. 9 in Burke et al. 2015) through a Markov-
chain Monte Carlo process using the emcee (Foreman-
Mackey et al. 2013) package. Note that this likelihood
function requires an evaluation of the sum of each star’s
completeness over an integral (or grid) of planet radii
and orbital periods. We achieved this by evaluating
each individual star’s completeness on a uniform grid,
and then taking the sum of all stars’ completeness at
each combination of planet parameters. We adopted
uniform priors, and specifically fit the log of the power
law break (logyy Phreak) to ensure proper sampling over
several orders of magnitude when repeating this process
in instellation.

We adopted three different methodologies to deter-
mine the input population and their parameters. In
our first method (M1), we used the median values of
each planetary parameter, thus considering only the con-
firmed and candidate planets with median values within
the specified bounds. We used 64 walkers run for 20,000
steps and discard the first 1,000 for burn-in; justifica-
tions for optimization-related choices are included in Ap-
pendix (B). While this method is conventional, it cannot
account for the reliability of planet candidates nor the
uncertainty in their input parameters (which themselves
depend on the uncertainty of the stellar parameters used
to calculate updated radii and instellations).

In our second method (M2), we followed the approach
of Bryson et al. (2020a) to implement reliability by per-

forming separate inferences where the input planet pop-
ulation is drawn according to their reliability (e.g., a
50% reliable candidate is included in 50% of fits). We
performed 100 inferences, each using 64 walkers run for
20,000 steps (discarding the first 1,000 for burn-in), and
concatenated the posteriors to represent the global pa-
rameter distributions.

In our third and most complete method (M3), we im-
plemented both reliability and parameter uncertainties.
For a given fit, we first took the entire planet sample
around M dwarfs (not yet restricting to a specific pa-
rameter regime) and drew each candidate’s parameters
from within their (presumed independent) split-normal
orbital period and radius distributions. If a candidate’s
drawn parameters were within the relevant regime, and
the candidate passed a separate draw according to its
reliability (as in M2), then that candidate was included
in the fit using the sampled parameters. We performed
400 of these inferences, each using 64 walkers run for
20,000 steps (discarding the first 1,000 for burn-in), and
concatenated the posteriors.

While we sampled within the uncertainties of our
planet parameters, a more inclusive approach may also
sample within stellar effective temperature uncertain-
ties to include stars (and their planets) near the 4000 K
boundary. However, as noted in Bryson et al. (2021),
because the number of stars would vary between infer-
ences, the summed completeness components would also
need re-evaluation for each inference, which is computa-
tionally expensive and beyond the scope of this work.

5. RESULTS

The occurrence rate grids from the reliability-weighted
inverse detection efficiency method are presented in Fig-
ure (4) for both orbital period and instellation. These
occurrence rates were then marginalized along either
axis to provide the one-dimensional occurrence rates
seen in Figure (6) for orbital period and Figure (7) for
instellation. To determine the distribution of occur-
rence rates predicted by our population model(s), we
evaluated Equation (5) with the emcee-output param-
eter vectors to produce occurrence grids like those in
Figure (5), and further integrated along either axis to
present the modeled marginalized distributions in Fig-
ures (6) and (7). The best-fit parameter values are pre-
sented in Table (1), where we treated the 16'® and 841
percentiles as 1o bounds about the median (50" per-
centile) value.

We found values from the inverse detection efficiency
method to fall within model predictions for results in
both orbital period and instellation (left panels of Fig-
ures 6 and 7, respectively). For the M2 and M3 meth-
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Occurrence Rates of Earth-sized Planets around Kepler's M Dwarfs (IDEM)
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Figure 4. Occurrence rates of Earth-sized planets around M dwarfs distributed in left: orbital period and right: instellation,
calculated via the reliability-weighted inverse detection efficiency method (Eqn. 4). White bins with a printed occurrence of
1n = 0% indicate bins that are technically populated, but by a candidate(s) with a reliability of 0.

Dimension Method Fy «a Pireak B1 B2
M1 1047040 —0.32708,  4.107353 0.7675:29  —1.06705%
Orbital Period | M2 0.727937  0.45% 3.637357 0.90749% 1,087
M3 0.77193% 0337077 3.64'310 091739 1077937

Tpreax

M1 1.017559  —0.37198  23.17M35 %0 —0.89%0 %5 —2.3870¢6
Instellation M2 | 070705 038755 23047555 076755 —243707%
M3 0.737333 0307072 18.2071%:% 0677258 —2.2770%3

Table 1. Median and 1o (16*" and 84" percentile) parameter values for the optimized population models in orbital period and
instellation. Rows in bold are from our most complete M3 method which includes both reliability and parameter uncertainties.
While we fit the log of the break parameters (i.e., logg Poreax and log,q Ibreak), we include the corresponding linear values here
for readability. Note that because Equation (5) is defined in terms of dP and dR, a value of —1 in the power law exponents

(ar, B1, B2) corresponds to a flat line in natural log occurrence (i.e.

dpP

, amp = P). Additionally, because orbital period increases

with distance from a star while instellation decreases, the far-out regime (beyond the break) is governed by B2 in orbital period

but by £ in instellation.

ods which incorporate candidate reliability, we found
that the models from both methods exhibit 1o agree-
ment with the inverse detection efficiency method in
all parameter bins where there are planet candidates
(such that Equation 4 may be evaluated). For the M1
case which does not consider reliability, we re-evaluated
Equation (4) while neglecting the rel; term (i.e., the
classical definition of the inverse detection efficiency
method) and found that these values agree with the M1
model predictions within 1o for all populated bins.

The radius distribution of occurrence values (right
panels of Figures 6 and 7) between the models and the
inverse detection efficiency method are typically consis-
tent within 1o. However, we note that smaller radius
bins require ~ 1.1 to achieve consistency, and that
there is appreciable variation between methods (com-
pared to what is seen with the period or instellation
distributions). We attribute these caveats to our small
sample size and correspondingly sparse coverage when
splitting the sample into bins of planet radius to evaluate
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Occurrence Rates of Earth-sized Planets around Kepler's M Dwarfs (Model)
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Figure 5. Modeled occurrence rates of Earth-sized planets around M dwarfs distributed in left: orbital period and right:
instellation, calculated by evaluating Equation (5) with the emcee-output parameter vectors from method M3 (plotted values
represent median occurrence rates). Planet candidates from Figure (3) are reproduced here as points with error bars denoting
their 1o parameter uncertainties. Dashed gray lines represent the optimistic habitable zone, and solid gray lines represent the
conservative habitable zone (Kopparapu et al. 2013, 2014). The three cases in orbital period represent the habitable zone bounds
for the coldest (Tmin =~ 2979K) and warmest (Tmax ~ 4000 K) stars in our sample, along with the average of the bounds for all

stars in our sample.

with the inverse detection efficiency method. We further
note that in the smallest planet radius bin (< 0.6 Rg),
there is only one planet and it has a reliability score of
zero, meaning that Equation (4) returns a zero occur-
rence rate (as shown in Figure 4).

