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The next generation of ground- and space-based telescopes will probe the atmospheres, and

possibly the surfaces, of Earth-sized planets in the habitable zone (HZ). However, observ-

ing time will be both expensive and limited making it essential to target only the most

promising planet candidates in the hunt for habitable and inhabited worlds. In addition, the

measurements of these exoplanets may be noisy and the spectral signals of interest weak,

necessitating a robust framework of theoretical and numerical models to guide collection and

interpretation of the data, of which the studies presented here are a part.

Conventionally, for a planet or moon to be habitable it must be sufficiently small to

not retain abundant nebular gas after formation, but large enough to ensure subsequently

outgassed or delivered surface volatiles, such as H2O, are not rapidly lost to space. In

Chapters 2 and 3 we consider these upper and lower bounds by modeling the atmospheric

escape of planets and moons around Sun-like stars. We show that rocky planets are unlikely

to exist with radii larger than ∼1.8 R⊕ and the smallest habitable planets and habitable

zone icy moons may be similar to, or greater in size than Ganymede.

However, size alone does not guarantee exoplanet habitability. Crucially, atmospheric

pressure and composition, particularly atmospheric CO2, must conspire such that surface

H2O does not rapidly evaporate and escape to space or freeze. The Earth has sustained a

wide range of atmospheric CO2 levels over its history, from a few hundred ppmv today to



possibly >70% at 2.7 Ga, which we show from micrometeorite oxidation in Chapter 4. In

Chapter 5, from a coupled climate and carbonate-silicate weathering model, we show that

similarly broad ranges for atmospheric CO2 are expected on Earth-like planets in the HZ.

Despite this predicted spread in atmospheric CO2 in the HZ, we show a relationship between

CO2 and incident flux should exist if Earth-like, carbonate-silicate weathering is ubiquitous

and so the HZ hypothesis can be tested observationally.

In Chapters 6 and 7 we focus on inhabited exoplanets and model an Earth-like biosphere

around other stars, i.e. one dominated by oxygenic photosynthetic organisms. In Chapter

6 we model the optimal pigment absorption profile of photosynthetic organisms and find

they may preferentially absorb blue photons around F type stars, red photons around G, K,

and early M type stars, and infrared photons around late M type stars. Then in Chapter 7

we show that around the latest M type stars, the lack of high-energy photons available for

photosynthesis may limit total biosphere size and detectability.

The chapters in this work provide theoretical and numerical constraints on the properties

of habitable and potentially inhabited worlds. We model the plausible size limits on habitable

worlds in Chapters 2 and 3, consider CO2 abundances in habitable atmospheres in Chapters

4 and 5, and predict total biosphere size and absorption properties in Chapters 6 and 7.

These findings may aid future detection and characterization of habitable worlds.
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uc, at the critical radius, rc, where the gas is still collisional. Beyond the
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3.2 For all three plots, the red curve represents the Runaway Flux where the
icy moon will be close enough to the star that a runaway greenhouse occurs.
The blue curves represent contours of surface water lifetime (plotted in Gyr).
The surface temperatures of the moons are shown by the colored background.
In plots A and B the surface temperature corresponds to the effective tem-
perature. In plot C the colored background shows the surface temperature,
beyond the runaway limit distance, accounting for the effect of the water va-
por greenhouse. Comparing the surface temperatures in plot C to those in A
and B the water vapor greenhouse is negligible except very close to the run-
away limit distance. The rate of hydrodynamic escape depends on both the
mass and radius of the exomoon, as such we plot escape velocity vs. distance
to incorporate both parameters. Plot A shows the isothermal analytic model
(Section 3.3.1) based on equation 3.5. Plot B shows the saturated case where
the atmosphere was assumed to follow the Clausius-Clapeyron equation and
was saturated from the surface to the critical radius for escape (Section 3.3.2).
Plot C shows the isothermal model with the greenhouse effect of water vapor
considered (Section 3.3.3). The results shown in all three figures are depen-
dent on the chosen albedo. If the albedo were to be increased from the chosen
value of 0.2, the effect would be a linear decrease in absorbed flux. This would
shift the runaway limit and the contours of ocean lifetime closer to the host
star. For a Ganymede sized moon with a Bond albedo of 0.2 (shown here),
0.4, and 0.8 the runaway limit occurs at 1.05, 0.91, and 0.52 AU respectively. 30

3.3 Contours of surface water lifetime comparing the analytic model given by
equation 3.5, shown in red, and the numerical approach where T and us are
solved for simultaneously, shown in dashed blue contours. Plot A shows the
analytic model, which does not consider the greenhouse effect, plotted with
the numerical model taking into account the greenhouse effect of water vapor
as derived in Section 3.7.3. Both models produce identical results until the
runaway limit is approached and the numerical model asymptotes along the
limit. Plot B shows the analytic and numerical models as well; however, the
greenhouse effect is neglected in the numerical model for this plot. In this case,
both methods produce identical results, as expected, for slowly evaporating
bodies with surface water lasting more than 1 Gyr. . . . . . . . . . . . . . . 37
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4.1 Single model run for a particle with an entry angle of 45◦ from zenith run
through a 39% CO2, 61% N2 atmosphere (50 wt.% CO2, 50 wt.% N2). The
plots above show: (A) micrometeorite temperature in K, (B) micrometeorite
velocity in km s−1, (C) micrometeorite radius in µm, (D) the mass fraction
of metallic Fe to oxidized FeO, and (E) the micrometeorite’s altitude above
the Earth’s surface in km. The orange part of each curve indicates the mi-
crometeorite is molten. For plot C, the micrometeorite increases in radius
because the oxide layer is growing faster than it is evaporating. The oxidation
of high-density Fe to the lower density FeO results in a less dense particle and
thus a larger radius. In this simulation, the micrometeorite is molten for 2.6
seconds between 11.9 and 14.5 seconds. The initial radius is 50 µm, the final
radius is 54.8 µm, the final Fe fractional mass is 41% (37% by cross-sectional
area), and the maximum temperature reached is 2275 K at an altitude of 81.2
km. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.2 Fractional area of unoxidized Fe in simulated sectioned micrometeorites com-
pared to observed modern micrometeorites. The horizontal axis in this plot
shows the fractional area of unoxidized Fe in cross-sectioned micrometeorites.
The blue histogram shows the simulated unoxidized Fe fractional area from
500 randomly generated micrometeorites entering the modern atmosphere,
which were oxidized by O2, and the orange histogram shows the data inferred
from Figure 4 of Genge et al. (2017). The model mean and 2σ confidence
interval is shown by the blue dot and error bar, while the mean and 2σ of the
data from Genge et al. is shown by the orange dot and error bar. . . . . . . 56

4.3 Comparison of unoxidized Fe area in CO2-N2 and CO2-N2-O2 atmospheres
with increasing CO2. The black curve shows the mean model cross-sectional
area of unoxidized Fe compared to the total cross-sectional area of the mi-
crometeorite for a CO2-N2 atmosphere. It is the same curve as in Figure 4.4.
The orange contour shows the same simulated micrometeorites but entering a
CO2-N2-O2 atmosphere where the O2 represents 1% by volume. The addition
of 1% O2 to the atmosphere has little impact on the average Fe fractional area. 60

vi



4.4 Simulated fractional area of unoxidized Fe with increasing atmospheric CO2.
The atmosphere was assumed to be composed of pure N2 and CO2. The
black curve shows the mean model prediction for the cross-sectional area of
unoxidized Fe compared to the total cross-sectional area of the micrometeorite.
The simulated micrometeorites were assumed to have spherical, central metal
beads so the cross-sectional area of the unoxidized Fe bead is a maximum.
The grey shaded area shows the 2σ confidence interval of our model. The
orange dot and solid error bar show the mean unoxidized Fe fractional area
and 2σ confidence interval from the two Fe-FeO micrometeorites reported by
Tomkins et al. (2016). The corresponding uncertainty in atmospheric CO2

from the Tomkins et al. data is shown by the dashed orange error bars. The
Tomkins et al. data point indicates the CO2 level was at 64+36

