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ABSTRACT

We introduce a mathematical framework for statistical exoplanet population and astrobiology studies
that may help directing future observational efforts and experiments. The approach is based on a
set of differential equations and provides a time-dependent mapping between star formation, metal
enrichment, and the occurrence of exoplanets and potentially life-harboring worlds over the chemo-
population history of the solar neighborhood. Our results are summarized as follows: 1) the formation
of exoplanets in the solar vicinity was episodic, starting with the emergence of the thick disk about
11 Gyr ago; 2) within 100 pc from the Sun, there are as many as 11,000 (14 /0.24) Earth-size planets
in the habitable zone (“temperate terrestrial planets” or TTPs) of K-type stars. The solar system is
younger than the median TTP, and was created in a star formation surge that peaked 5.5 Gyr ago and
was triggered by an external agent; 3) the metallicity modulation of the giant planet occurrence rate
results in a later typical formation time, with TTPs outnumbering giant planets at early times; 4) the
closest, life-harboring Earth-like planet would be < 20 pc away if microbial life arose as soon as it did
on Earth in 2 1% of the TTPs around K stars. If simple life is abundant (fast abiogenesis), it is also
old, as it would have emerged more than 8 Gyr ago in about one third of all life-bearing planets today.
Older Earth analogs are more likely to have developed sufficiently complex life capable of altering the
environment and producing detectable oxygenic biosignatures.
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Formation

1. INTRODUCTION

The search for habitable exoplanets and extraterres-
trial life beyond the solar system is a topic of cen-
tral interest for modern science, and one of the most
compelling and consequential endeavors for humankind.
Simple life emerged on Earth within the first billion
year of its habitable window, and the high frequency
of terrestrial planets in the habitable zones around GK
dwarf stars inferred from NASA’s Kepler observations
(Bryson et al. 2021) invites the question of how often (if
at all) life may have arisen on other worlds in the past.
This pursuit will ultimately require statistical analyses
of the population of habitable systems, in-depth stud-
ies of the climates of individual planets, and searches
for chemical biomarkers (Schwieterman et al. 2018), and
has motivated the development of the next generation of
large ground-based facilities and instrumentation. The
yield and characterization of Earth-like planets will be
a primary science metric for future space-based flagship
missions, but the optimal observational strategy for ad-

dressing the origin and properties of planetary systems
and the prevalence of habitable exoplanets and life be-
yond the solar system remains unclear (e.g., Batalha
et al. 2023; Sarkar 2022; Sandora & Silk 2020; Checlair
et al. 2021; Truitt et al. 2020; Bean et al. 2017; Tasker
et al. 2017). The gathering of comprehensive data for
each individual system is impractical if not impossi-
ble, so a statistical perspective is necessary to prioritize
targets for follow up observations. In particular, one
would like to identify — given a model of habitability
and biosignature genesis — how potential biosignature
yields change during the evolution of a stellar system
as a function of stellar properties like age, mass, and
metallicity.

This paper aims to present a theoretical framework
for exoplanet population and astrobiology studies that
may provide a better statistical understanding of the
formation history, frequency, age and metallicity distri-
butions of different planet types around stars of different
properties. Our approach may also establish a useful ba-
sis for testing hypotheses about habitable environments
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and life beyond the solar system, for gaining a sense of
biosignature yields, and for informing future observa-
tional efforts and experiments. A well-known parame-
terization of the present-day abundance of life-bearing
worlds in the Galaxy, Ny, is represented by the first four
terms in the probabilistic Drake equation (Drake 1965),
which can be rewritten as

Ny = Nus(to) fpne fe- (1)

Here, Nus(to) is the total number of stars that are on
the main sequence today and can provide their planets
a stable habitable zone, f, is the fraction of these stars
that have planetary systems, n. is the average number
per planetary system of Earth-size planets that are in
the habitable zone (HZ), and f; is the subset of these
rocky exoplanets that are “Earth-like” in a more detailed
biochemical and geophysical sense and where simple life
eventually arises. The first three terms (Nus, fp, e) in
Equation (1) have already experimental measurements,
and the fourth (f;) is a conditional probability that
may potentially be observable in the coming decades
via spectroscopic searches for biosignature gases in ex-
oplanet atmospheres (Schwieterman et al. 2018; Seager
2018). In Drake’s famous formulation, in order to esti-
mate the number of active, communicative extraterres-
trial civilizations around us today, the right-hand side
of Equation (1) gets multiplied by the fraction f; of life-
bearing planets on which intelligent life emerges, times
the percentage f. of such civilizations that produces a
detectable signal, times the fractional longevity fr, of a
technological species.

The Drake equation and its ‘Biosignature’ version
(Seager 2018) amount to a pedagogical and organiza-
tional summary of the factors that may affect the likeli-
hood of detecting technologically advanced civilizations
or just simple microbial life evolving on a habitable
planet. They are only meant to guide the observa-
tional inputs needed to make an educated guess, rather
than provide a time-dependent mapping between star
formation, environment, exoplanets, and life-harboring
worlds. Their inherent limitations include both the lack
of temporal structure (e.g., Kipping 2021; Cai et al.
2021; Forgan 2009; Cirkovi¢ 2004) — an assumption of
uniformity with time that precludes the inclusion of evo-
lutionary effects associated with, e.g., the star formation
and chemical enrichment history of the local Galactic
disk and the timeline of life emergence — as well as the
difficulty of casting in a probabilistic argument the vari-
ety of phenomena and associated timescales that may
influence anything quantified by probability f-factors
and multiplicity n.. Recent rapid developments in as-
trophysics and planetary sciences warrant a more in-

formative and modern evolutionary framework, a rate-
equation approach based on a system of first order dif-
ferential equations. These describe the changing rates
of star, metal, planet, and habitable world formation
over the history of a given stellar system, and can easily
be adapted to incorporate the hierarchy of astrophysical
and biological processes that regulate the age-dependent
inventory of any key planet population.

The field of Galactic habitability and the formation
history of Earth-like and giant planets in the Milky
Way and the Universe as a whole have been a research
topic for more than two decades (e.g., Gonzalez et al.
2001; Lineweaver et al. 2004; Gowanlock et al. 2011;
Behroozi & Peeples 2015; Zackrisson et al. 2016; Go-
bat & Hong 2016; Forgan et al. 2017; Balbi et al. 2020).
Our approach expands upon some of the ideas employed
in these early papers and develops new ones, focus-
ing instead on the time-varying incidence of exoplan-
ets and potentially habitable worlds over the chemo-
population history of the solar neighborhood, the target
of current and next-generation stellar and planetary sur-
veys. This is the locale where more detailed calculations
are justified by an avalanche of new data and actually
needed in order to estimate, given a model of habitabil-
ity and biosignature genesis, the relative biosignature
yields among potential target stars.

The plan of this paper is as follows. In Section 2 we
present the basic rationale and main ingredients of our
modeling: the star formation history (SFH) and metal-
licity distribution function (MDF) in the solar vicinity,
the planet occurrence rate around GK stars, and vari-
ous metallicity-dependent effects. In Section 3 we cast
and integrate our rate equations for the time evolution
of the local abundance of dwarf stars and the giant plan-
ets and rocky planets in the HZ around them. We track
giant planets to gauge the impact of their enhanced oc-
currence rate at higher host star metallicities relative to
the weaker frequency-metallicity correlation of terres-
trial planets. In Section 4 we extend our formalism to
speculate about the formation history of life-harboring
environments in the local volume under the hypothesis
of a rapid abiogenesis process on Earth-like planets, and
estimate the prevalence of nearby biospheres in terms of
the exoplanet census as a whole. Finally, we summarize
our findings and conclusions in Section 5.