Regarding differences between each of the model fit-
ting methodologies, we found that (for a given dimen-
sion) model parameters are consistent at the lo level
across all methods. There is a slight (but expected)
global decrease in predicted occurrence between M1 and
M2 characteristic of reliability incorporation, where the
observed number of planets decreases due to some can-
didates being considered false positives or false alarms
in a given inference. As in Bryson et al. (2020a), we
found that input uncertainties have little effect when ac-
counting for reliability, and thus the parameters between
models fit via M2 and M3 are very similar. As there is no
appreciable difference, we favor results from the more-
complete M3 approach incorporating both reliability and
input uncertainties.

We note that the uncertainty contours on the popu-
lation model results for the occurrence distribution in
instellation (left panel of Figure 7) show a secondary

bump around ~ 4 I, separate from the power law’s main
break around ~ 257g. In Figure (8) we highlight that
the posterior distribution for the break parameter in in-
stellation (modeled as logyq Ihreax) appears to follow a
bimodal distribution, and is thus not well-represented
by summary statistics that assume a unimodal (split
normal) distribution. This is not true of the models in
orbital period as the log;q Phreak distribution appears
unimodal. We explore the possibility of the instellation
bimodality representing physically distinct populations
in Appendix (C), but ultimately conclude the feature
is likely an artifact of our small sample size and sparse
distribution. Nevertheless, having a model defined in in-
stellation greatly simplifies evaluations of the habitable
zone (Section 5.1) and enables comparisons across spec-
tral types (Section 6). As such, we consider and compare
occurrence estimates from both our period and instella-
tion models where applicable throughout the remainder
of this work.

5.1. Habitable Zone Occurrence Rates

We used the habitable zone models of Kopparapu et al.
(2013) to define the optimistic (recent Venus out to early
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Occurrence Rates and Models in Orbital Period
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Figure 6. Best-fit population models and observed occurrence rates marginalized to show distributions in left: orbital period
and right: planet radius. Individual points represent occurrence rates calculated via the inverse detection efficiency method
(Eqn. 4), with and without accounting for reliability (black and gray points, respectively); numbers represent the number
of candidates within each bin. For each method, the colored curve represents the median of the distribution of occurrence
rates found by evaluating the population model with the distribution of parameter vectors; lighter filled regions denote the 1o
uncertainty envelopes. Colors represent the results of individual fitting methodologies: M1 (blue) considers only the median
parameter values of planets within [0.5,200] days, [0.5,1.5] Rg and treats all planets as fully reliable; M2 (orange) is similar to
M1 but repeatedly draws planets based on their reliability and concatenates the posteriors; M8 (green) is similar to M2 but also

draws each planet’s parameters from within their uncertainties, allowing for the inclusion of planets with median values outside
the designated range.

Occurrence Rates and Models in Instellation
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Figure 7. Similar to Figure (6) but with evaluations in instellation (rather than orbital period) for the range of [0.2,400] Ig,
[0.5,1.5] Re.

Mars) and conservative (runaway greenhouse out to describe our considerations of a planet-mass-dependent

maximum greenhouse) boundaries. In Appendix (D), we modulation to the conservative inner (i.e., runaway
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Posterior Distributions of Power Law Breaks
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Figure 8. Posterior distributions for the log,, power law
breaks in top: orbital period and bottom: instellation from
the M3 models. Tick marks on the top of each panel repre-
sent the corresponding non-logarithmic values. There is a
bimodality in the instellation break posteriors, meaning our
model parameters are not well-constrained in this dimension;
this feature is discussed further in Appendix (C).

greenhouse) edge. The Kopparapu et al. (2013) habit-
able zone bounds are near-constant in flux across the
stellar effective temperature range of M dwarfs: the
conservative inner and outer edges vary by ~ 3% and
~ 12% respectively between the warmest and coolest
stars in our sample; the optimistic bounds similarly vary
by ~ 4% and ~ 14%. Due to this consistency, we are un-
likely to benefit from a three-dimensional model that in-
cludes a stellar effective temperature dependence along-
side instellation and planet radius, as was used in Bryson
et al. (2021) for Sun-like stars where the habitable zone
varies more strongly with temperature.

However, the habitable zone bounds have a consid-
erable range when converted to the corresponding or-
bital periods: the conservative innermost (outermost)

edge falls at roughly 8 (20) days for our coolest star
(Tin ~ 2979K), but at 67 (168) days for our warmest
star (Tax ~ 4000 K). Because our stellar sample’s effec-
tive temperature distribution is clustered towards hotter
stars (Figure 2), the average conservative habitable zone
boundaries of 52 (133) days are closer to the latter. We
considered these three cases in our habitable zone calcu-
lations (for both conservative and optimistic bounds) in
orbital period. While a three-dimensional model in or-
bital period, planet radius, and stellar effective temper-
ature would have been useful here, fitting such a model
would have required a greater number and coverage of
systems than what is available with the current Kepler
sample (see Appendix C.1).

To calculate each model’s Earth-sized habitable zone
planet occurrence rate (ng), we evaluated an integral of
Equation (5) over the respective bounds (conservative
and optimistic) for the three temperature cases in or-
bital period, and for the average case in instellation.
We considered the range of emcee-output parameter
vectors, and report the median values with 1o uncer-
tainties in Tables (2). These values are also plotted in
Figure (9) alongside previous estimates from DC15 who
used the inverse detection efficiency method (without
the rel; term), and from Hsu et al. (2020) who used a for-
ward model without per-candidate reliability. We stress
that, due to the paucity of observed habitable zone plan-
ets, our results are predominantly model-driven extrap-
olations; a purely observational result derived from the
reliability-weighted inverse detection efficiency method
(Equation 4) is also included for comparison.