−58% (2σ). The
dashed blue line shows the fraction of modeled micrometeorites that that were
fully oxidized in the atmosphere with no remaining metallic Fe. Such particles
could lead to magnetite rich micrometeorites and appear in our model once
atmospheric CO2 reaches ∼70%. . . . . . . . . . . . . . . . . . . . . . . . . . 61
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5.1 The relationship between incident flux and atmospheric CO2 for Earth-like
planets regulated by a carbonate-silicate weathering cycle. The horizontal
axis shows incident flux, S, normalized to the solar constant (S⊕) and the cor-
responding orbital distance in Astronomical Units (AU) above the plot. The
vertical axis shows the atmospheric CO2 partial pressure (pCO2) in bar. The
dotted blue curve labelled ‘289 K’ shows the pCO2 value required to maintain
a 289 K surface temperature for the given incident flux, S. The dotted blue
contour labelled ‘248 K’ shows a similar temperature contour but for a 248 K
mean surface temperature. The conventional assumption of CO2 in the HZ
stipulates that pCO2 will adjust to maintain a temperate or even constant sur-
face temperature. Under this assumption, moving the modern Earth (labelled
black square) outward in the HZ would have the planet approximately follow
the dotted blue 289 K contour. The colored points and gray curves show the
modern Earth moving outward in the HZ with a functioning carbonate-silicate
weathering cycle, calculated from equation 5.6. We consider two temperature
and pCO2 dependencies for continental weathering in this plot. The strong
temperature dependence contour (labelled ‘Strong T-dep.’), uses a temper-
ature and pCO2-dependent weathering factor of cTe = 2.3, which implies a
strong temperature feedback on continental weathering compared to the pCO2

feedback (see equation 5.7). The moderate temperature dependence contour
(labelled ‘Moderate T-dep.’), uses a temperature and pCO2-dependent weath-
ering factor of cTe = 7.5. These two values for cTe result in two different paths
the Earth can take as it moves outward in the HZ. The planet color shows the
mean surface temperature. Log-linear fits to the colored points of the ‘Strong
T-dep.’ and ‘Moderate T-dep.’ contours have r2 values of 0.959 and 0.999,
respectively. Thus, even for a strong temperature dependence of continental
weathering, our coupled climate and weathering model predicts an approxi-
mately log-linear relationship between incident flux and pCO2 on Earth-like
planets in the HZ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.2 The relative error between our 4th-order polynomial fit and the full 1D radiative-
convective climate model. Our polynomial fit is valid between 1.05S⊕ and
0.35S⊕, where S⊕ is the Solar constant. The polynomial fit is valid for atmo-
spheric CO2 abundances between 10−6 and 10 bar. The surface temperatures
predicted by the polynomial fit reproduce the results of the 1D climate model.
The maximum error in predicted surface temperature between the polynomial
fit and the 1D climate model is ∼3%. . . . . . . . . . . . . . . . . . . . . . . 80
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5.3 The expected distribution of stable, Earth-like exoplanet climates from our
habitable zone weathering model. The horizontal axis shows incident flux,
S, normalized to the solar constant (S⊕) and the corresponding orbital dis-
tance in Astronomical Units (AU) above the plot. The vertical axis shows
the atmospheric CO2 partial pressure (pCO2) in bar. Each point represents
a climate in steady-state. The black labeled contours show the mean global
surface temperature for the given pCO2 and incident flux. The white region
below the 248 K contour is where our model assumption of a liquid ocean is
no longer plausible so no planets are shown in that region. Above the 355 K
contour Earth-like planets are too hot to retain their liquid oceans for billions
of years. Similar to the frozen planets, such hot planets are not considered
habitable. The red line shows the line of log-linear best fit through the simu-
lated planets. Modern Earth and Mars are shown by black squares. The blue
histogram at the bottom of the figure shows the number of stable planets in
each incident flux bin. The color of each simulated planet shows the relative
point density in the plot at that location. The color was calculated using a
kernel-density estimate with Gaussian kernels and rescaled from 0 to 1. A
color value of 0 represents the lowest relative point density, 1 the highest.
Our model predicts that atmospheric CO2 should increase with orbital dis-
tance in the HZ. The slope of the best fit line is 3.92±0.24 (95%) with units
-log10(pCO2 [bar])/[S/S⊕]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.4 The expected trend of atmospheric CO2 with incident flux vs the number
of observed Earth-like planets. The solid red line shows the mean slope from
10,000 random subsets of the planets in Figure 5.3 with each subset containing
the given number of observed planets. The orange and blue error bars show the
1σ and 2σ uncertainties on the expected slope. The solid gray line highlights
the zero slope line. The dashed black line shows the point where the expected
slope with 2σ confidence is above zero. At the bottom of the figure, the
labeled points and error bars show the number of Earth-like exoplanets the
next generation of proposed space telescopes are expected to observe (telescope
data in Table 5.2). The vertical scaling of the telescope points is arbitrary,
only the horizontal position and extent of the error bars is significant. Six
Earth-like exoplanets should be observed to be 95% confident that a positive
trend between atmospheric CO2 and decreasing incident flux is detected. . . 83
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6.1 Surface flux for a planet with the modern Earth’s atmosphere around different
stars. The horizontal axis shows photon wavelength in nm, the vertical axis
shows the incident photon flux per unit area, per second, per nm. Each colored
contour shows the surface photon flux for a different stellar type, as labelled.
For each stellar type, the total flux at the top of atmosphere was assumed to
be the same as the modern Earth’s. . . . . . . . . . . . . . . . . . . . . . . . 93

6.2 The optimal pigment absorption profile for each stellar type from our pigment
optimization model (see Section 6.3). The horizontal axis shows wavelength in
nm. The vertical axis shows the predicted absorptance of pigments from the
model. Each colored contour represents a different stellar type, as labelled.
The shaded gray region and dashed gray line show the absorptance of spinach
chloroplasts from Marosvölgyi & van Gorkom (2010), arbitrarily normalized
to match the vertical extent of the optimal pigment profile for Earth. The
absorption profiles were smoothed by convolution with a 10 nm wide Gaussian
function, following Marosvölgyi & van Gorkom (2010). The model predicts
the wavelength of peak absorption and the corresponding absorption shape
around that peak. The total absorptance of an organism is not reflected by
the vertical axis. An organism could produce additional pigments to boost
total absorptance, but the optimized absorption peak and shape would remain
the same. The position of and shape of chl a absorption at ∼680 nm (dashed
gray contour) is predicted in both location and shape by the model (green
contour). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.3 The optimal pigment absorption profile for each stellar type from Figure 6.2
with stellar spectra shown. The horizontal axis shows wavelength in nm.
The vertical axis shows the incident photon flux, taken from Figure 6.1. The
predicted pigment absorptance profile for each stellar type is shown in the
same color. The vertical scaling of these absorptance profiles from Figure
6.2 is arbitrary as the wavelength of peak absorption and the shape of the
absorption peak for each stellar type are the quantities of interest, which
are agnostic of the vertical scaling. The dashed gray contour and shading
shows the absorption profile of spinach chloroplasts from Marosvölgyi & van
Gorkom (2010). The optimal absorption profile predicted by the model shows
how pigments should be tuned to avoid atmospheric absorption if they are to
maximize growth. Section 6.7.2 has each stellar spectra and corresponding
optimal absorption profile shown individually, for clarity. . . . . . . . . . . . 96
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6.4 The optimal pigment absorption profile for different cost parameters around
the Sun, a G2V star. The horizontal axis shows wavelength in nm, the ver-
tical axis shows pigment absorptance. Each black curve shows the predicted
pigment absorptance for the given cost parameter, C from equation 6.4. The
value of C is indicated by the shading where darker shading indicates lower
cost. The black shading corresponds to no cost, i.e. C = 0, shading ap-
proaches white as the cost increases, i.e. C → 1. The predicted absorption
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Chapter 1

INTRODUCTION

One of the earliest written stories of life beyond Earth, complete with exotic creatures on

Earth’s moon, was put down by Lucian of Somosata in ∼175 CE (Grewell, 2001). Since then,

life beyond Earth has largely remained the realm of science fiction. However, in the near

future, we may step beyond science fiction and find signs of life elsewhere in the Universe.