2. BASIC STELLAR AND PLANETARY
ASTROPHYSICS

In order to provide absolute number counts in the so-
lar vicinity we shall use the recent tally of main-sequence
stars, giants, and white dwarfs within 100 pc of the Sun
from the Gaia Farly Data Release 3 (EDR3). The Gaia
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catalog of Nearby Stars contains
N, (tp) = 331,312 (2)

objects and is estimated to be > 92% complete down to
faint stellar type M9 (Gaia Collaboration et al. 2021).
Apart for a minor correction (a fraction of a percent for
the initial mass function in Eq. 4) associated with the
contribution of remnant neutron stars and black holes,
N, (to) represents the total number of stars ever formed
in the Solar neighborhood. Below, we shall use this nor-
malization together with a star formation history and
an initial mass function to compute the number of main
sequence stars as a function of time.

2.1. Star Formation History

Let ¢(m) and () be the (universal) initial mass func-
tion (IMF) and star formation history (SFH) by num-
ber, respectively. The IMF and SFH are normalized so
that fOtO Y(t)dt = 1 = fnT,“ ¢(m)dm. The number of
stars that are on the main sequence at time ¢, Nys(¢),
evolves at the rate

Nus(t) = Ni(to) / Hm) () — B(t — tus)ldm,  (3)

where the dot denotes the time derivative, tys(m) < t
is the main-sequence lifetime, and the second term in
the square brackets corrects the rate of newly formed
main-sequence stars for the number of stars that have
evolved off the main sequence. In the following, we shall
assume a Kroupa (2001) IMF,

0.2530m 13
0.1265m =23

(0.08 < m < 0.5)
(0.5 < m < 100),

where m is measured in solar masses. The main-
sequence lifetime ty;g can be computed using the an-
alytical fitting formulae of Hurley et al. (2000) (based
on the evolutionary tracks of Pols et al. 1998) as a func-
tion of m and metallicity Z (see Fig. 1).! A G-type
m = 1 main-sequence star, for example, has a lifetime
of tys = 11 Gyr at solar metallicity, and tyg = 6.5 Gyr
at Z=0.1Zg.

The SFH of the solar neighborhood has been recently
reconstructed by Alzate et al. (2021) using all 120,452
stars brighter than G = 15 mag within 100 pc of the the

1 Other stellar evolution models could be adopted (Valle et al.
2014; Truitt et al. 2015; Stancliffe et al. 2016), but the resulting
changes would not be significant in this context, as uncertainties
in the input physics and solar composition lead to errors that are
small compared to those associated with, e.g., uncertainties in
the local SFH and exoplanet occurrence rates.
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Figure 1. Main-sequence lifetimes t.,s for stars with masses
0f 0.7, 0.8, 0.9, and 1.0 My (from top to bottom) at different
metallicities, —2.2 < log,,(Z/Z¢) < 0.4 (Hurley et al. 2000,
“old” solar composition). The points show the results of
the more recent stellar evolution calculations by Truitt et al.
(2015) (“enhanced oxygen abundance” model).

Sun in the Gaia DR2 catalog. In broad agreement with
previous determinations based on different techniques
and data sets (e.g., Ruiz-Lara et al. 2020; Mor et al.
2019; Snaith et al. 2015), their results show two main
early episodes of star formation: 1) a peak of activity oc-
curing 10 Gyr ago that produced a significant number of
stars with sub-solar metallicities, followed by a star for-
mation minimum (quenching) around 8 Gyr ago; and 2)
a more recent burst about 5.5 Gyr ago. Since then, star
formation has been declining until recent times, making
stars with super-solar metallicities in short-lived bursts
of activity.

Most low-metallicity 10 Gyr-old stars belong to the
thick Galactic disk population (e.g. Haywood et al. 2019;
Robin et al. 2014), as opposed to the thin disk for the
rest of them. Clear evidence of a thick disk peak at age
9.8 + 0.3 Gyr is also seen in the local white dwarf lumi-
nosity function by Fantin et al. (2019). An intense phase
of star formation between 9 and 13 Gyr ago during the
emergence of the thick disc, producing about as much
mass in stars as that manufactured in the next 8 Gyr,
and followed by a minimum in the star formation rate
at an age of ~ 8 Gyr, was also apparent in the SFH re-
construction of Snaith et al. (2015, 2014). In the 2-kpc
bubble around the Sun, Ruiz-Lara et al. (2020) inferred
three recent episodes of enhanced star formation dated
~ 5.7, 1.9 and 1 Gyr, in synchrony with the estimated
Sagittarius dwarf galaxy pericentre passages.

Figure 2 shows the marginalized posterior SFH of so-
lar neighborhood stars from Alzate et al. (2021) together
with a reasonable reconstruction involving four Gaus-
sians centered at ages of 10,5.5,2.0 and 0.7 Gyr, and
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Figure 2. The star formation history of the solar neigh-
borhood. The blue pentagons with error bars show the
marginalized age distirbution (the fraction of stars formed
per unit time at age to — t) inferred by Alzate et al. (2021)
(grid C, extinction corrected) for stars brighter than G = 15
mag in Gaia DR2. The solid curve displays a reasonable re-
construction of the local SFH involving four Gaussians cen-
tered at ages of 10,5.5,2.0 and 0.7 Gyr, having widths of
1.2, 0.9, 0.35, and 0.3 Gyr, respectively, and relative peaks
1:1.36:0.71:0.86. The dotted line indicates the three late
peaks in the SFH (with a different normalization for illus-
tration purposes) of the (kinematically defined) thin stellar
disk derived by Ruiz-Lara et al. (2020).

having widths of 1.2, 0.9, 0.35, and 0.3 Gyr, respectively.
In this reconstruction, which we use in the rest of this
paper, about one third of all stars belong to the old > 9
Gyr population, and only 17% to the youngest, < 3 Gyr
component. There are periods of very little star forma-
tion around 7 — 8 Gyr ago and then again 3 Gyr ago.
Note that, although the analysis by Alzate et al. (2021)
uses a local sample, radial migration predicts that stars
in the close solar vicinity may represent a mixture of
stars born at various Galactocentric distances over the
disk (see, e.g., Lian et al. 2022, and references therein).

2.2. Metallicity PDF and Age-Metallicity Relation

To study the influence of stellar metallicity on the oc-
currence rates of planets and planetary systems, we shall
adopt here the metallicity distribution function (MDF)
from the GALAH+TGAS spectroscopic survey of dwarf
stars in the solar galactic zone (Buder et al. 2019). Fig-
ure 3 shows the data histogram and the correspond-
ing best-fit skewed distribution, G(M), with moments
(M) = —0.07, opy = 0.23, and Skew = —0.51, that ac-
counts for the asymmetry of the extended metal-poor
tail as well as the sharper truncation of the MDF on the
metal-rich side. Here and below, we use the symbol M
interchangeably with log,,(Z/Zg) for compactness, and
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Figure 3. Metallicity distribution function of the
GALAH+TGAS sample (red histogram, Buder et al. 2019).
The distribution is skewed towards the metal-poor tail, with
59% of the stars having metallicities below solar. Note
that, for plotting purposes, the histogram is expressed in
densities and not in frequencies. The blue line shows a
best-fit distribution in bins of M of the form G(M) =
a(10M)® exp(—c10™), where M = log,, Z/Ze, a = 128,
b = 4.1, and ¢ = 4.25. The mean metallicity, standard de-
viation, and skewness of the distribution are provided in the
text.

the metallicity distribution g(Z) is related to the MDF
in bins of M as g(Z) = G(M)/(10™ In 10).