Taking the M3 orbital period model results evaluated
over [0.5,1.5]Rg with the average-temperature habit-
able zone bounds, we found 7g = 13.8973%70% for
the conservative case (and 21.75%3502% for the opti-
mistic). For the M3 instellation model, we found ng =
8.58T859% (14.2273595%). These occurrence rates are
consistent at the 1o level with each other, the estimates
of 15.8273%5°% (24.28717%58%) for [1.0,1.5] Rg planets
from DC15, and the larger prediction of 33719% for
[0.75,1.5] Rg planets in the conservative habitable zone
from Hsu et al. (2020).* Our results are further consis-
tent with the upper limit of ng < 23% set by Pinamonti
et al. (2022) using radial velocity data.

4 Our model estimates are also consistent with literature estimates
when using their unique radius ranges, included here for poster-
ity. Evaluating our M3 models over [1.0,1.5] Rg, gives 7,4lfijgg%
(11.6073%99%) in orbital period and 7.5473%74% (8.58 747554 %)
in instellation, all consistent with the estimates from DC15. Like-
wise, using [0.75,1.5] Rg gives 10.7873%5%% (16.8871733%) in
orbital period and 8.58717;94% (11.00fé§8§0%) in instellation,

8,22
consistent with Hsu et al. (2020).
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Occurrence of Earth-sized Habitable Zone Planets around M Dwarfs
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Figure 9. The occurrence rate of Earth-sized habitable zone planets around M dwarfs calculated in this work in left: orbital
period and right: instellation. In either dimension, we include a comparison to previous results: the modeled results of Hsu
et al. (2020) calculated in orbital period, or the results of Dressing & Charbonneau (2015) calculated in instellation with the
inverse detection efficiency method. Purple and green points denote calculations for optimistic and conservative habitable zone
bounds, respectively. For our plotted values in orbital period, we adopted the average habitable zone bounds for the stars in
our sample; different stellar effective temperature cases are considered in Table (2).

We note that our uncertainties tend to be slightly
larger than previous works: in the conservative case,
the 1o uncertainties from DC15 span ~ 9—32% and the
estimate from Hsu et al. (2020) spans ~ 21 —43%, while
our M3 orbital period estimate spans ~ 5 — 31% and the
instellation estimate spans ~ 0—27%. We attribute this
increased uncertainty to the smaller number of habitable
zone planet candidates and our subsequent need to rely
on extrapolated models. The latter requires assump-
tions of a functional form and that the population con-
tinues to behave in some uniformly varying way across
the extrapolated regime, which adds an inherent uncer-
tainty not reflected in the statistical error bars of Fig-
ure (9). As such, despite comparable results to previous
works, our new exploration of the Gaia-informed Ke-
pler sample leads us to conclude that the occurrence
of Earth-sized habitable zone planets around M
dwarfs is not as observationally constrained as
previously thought.

6. COMPARISONS ACROSS SPECTRAL TYPES

Previous studies have explored Kepler’s small plan-
ets for dependencies on stellar mass across the range of
FGKM stars. Mulders et al. (2015b) studied the dis-
tribution of small (1 — 4Rgq) planet occurrence rates
with semimajor axis for different spectral types using

the planet catalog of Burke et al. (2014). They found
that planet occurrence increased towards later spectral
types, rising by a factor of ~ 2 from G to M stars and by
a factor of ~ 3 from F to M stars. Mulders et al. (2015a)
used the Kepler Q1-Q16 planet candidate sample (Mul-
lally et al. 2015) to find a factor of ~ 3.5 increase from
FGK to M stars for small (1 —2.8 Rg) planets while also
noting a factor of ~ 2 decrease for larger (> 2.8Rg)
planets. These estimates were based on the close-in
sample (P < 50days), but have been used to predict
Ng around M dwarfs by upscaling estimates from FGK
stars (see e.g., Hardegree-Ullman et al. 2023), despite
(a) the habitable zone falling at much longer orbital pe-
riods for the latter and (b) the inclusion of planets larger
than 1.5 Rg.

However, recent work suggests the factor of ~ 3.5 in-
crease around M dwarfs may not be applicable to hab-
itable zone occurrence rates. Employing the final DR25
sample of Kepler candidates along with Gaia-revised
properties, Hsu et al. (2020) found that M dwarfs have
higher occurrence rates than FGK stars (Hsu et al. 2019)
at the same orbital periods, but that the two groups have
comparable occurrence rates when evaluated at similar
instellations. For example, they reported an M/FGK ra-
tio of 3.11‘?:3 when evaluating their M and FGK models
over the same period and radius range (averaged over
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Occurrence of Earth-sized Habitable Zone Planets (ng, %)

Orbital Period

Optimistic Conservative
Trin Average Trnax Trin Average Trnax
Bounds [days]| 5— 22 34 — 144 44 — 181 8 — 20 52 — 133 67 — 168
Observed Planets 14 2 0 6 0 0
IDEM 13.83+£3.70  8.00 & 5.65 - 4.92 +2.01 - -
M1 351173550 304772970 29.3613592 | 23.47F89% 192872147 18.70724-5°
M2 24417810 19.8873208  19.27F25- 1% | 15.97F58¢ 127071576 12,2517 70
M3 25911898 217573500 210573535 | 17117580 13.8072570  13.387.57°
Instellation
Optimistic Conservative
Bounds [Ig] 0.23 —1.54 0.25 — 0.88*
IDEM 6.01 =+ 6.01 -
M1 27.9972%-11 17.9273170
M2 1511132259 9.421 1554
M3 14.2272228 8.581 57,54

13

Table 2. Earth-sized habitable zone occurrence (ng, in %) estimates for M dwarfs calculated in orbital period and instellation.
Because the habitable zone in orbital period varies greatly with spectral type, we provide three cases for either the optimistic
or conservative bounds: the bounds for the coolest (Tmin & 2979K) or warmest (Tmax ~ 4000 K) stars in our sample, and the
average bounds across all stars in our sample. The habitable zone in instellation is roughly constant with spectral type, so we
provide only one case evaluated for the average stellar effective temperature of our sample. *Our incorporation of a planet radius
dependence to the runaway greenhouse edge causes this value to vary from 0.83 I at R = 0.5 Rg to 0.97 I, at R = 1.5 Rg.

[0.5,256] days, [0.5,4.0] Rg), but a ratio of 0.975 while
evaluating at similar instellations by scaling their FGK
grid from a G2 star to match the instellations of an M2.5
star.