In March, 2021 the continually soon-to-launch James Webb Space Telescope (JWST) will,

barring further delays from the global pandemic, launch and begin characterizing the atmo-

spheres of potentially habitable planets around cool stars. In the mid 2020s, extremely large

ground based telescopes and WFIRST will extend our understanding of habitability. Future

missions, such as HabEx and LUVOIR, will provide unprecedented constraints on planetary

habitability and may directly image Earth-like planets in the habitable zones (HZ) of Sun-

like stars, should they be built (see Schwieterman et al. (2018) for a summary of current and

future observing platforms and their capabilities).

Measuring biosignatures with these telescopes could take tens or even hundreds of hours

of telescope time per target (e.g. Meadows et al., 2018a). Thus, to avoid wasting valuable

observing time, it is critical to determine which of the more than 4,000 currently known

exoplanets (plus exoplanets soon to be found) to target in the search for habitable worlds and

alien life (see https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html

for the number of currently known exoplanets). To that end, this work models the formation

and evolution of habitable worlds and possible spectral features that future telescopes might

observe. The six research chapters (Chapters 2, 3, 4, 5, 6, and 7) are each standalone studies

to aid in the target selection and characterization of habitable worlds.

In Chapters 2 and 3, the size limits of habitable, terrestrial planets and icy moons are

https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html
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considered. The majority of currently known exoplanets were detected via the transit method

(e.g. Batalha, 2014), thus, planetary radius is often one of the few properties determined.

It is ideal, then, to approximately constrain planetary habitability from a planet’s radius.

Chapter 2 shows that rocky planets, a possible prerequisite for habitability, are unlikely to

form with radii larger than ∼1.8 R⊕ due to rapid photoevaporation of their protoatmospheres

around young stars. From similar atmospheric escape models, Chapter 3 shows that icy

moons of Ganymede’s size could remain habitable around a Sun-like star for billions of years

in the HZ. However, smaller moons of Europa’s size are likely too small to hold onto surface

water, which will be rapidly lost to space from the small bodies. As a first-order constraint

on habitable world target selection, future missions might consider exoplanets with radii

between these limits.

We move from the size limitations discussed in Chapters 2 and 3 to the composition of

habitable, planetary atmospheres in Chapters 4 and 5. In particular, we focus on atmospheric

CO2. Atmospheric CO2 plays a critical role in regulating the climate and ocean pH of

Earth-like planets (e.g. Krissansen-Totton et al., 2018a), both of which are important to

constrain life’s origin and evolution on Earth (e.g. Kadoya et al., 2020). In Chapter 4, to

constrain atmospheric CO2 on the Archean Earth (4.0 to 2.5 billion years ago), we model

the atmospheric entry and oxidation of iron-rich micrometeorites. Comparing our model

results to Archean micrometeorite data we show that at 2.7 Ga the Archean Earth likely had

abundant CO2 in its atmosphere, orders of magnitude more than the few hundred ppmv in

the modern Earth’s atmosphere.

In Chapter 5, we broaden our focus and consider atmospheric CO2 on Earth-like planets

in the HZ generally. Using a coupled climate and carbonate-silicate weathering model, we

show that, if such a silicate weathering feedback is ubiquitous on habitable planets, then a

log-linear relationship between atmospheric CO2 and incident flux may be observable in the

HZ. However, if plausible variations in habitable planets are taken into account, abundant

scatter is introduced in this relationship between incident flux and atmospheric CO2. Despite

this scatter, a sufficiently large telescope, such as LUVOIR, could characterize enough Earth-
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like planets to recover our predicted relationship between incident flux and atmospheric CO2,

testing the validity of the HZ hypothesis (e.g. Bean et al., 2017; Turbet, 2019).

This work finishes with studies of photosynthetic organisms in Chapters 6 and 7. Oxy-

genic photosynthesis is responsible for most of the primary biomass production on the modern

Earth (e.g. Field et al., 1998) and may be similarly important on inhabited exoplanets. In

Chapter 6, using a numerical model that predicts absorption profiles of extant photosyn-

thetic organisms based on incident photon flux, we predict the absorption profile of similar

organisms around other stars. We find that both stellar type and atmospheric composition

play an important role in shaping the likely absorption features of photosynthetic organisms.

Our results show that around F type stars photosynthetic organisms may preferentially ab-

sorb blue photons, while around G, K, and early M type stars they may absorb red photons

(or just beyond). For the coolest M type stars, infrared photons are absorbed.

We further investigate photosynthetic biospheres around the coolest M type stars in

Chapter 7. Considering the total photon flux available to photosynthetic organisms, we

show that biospheres around cool stars, such as TRAPPIST-1, may be growth-limited due

to a paucity of high-energy photons. The majority of photons emitted by these cool stars are

in the infrared, which could provide sufficient energy to maintain habitability but may be

incapable of driving an Earth-like amount of oxygenic photosynthesis. These light-limited

biospheres may have smaller total biomass productivity compared to the modern Earth and

thus display smaller biosignatures.

Together, this work provides insight into some of the properties habitable worlds may ex-

hibit. Guided by the models in Chapters 2 though 7 and numerous other studies considering

habitable worlds, future missions will be prepared to target the most promising candidate

planets in the search for habitable worlds and alien life. At the start of each research Chap-

ter, a status is presented indicating whether the chapter has been published, is in review, or

is currently being prepared for publication.
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Chapter 2

RADIUS LIMIT FOR ROCKY PLANETS

Status

This work was published under the title Rocky Worlds Limited to ∼1.8 Earth Radii by

Atmospheric Escape during a Star’s Extreme UV Saturation by Owen R. Lehmer and

David C. Catling. It was published in The Astrophysical Journal in 2017. See the

reference Lehmer & Catling (2017).

2.1 Abstract

Recent observations and analysis of low mass (<10 M⊕) exoplanets have found that rocky

planets only have radii up to 1.5-2 R⊕. Two general hypotheses exist for the cause of the

dichotomy between rocky and gas-enveloped planets (or possible water worlds): either low

mass planets do not necessarily form thick atmospheres of a few wt. %, or the thick at-

mospheres on these planets easily escape driven by x-ray and extreme ultraviolet (XUV)

emissions from young parent stars. Here we show that a cutoff between rocky and gas-

enveloped planets due to hydrodynamic escape is most likely to occur at a mean radius of

1.76± 0.38 (2σ) R⊕ around Sun-like stars. We examine the limit in rocky planet radii pre-

dicted by hydrodynamic escape across a wide range of possible model inputs using 10,000

parameter combinations drawn randomly from plausible parameter ranges. We find a cutoff

between rocky and gas-enveloped planets that agrees with the observed cutoff. The large

cross-section available for XUV absorption in the extremely distended primitive atmospheres

of low mass planets results in complete loss of atmospheres during the ∼100 Myr phase of

stellar XUV saturation. In contrast, more massive planets have less distended atmospheres

and less escape, and so retain thick atmospheres through XUV saturation and then indef-
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initely as the XUV and escape fluxes drop over time. The agreement between our model

and exoplanet data leads us to conclude that hydrodynamic escape plausibly explains the

observed upper limit on rocky planet size and few planets (a “valley”) in the 1.5-2 R⊕ range.