Solar neighborhood stars exhibit an age—metallicity
relation, such that young age correlates with high metal-
licity, a temporal sequence that is the fossil record of the
enrichment history of the Galactic disc (e.g., Haywood
et al. 2019; Hayden et al. 2015; Haywood et al. 2013).
Observations have shown that this relation has a signifi-
cant scatter, attributed to the effects of radial migration
and chemical mixing. Since our aim here is to correctly
characterize only the prevalent metallicity in each star
formation episode, we shall impose an age-metallicity
relationship ignoring the dispersion around the mean —
this is found to increase steadily with stellar age from
0.17 dex at age 2 Gyr to 0.35 dex at 13 Gyr (Buder et al.
2019). Within this framework, the fraction of stars that
formed between time ¢ and ¢ + dt, 1 (t)dt, is then equal
to the fraction of stars with metallicity between Z(t)
and Z(t) + dZ, g(Z)dZ. The typical stellar metallicity
therefore evolves with time as

Z(t) =¥ (t)/9(2). ()

The derived age-metallicity relation Z(t) is depicted in
Figure 4. In broad agreement with previous results, it
exhibits a rapid increase in metallicity at early epochs
with an enrichment timescale of about 4 Gyr, followed
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by a slow evolution around solar values at ages between
4 and 10 Gyr and an upward trend towards super-solar
metallicities at more recent times (e.g., Sharma et al.
2021; Snaith et al. 2015; Haywood et al. 2013).
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Figure 4. Stellar age-metallicity relation in the solar neigh-
borhood. The solid curve shows the result of the integration
of Eq. (5) for the assumed SFH ¢(t) (Fig. 2), and MDF
g9(Z) (Fig. 3). The inferred relationship is in broad agree-
ment with the mean abundance trends versus age recovered
by Snaith et al. (2015) for the inner (dashed curve) and outer
(dot-dashed curve) Milky Way disk. Note that stars in the
solar vicinity have none of the characteristics of inner disk
stars, and are better described as outer disk objects (Hay-
wood et al. 2019).

We note in passing that the age-metallicity distribu-
tion may actually consist of two distinct populations, an
old and a younger sequence corresponding to the forma-
tion of respectively the thick and the thin disk (Nissen
et al. 2020). An analysis of the implications of this sce-
nario is postponed to future work.

2.3. Planet Occurrence Frequency Around FGK Stars

Exoplanet statistics in the inner regions of FGK dwarf
stars has been investigated using the large and homoge-
neous sample from the Kepler mission (Thompson et al.
2018). Kepler planets commonly reside in multi-planet
systems, and the integrated occurrence rate (the av-
erage number of planets per star) for exoplanets with
radii in the range 1 — 20 Rg and orbital periods up to
P = 400days is (Zhu & Dong 2021)

np = 1.23 + 0.06. (6)

Earth-size exoplanets in Earth-like orbits are not well
probed by Kepler, and estimates of their frequencies
are more uncertain. A recent analysis by Bryson et al.
(2020) (see also Burke et al. 2015) yields

m = 0.015"0 o7 (7)

for the occurrence rate around GK dwarf stars of terres-
trial planets within 20% of Earth’s orbital period and
radius.

The planet radius-orbital period parameter space
defining 77 is a subset of the larger parameter space
for ng, the occurrence rate of Earth-size rocky planets
in the HZ (hereafter “temperate terrestrial planets” or
TTPs for short), roughly defined as the region around
a Sun-like star in which a rocky planet with an Earth-
like atmospheric composition can sustain liquid water
on its surface (Kasting et al. 1993). The basic require-
ment for surface liquid water is predicated on a subset of
the minimum conditions needed for a simple, microbial
biosphere. Defining 7g as the occurrence rate of TTPs
with radii between 0.5 and 1.5 Rg and orbiting stars
with effective temperatures between 4,800 and 6,300 K,
Bryson et al. (2021) recently derived

0.3775:57 < me < 0.607958, ®)

where the errors reflect 68% confidence intervals and the
lower and upper bounds correspond to different com-
pleteness corrections. This occurrence rate uses the con-
servative HZ estimates from Kopparapu et al. (2014).

Below, we shall adopt a fiducial present-day occur-
rence rate of ng = 0.24. This is the standard value
used in forecasting TTP yields from direct-imaging fu-
ture flagship missions like HabEx and LUVOIR, and is
based on the NASA ExoPAG SAG13 meta-analysis of
Kepler data (Kopparapu et al. 2018). Note that, in the
language of Drake’s Equation (1), e = fpne.

For comparison, the frequency of giant gaseous planets
with radii > 4 Rg and orbital periods P < 400days is
estimated by Zhu & Dong (2021) to be

nep = 0.16 =+ 0.015. (9)

2.4. Dependence of Planet Frequency on Stellar
Metallicity

In the context of core-accretion planet formation the-
ory, metal-rich proto-planetary disks have enhanced sur-
face densities of solids, leading to the more-efficient for-
mation of the rocky cores of gas giant planets (Ida & Lin
2004; Pollack et al. 1996). Is is well established obser-
vationally that metal-rich stars are more likely to host
close-in giant planets (e.g., Zhu 2019; Petigura et al.
2018; Fischer & Valenti 2005), with an occurrence rate
enhancement as a function of metallicity of the form

f(2) = A(Z]Zs)*. (10)

For a sample of stars with metallicity distribution g(Z2),
the normalization constant 4 above is related to the
integrated frequency of giant planets by (Zhu et al. 2016)
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o / o(2)f(2)dz. (11)

With the adopted MDF (Fig. 3), one derives A =
0.1369.

Small planets show a weaker frequency-metallicity
correlation (Petigura et al. 2018; Buchhave et al. 2012;
Sousa et al. 2008). Most recently, Lu et al. (2020)
were unable to confirm or reject a relationship between
planet occurrence and host star metallicity for rocky
planets with radii $ 2Rg. In line with these analy-
ses, no frequency-metallicity correlation for terrestrial
planets will be assumed in our treatment. We shall also
ignore possible correlations between small planet occur-
rence rates and a-element enhancement (Bashi et al.
2020).

2.5. Critical Metallicity for Terrestrial Planet
Formation

In the core accretion model of planet formation heavy
elements are necessary to form the dust grains and plan-
etesimals that build planetary cores. Johnson & Li
(2012) estimated a minimum metallicity Z. for planet
formation by comparing the timescale for dust grain
growth and settling to that for proto-planetary disk
photoevaporation. They found that, for an Earth-size
planet to form, a disk of surface density X(r) must have
a metallicity

—0.48
Y(1AU) } . (12)

Given the observed MDF (Fig. 3), the existence of a
fiducial metallicity floor Z. = 0.1 Z, for the formation of
terrestrial planets will only impact a small fraction of the
census population in the solar neighborhood. Neverthe-
less, in our equations below we shall formally multiply
the integrated occurrence rate of TTPs by the Heaviside
function 6(Z-Z.).

2.6. Effect of Metallicity on the Habitable Zone

Low-metallicity stars have higher luminosities Lzams
and higher effective temperatures T, than metal-rich
stars of the same mass (e.g., Tout et al. 1996). Anm =1
zero-age main-sequence (ZAMS) star of metallicity Z =
0.1 Zg, for example, is 80% brighter, 13% hotter, and
has a larger HZ than its solar metallicity counterpart.
Conversely, an F-type star with m = 1.5 and Z = 0.1 Zg
has a main-sequence lifetime of only 1.8 Gyr (vs. 2.7
Gyr at solar metallicity), and is unlikely to be a good
candidate for harboring continuously habitable planets.