Petigura et al. (2022) modeled occurrence dis-
tributions in both orbital period and instellation
for three bins of stellar mass with boundaries of
{0.5,0.7,1.0,1.4} M using the California-Kepler Sur-
vey with stellar properties derived from spectroscopic
measurements (independent of Gaia). Referencing their
Figure (13), their models of sub-Neptune (1.7 —4.0Rg)
occurrence rates suggest a statistically distinct factor of
~ 3 —4 offset between the lowest and highest bins at the
longest periods or lowest instellations, though the under-
lying separation-binned number of planets per star for
each stellar mass bin are not distinct at the 1o level. For
super-Earths (1 —1.7Rg), their models were cut off be-
fore reaching the habitable zone due to sparse detections
at low instellations, and the underlying binned estimates
(including some upper limits) were again not statisti-
cally distinct. Combined with Hsu et al. (2020), these
results call into question whether there is sufficient evi-
dence supporting higher occurrence of Farth-sized plan-
ets at habitable zone instellations around lower-mass
stars.

Efforts to resolve potential stellar mass dependencies
in the occurrence distribution of small planets face more

difficulties when using instellation as opposed to orbital
period or semimajor axis. In addition to requiring pre-
cise measurements of both stellar mass and luminosity
to calculate instellation flux, the true scale factor be-
tween occurrence rates around different spectral types
may only be resolvable at low instellations (where can-
didate detections are currently sparse). This is because
the occurrence distributions resembling broken power
laws appear to “break" at similar orbital periods (see
e.g., Petigura et al. 2022; Bergsten et al. 2022) across
FGKM stars, such that the breaks occur at different
values of semimajor axes (Mulders et al. 2015b) or in-
stellations (Petigura et al. 2022). Instellation exhibits
a more prominent offset between spectral types due
to a stronger stellar mass dependence when converting
from orbital period,” meaning that the distribution for
higher-mass stars breaks and subsequently “plateaus”
(depending on the power law exponent) at higher in-
stellations where the distribution for lower-mass stars
may still be exhibiting a steep rise.

The resulting trend is that higher-mass stars may ap-
pear to have slightly higher occurrence rates at high in-

5 From Equations (1) and (2), a o M*l/3P2/3 while I «
L*M;2/3P*4/3. Since the mass-luminosity relation L. o Mf
for main sequence dwarfs always has & > 1, the orbital period-
instellation conversion has the stronger stellar mass dependence.
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stellations but lower rates at low instellations compared
to lower-mass stars (a trend which is not observed when
using semimajor axis or orbital period). Only the trend
at low instellations is relevant to the habitable zone,
and thus only candidates at low instellations can reveal
a potential stellar mass dependence. However, the char-
acteristic power law break for low mass stars may fall
at instellations where very few relevant candidates have
been detected. From Petigura et al. (2022), plateaus
should arise by ~ 101 for stars down to 0.5 Mg, while
less-massive stars would presumably flatten out at even
lower instellation values. Yet Kepler’s limited sensitivity
to Earth-sized planets orbiting M dwarfs at instellations
less than 1014 (Figure 3) leaves very few detections with
which to characterize this regime.

Despite the aforementioned complications, instellation
may be the most physically relevant dimension for stud-
ies in the context of the habitable zone and/or planet
formation. Incident flux from the host star likely con-
tributes to shaping the planet formation environment
within a protoplanetary disk — consider e.g., the disk’s
temperature profile and the location of the snow line. As
cautioned in Hsu et al. (2020), we note that stellar lumi-
nosities are higher on the pre-main sequence than on the
main sequence (especially true for M dwarfs), such that
the incident flux a planet receives is different between
the time of formation and the present day. Additionally,
M dwarfs remain on the pre-main sequence at the time
of planet formation, such that the relation between disk
temperature, instellation and stellar mass differs from
pre-main sequence to main sequence. Nevertheless, in-
stellation may still offer a slightly more native tracer of
the formation environment compared to semimajor axis
or orbital period which include additional stellar mass
dependencies. Furthermore, the location of the habit-
able zone for an Earth-like atmosphere is set by the in-
cident stellar flux (Kopparapu et al. 2013), and thus the
habitable zone falls at comparable instellations (but dif-
ferent semimajor axes and orbital periods) for stars of
various effective temperatures. This is true both within
the M dwarf regime (see Table 2), and across the range
of FGKM stars, such that instellation is the most well-
suited dimension for comparisons across spectral types.

6.1. No Evidence for an Increase in ng between M and
FGK stars

Before we present a comparison of 7g estimates be-
tween M and FGK stars, we find it useful to first dis-
cuss the current limitations of Kepler data regarding
Earth-sized ([0.5, 1.5] Rg) planets around different spec-
tral types. To this end, we divided the Berger et al.
(2020b) stellar sample and subsequent planets into M,

K, G, and F bins of stellar effective temperatures with
bounds of {2310, 3890, 5325, 5960, 7310} K following the
spectral type definitions of Pecaut & Mamajek (2013);
Mamajek (2022). For each spectral type, we adopted a
bin width equivalent to that of the conservative habit-
able zone for that bin’s median stellar effective temper-
ature (Kopparapu et al. 2013). We then slid this bin
over a continuum of instellation values, and present the
number of detected Earth-sized planets as a function of
instellation in the upper panel of Figure (10).

As mentioned in Section (1), the limited duration of
Kepler’s observations meant that the survey was gener-
ally unable to provide confident detections in the habit-
able zone for Sun-like stars. The longest orbital period
measurable within Kepler’s duration while still meeting
the three-transit detection requirement is ~ 710 days.
However, the inner edge of the conservative habitable
zone exceeds this limit for ~ 30% of Kepler’s F-type
stars, such that Kepler outright lacked the coverage to
detect habitable zone planets around many hotter stars
(see e.g., Figure 1 of Bryson et al. 2021). For example,
there were zero detections of Earth-sized planets around
F-type stars at instellations less than 5 Ig; more gener-
ally, all spectral types have relatively few detections at
less than 10 Ig.

Because of the paucity of detected Earth-sized planets
at low instellations, the Kepler sample is inherently ill-
suited for direct estimations of occurrence rates in this
regime. To illustrate this point, we used the aforemen-
tioned sliding bins and the inverse detection efficiency
method (Equation 4) to create an occurrence distribu-
tion as a function of instellation for each spectral type,
shown in the bottom panel of Figure (10). The inverse
detection efficiency method is unable to provide occur-
rence estimates in unpopulated bins, and thus offers the
most native visualization of where occurrence estimates
are currently motivated by available data.