2.2 Introduction

In the past decade, thousands of exoplanet candidates and diverse planetary systems have

been found (e.g. Hatzes, 2016). The variety of characteristics observed among these planets

has raised many questions about planetary formation and evolution. Of particular interest

is how low-mass (defined here as less than ∼10 M⊕), rocky planets form and evolve given

their potential to support habitable conditions (e.g. Forget & Leconte, 2014). Central to this

question is whether a rocky planet will accrete and retain a massive H2/He protoatmosphere

that represents a non-negligible fraction of the total planetary mass, which may produce

uninhabitable surface temperatures, or if such an atmosphere will be lost. These H2/He

protoatmospheres can form on even the smallest planets because once a protoplanet reaches

∼0.1 M⊕ it can accrete H2/He directly from the stellar disk (Hayashi et al., 1979; Ikoma &

Hori, 2012; Lammer et al., 2011).

If low mass planets form after the protoplanetary nebula dissipates they will not accrete

H2/He protoatmospheres (e.g. Massol et al., 2016). However, from planetary formation

models, 1-10 M⊕ planets with periods <100 days may have formed with longer periods

when the stellar disk was still present and migrated to their observed locations through

interactions with the disk (e.g. Cossou et al., 2013; Raymond & Cossou, 2014). The planets

considered in this study have short periods (less than 100 days) and thus may have formed

before the stellar disk dissipated. Theoretical calculations suggest that such planets may

form with H2/He protoatmospheres of 1-10 wt. % (Bodenheimer & Lissauer, 2014; Ikoma

& Hori, 2012; Inamdar & Schlichting, 2015). Indeed, a number of low mass exoplanets

with thick atmospheres have been observed indicating there is likely no barrier for such

protoatmospheres to form on low mass planets (Cubillos et al., 2016; Lissauer et al., 2013;

Masuda, 2014).
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Observations and subsequent analysis of have shown that rocky planets, without thick

protoatmospheres, are only found up to 1.5-2 R⊕ in size (Dressing & Charbonneau, 2015;

Marcy et al., 2014; Rogers, 2015; Weiss & Marcy, 2014) with some recent observations indi-

cating that rocky planets can reach ∼1.9 R⊕ in size (Buchhave et al., 2016; Demory et al.,

2016). If most close-orbiting planets indeed form with thick protoatmospheres then the least

massive planets must have lost their captured H2 and He (see Lopez & Rice (2016) for a

discussion of atmospheric formation vs. atmospheric loss). Thermally driven atmospheric

loss in the hydrodynamic escape regime is thought to be able to effectively strip the protoat-

mospheres from planets up to 5-10 M⊕ (e.g. Chen & Rogers, 2016; Howe & Burrows, 2015;

Jin et al., 2014; Lopez & Fortney, 2013; Lopez et al., 2012; Lopez & Rice, 2016; Owen &

Jackson, 2012; Owen & Wu, 2016; Owen & Morton, 2016; Owen & Wu, 2013; Wolfgang &

Lopez, 2015).

The rapid loss of the protoatmosphere via hydrodynamic escape is driven by the XUV

emissions (where XUV is X-ray plus extreme UV) from the host star, which heats the up-

per atmosphere of the planet. For young, Sun-like stars, this XUV flux can be orders of

magnitude larger than the modern Sun (Johnstone et al., 2015; Lammer et al., 2014). A

saturated XUV flux can last for ∼100 Myr (Jackson et al., 2012; Lammer et al., 2012; Ribas

et al., 2005). The XUV-driven hydrodynamic escape of a protoatmosphere will occur largely

during this saturation time after which the XUV flux and XUV driven hydrodynamic escape

decrease exponentially. While Sun-like stars can erode atmospheres from closely orbiting

planets (0.1 AU for this model), the modern Earth is orbiting at a sufficient distance that its

hydrogen-poor atmosphere is not subjected to hydrodynamic escape (see Catling & Kasting

(2017, p. 175) for a discussion of the topic). However, evaporation of Earth-like planets may

occur at orbital distances similar to the modern Earth for some low mass planets via water

vapor photolysis and subsequent hydrogen escape (e.g. Kasting et al., 2015; Luger & Barnes,

2015).

Several recent numerical studies on XUV-driven hydrodynamic escape from low mass

planets have results that overlap but differ from each other when simulating the loss of
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protoatmospheres. Lopez & Fortney (2013), using the model of Lopez et al. (2012), showed

that planets less than ∼4 R⊕ could easily lose their atmospheres from hydrodynamic escape,

and follow-on work by Lopez & Fortney (2014) suggested that 1.75 R⊕ was a likely upper size

limit for rocky bodies. Similarly, Wolfgang & Lopez (2015) applied the model from Lopez

et al. (2012) to data from the Kepler mission and found planets with radii above 2 R⊕ should

have atmospheres of at least ∼1 wt.% while planets below 2 R⊕ should have atmospheres less

than 1 wt.%. A parameter study of Howe & Burrows (2015) for XUV-driven hydrodynamic

escape found that a cutoff between rocky and gas-enveloped planets occurs between 2 and

10 M⊕ depending on the model orbital distance, which corresponds to a cutoff of 1.26 to

2.16 R⊕ for an Earth-like density of 5.5 g cm−3.

Other studies have discussed an apparent “valley” in the distribution of exoplanet sizes.

Owen & Wu (2013) showed that XUV-driven hydrodynamic escape from low mass planets

results in rocky planets less than 1.5 R⊕, gas-enveloped planets above 2.5 R⊕, and a lack

of planets with intermediate radii. Jin et al. (2014) studied several hydrodynamic escape

models and found a valley between 1 and 2.5 R⊕ depending on the orbital distance chosen for

their model, below which planets are rocky and above which planets have thick atmospheres,

typically of at least a few wt. %. Similarly, the XUV-driven hydrodynamic escape model of

Chen & Rogers (2016) found a valley in the range of 1-2 R⊕.

In this study, using an XUV-driven hydrodynamic escape model in which only the atmo-

spheric mass changes over time, we look at the likelihood that XUV-driven hydrodynamic

escape can reproduce the observed 1.62+0.67
−0.08 R⊕ cutoff from Rogers (2015) and seek to ex-

amine the dominant factors that lie behind the cutoff. We do so by running our model with

parameter ranges that describe the most escape-vulnerable planets studied by Rogers (2015).

From these escape-vulnerable planets, our model provides an upper limit on the atmospheric

loss rate and thus the radii of planets that can lose their entire protoatmospheres and become

rocky.

We calculate the cutoff between rocky and gas-enveloped planets with 10,000 different

model parameter combinations. We consider only Sun-like stars in this work because the
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planets used in the study of Rogers (2015) all orbited stars with effective temperatures

between 4700 K and 6300 K. The atmospheric loss from XUV-driven hydrodynamic escape

around M dwarfs has been considered elsewhere (e.g. Luger et al., 2015; Tian, 2009) and we

do not address such systems here.

2.3 Methods

During hydrodynamic escape, a high altitude portion of an atmosphere is heated by XUV

flux and flows hydrodynamically outward (Johnstone et al., 2015; Mordasini et al., 2012).

However, for thick protoatmospheres that likely represent at least a few wt.% of a planet

(Bodenheimer & Lissauer, 2014; Ikoma & Hori, 2012; Inamdar & Schlichting, 2015), the bulk

of the lower atmosphere will approximately remain in hydrostatic equilibrium. As such, we

assume for this model that above the XUV absorption level, RXUV , where the optical depth

for the XUV is near unity, the atmosphere is in the hydrodynamic regime and below RXUV

the atmosphere is in approximate hydrostatic equilibrium.

The energy-limited rate of XUV-driven hydrodynamic escape from a planet can be ap-

proximated by a first-order equation, as follows

dM

dt
=
ηπFXUVR

3
XUV

GMp

(2.1)

where dM/dt is the rate of hydrodynamic escape in kg s−1 (Watson et al., 1981). The

parameter η in equation 2.1 is an efficiency factor that is typically taken to be 0.1 < η < 0.6

(e.g. Bolmont et al., 2017; Koskinen et al., 2014; Lammer et al., 2013; Owen & Wu, 2013).