We assess the impact of stellar metallicity on the hab-
itability of terrestrial exoplanets around GK stars (see

0-2 1 I T
0
$-0.2
N
S 04
=
§° -0.6
-0.8
—_ l 1 | 1
12 14 16 1.8
dZAMS [AU]
Figure 5. ZAMS habitable zone limits for a 1 Mg planet
around m = 1 G-type host stars of different metallici-

ties. The inner HZ (blue curve) is defined by the run-
away greenhouse limit, while the red curve marks the
outer HZ — the maximum greenhouse limit. Stellar effec-
tive temperatures and luminosities were computed follow-
ing Tout et al. (1996), and the y-axis covers the range
from (LZAMs/L@,Teﬁr) = (0.70,5635K) at Z = 1.6 Z@ to
(Lzams/Le, Ter) = (1.34,6464 K) at Z = 0.1 Zg. The effec-
tive incident fluxes determining the inner and outer HZ were
estimated using the parametric formulae of Kopparapu et al.
(2014).

also Truitt et al. 2015; Valle et al. 2014; Danchi & Lopez
2013) adopting the conservative HZ estimates of Kop-
parapu et al. (2014), where the inner and outer edges
of the continuously HZ are defined by the “runaway
greenhouse” (atmosphere becomes opaque to outgoing
thermal radiation owing to excess amounts of HoO) and
“maximum greenhouse” (increased reflectivity of a thick
CO4 atmosphere wins out over greenhouse effect) limits.
The 1D, radiative—convective, cloud-free climate models
of Kopparapu et al. (2013) provide critical values for the
effective flux S — the normalized value of solar constant
required to maintain a given surface temperature — as a
function of the effective temperature of the host star,

Set = Seft,0 + aTs + VT2 + ¢T3 +dTE,  (13)

where T, = Teg — 5760 K and the coefficients (a, b, ¢, d)
for the runaway greenhouse and maximum greenhouse
limits are listed in Kopparapu et al. (2014). Stellar effec-
tive temperatures and luminosities on the ZAMS were
computed as a function of metallicity following Tout
et al. (1996). The corresponding HZ distances can be
calculated using the relation

L Lo \%
dzams = (mg/[sﬁ/ ®> AU, (14)
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where Lzams/Le is the luminosity of the star in solar
units.? Figure 5 depicts the predicted variations in HZ
boundaries as a function of stellar metallicity for an m =
1 star. The effective stellar fluxes at the inner and outer
edge of the HZ increase at low Z’s because the calculated
planetary albedos become higher as the star’s radiation
is shifted toward the blue, a dependence that is stronger
at the outer HZ boundary because of the importance of
Rayleigh scattering in dense CO2 atmospheres (Kasting
et al. 2014). Note, e.g., how a 1 Mg planet at 1 AU from
an m = 1 ZAMS G-class dwarf of metallicity 0.1 Zg is
just outside the inner edge of its host’s HZ, as this is
evaluated at 1.05 — 1.83 AU.

Figure 5 shows how, at low metallicities, the HZ moves
further away from the host star and is about 25% wider.
These differences in HZ boundaries may be relevant for
present and upcoming planet-finding surveys around low
metallicity stars (Dedrick et al. 2020). Because old age
correlates with low stellar metallicity, one might expect
N to be larger at earlier times if other factors, like the
efficiency of planetary formation and planetary spacing,
were equal. Given the relatively flat period distribution,
df /dInp oc p°-2, observed for long-period Kepler planets
(e.g., Bryson et al. 2020), however, the impact of such a
shift in HZ boundaries on the predicted occurrence rates
of TTPs around GK dwarfs in the young Galaxy should
be rather minor.

2.7. Habitable Zone Lifetime

The boundaries of a radiative HZ are not temporally
or spatially static but “migrate” outward over the course
of a star main sequence phase. The secular increase in
stellar luminosity results in a runaway greenhouse event,
which, in the case of Earth, will cause the cessation of
habitable condition and the likely extinction of our bio-
sphere about 1.5-2 Gyr in the future (e.g., De Sousa
Mello & Santos Friaca 2020; Goldblatt & Watson 2012),
well before the Sun becomes a red giant. The transitory
nature of the residence of a TTP within the HZ has
strong astrobiological implications and can be described
by the time a planet, located at a given distance from
a star, spends within the HZ (Waltham 2017; Danchi &
Lopez 2013; Rushby et al. 2013). Here, we have used
the formulae and best-fitting coefficients of Hurley et al.
(2000) for the time-dependent luminosities and radii of
stars on the main-sequence to derive estimates for the
change in the HZ boundaries over time.

Figure 6 (top panel) shows the evolution of the inner
edge of the HZ, computed as before from the prescrip-

2 Throughout this paper, the ® subscript denotes present-day val-

ues.

d, [AU]

o
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Figure 6. Time-dependent HZ boundaries around GK
dwarf stars. Top panel: Evolution of the inner boundary
of the HZ, d; (in AU), from the ZAMS (corresponding to
7 = 0) to the end of the main sequence, as a function of
T = t/tms for stars of different mass and metallicities. Solid
lines: m = 0.7 (blue), m = 0.9 (orange), and m = 1.1
(green), all calculated at Z = 0.1 Zg. Dashed lines: same
for Z = Zs. The point on each curve denotes the time
when a hypothetical planet, formed in the center of the HZ
at the ZAMS stage, becomes uninhabitable. Bottom panel:
Habitable Zone lifetime tuz (in Gyr) as a function of stellar
mass and metallicity. Solid blue line: Z = 0.1 Zy. Dashed
red line: Z = Zg. The dotted lines show the corresponding
main-sequence timescale.

tions of (Kopparapu et al. 2014), as a function of time
7 = t/tms for GK dwarf stars of different mass and
metallicities. The point on each curve marks the char-
acteristic “HZ lifetime”, tyz(m, Z), when a hypothetical
planet formed in the center of the HZ at the ZAMS stage
enters into the hot zone of the host star, undergoes a
runaway greenhouse event, and becomes uninhabitable
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(Rushby et al. 2013).% Lower mass stars, while charac-
terized by longer main-sequence lifetimes, have propor-
tionally smaller ¢pz/tms ratios than higher-mass stars,
the result of their lower rates of stellar luminosity evolu-
tion (Rushby et al. 2013). At fixed mass, main-sequence
lifetimes are shorter and the total luminosity change over
the main-sequence is larger for lower metallicity stars
(Truitt et al. 2015). In the bottom panel of Figure 6
we compare the “HZ lifetime” with the main-sequence
timescale as a function of stellar mass and metallicity.
Over the plotted mass interval, the ratio tyz /tyms ranges
from 0.75 to 0.90 at solar metallicities, and from 0.65 to
0.75 at 0.1 Zg. In absolute value terms, we find HZ life-
times that are longer than the age of the Galaxy for
m < 0.9 (Z=2y) and m <0.75 (Z =0.1Zg).

Below, we shall assume that the evolution of main-
sequence stars — rather than biogeochemical processes —
is the only factor controlling the collapse of the HZ zone
and the reduction of the biosphere lifespan. As the HZ
expands outward due to the effects of stellar evolution,
any planets that were initially beyond the boundaries of
the HZ — so-called “cold start” icy planets — could poten-
tially become habitable at later times as the HZ reaches
them. We shall neglect this possibility below as the de-
layed habitability of such globally-glaciated exoplanets
remains dubious (e.g., Yang et al. 2017).