Compared to the well-sampled close-in regime, oc-
currence rates at low instellations are more uncertain
(and trends therein more inconsistent), especially at the
plateau-relevant separations (< 10 Ig) necessary to re-
solve stellar mass dependencies. While there is evidence
for increased occurrence around M dwarfs (relative to
FGK stars) at 10 I, it is unclear how this trend per-
sists at habitable zone instellations an order of mag-
nitude lower, due to “noise" from the generally sparse
sample and the lack of relevant detections for F-type
stars. As such, we argue that the current Kepler
sample lacks sufficient evidence to inflate 74 be-
tween FGK and M stars, as the paucity (or lack)
of detections for Earth-sized habitable zone plan-
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Figure 10. Because of Kepler’s poor sensitivity to habitable zone planets (around any star), the current sample does not offer
evidence to support M dwarfs hosting more Earth-sized planets than FGK stars at habitable zone instellations. Top: The number
of Earth-sized ([0.5,1.5] Rg) Kepler planet candidates orbiting M (solid blue), K (dashed orange), G (dot-dashed green) or F
(dotted red) dwarf stars as a function of instellation. The shaded grey region denotes the regime where there are no detections
of Earth-sized planets around F type stars, such that FGKM comparisons require models and/or extrapolations. Bottom:
Earth-sized planet occurrence rates calculated via the reliability-weighted inverse detection efficiency method (Equation 4) over
a continuum of habitable zone-width instellation bins. Vertical black dashed line represents the approximate point where the
Petigura et al. (2022) occurrence distribution plateaus for [0.5,0.7] Mg stars, indicating the regime where comparisons between
spectral types would not be affected by differences in the break points of their power law distributions.

ets means that a purely data-motivated compar-
ison remains elusive.

We thus turn to population models, which offer a
way to provide globally informed estimates in these low-
detection regimes. However, we caution that model-
driven estimates can require assumptions of functional
forms and how those forms behave in regions of sparse
or absent data. This can obfuscate insight on what is
presently motivated by available data, such as the Ke-
pler sample’s limitations discussed above. With these
caveats stated, we now draw comparisons between our
Ne estimate for M dwarfs and recent literature estimates
for Sun-like stars.

Our M3 instellation-modeled occurrence rate of ng =
8.5878759% in this work is similar to the FGK-based
value of ng = 9.371399% found in Bergsten et al.
(2022) which also incorporated reliability and Gaia-
revised properties, though the former is considerably
more uncertain. The latter was modelled in orbital pe-

riod rather than instellation but used the same defi-
nition of the habitable zone, and employed a different
range for Earth-sized planets ([0.7,1.5],Rg). Normaliz-
ing both values by the dInR of their respective radius
ranges still provided consistent results of 7.8171%33%
and 12.2973:9%%, respectively. We note that the ~ 3.5
difference from Mulders et al. (2015a) is still possible be-
ginning at the ~ 1.80 level (~96'" percentile), found by
treating both radius-normalized estimates as idealized
split-normal distributions and taking their ratio.

The 7g estimate of Bergsten et al. (2022) is some-
thing of a small-to-intermediate estimate compared to
other recent and similarly comprehensive works (see
their Section 4.2.1 for details). On the larger side,
Bryson et al. (2021) also employed DR25 and Gaia-
revised stellar properties along with treatments of com-
pleteness and reliability. They used a different param-
eterization from that of Bergsten et al. (2022), opting
for a three-dimensional model with dependencies on in-
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stellation, planet radius, and stellar effective tempera-
ture. For [0.5,1.5] Rg planets in a conservative hab-
itable zone around stars with 3900 < T.g < 6300K,
their 7 estimate fell between 37755% and 6075%%.
Some more recent estimates including both reliability
and Gaia-revised properties include ng = llfg% from
Kunimoto & Matthews (2020) for [0.75, 1.5] Rg planets
across [0.99,1.70] au for G-type stars, and ng = 12f§%
from Bryson et al. (2020b) for [0.5, 1.5] Rg planets across
[237,860] days orbiting GK stars. Estimates that in-
clude Gaia-revised properties but not reliability include
Ne = 1679% from Hsu et al. (2019) for [0.75,1.5] Re
across [237,500] days orbiting FGK stars, and ng =
577% from Pascucci et al. (2019) for [0.7, 1.5] Rg, planets
across [330, 803] days orbiting G-type stars (their Model
#6). Despite the range of recent FGK 7g estimates,
our estimate of ng = 8.5871%9*% for M dwarfs has such
large uncertainties that it is consistent with all quoted
results within 1o. To this end, even model estimates
do not currently offer justification to inflate g between
FGK and M dwarf stars.

While FGK stars are grouped together in this discus-
sion, it is worth noting that the habitable zone bound-
aries for FGK stars exhibit a strong dependence on stel-
lar effective temperature (in either instellation or or-
bital period). This causes the (log) width of the habit-
able zone to change considerably across the FGK regime
(Kopparapu et al. 2013). Corrections for this may in-
clude modeling a stellar effective temperature depen-
dence (Bryson et al. 2021) or normalizing ng by both
dlnP and dInR (i.e.,, T'g), although Bergsten et al.
(2022) found no statistically significant trend across
FGK stars with the latter.

6.2. Regarding Occurrence Trends within M Dwarf
sub-Spectral Types

Previous works have suggested that small planet oc-
currence may exhibit a dependence on sub-spectral type
across the broad range of M dwarf classifications, though
the exact behavior is presently not well-constrained.
Hardegree-Ullman et al. (2019) studied small planets
around Kepler’s mid-M dwarfs using revised stellar
properties, and found their median occurrence rates to
increase from M3 to M5 spectral types (though all val-
ues were consistent at 1o). On the theoretical side,
Mulders et al. (2021) predicted that planet occurrence
peaks around early (~ 0.5Mg, roughly M1) M dwarfs
and decreases towards later sub-spectral types. This
decrease in occurrence may explain why recent efforts
searching K2’s ~M5.5-M9.5 stars (Sagear et al. 2020;
Sestovic & Demory 2020) or the EDEN survey’s volume-
limited sample of M7-M9 stars (Dietrich et al. 2023)

have not identified any Earth-sized planets (the latter
only studying planets with P < 1day). It is worth not-
ing that late M dwarfs are quite faint and thus difficult
to observe with current sensitivity limitations, such that
even the Transiting Exoplanet Survey Satellite (TESS,
Ricker et al. 2015) may miss out on detecting tens of
transiting planets around nearby late M dwarfs (Brady
& Bean 2022; Dietrich et al. 2023).