The XUV flux incident on the planet in W m−2 is given by FXUV , RXUV is the radial distance

from the planetary center at which the optical depth for broadband XUV radiation is unity, G

is the gravitational constant, and Mp is the mass of the planet. For the range of FXUV values

considered in this study, the rate of hydrodynamic escape may border on the recombination-

limited regime described by Murray-Clay et al. (2009). In the recombination-limited regime,

for large XUV fluxes (greater than ∼10 W m−2), the protoatmospheres could lose energy
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via recombination of ionized gas slowing the hydrodynamic loss rate. In this recombination-

limited regime dM/dt ∝ F
1/2
XUV , while dM/dt ∝ FXUV in the energy-limited regime. However,

on small planets the rate of hydrodynamic escape is dominated by the RXUV term in equation

2.1 so the difference between the recombination-limited and energy-limited regimes is likely

small. As such, we consider only the energy-limited case in this study. To find dM/dt we

need only determine the XUV flux and RXUV .

The XUV flux from young FGK stars is largest for the first 100± 20 Myr after formation

(Jackson et al., 2012; Lammer et al., 2012; Ribas et al., 2005). Emissions of XUV are

saturated during that time and remain approximately constant. Afterwards, the XUV flux

diminishes exponentially and the hydrodynamic loss rate of a planetary atmosphere drops

with it. During the saturated regime, for a Sun-like star, the XUV flux can reach ∼0.1% of

the bolometric luminosity (Jackson et al., 2012; Lammer et al., 2014). Given the uncertainty

of stellar evolution, a Sun-like star could generate 43-172 W m−2 in the XUV at 0.1 AU

following Pizzolato et al. (2003). For comparison, at 1 AU the present Earth receives an

XUV flux of only ∼5 mW m−2 (Lammer et al., 2014).

Around Sun-like stars, the protoatmospheres of some low mass planets orbiting interior

to 0.1 AU will likely extend beyond the planet’s Roche lobe and be rapidly lost (Ginzburg &

Sari, 2017; Owen & Wu, 2013). Not only would the atmosphere be rapidly removed from the

high flux and gravitational effects of the host star interior to 0.1 AU, but the rocky core could

begin to evaporate as well (Perez-Becker & Chiang, 2013). The planets used in the Rogers

(2015) work fall mostly outside this limit with only four planets, Kepler-10b, Kepler-21b,

Kepler-98b, and Kepler-407b, receiving a flux greater than the 0.1 AU equivalent around

a Sun-like star. Kepler-10b, Kepler-21b, and Kepler-407b are less than ∼1.6 in radii. In

contrast, Kepler-98b has a radius of 1.99± 0.22R⊕, with a density of 2.18± 1.21 g cm−3 so

it is not a rocky planet (Marcy et al., 2014). Of the three rocky planets none exceed the

radius limit described by Rogers (2015). Thus, we use an orbital distance of 0.1 AU as the

inner bound for rocky planets in our model.

We assume that absorption of XUV occurs downward through an upper atmosphere and
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is fully absorbed by the base of a thermosphere. The problem of finding RXUV then becomes

a matter of finding the radial distance to the base of the thermosphere. For a neutral H2

atmospheric column, the broadband XUV flux is typically absorbed within a column of

density 1026 m−2 (e.g. Cecchi-Pestellini et al., 2006; Ercolano et al., 2009; Glassgold et al.,

2004; Owen & Jackson, 2012). For an Earth mass planet, gravity assumed constant, this

corresponds to a pressure at the base of the thermosphere of pXUV = 3.3 Pa and pXUV = 7.1

Pa for a planet of 10 M⊕. However, on the modern Earth the base of the thermosphere

can occur at pressures as low as pXUV = 0.1 Pa (Catling & Kasting, 2017, p. 4) so we will

consider a range of pressures from 0.1 ≤ pXUV ≤ 10 Pa. Once pXUV is known, it remains fairly

constant over a planet’s lifetime even if the surface pressure changes by orders of magnitude

(Erkaev et al., 2013). Thus, as rocky planets lose their substantial protoatmospheres, pXUV

does not change but rather moves closer to the planetary surface as surface pressure drops.

The protoatmosphere of a young planet will be in approximate hydrostatic equilibrium

from the surface to the base of the thermosphere. The radial distance to the base of the

thermosphere, RXUV , can then be found via the hydrostatic equation, which can be written

as

−RgT
1

p
dp = gs

(
Rs

R

)2

dR (2.2)

for specific gas constant Rg, pressure p, isothermal temperature T , surface radius of the rocky

core Rs, and surface gravity gs. In equation 2.2 we have approximated the gravity term of

the hydrostatic equation as g(R) = gs(Rs/R)2 (see Catling & Kasting (2017, p. 11) for a

discussion of the topic). In this study, we assume all rocky planets form with an Earth-like

structure and relate mass to radius via

Rs = 1.3M0.27
p (2.3)

which provides a good approximation for the rocky cores of planets in our model. Equation

2.3 is derived from the relation Rs ∝ M0.27
p given by Zeng et al. (2016). To make this
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relationship hold when using SI units for the mass (5.9742×1024 kg) and radius (6.371×106

m) of the Earth a scalar value of 1.3 must be used, as seen in equation 2.3. Integrating

equation 2.2 from the surface to pXUV and solving for R we find

RXUV =
R2
s

H ln(pXUV /ps) +Rs

(2.4)

with scale height H = RgT/gs. Surface pressure, ps, can be defined as

ps(M) =
gs(αMp −M)

4πR2
s

(2.5)

where α is the initial protoatmospheric mass fraction, and M is the integrated mass loss

from equation 2.1. We assume an initial α for our model, leaving only the scale height H

unknown.

The atmospheric scale height depends on the temperature profile and atmospheric com-

position. We are interested in the upper limit on rocky planet radii so, as an upper limit,

the atmospheric composition was assumed to be pure H2 with Rg = 4157 J kg−1 K−1. This

provides an upper bound on H and thus on the loss rate and the radii limit. The atmospheres

of Uranus and Neptune have specific gas constants of Rg ≈ 3600 J kg−1 K−1 (Lunine, 1993)

and may represent a composition similar to the protoatmospheres we are modeling so we

consider the range 3600 ≤ Rg ≤ 4157 J kg−1 K−1. To calculate the scale height with Rg we

use an isothermal atmospheric temperature.

For the protoatmospheres in this study, that represent up to a few wt. % of the total

planetary mass, a reasonable upper limit on surface temperature, and thus the isothermal

upper atmospheric temperature, is ∼3000 K based on temperature profiles from more com-

plex calculations (Jin et al., 2014; Mordasini et al., 2012). In addition, on larger planets with

H2 dominated atmospheres, cooling from gas expansion and Lyman-alpha radiation in the

upper atmosphere likely result in temperatures of ∼3000 K in the thermosphere (Murray-

Clay et al., 2009). We expect similar processes to occur in the protoatmospheres of low mass

planets. With 3000 K being a reasonable upper limit at both the planetary surface and the
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base of the thermosphere, we set the upper limit for the isothermal atmospheric temperature

in our model to 3000 K. For a lower bound we set the isothermal atmospheric temperature

equal to the effective temperature at 0.1 AU. For a Bond albedo of 0 this distance corresponds

to an effective temperature of 880 K around a Sun-like star.

The atmospheric loss rate is easily calculated from equation 2.1. First, an orbital distance

is chosen (0.1 AU in this model) and a planetary mass. To calculate the atmospheric loss rate

and thus the cutoff between rocky and gas-enveloped planets, 7 additional model parameters

must be specified. These parameters are: isothermal atmospheric temperature, T ; XUV flux

at the given orbital distance, FXUV ; escape efficiency, η; initial atmospheric mass fraction,

α; pressure at the base of the thermosphere, pXUV ; specific gas constant of the atmosphere,

Rg; and XUV saturation time, τ . We consider 10,000 combinations of these 7 parameters,

which were selected randomly from a uniform distribution from the values in Table 2.1.