3. EXOPLANETS AROUND K DWARFS

We can now cast our model for the time evolution of
the exoplanet population in the solar neighborhood into
a set of rate equations that can be then be integrated
as a function of time. Let us focus on K-class dwarfs
with masses between m; = 0.45 and my = 0.80 and
main-sequence and HZ lifetimes that are typically longer
than the age of the Galaxy at the metallicities of interest
here. K stars may be better candidates in the search for
biosignatures than G dwarfs, as they are more abundant,
evolve less quickly on the main sequence, and provide
their planets a stable habitable zone (e.g., Tuchow &
Wright 2020). They also offer a longer photochemical
lifetime of methane in the presence of oxygen compared
to G dwarfs and, being dimmer, provide a better planet-
star contrast ratio in direct imaging observations (Arney

2019).* For the assumed Kroupa IMF, the fraction of
stars that are classified as K-type is

0.80

F(myi,mz) = / ¢(m)dm = 0.14. (15)

0.45

Note that if the lower bound on habitability corre-
sponded to the spectral type K5 instead (m = 0.65 Mg),
the factor F in Equation (15) would decrease by a fac-
tor of 3.5, while the inclusion of M dwarfs below 0.45
Mg would boost the same integral by a factor of 6. Of
course, for the occurrence rate of TTPs what matters is
the product ng x F, so one could group some of the un-
certainties related to the lower habitability bound into
the factor ng.

3.1. Rate FEquations

We can now track the evolution of the mean number
of K-type stars in the solar neighborhood, Nk (t), and
the abundance of giant planets and TTPs around them,
Ngp(t) and Ng(t), by numerically integrating over time
the corresponding rates:

NK(t) = N, (to)y(t).F,
Nep(t) = f[Z(t)
Ng(t) = neb[Z

]NK(t)> (16)
(t) = Ze] Nk ().

Here, in the equation for Ng(t), we have assumed that
exoplanets enter the HZ immediately after formation,
and interpreted the parameter ng, as the occurrence rate
of TTPs around K-class stars on the ZAMS. ® The equa-
tions above must be supplemented by Equation (5) for
the evolution of the stellar metallicity Z(¢).

Figure 7 shows the episodic formation history of ex-
oplanets that results from the integration of Equations
(16) for ngp = 0.16 and ng = 0.24. In our “solar vicin-
ity” sphere of 100 pc radius, there are currently about

3 Note that the habitable lifetime in fact changes with star-planet
separation, gradually increasing between the inner and outer
edges of the HZ, and that the full distribution of tyz with dis-
tance should be taken into account in more advanced modelling
(e.g. Waltham 2017).

4 The photochemical lifetime of methane in oxygenated atmo-
spheres is even longer around M dwarfs (Segura et al. 2005), but
M dwarf planet habitability may be hindered by extreme stel-
lar activity and a prolonged superluminous pre-main sequence
phase.

5 For more massive FG-type stars with main-sequence and HZ life-
times that are shorter than the age of the Galaxy, the rate equa-
tions (16) take the more complicated form:

Nia(t) = Na(to) / Sm)[(t) — (¢ — tyrs)]dm,

Ngp(t) = fIZ(t)] Nra (1), (17)
No () = ne0[Z(t) — Z|Nra(t)
— n@B[Z(t — {HZ) — ZC}NF(;(t — sz)

The second term in the last equation approximately corrects the
rate of newly formed TTPs for the amount that has “migrated”
out of the HZ over the course of the star’s main sequence lifetime.
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Figure 7. Exoplanet formation history in the solar neigh-
borhood. Top panel: K-class dwarf (solid curve), giant
planet (dashed curve), and TTP (dot-dashed curve) forma-
tion rates in a “solar vicinity” sphere of 100 pc radius, as a
function of age to — t. These estimates assume nep = 0.16
and ng = 0.24 (see text for details). Bottom panel: Cumu-
lative number counts resulting from the integration of Egs.
(16). Note how the solar system is younger than 77% of all
TTPs, and has an age that is comparable to that of the me-
dian giant planet.

11,000 (ng,/0.24) TTPs around K dwarfs. They have a
median age of 6.2 Gyr and 77% of them are older than
the solar system. The minimum metallicity threshold for
Earth-size planet formation of Johnson & Li (2012) does
not significantly affect these numbers as the vast major-
ity of star formation has taken place at Z > 0.1 Z. By
contrast, the f(Z) modulation of the giant planet occur-
rence rate results in later typical formation times and
shifts their median age to 3.9 Gyr, with terrestrial plan-
ets vastly outnumbering giant planets at early times.
The early formation of TTPs in the solar vicinity oc-
curred largely in two major episodes of enhanced star
formation, starting with the emergence of the thick
disk about 11 Gyr ago and followed by a second event
that lasted 3.5 Gyr, peaked 5.5 Gyr ago, and involved
more than 40% of the total stellar counts today. The

five planet system Kepler-444, orbiting a metal-poor
11.24+1.0 Gyr old star, shows that thick-disk stars were
indeed the hosts of some of the oldest terrestrial planets
(Campante et al. 2015). The duration and size of the
second major star formation surge suggest an external
agent, perhaps a merger with a gas-rich satellite galaxy
(Mor et al. 2019) or the first passage of the Sagittarius
dwarf galaxy through the Milky Way’s disk (Ruiz-Lara
et al. 2020). Consistently with the Principle of Medi-
ocrity, the solar system formed near the peak of this
second episode. Over the last 4 Gyr the abundance of
TTPs around K stars has increased by +24%, while that
of giant planets has actually doubled.

4. SIMPLE LIFE IN THE SOLAR
NEIGHBORHOOD

In the coming decades, advanced space- and ground-
based observatories will allow an unprecedented oppor-
tunity to probe the atmospheres and surfaces of TTPs
in search for signs of life or habitability. The discov-
ery of extraterrestrial life would be a landmark mo-
ment in the history of science, with implications that
would reverberate throughout all of society. Much of
the early history of life on Earth has been dominated by
methanogenic microorganisms, and methane in anoxic,
Archean-like atmospheres is one of the most promising
exoplanet spectroscopic biosignatures (Thompson et al.
2022; Schwieterman et al. 2018). In spite of the re-
cent swift developments in astrophysics and planetary
sciences described in the previous sections, however,
the probability of abiogenesis on Earth-like planets is
currently unknown, as unknown are the characteristic
timescales over which biochemical complexity actually
evolves. The rapid emergence of life in the history of
Earth has been used to argue for a high abiogenesis rate
(e.g., Whitmire 2022; Kipping 2020; Lineweaver & Davis
2002). A Bayesian framework may naturally account
for the anthropic bias that, if the timescale for intelli-
gence evolution is long, life’s early start may simply be
a prerequisite to our existence, rather than evidence for
simple primitive life being common on Earth-like worlds
(Spiegel & Turner 2012). By means of this methodology,
the recent analysis by Kipping (2020) shows that a fast
abiogenesis scenario is at least 3 times more likely than
a slow one.