Hardegree-Ullman et al. (2019) estimated an occur-
rence rate of 0.9970% for [0.5,1.5] Rg planets within
[0.5,10] days, calculated using their combined sample of
13 Kepler planets around seven mid-M dwarfs. We eval-
uated our M3 orbital period model across the same range
to yield a statistically distinct estimate of 0.261'8‘_82. The
inconsistency between estimates could potentially be at-
tributed to an overestimation caused by their simplified
treatment of detection efficiency, and/or the very small
sample size in Hardegree-Ullman et al. (2019) leading to
a non-robust measurement.

The mid-M dwarf regime is also bright enough to be
studied by TFESS, offering additional insight beyond Ke-
pler. Ment & Charbonneau (2023) used TESS to study
a sample of mid-to-late M dwarfs (M4 to M7) with a me-
dian stellar mass of 0.17 M), and identified a sample of
seven planets. Spanning [0.5, 7] days orbital period, they
found an occurrence rate of 0.1315:32 for [0.5,1.0] Rg
planets and 0.4570 1) for [1.0,1.5] Rg. Our sample (in-
cluding all dwarfs below 4000 K) has a median mass of
0.50M@® such that it is dominated by earlier M dwarfs,
and we found 0.09f8:8§ and 0.10f8:8§ respectively for the
same period and radius ranges using our M3 models in or-
bital period. Despite the different spectral types probed
by these studies, our results are consistent with Ment
& Charbonneau (2023) in the [0.5,1.0] Rg bin. Our es-
timate is considerably smaller for [1.0,1.5] Rg planets,
which could be attributed to our use of a single power
law to describe the radius distribution, while Ment &
Charbonneau (2023) used a normal distribution that
peaks in the [1.0,1.5] Rg bin.

However, while comparing the same radius bins eval-
uated over [4,200] I in instellation, Ment & Charbon-
neau (2023) reported 0.117902 and 0.377015 while we
found O.leg:gg and 0.214_'8:8?. Our results are consis-
tent with theirs at the 1o level in either radius bin,
potentially suggesting that Hsu et al. (2020)’s finding
of FGK/M stars having comparable occurrence at sim-
ilar instellations also applies to an early/mid-to-late M
dwarf comparison for Farth-sized planets. The size stip-
ulation is critical: because our modeling efforts focused
solely on Earth-sized planets, we cannot offer insight to
Ment & Charbonneau (2023)’s comparison of [0.5,4] Rg
planet occurrence rates between their mid-to-late sam-
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ple and DC15 representing early Ms,% nor the results
of Hardegree-Ullman et al. (2019) for mid-Ms which in-
cluded planets up to 2.5 Rg. While incorporating larger
planets up to 4 Rg would enable more detailed compar-
isons, this would likely require more complicated func-
tional forms to properly address the full radius distri-
bution or coupled dependencies, and is thus beyond the
scope of this work.

Our focus on a relatively small radius regime left a lim-
ited number of detected planets which, combined with
our top-heavy sample of host star temperatures (Fig-
ure 2), meant our study was unable to resolve any rela-
tionship between sub-spectral type and the occurrence of
Earth-sized planets using Kepler. Details of our attempt
to probe such a dependence and limitations therein are
discussed further in Appendix (C.1). To address these
shortcomings, we discuss the potential of future studies
employing data from Kepler and additional surveys in
the following subsection.

6.3. Improving M Dwarf Occurrence Rates with
Additional Surveys

The K2 (Howell et al. 2014) and TESS (Ricker et al.
2015) missions will likely help to further constrain ng
around M dwarfs by providing more observations of
Earth-sized habitable zone planets. Similar to the
Gaia-Kepler Stellar Properties Catalog of Berger et al.
(2020b), Hardegree-Ullman et al. (2020) provided a uni-
form catalog of Gaia-informed stellar properties for the
K2 population. The K2 planet candidate sample of Zink
et al. (2021) also contains 47 [0.5, 1.5] Rg, planets around
Teg < 4000 K stars, including two Earth-sized candi-
dates: a 0.51 Rg planet in the conservative habitable
zone, and a 1.20 Rg planet in the optimistic (see their
Table 1). Zink et al. (2023) already combined the Ke-
pler and K2 samples to study close-in planets around
FGK stars, and similar integrated studies in the future
may be well-poised to (re)address occurrence compar-
isons between FGK/M stars, and explore occurrence
trends between early, mid, and late M dwarfs as dis-
cussed in Section (6.2).

A single TESS sector is observed for ~ 27 days, which
(requiring two transits for detectability) probes the hab-
itable zones up to M4.5 dwarf stars. The Continuous
Viewing Zone at the ecliptic poles covers a smaller area
of sky and thus views less stars, but it is observed for

6 The DC15 sample was originally believed to have a median stellar
effective temperature of 3746 K (roughly M0.5; Mamajek 2022).
Our Gaia-informed updates to the DC15 sample described in Sec-
tion (2) suggest an actual median temperature of 4096 K (roughly

K7).

~ 350days which provides a long enough baseline to
survey the habitable zone even for MO stars. While
later spectral types offer habitable zones at shorter or-
bital periods, they also exhibit increased stellar activity
(Robertson et al. 2013; West et al. 2015; Astudillo-Defru
et al. 2017), and the resulting increase in photometric
noise may contribute to TESS’s unexpectedly low yield
of candidate detections around later M dwarfs (Brady
& Bean 2022). Nonetheless, the study of TESS’s mid-
to-late M dwarfs (M4 to M7) from Ment & Charbon-
neau (2023) estimated a ~ 50% sensitivity to 1 Rg plan-
ets at 7days (or 41g; their Figure 6), such that there
may be appreciably non-zero sensitivity at the slightly
larger habitable zone separations needed to probe ng
and subsequent stellar mass dependence. Future survey
missions such as PLATO (Rauer et al. 2014, 2016) and
the Nancy Grace Roman Space Telescope (Spergel et al.
2015; Akeson et al. 2019) may also help to constrain
Ng by enriching the sample of small planets around M
dwarfs.