The result for the radius cut-off and its uncertainty is insensitive to the exact number of

parameter combinations, whether 10,000 or 20,000 or 5,000 based on sensitivity tests. For

each parameter combination, we calculate the cutoff between rocky and gas-enveloped planets

using a time step of 10,000 years, which runs quickly and is as accurate as smaller step sizes.

Figures 2.1A and 2.1B show an example of a model run where the cutoff occurs in the 1.2-1.6

R⊕ range for the given parameters.

2.4 Results

We examined the protoatmospheric loss from planets between 0.5 and 10 M⊕. The results

can be seen in Figure 2.2, which shows the counts of the calculated cutoff radii, Rs, between

rocky and gas-enveloped planets for the 10,000 random parameter combinations. The red dot

shows the observed cutoff radius for rocky planets from Rogers (2015) with a 2σ uncertainty.

The black dot and error bar shows the model mean and 2σ uncertainty. The distribution in

Figure 2.2 aligns well with the observed rocky planet limit with both the mean and mode

falling within the 95% confidence interval of the observed rocky planet limit. While the

mean of our model is 1.76± 0.38 (2σ) R⊕, the mode falls closer to ∼1.9 R⊕, which is where
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Parameter Range Units

Initial atmospheric temperature 880 ≤ T ≤ 3000 K
XUV flux 43 ≤ FXUV ≤ 172 W m−2

Initial atmospheric mass fraction 0.01 ≤ α ≤ 0.1 Dimensionless
Escape efficiency 0.1 ≤ η ≤ 0.6 Dimensionless
Pressure at the base of the thermosphere 0.1 ≤ pXUV ≤ 10 Pa
Specific gas constant 3600 ≤ Rg ≤ 4157 J kg−1 K−1

XUV saturation time 80 ≤ τ ≤ 120 Myr

Table 2.1: The range of values considered for each parameter used to calculate the
cutoff between rocky and gas-enveloped worlds for planets orbiting at 0.1 AU around
a Sun-like star. The ranges in the table represent a reasonable upper limit for each
parameter from the literature. Justification for each range is given in the text.

the largest rocky planets have been found. Our model predicts that beyond ∼1.9 R⊕, there

is a fairly sharp drop off in the likelihood that hydrodynamic escape can erode a planet.

This agrees with recent observations that the largest rocky planets are found up to ∼1.9

R⊕ (Buchhave et al., 2016; Demory et al., 2016). The largest cutoffs predicted in our model

are due to parameter combinations with high isothermal atmospheric temperatures and large

specific gas constants. In addition to planetary mass, these two parameters control the RXUV

term in equation 2.1, which dominates the loss rate, as discussed below.

Upon close examination, we find that a key aspect of the cutoff between gas-enveloped

and rocky planets is that the atmosphere remains very distended, up to several planetary

radii in size, and available for XUV absorption on low mass bodies even as atmospheric mass

is lost. That protoatmospheres remain puffy, even at low mass, is a result of the logarithmic

term in equation 2.4 generating large values for RXUV until the atmosphere is completely

removed. This is seen in Figure 2.3 where we show RXUV of a 2 M⊕ planet over time. Even

when less than 20% of the original protoatmosphere remains at 20.3 Myr, the radius RXUV

is roughly twice the radius of the core. The large radius is caused by the lower gravity on

low mass planets coupled to high temperatures (up to several thousand Kelvin), and light

atmospheric compositions of H2/He that lead to substantial scale heights and RXUV values
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Figure 2.1: Atmospheric loss from planets between 0.5 and 10 Earth masses over 100
Myr with an initial H2 atmosphere of 3 wt.% at 0.1 AU around a young, Sun-like star.
The dashed curve shows the contour of fixed Earth-like density of 5.5 g cm−3. Blue
dots representing rocky bodies fall below this line due to compression at high mass. In
both plots the model was run with τ = 100 Myr, Rg = 4157 J kg−1 K−1, pXUV = 5 Pa,
FXUV = 55 W m-2, η = 0.1, and α = 0.03. The planets in plot A had an isothermal
atmospheric temperature of T = 880 K (corresponding to the effective temperature
at 0.1 AU with a Bond albedo of 0), and the temperature was set to T = 1760 K in
plot B. In both cases, we see a sharp cutoff between rocky and gas-enveloped planets
occurring in the 1.2 R⊕ to 1.6 R⊕ range.

that increase rapidly with decreasing mass. In equation 2.1 we see that the RXUV term is

cubed, and it is the only term that changes greatly as mass is lost (for a 3 wt.% atmosphere

Mp will only change by at most 3%). Thus, any change in the loss rate will be dominated

by the R3
XUV term.

In Figure 2.4, we see how, for planets with mass < 2.5M⊕, R3
XUV is orders of magnitude

larger than R⊕ while the protoatmosphere remains, but for planets with mass 6-7 M⊕, R3
XUV



15

1.4 1.6 1.8 2.0 2.2
Rs: Cutoff Radius [R⊕]

0

50

100

150

200

250

300

Figure 2.2: Ten thousand random parameter combinations were considered using a
uniform distribution of the ranges given in Table 2.1 to calculate the cutoff between
rocky and gas-enveloped planets. The number of resulting surface radii, Rs, at which
the cutoff occurred for each parameter combination is shown in the histogram. The
black dot and error bar show the mean cutoff of the distribution at 1.76 ± 0.38 R⊕
from our model with 2σ uncertainty. The red dot shows the observed 1.62+0.67

−0.08R⊕
measurement with 2σ uncertainty from Rogers (2015).

levels off to ∼15 R⊕. Not only do low mass planets have much larger loss rates due to this

exponential increase in RXUV , but they also have less overall atmospheric mass to lose. The

strong nonlinearity of the hydrostatic equation shows us that there will exist a critical planet

size below which RXUV increases rapidly leading to substantial hydrodynamic escape. This

non-linear dependence on RXUV has been noted in previous work (e.g. Chen & Kipping,

2016; Lopez & Fortney, 2013) and, on average in our model, results in planets with cores

larger than 1.76 ± 0.38 (2σ) R⊕ retaining a significant portion of their protoatmospheres.

The largest planets that can lose their entire protoatmosphere are thus planets with rocky
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Figure 2.3: Model run for a 2 M⊕ planet with isothermal atmospheric temperature
set to T = 880 K. The planet was assumed to orbit at 0.1 AU around a young, Sun-like
star with the initial atmosphere representing 3 wt.%. The model parameters were set
as T = 880 K, FXUV = 55 W m−2, α = 0.03, η = 0.1, pXUV = 5 Pa, Rg = 4157 J kg−1

K−1, and τ = 100 Myr. Plot A shows a snapshot of the planetary radius up to RXUV

at times of 0, 6.8, 13.5, 20.3, and 27.1 Myr in the simulation. The blue region shows
the relative size of the planetary atmosphere, and the black region shows the size of
the rocky core. Plot B shows the remaining atmospheric mass fraction over time. We
see that RXUV remains large even after most of the atmosphere has been lost.

cores less ∼1.8 R⊕.

In addition to the predicted cutoff at 1.8 R⊕, our model shows that there should be a

lack of planets with radii immediately larger and smaller than the cutoff radius. This is seen

in Figure 2.1 where the abrupt jump from rocky to gas-enveloped planets may result in a

void where planets are unlikely to exist. This agrees with a number of previous studies (see
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Figure 2.4: The value of R3
XUV at times τ = 0, 25, 50, 75, and 100 Myr (shown by the

blue, orange, green, red, and purple curves, respectively) for planets between 1.75 and
10 M⊕ around a Sun-like star at 0.1 AU. The model parameters were set to T = 880 K,
FXUV = 55 W m−2, α = 0.03, η = 0.1, pXUV = 5 Pa, and Rg = 4157 J kg−1 K−1. The
low mass planets have large R3

XUV values that cause rapid loss. By ∼6 M⊕, R3
XUV has

become roughly constant with mass. The approximately flat line at low masses (below
∼2.5 M⊕ for the purple curve) indicates that, for a given τ , the atmosphere has been
entirely lost and R3

XUV is at the surface of the planet.