In preparation for the next generation of space- and
ground-based instruments, it seems interesting to con-
jecture on today’s prevalence and time-varying incidence
of microbial life-harboring worlds in the solar neighbor-
hood under the hypothesis of a rapid abiogenesis pro-
cess. We follow previous work (Kipping 2020; Chen &
Kipping 2018; Scharf & Cronin 2016; Spiegel & Turner
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2012) and describe abiogenesis as a stochastic Poisson
process defined by a (uniform) rate parameter A, — the
mean number of abiogenesis events occurring per Earth-
like planet in a fixed time span, which we set equal to 1
Gyr. The probability of achieving at least one successful
abiogenesis event over a time interval ¢t — ¢’ since a given
planet first became habitable at ¢’ is then given by

Pyt —t')=1—¢ (1), (18)

The time-dependent probability that life emerges on
a TTP can then be expressed as the product Py(t —
t'"YP(¢|HZ), i.e. we distinguish here between the popu-
lation of planets that are “temperate” (i.e. Earth-size
rocky planets in the continuously HZ) and the subset
that are actually “habitable”, i.e. “Earth-like” in a more
detailed biochemical and geophysical sense, and where
simple life will eventually arise. The number of these
“Earth analogs” that formed (and became habitable)
between time ¢’ and ¢’ + dt’ and where life emerged by
time ¢ is dNy(t) = P(¢|HZ)Py(t—t')Ng (t')dt'. Assuming
a probability P(¢|HZ) that is independent of time, we
can then write the mean number of life-hosting worlds
present at time ¢ as the convolution integral

Ny(t) = P(¢|HZ) /O t N (t) [kaMt*t’)} dt'. (19)

Their formation rate must be given by the time deriva-
tive of Equation (19), yielding

t
Ny(t) = P(¢|HZ) /0 Ng (') Xee = ay’. (20)

Note that, in the formalism of Drake’s Equation (1),
P(¢{|HZ) = f; in the limit of fast abiogenesis.

The oldest, generally accepted evidence for life on
Earth comes from observations of microbial sulfate re-
duction in the 3.48 Gyr Dresser Formation (e.g., Lepot
2020). The Earth formed 4.54 £ 0.05 Gyr ago (Dalrym-
ple 2001), and mineralogical evidence from detrital zir-
cons indicates that liquid oceans must have been present
on Earth’s surface 4.404 + 0.008 Gy ago (Wilde et al.
2001). The maximum plausible value for the time inter-
val over which at least one successful abiogenesis event
occurred on Earth is therefore ~ 0.9—1 Gyr. This is con-
servatively long compared to the maximum-likelihood
timescale for life to first appear after conditions became
habitable, ~ 190 Myr, inferred by Kipping (2020), and
much larger than the uncertainty as to when Earth be-
came suitable for life, justifying our approximation of
starting the “habitability clock” at formation.

—_ 4-5 1 I T I T I T I T I T I T
T Life—hosting
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&, w/ NOE
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Figure 8. Abiogenesis in the solar neighborhood. Long-
dashed green curve: Formation rate, Np, of life-bearing ex-
oplanets as a function of age to — ¢t. The calculation (Eq.
20) assumes a rapid abiogenesis process with rate parameter
A = 1 Gyr™ !, and simple life eventually arising in all TTPs,
P({|HZ) = 1. Dot-dashed green curve: Cumulative number
counts of life-hosting exoplanets, Ny, resulting from the in-
tegration of Eq. (19). Blue curves: Same for life-hosting
planets undergoing a “Neoproterozoic Oxygenation Event”
(NOE) with rate parameter A\;' = 3.9 Gyr.

We have integrated Equations (19) and (20) above
assuming A\, = 1 Gyr~!, and plotted in Figure 8 the re-
sulting differential and cumulative number counts, N,
and N,. For illustration, we have assumed in the fig-
ure a conversion factor P(¢|HZ) = 1 between TTPs and
life-hosting Earths. Naturally, life would be abundant
(again, we are concerned here with the appearance of
the earliest life forms, not of intelligent life) in the so-
lar vicinity if abiogenesis was fast and early Earth-like
conditions existed and were relatively common on other
worlds for 1 Gy or more. The closest life-harboring ex-
oplanet would be only 20 pc away if simple life arose as
soon as it did on Earth in just 1% of TTPs around K
stars. Conversely, Earth would be the only life-hosting
planet in the solar neighborhood if abiogenesis was suc-
cessful in about 1-in-10,000 TTPs. If microbial life is
abundant it is also old, as it would have emerged more
than 8 Gyr ago in about one third of all life-bearing
planets today. Note how the convolution integral in
Equation (20) tends to smooth out the oscillations in
N, compared to the star and planet formation rates de-
picted in Figure 7, and that the assumed abiogenesis
characteristic timescale of 1/Ay = 1 Gyr shifts the me-
dian age of the ~ 10,000 P(¢|HZ) extrasolar biospheres
predicted in the solar neighborhood to 5.7 Gyr.

4.1. The Emergence of Oxygenic Atmospheres

A critical issue in the search for extraterrestrial life
is whether Earth-like conditions lead to ecosystems
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that progressively oxygenate their planet atmospheres
roughly following Earth’s oxygenation history. The
first oxygenation of Earth’s atmosphere due to the
emergence of photosynthesizing cyanobacteria happened
about halfway through Earth’s history (Luo et al. 2016),
but Os rose irreversibly to near present atmospheric lev-
els only about between 800 and 550 Myr ago, during
the Neoproterozoic Oxygenation Event (or NOE) (Lyons
et al. 2021; Och & Shields-Zhou 2012), an event accom-
panied by major biological upgrades. While the precise
timing of the NOE remains subject of debate, our find-
ings inevitably invite the question of whether and how
often, given an habitable environment and following a
successful abiogenesis event, the conditions for the be-
ginnings of complex life may have arisen on exoplanets in
the solar neighborhood. We can then consider a second
stochastic process, labeled “O” for “oxygenation” and
defined by a rate parameter Ao, which can proceed only
once abiogenesis (“¢”) is successful. The inverse of Ao
is the characteristic timescale it takes for the earliest
forms of life to evolve and produce an NOE-like junc-
ture. Consider again an Earth-like planet that formed
at time ¢'. The joint probability density that abiogen-
esis was first successful at time t” and was followed by
an oxygenation event at time ¢ is then given by

po(t” _ t/,t _ t//) _ )\Z)\O e—)\g(t”—t/)—/\o(t—t//). (21)

The formation rate of simple life-hosting planets under-
going an NOE can then be written as

No(t) = P(¢|HZ) /0 dt” /0 dt'Ne(t)po.  (22)

We have integrated this equation assuming )\51 =
3.9 Gyr and plotted the results in Figure 8. Because
of the considerable delay between planet formation and
NOE, the ~ 7500 P(¢|HZ) worlds with strong oxygenic
atmospheric biosignatures predicted to exist in the solar
neighborhood have a formation rate that peaked 5 Gyr
ago and a median age comparable to that of the solar
system.

5. SUMMARY AND DISCUSSION

The search for habitable exoplanets and extraterres-
trial life beyond Earth is one of the greatest scientific
endeavors of all time. The high frequency of terrestrial
planets in the habitable zones around dwarf stars im-
plied by Kepler observations makes it timely to develop
and explore new tools — beyond the probabilistic Drake
equation — for statistical exoplanet population and as-
trobiology studies that may help directing future mis-
sion designs and observational efforts. In particular, one
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would like to understand — given a model of habitability
and biosignature genesis — the formation history of sim-
ple life-harboring environments in the local volume, and
identify how potential atmospheric biosignature yields
change as a function of stellar properties like age, mass,
and metallicity.

The approach we have described in this work is based
on a system of simple ODEs, rewritten below for the
convenience of the reader:

(t)
Z(t) =(t)/9(2),
Nep(t) = f(Z)Ng,
N (t) = ne8(Z — Z:) Nk, (23)

t
Ny(t) = P({|HZ) / Ng (') Age Mgy’
0

t t”
No(t) = P(¢|HZ) / dt” / dt' N (t)po,
0 0

which track the evolution of the mean number Ng of
K-type stars in the solar neighborhood, their metal-
licity Z = Z(t), and the abundances Ngp, Ng, Ny,
and No of giant planets, TTPs, life-harboring worlds,
and planets with oxygen-righ atmospheres, respectively
These rate equations provide a time-dependent map-
ping between star formation, metal enrichment, and
the occurrence of potentially habitable exoplanets over
the chemo-population history of the solar neighborhood,
and presents a useful basis for testing hypotheses about
Earth-like environments and life beyond the Solar sys-
tem. The new framework can be easily adapted to in-
corporate the hierarchy of astrophysical and biological
processes that regulate the age-dependent inventory of
any key planet population.