On a more contemplative note, future studies may
be able to leverage abundant planet detections to
adopt a more physical definition of an “Earth-sized"
planet beyond a generic [0.5,1.5] Rg bin. For example,
Hardegree-Ullman et al. (2023) adopted an instellation-
dependent lower bound set by the minimum planet mass
capable of retaining an Earth-like atmosphere (Zahnle &
Catling 2017; Bixel & Apai 2021), and an upper bound
where a planet orbiting an M dwarf is likely to have
some particularly hospitable atmospheric composition
(Kimura & Tkoma 2022). An alternative upper bound
could be the limit beyond which small planets are no
longer rocky in composition, conservatively interpreted
as 1.4Rg (Rogers 2015) as used in the LUVOIR (The
LUVOIR Team 2019) and HabEx (Gaudi et al. 2020)
mission concept studies. These may be considered in
addition to coupled size-instellation boundaries like the
planet mass-dependent inner edge from Kopparapu et al.
(2014) used in this work (see Appendix D), and/or treat-
ment of atmospheric factors such as clouds that may
vary between Earth- and super-Earth-sized worlds (e.g.,
Windsor et al. 2023). If/when model uncertainties are
reduced enough such that these considerations would
have meaningful effects on 7gq, estimates, it may be worth
building towards a more physically meaningful set of in-
tegral bounds for habitable zone occurrence rates.

7. SUMMARY

Since the work of Dressing & Charbonneau (2015),
Gaia updates to stellar properties have changed our un-
derstanding of Kepler’s M dwarfs and their sample of
planet candidates, including the Earth-sized habitable
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zone planets used to estimate 7g. Here, we presented
an updated investigation of the current Kepler sample,
fitting separate population models in orbital period and
instellation with various considerations of reliability and
parameter uncertainties.

e Using Kepler DR25, Gaia-updated parameters and
candidate reliability, we found that the updated
Kepler sample has few detected candidate planets
in the habitable zone. As such, the inverse detec-
tion efficiency method cannot be employed as in
the past to calculate 7g;.

e Integrating our best-fit instellation model incor-
porating both reliability and parameter uncer-
tainties, we estimated an occurrence rate for
Earth-sized habitable zone planets of ng =
8.5873755% for the comservative habitable zone
(and 14.22733-99% for the optimistic). Our orbital
period model predicted a slightly larger median
value of 13.8973%7°% (21.75733-22%) which is con-
sistent within the 1o uncertainties.

e The updated sample’s paucity of Earth-sized hab-
itable zone planet detections means that Kepler
offers no evidence supporting an increased ng
around M dwarfs compared to FGK stars. This
also applies to model estimates in the literature,
as our 7ng value for M dwarfs is consistent with
those based on FGK stars.

We note that, in either dimension, the uncertainties
on our 7g estimates are typically larger than previous
works. This is largely due to the small number of Kepler
Earth-sized candidates at larger orbital periods or lower
instellations, requiring us to rely on extrapolated models
whose parameters suffer similar uncertainties from the
paucity of detections. The median values are also gener-
ally lower than previous works, which may be (at least
partially) attributed to our consideration of candidate
reliability. Compared to our model(s) in orbital period,
our instellation model is less well-defined (Figure 8) and
provides occurrence estimates with larger uncertainties.
Yet instellation offers a more native tracer of the planet
formation environment and processes defining the hab-
itable zone, and is thus our preferred dimension for pop-
ulation models and comparisons across spectral types.

When evaluated in instellation, we found a lack of
sufficient evidence that would support M dwarfs having
more Earth-sized planets than FGK stars at habitable
zone instellations. This contrasts with studies of close-
in planets evaluated in orbital period and/or semimajor
axes, leaving open the possibility that scaling habitable
zone occurrence rates with spectral type may not be
justified. We also did not find a significant difference
between occurrence rates for our predominantly early M
dwarf sample and those of mid-to-late M dwarfs, though
we could only compare estimates for Earth-sized plan-
ets where our models are defined. Future studies with
K2 and TFESS should be able to further probe spectral
type dependencies, especially in the habitable zones of
M dwarfs.
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A. FALSE POSITIVE DISPOSITIONS

A catalog of homogeneously characterized objects is essential to the uniform analysis required for demographic
studies. Kepler’s DR25 satisfies this requirement by virtue of its automation, but we nevertheless acknowledge that
some objects automatically classified as false positives in DR25 may have received new classifications from subsequent
works. We briefly discuss the sample of relevant objects here, but stress that any updated dispositions do not come
from uniform treatments applied to the entire planet sample and are thus not used in our demographic study.

The Exoplanet Archive’s table of Kepler Certified False Positives summarizes the efforts of the Kepler False Positive
Working Group to revisit and more rigorously classify potential false positives in the Kepler sample (Bryson et al.
2017). Of the five Dressing & Charbonneau (2015) planets labeled false positives in DR25, one was a certified false
positive and four were "potential planets," although one star was not included in Berger et al. (2020b) and two others
received updated Tog > 4000 K. The one remaining planet, K00961.02 (Kepler-42 ¢), is listed as a confirmed planet
in the Exoplanet Archive. In our updated investigation based on the full DR25 sample (Section 3 onward), there were
nine DR25 false positives that orbited an M dwarf (via Berger et al. 2020b) and had planet parameters within our
sample domain (in orbital period, instellation, or both). Other than the aforementioned K00961.02, six of these were
certified false positives, and the remaining two were "possible planets," although one had a reliability score of ~ 1%
and is thus unlikely to be real. Again the remaining planet, K03138.02 (Kepler-1649 c), is listed as a confirmed planet
in the Exoplanet Archive. Even though K03138.02 has a habitable zone instellation of 0.94 4+0.09 I, we reiterate that
its disposition status in the literature cannot supersede its DR25 classification by virtue of the uniformity requirement
necessitated for demographic study.

B. DISCUSSING NUMERICAL CHOICES RELATED TO MODEL OPTIMIZATION

All numbers of total and discarded steps in this work were chosen based on autocorrelation analysis with emcee.
In general, we required the total chain length to surpass at least 50 times the autocorrelation time 7, and discard at
least 27 as burn-in. For optimization with the M2 and M3 approaches, the number of iterations was the same as those
used in Bryson et al. (2021): 100 draws when including reliability, and 400 when including both reliability and input
uncertainties. While we lack a quantitative justification, we found that 100 inferences suitably incorporates candidates
at a rate linearly proportional to their reliability. Similarly, 400 inferences was a suitable number of iterations such
that unreliable candidates could be included in enough draws to also sample the range of their uncertainties.