Section 2.2) and the recent work by Fulton et al. (2017) which found that such a deficit is

indeed present in the current exoplanet data.

The exoplanet data from Fulton et al. (2017) is shown in Figure 2.5 with our model

predictions. Our model indicates that for radii below ∼2 R⊕ planets are less likely to be gas-

enveloped (the blue region in Figure 2.5), and for radii above ∼1.5 R⊕ planets are less likely

to be rocky (the red region in Figure 2.5). The paucity of 1.5-2 R⊕ planets predicted by our

model is seen in the Fulton et al. (2017) data. The missing planets fall into the evaporation
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Figure 2.5: The exoplanet data from Fulton et al. (2017) is shown in the black curve
(data taken from Fulton et al. (2017) Table 3). Our model predictions are shown by
the shaded regions. Using the probability distribution generated in Figure 2.2 the red
shaded region shows the probability that a planet is below the rocky planet cutoff, and
the blue shaded region shows the probability that a planet is above the rocky planet
cutoff. Beyond ∼1.5 R⊕ planets are unlikely to be rocky while below ∼2 R⊕ planets are
unlikely to be gas-enveloped. Thus, our model predicts a lack of exoplanets with radii
between 1.5-2 R⊕ which is indeed seen in the Fulton et al. (2017) data. Fulton et al.
(2017) found that planets below ∼1.8 R⊕ are likely to be rocky while larger planets
are likely to be gas-enveloped, with which our results agree. It should be noted that
the vertical axes in this plot are arbitrarily scaled. The important feature, however, is
the location of the transition between rocky and gas-enveloped planets and the width
of the valley between that transition, which is agnostic of the vertical scaling.

valley described by previous XUV-driven hydrodynamic escape studies (see Section 2.2) and

show that XUV-driven hydrodynamic escape is able to reproduce the major characteristics

of the observed, low mass exoplanet population.
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2.5 Discussion

The transition from rocky to gas-enveloped planets occurs where XUV-driven hydrodynamic

escape predicts such a transition should occur (see Figure 2.5). That the transition has

been predicted across numerous studies with models of varying complexity (see Section 2.2)

and agrees with current exoplanet data leads us to conclude that hydrodynamic escape is

plausibly the cause of the observed limit in rocky planet radii. The closely orbiting exoplanets

(periods less than ∼100 days) modeled in this study comprise the majority of known, low

mass exoplanets (e.g. Batalha, 2014). That XUV-driven hydrodynamic atmospheric escape

is important for these planets is not surprising given the large XUV fluxes present at such

short orbital periods.

As additional, longer period rocky planets are discovered the average cutoff in rocky

planet size may decrease with increasing orbital period, as noted by Lopez & Rice (2016).

However, at large orbital distances where the XUV flux is small and XUV-driven hydrody-

namic escape becomes negligible other processes may limit the size of rocky planets. Indeed,

Zeng et al. (2017) found a bimodal distribution in the current exoplanet data similar to

Fulton et al. (2017) but note that it could be explained by formation scenarios rather than

evolutionary ones (i.e. XUV-driven hydrodynamic escape). The radius limit for closely or-

biting rocky planets appears to be set at ∼1.8 R⊕ by XUV-driven hydrodynamic escape,

but to address the limit in rocky planet size for longer period planets, additional studies on

rocky planet formation should be conducted.
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Chapter 3

ICY MOONS IN THE HABITABLE ZONE

Status

This work was published under the title The Longevity of Water Ice on Ganymedes and

Europas around Migrated Giant Planets by Owen R. Lehmer, David C. Catling, and

Kevin J. Zahnle. It was published in The Astrophysical Journal in 2017. See the reference

Lehmer et al. (2017).

3.1 Abstract

The gas giant planets in the Solar System have a retinue of icy moons, and we expect giant

exoplanets to have similar satellite systems. If a Jupiter-like planet were to migrate toward

its parent star the icy moons orbiting it would evaporate, creating atmospheres and possible

habitable surface oceans. Here, we examine how long the surface ice and possible oceans

would last before being hydrodynamically lost to space. The hydrodynamic loss rate from

the moons is determined, in large part, by the stellar flux available for absorption, which

increases as the giant planet and icy moons migrate closer to the star. At some planet-star

distance the stellar flux incident on the icy moons becomes so great that they enter a runaway

greenhouse state. This runaway greenhouse state rapidly transfers all available surface water

to the atmosphere as vapor, where it is easily lost from the small moons. However, for icy

moons of Ganymede’s size around a Sun-like star we found that surface water (either ice or

liquid) can persist indefinitely outside the runaway greenhouse orbital distance. In contrast,

the surface water on smaller moons of Europa’s size will only persist on timescales greater

than 1 Gyr at distances ranging 1.49 to 0.74 AU around a Sun-like star for Bond albedos

of 0.2 and 0.8, where the lower albedo becomes relevant if ice melts. Consequently, small



21

moons can lose their icy shells, which would create a torus of H atoms around their host

planet that might be detectable in future observations.

3.2 Introduction

One of the major results of exoplanet discoveries is that giant planets migrate (Chambers,

2009). This was first deduced from hot Jupiters, and although these are found around 0.5-1%

of Sun-like stars (Howard, 2013), hot Jupiters are not the only planets to migrate and giant

planet migration is likely widespread. Indeed, such migration probably occurred in the early

solar system (Tsiganis et al., 2005).

All the giant planets in the solar system have a collection of icy moons. We expect that

similar exomoons orbit giant exoplanets and that these moons would likely migrate along with

their host planet. If a giant exoplanet were to migrate toward its parent star, icy moons could

vaporize, similar to comets approaching the Sun, and develop atmospheres. In addition, they

could melt and maintain liquid surfaces as they migrate inwards, which could be potentially

habitable environments. Such a moon would have an atmosphere primarily controlled by

the vapor equilibrium set by the surface temperature and the rate of hydrodynamic escape

to space. As such, the longevity of the water shell and atmosphere will depend primarily on

the distance to the host star and the exomoon radius and mass.

Several such bodies exist in the solar system, where the atmospheric thickness is deter-

mined by vapor equilibrium with a condensed phase, i.e. the Clausius-Clapeyron relation for

the relevant volatile. Let us call such atmospheres Clausius-Clapeyron (C-C) atmospheres.

The N2 atmospheres on both Triton and Pluto are examples of C-C atmospheres, where the

surface vapor pressure is in equilibrium with the N2 surface ice at the prevailing temperature

for each body. The present Martian atmosphere is another C-C atmosphere since the polar

CO2 ice caps at ∼148 K buffer the atmosphere to ∼600 Pa surface pressure (Leighton &

Murray, 1966) (see (Kahn, 1985) for an explanation over geologic timescales).

For an icy exomoon migrating toward its parent star, the atmospheric water vapor will

be controlled by the availability of surface water and temperature. Very deep ice and ice-
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covered oceans are possible on these moons given that water can account for ∼5-40% of the

bulk mass of icy moons in the solar system (Schubert et al., 2004). However, the small mass

of exomoons and relatively high stellar flux as the exomoon migrates toward the star makes

water vapor susceptible to escape. Assuming exomoons are of comparable size to the moons

found in the solar system, this study looks at the end-member case of how rapidly a pure

water vapor atmosphere will be lost hydrodynamically.