We have numerically integrated the equations above
adopting the recent tally of Nearby Stars (N,) and
white dwarfs from Gaia EDR3 (Gaia Collaboration et al.
2021), the episodic star formation history (¢) of the so-
lar neighborhood as reconstructed by Alzate et al. (2021)
and Ruiz-Lara et al. (2020), the metallicity distribution
function (g) from the GALAH+TGAS spectroscopic
survey of dwarf stars in the solar galactic zone (Buder
et al. 2019), and assuming an age-metallicity relation.
In our model, the function f(Z) describes the metallic-
ity modulation of the occurrence rate of giant gaseous
planets (with integrated frequency today ngp = 0.16,
Zhu & Dong 2021), and we take g = 0.24 for the fidu-
cial occurrence rate of TTPs (Kopparapu et al. 2018)
around K-class stars on the ZAMS. There is a minimum
metallicity threshold for Earth-size planet formation of
Z. = 0.1Zg (Johnson & Li 2012). Following earlier
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work (e.g. Spiegel & Turner 2012), we describe abiogen-
esis as a stochastic Poisson process defined by a (uni-
form) rate parameter A;, and denote with P(¢|HZ) the
(constant) probability that a seemingly potentially hab-
itable planet in the HZ was at early times “Earth-like” in
a more detailed biochemical and geophysical sense and
eventually became inhabited by life. A second stochastic
process, an oxygenation event defined by a rate param-
eter Ao, can proceed only once abiogenesis is successful.
Our main results can be summarized as follows:

1. The formation of exoplanets in the solar vicinity
followed two major events of enhanced star forma-
tion, starting with the emergence of the thick disk
about 11 Gyr ago and followed by a second event
that peaked 5.5 Gyr ago, lasted 3.5 Gyr, and pro-
duced more than 40% of all stars today. The solar
system formed in the second star formation surge
and was likely triggered by an external agent, per-
haps a merger with a gas-rich satellite galaxy (Mor
et al. 2019) or the first passage of the Sagittarius
dwarf galaxy through the Milky Way’s disk (Ruiz-
Lara et al. 2020);

2. Within 100 pc from the Sun, there are as many
as 11,000 (ng/0.24) TTPs around K-type stars.
About 77% of all TTPs in the solar neighborhood
are older than the solar system;

3. The metallicity modulation of the giant planet oc-
currence rate results in a later typical formation
time, with TTPs vastly outnumbering giant plan-
ets at early times. Over the last 4 Gyr, the abun-
dance of TTPs around K stars has increased by
only +24%, while that of giant planets has dou-
bled. The existence of a fiducial metallicity floor
for the formation of terrestrial planets impacts
only a small fraction of the census population in
the solar neighborhood, as the vast majority of
star formation has taken place at Z > 0.1 Zg;

4. The closest life-harboring Earth analog would be
less than 20 pc away if microbial life arose as soon

as it did on Earth in 2 1% of the TTPs around
K stars. Conversely, Earth would be the only life-
hosting planet in the solar neighborhood if abio-
genesis was successful in about 1-in-10,000 TTPs.
If simple life is abundant (fast abiogenesis with
characteristic timescales 1/A\y = 1 Gyr), it is also
old, as it would have emerged more than 8 Gyr
ago in about one third of all life-bearing planets
today.

We finally note that errors in the number counts of ex-
oplanets are likely dominated by planet occurrence rates
(ngp and ng), which are uncertain at the ~ 0.1-0.5 dex
level due to incompleteness in long-period candidates.
Comparable systematic errors may be associated with
uncertainties in the IMF, SFH, and metallicity effects.
Needless to say, in the case of life-hosting worlds, the
precise values of P(¢|HZ), \¢, and Ao are currently un-
known and remain a matter of speculation. Our work
says nothing about how difficult or easy abiogenesis re-
ally is, a question that must ultimately be answered em-
pirically. Still, given a model of habitability and biosig-
nature genesis, our approach may provide a blueprint
for assessing the prevalence of exoplanets and microbial
life-harboring worlds over the chemo-population history
of the solar neighborhood, gaining a sense of the atmo-
spheric biosignature yields among potential target stars
of different masses, ages, and metallicities, and guiding
future observational efforts and experiments.

ACKNOWLEDGEMENTS

Support for this work was provided by NASA through
grant 8ONSSC21K027. We acknowledge useful discus-
sions on this project with J. Alzate, M. Bisazza, F.
Haardt, D. Lin, and R. Murray-Clay, and the hospitality
of New York University Abu Dhabi during the comple-
tion of this study. The author would also like to thank
the referee for a number of constructive comments and
suggestions that greatly improved the paper.

REFERENCES

Alzate, J. A., Bruzual, G., & Diaz-Gonzalez, D. J. 2021,
MNRAS, 501, 302

Arney, G. N. 2019, ApJL, 873, L7
Balbi, A., Hami, M., & Kovagevié¢, A. 2020, Life, 10, 132

Bashi, D., Zucker, S., Adibekyan, V., et al. 2020, A&A,
643, A106

Batalha, N. E., Wolfgang, A., Teske, J., et al. 2023, AJ,
165, 14

Bean, J. L., Abbot, D. S., & Kempton, E. M. R. 2017,
ApJL, 841, L.24

Behroozi, P., & Peeples, M. S. 2015, MNRAS, 454, 1811

Bryson, S., Coughlin, J., Batalha, N. M., et al. 2020, AJ,
159, 279



MADAU

Bryson, S., Kunimoto, M., Kopparapu, R. K., et al. 2021,
AJ, 161, 36

Buchhave, L. A., Latham, D. W., Johansen, A., et al. 2012,
Nature, 486, 375

Buder, S., Lind, K., Ness, M. K., et al. 2019, A&A, 624,
A19

Burke, C. J., Christiansen, J. L., Mullally, F., et al. 2015,
ApJ, 809, 8

Cai, X., Jiang, J. H., Fahy, K. A, & Yung, Y. L. 2021,
Galaxies, 9, 5

Campante, T. L., Barclay, T., Swift, J. J., et al. 2015, ApJ,
799, 170

Checlair, J. H., Villanueva, G. L., Hayworth, B. P. C., et al.
2021, AJ, 161, 150

Chen, J., & Kipping, D. 2018, Astrobiology, 18, 1574

Cirkovié, M. M. 2004, Astrobiology, 4, 225

Dalrymple, G. B. 2001, Geological Society, London, Special
Publications, 190, 205

Danchi, W. C., & Lopez, B. 2013, ApJ, 769, 27

De Sousa Mello, F., & Santos Friaga, A. C. 2020,
International Journal of Astrobiology, 19, 25

Dedrick, C. M., Simon, J., & Teske, J. 2020, in American
Astronomical Society Meeting Abstracts, Vol. 235,
American Astronomical Society Meeting Abstracts #235,
174.20

Drake, F. D. 1965, in In Current Aspects of Exobiology,
323-345

Fantin, N. J., Coté, P., McConnachie, A. W., et al. 2019,
ApJ, 887, 148

Fischer, D. A., & Valenti, J. 2005, ApJ, 622, 1102

Forgan, D., Dayal, P., Cockell, C., & Libeskind, N. 2017,
International Journal of Astrobiology, 16, 60