C. INVESTIGATING THE BIMODALITY IN INSTELLATION

Here, we investigated the cause of the instellation bimodality shown in Figure (8), and discuss whether this feature
can be attributed to two physically distinct populations or an intrinsic scatter from our relatively sparse sample.
Figure (3) shows a relative paucity of [1.0,1.5] Rg planet detections around 10 I separating two clusters of observed
planets, roughly corresponding to the trough between the two peaks in the log; Ibreak posteriors of Figure (8). This gap
in detections manifests itself as a slight decrease in occurrence around 10 I (see estimates from the inverse detection
efficiency method in Figure 7) — such that a broken power law could place the break (a transition between rising and
~plateauing occurrence) on either side of this dip — but this variation is not statistically significant.

We explored a potential physical explanation for the instellation bimodality. Given the unimodal distribution of
log,o Poreak poOsteriors, if the power law break occurs at the same orbital period for all M dwarfs, then this break
could manifest at two different instellations for two distinct enough groups of host stars (distinguished on the basis of
stellar mass, luminosity and effective temperature). To test if this was the case, we split the M dwarf sample at the
median stellar effective temperature (~ 3770K) to produce two bins with an equal number of stars, and repeat the
M3 fitting procedure for 100 inferences in either bin. The resulting models’ instellation break posterior distributions
are plotted in the left panel of Figure (11) alongside the full sample posteriors from Figure (8). Neither of the bins
had unimodal log;y Ipreax distributions, and both bins shared peaks at log;q Ibreak =~ 0.6 and 1.4, or Ipyeak =~ 4 and
25 I, respectively. The cooler bin’s primary (stronger) peak occurs at the latter, while the warmer bin’s primary peak
occurs at the former.

This contradicts an expectation that, if the power law break occurs at the same orbital period for all stars, then the
break should correspond to smaller instellation values for less massive (and thus cooler/fainter) stars. Nonetheless,
because both the warmer and cooler subsamples exhibit the same general bimodality, we found it unlikely that the
effective temperature distribution of host stars is responsible for this feature in the log;q Ihreax posterior distribution.
Lacking alternative physical explanations, we could not assign a root cause for the bimodality, and considering such
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Posterior Distributions of Key Parameters for Full and Temperature-Split Samples

102 10! 100

=1 |
2.5 2.0 1.5 1.0 0.5 0.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
logig Instellation Break [l ] Average Number of Planets per Star Fq
Full Sample Warmer Bin Cooler Bin
(Test < 4000K) (3770 < Tefr < 4000K) =1 (Tor<3770K)

Figure 11. Posterior distributions for the left: log,, power law breaks in instellation and right: average number of planets per
star. Grey histograms represent posteriors from the M3 models for the full sample (same as Figure 8), while the orange and blue
histograms show posteriors from models fit to the warmer and cooler subsamples split at Teg ~ 3770 K). In the left panel, tick
marks on the upper edge represent the corresponding non-logarithmic values. Both temperature bins produce a bimodality in
log, o Ibreak, suggesting this feature is not attributable to two host star populations distinct in temperature, though the location
of the primary peaks is opposite what one would expect from scaling the same orbital period to hotter/cooler stars. In the right
panel, we cannot resolve any significant difference in the average number of Earth-sized planets between warmer and cooler M
dwarfs.

possibilities would (a) likely require a larger sample of planets more thoroughly sampling host star parameter space, and
(b) be beyond the scope of this work. Given our present limitations, we attributed the instellation break bimodality to
noise within our small sample which manifests as two possibilities for log;q Ihreax under our functional form of choice.

C.1. An Additional Outcome of the Temperature-Split Model

In the right panel of Figure (11), we show the posterior distributions for the scaling parameter Fy representing the
average number of planets per star from models fit to the full, warmer, and cooler subsamples. We found a value of
Fy = 1.0570 %5 for the warmer subsample (median temperature of ~ 3894K), and a value of Fy = 0.7270-32 for the
cooler subsample (median temperature of ~ 3614 K), which are fully consistent at the 1o level. We note that the
accompanying uncertainties are large enough that the warmer/cooler ratio could fall anywhere from ~ 0.5 — 4.3 within
lo.

As such, with these models we were not able to make any claims regarding the dependence of F on sub-spectral type
discussed in Section (6.2). This is most likely due to our very limited sample of relevant stars and planets. Focusing on
only Earth-sized planets already limits the available sample of candidates to which one would fit a population model,
even more so when splitting the sample up further based on host stellar effective temperature. While it may be true
that Kepler lacks the candidates to resolve a finer stellar dependence for Farth-sized planets around M dwarfs, a less
restrictive (though more involved) study considering all small planets (< 4 Rg) may have enough candidates to probe
such trends. However, the distribution of host star temperatures for those small planets is still top-heavy, making it
difficult to explore mid and late M dwarfs with Kepler. As noted in Sections (6.2) and (6.3), additional surveys with
improved sensitivity to such targets could provide valuable information contribution to future studies, especially those
capable of integrating information from multiple surveys for greater coverage and resolution.
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D. PLANETARY MASS DEPENDENCE OF HABITABLE ZONE BOUNDS

Here we describe our approach to adopting the planet-mass-dependent scaling of Kopparapu et al. (2014) to modulate
the conservative inner (i.e., runaway greenhouse) edge with planet mass. We used the three example planetary masses
(0.1,1.0 and 5.0 Mg) in Kopparapu et al. (2014) to calculate the corresponding runaway greenhouse edges for each
star in our sample. We then took the average bound from all stars for each example planet mass, and used these
to define a one-dimensional interpolation to estimate the runaway greenhouse flux for a given planet mass. Because
our models were defined in planet radius while the above is defined in planet mass, when integrating our models
across the habitable zone in planet radius and instellation, we employed an empirical mass-radius relation (Chen &
Kipping 2017) to translate each radius point to a corresponding mass, then used the above interpolation to compute
the corresponding flux defining the inner edge of the conservative habitable zone at that radius. In Kopparapu et al.
(2014) the outer conservative edge (maximum greenhouse) and the optimistic edges were not believed to change with
planet mass, so these occur at constant fluxes with respect to planet size in our integrations.
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