Forgan, D. H. 2009, International Journal of Astrobiology,
8, 121

Gaia Collaboration, Smart, R. L., Sarro, L. M., et al. 2021,
A&A, 649, A6

Gobat, R., & Hong, S. E. 2016, A&A, 592, A96

Goldblatt, C., & Watson, A. J. 2012, Philosophical
Transactions of the Royal Society of London Series A,
370, 4197

Gonzalez, G., Brownlee, D., & Ward, P. 2001, Icarus, 152,
185

Gowanlock, M. G., Patton, D. R., & McConnell, S. M.
2011, Astrobiology, 11, 855

Hayden, M. R., Bovy, J., Holtzman, J. A., et al. 2015, ApJ,
808, 132

Haywood, M., Di Matteo, P., Lehnert, M. D., Katz, D., &
Gémez, A. 2013, A&A, 560, A109

Haywood, M., Snaith, O., Lehnert, M. D., Di Matteo, P., &
Khoperskov, S. 2019, A&A, 625, A105

13

Hurley, J. R., Pols, O. R., & Tout, C. A. 2000, MNRAS,
315, 543

Ida, S., & Lin, D. N. C. 2004, ApJ, 616, 567

Johnson, J. L., & Li, H. 2012, ApJ, 751, 81

Kasting, J. F., Kopparapu, R., Ramirez, R. M., & Harman,
C. E. 2014, Proceedings of the National Academy of
Science, 111, 12641

Kasting, J. F., Whitmire, D. P., & Reynolds, R. T. 1993,
Icarus, 101, 108

Kipping, D. 2020, Proceedings of the National Academy of
Science, 117, 11995

—. 2021, Research Notes of the American Astronomical
Society, 5, 44

Kopparapu, R. K., Ramirez, R. M., SchottelKotte, J., et al.
2014, ApJL, 787, L29

Kopparapu, R. K., Ramirez, R., Kasting, J. F., et al. 2013,
AplJ, 765, 131

Kopparapu, R. K., Hébrard, E., Belikov, R., et al. 2018,
AplJ, 856, 122

Kroupa, P. 2001, MNRAS, 322, 231

Lepot, K. 2020, Earth Science Reviews, 209, 103296

Lian, J., Zasowski, G., Hasselquist, S., et al. 2022, MNRAS,
511, 5639

Lineweaver, C. H., & Davis, T. M. 2002, Astrobiology, 2,
293

Lineweaver, C. H., Fenner, Y., & Gibson, B. K. 2004,
Science, 303, 59

Lu, C. X., Schlaufman, K. C., & Cheng, S. 2020, AJ, 160,
253

Luo, G., Ono, S., Beukes, N. J., et al. 2016, Science
Advances, 2, doi:10.1126/sciadv.1600134

Lyons, T. W., Diamond, C. W., Planavsky, N. J., Reinhard,
C. T., & Li, C. 2021, Astrobiology, 21, 906

Mor, R., Robin, A. C., Figueras, F., Roca-Fabrega, S., &
Luri, X. 2019, A&A, 624, L1

Nissen, P. E., Christensen-Dalsgaard, J., Mosumgaard,
J. R., et al. 2020, A&A, 640, A81

Och, L. M., & Shields-Zhou, G. A. 2012, Earth-Science
Reviews, 110, 26

Petigura, E. A., Marcy, G. W., Winn, J. N., et al. 2018,
AJ, 155, 89

Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 1996,
Icarus, 124, 62

Pols, O. R., Schréder, K.-P., Hurley, J. R., Tout, C. A., &
Eggleton, P. P. 1998, MNRAS, 298, 525

Robin, A. C., Reylé, C., Fliri, J., et al. 2014, A&A, 569,
A13

Ruiz-Lara, T., Gallart, C., Bernard, E. J., & Cassisi, S.
2020, Nature Astronomy, 4, 965



14 BEYOND THE DRAKE EQUATION

Rushby, A. J., Claire, M. W., Osborn, H., & Watson, A. J.
2013, Astrobiology, 13, 833

Sandora, M., & Silk, J. 2020, MNRAS, 495, 1000

Sarkar, S. 2022, MNRAS, 512, 5228

Scharf, C., & Cronin, L. 2016, Proceedings of the National
Academy of Science, 113, 8127

Schwieterman, E. W., Kiang, N. Y., Parenteau, M. N.,
et al. 2018, Astrobiology, 18, 663

Seager, S. 2018, International Journal of Astrobiology, 17,
294

Segura, A., Kasting, J. F., Meadows, V., et al. 2005,
Astrobiology, 5, 706

Sharma, S., Hayden, M. R., & Bland-Hawthorn, J. 2021,
MNRAS, 507, 5882

Snaith, O., Haywood, M., Di Matteo, P., et al. 2015, A&A,
578, A87

Snaith, O. N., Haywood, M., Di Matteo, P., et al. 2014,
ApJL, 781, L31

Sousa, S. G., Santos, N. C., Mayor, M., et al. 2008, A&A,
487, 373

Spiegel, D. S., & Turner, E. L. 2012, Proceedings of the
National Academy of Science, 109, 395

Stancliffe, R. J., Fossati, L., Passy, J. C., & Schneider,
F. R. N. 2016, A&A, 586, A119

Tasker, E., Tan, J., Heng, K., et al. 2017, Nature
Astronomy, 1, 0042

Thompson, M. A., Krissansen-Totton, J., Wogan, N., Telus,
M., & Fortney, J. J. 2022, Proceedings of the National
Academy of Science, 119, 2117933119

Thompson, S. E., Coughlin, J. L., Hoffman, K., et al. 2018,
AplJS, 235, 38

Tout, C. A., Pols, O. R., Eggleton, P. P., & Han, Z. 1996,
MNRAS, 281, 257

Truitt, A., Young, P. A., Spacek, A., Probst, L., & Dietrich,
J. 2015, ApJ, 804, 145

Truitt, A. R., Young, P. A., Walker, S. 1., & Spacek, A.
2020, AJ, 159, 55

Tuchow, N. W., & Wright, J. T. 2020, ApJ, 905, 108

Valle, G., Del’Omodarme, M., Prada Moroni, P. G., &
Degl’'Innocenti, S. 2014, A&A, 567, A133

Waltham, D. 2017, Astrobiology, 17, 61

Whitmire, D. P. 2022, International Journal of
Astrobiology, 1-6

Wilde, S. A., Valley, J. W., Peck, W. H., & Graham, C. M.
2001, Nature, 409, 175

Yang, J., Ding, F., Ramirez, R. M., et al. 2017, Nature
Geoscience, 10, 556

Zackrisson, E., Calissendorff, P., Gonzdlez, J., et al. 2016,
AplJ, 833, 214

Zhu, W. 2019, ApJ, 873, 8

Zhu, W., & Dong, S. 2021, ARA&A, 59, 291

Zhu, W., Wang, J., & Huang, C. 2016, ApJ, 832, 196



	Introduction
	Basic Stellar and Planetary Astrophysics
	Star Formation History
	Metallicity PDF and Age-Metallicity Relation
	Planet Occurrence Frequency Around FGK Stars
	Dependence of Planet Frequency on Stellar Metallicity
	Critical Metallicity for Terrestrial Planet Formation
	Effect of Metallicity on the Habitable Zone
	Habitable Zone Lifetime

	Exoplanets Around K Dwarfs
	Rate Equations

	Simple Life in the Solar Neighborhood
	The Emergence of Oxygenic Atmospheres

	Summary and Discussion