Hydrodynamic escape is a form of pressure-driven thermal escape where the upper lev-

els of an atmosphere become heated and expand rapidly, accelerate through the speed of

sound, and escape to space en masse (Hunten, 1990). An important process in atmospheric

evolution, hydrodynamic escape likely occurred during the formation of the terrestrial at-

mospheres (Kramers & Tolstikhin, 2006; Kuramoto et al., 2013; Pepin, 1997; Tolstikhin &

O’Nions, 1994). Moreover, hydrodynamic escape has been observed on exoplanets such as

the gas giant HD 209458b, which orbits a Sun-like star at 0.05 AU and has hot H atoms

beyond its Roche lobe, presumably deposited there by hydrodynamic escape (Linsky et al.,

2010; Vidal-Madjar et al., 2004). The closer a body is to its parent star, the more effective

the hydrodynamic escape, and the smaller the body, the more easily an atmosphere is lost

(e.g. Zahnle & Catling, 2017).

The longevity of an atmosphere and icy shell will depend primarily on temperature,

set in large part by the stellar flux available for absorption. As an ice covered exomoon

moves towards its parent star, heating will cause more water vapor to enter the atmosphere,

hastening the loss rate. In addition, this water vapor will provide a greenhouse effect,

further warming the moon. At a certain exomoon-star distance the water vapor atmosphere

will impose a runaway greenhouse limit on the outgoing thermal infrared (IR) flux from

the exomoon. If the absorbed stellar flux exceeds this limit, the exomoon surface will heat

rapidly until all available water is in the atmosphere as vapor. This limit represents the

distance at which all surface water will be transferred to the atmosphere where it will be

rapidly lost.



23

3.3 Methods

Figure 3.1: Conceptual visualization of the 1D hydrodynamic escape model. The
incoming absorbed stellar flux, given by 1/4(1− A)Fs, heats the exomoon surface, for
Bond albedo A, and stellar flux Fs. The exomoon will remain in thermal equilibrium
by evaporating water vapor, losing mass via hydrodynamic escape, and radiating in
the thermal infrared. The thermal infrared radiation is given by σT 4 (σ is the Stefan-
Boltzmann constant, T is the surface temperature) in a blackbody approximation. The
outward radial flow velocity, u, increases monotonically until it surpasses the isothermal
speed of sound, uc, at the critical radius, rc, where the gas is still collisional. Beyond
the sonic level, u continues to rise and soon surpasses the escape velocity vescape. The
exomoon surface is at radius rs with atmospheric near-surface density ρs and outward
radial surface velocity us. See equation 3.2 for the global energy balance.

We consider three cases of hydrodynamic escape: (Section 3.3.1) an isothermal atmo-

sphere where the atmospheric temperature is set by incoming stellar flux and equal to the

effective temperature; (Section 3.3.2) a vapor saturated atmosphere where the temperature
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and humidity profiles of the entire atmosphere are dictated by the C-C relation; and (Section

3.3.3) an isothermal atmosphere similar to Section 3.3.1 but the surface temperature, and

the isothermal atmospheric temperature, are increased from the effective temperature by

the total greenhouse warming of the water vapor atmosphere. We chose the isothermal and

C-C cases because they present upper and lower limits on the rates of hydrodynamic escape,

respectively, as described below. Figure 3.1 provides a conceptual picture of the model.

For a pure water vapor atmosphere around a Sun-like star, an isothermal atmosphere at

the effective temperature represents the greatest possible temperature at the top of atmo-

sphere to drive hydrodynamic escape. Water vapor radiates in the IR more efficiently than it

absorbs sunlight, so the radiative-convective temperature for a pure water vapor atmosphere

will be less (Pierrehumbert, 2010; Robinson & Catling, 2012). As such, the isothermal atmo-

spheric approximation provides an upper bound on the atmospheric loss rate. In contrast,

the lowest possible temperature to drive hydrodynamic escape is the saturated case, where

the temperature and pressure at all heights are set by the C-C relation, which is defined by

T (P ) =
T0

1− ln(P/P0)/(RT0/Lv)
(3.1)

for reference temperature T0 at reference pressure P0, where R is the universal molar gas

constant, and Lv is the latent heat of vaporization for water (e.g. Pierrehumbert, 2010, p.

100). The surface temperature is assumed to be in equilibrium with the incoming stellar flux,

cooling associated with mass loss via hydrodynamic escape, and latent heat of evaporation.

If the temperature were to decrease with altitude faster than the C-C relationship, the water

vapor would condense out resulting in a C-C curve that, when extrapolated, would result

in a surface temperature no longer in equilibrium with incoming stellar flux and escape.

Therefore, the hydrodynamic loss rate of a pure water vapor atmosphere is bounded by the

isothermal and saturated cases, which we will now consider in turn.
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3.3.1 Isothermal case

In the blackbody approximation, radiative cooling is given by σT 4 at isothermal temperature

T , allowing a straightforward formulation of escape versus radiative cooling. As such, the

first order global energy balance for an icy exomoon is between incoming stellar flux versus

the energy flux lost to vaporizing the water, lifting molecules out of the gravity well, and

radiative cooling, i.e.,

1

4
(1− A)Fs︸ ︷︷ ︸

absorbed stellar flux

=

(
GM

rs
+ Lv

)
ρsus︸ ︷︷ ︸

mass loss flux

+ σT 4︸︷︷︸
radiative cooling

. (3.2)

Here Fs is the incoming solar flux available for absorption, A is the Bond albedo, σ is the

Stefan-Boltzmann constant, rs is the surface radius where the atmospheric density is ρs, such

that ρsus is the mass flux given an outward radial flow velocity at the surface us, G is the

gravitational constant, and M is the mass of the exomoon.

In addition to the C-C relationship (equation 3.1), three equations are needed to derive the

steady state, hydrodynamic atmospheric loss in the isothermal approximation (e.g. Catling

& Kasting, 2017, Ch. 5). The first is steady state mass continuity, given by

∂

∂r

(
r2ρu

)
= 0 (3.3)

where r is the radial distance from the planet’s center, u is the outward radial flow velocity,

and ρ is the atmospheric density. Steady state momentum conservation is expressed as

u
∂u

∂r
+

1

ρ

∂p

∂r
= g (3.4)

with gravity g and pressure p. Finally, the equation for energy balance is given by equation

3.2. Combining equations 3.1, 3.2, 3.3, and 3.4 an analytic expression for the isothermal

atmospheric mass loss rate in kg s−1 is given by (see Section 3.7.1 for the derivation):

Ṁ = πρs
G2

u3
0

M3 exp

[
3

2
− G

u2
0

(
3

4πρm

)−1/3

M2/3

]
(3.5)



26

where u0 is the isothermal sound speed given by u2
0 = kT/m with Boltzmann constant k

and mean molecular weight m, and ρm is the mean density of the exomoon (assumed 2 g

cm−3). The atmospheric surface density, ρs, is set the by C-C equation for the saturation

vapor pressure of water at the prevailing temperature. For time averaged mass loss rate, M ,

the lifetime of the exomoon surface water is given by

τwater =
Mwater

M
(3.6)

For an upper limit, we assume the total mass of water present on the exomoon surface,

Mwater, is 40% of the bulk mass. However, even if 5% water were used (the lower limit for

Europa (Schubert et al., 2004)) from equation 3.6 we can see that it would translate to a

change in τwater by a factor of 8, compared to 40% water. From equation 3.5 we see that Ṁ ,

and hence τwater, has an exponential dependence on mass, so we would anticipate that the

difference between 5% and 40% water is not the major factor determining τwater, which is

borne out by our results. In addition, if substantial water vapor is lost the bulk density of the

moon, ρm, may increase over time. However, from equation 3.5 we see that the exponential

term scales like −ρ1/3
m M2/3 with M2/3 largely determining the loss rate so the sensitivity to

ρm is small.

It is important to note that in equation 3.5 we have assumed the mass loss rate, Ṁ , is

sufficiently small that energy balance is dominated by radiative loss. This is indeed the case

for exomoons of interest in this paper, where the low temperature water vapor atmospheres

last for more than 1 Gyr. The surface pressures are well below ∼500 Pa until the runaway

greenhouse limit is reached. For bodies with rapid hydrodynamic escape the numerical

approach defined in Section 3.7.1 is appropriate.

3.3.2 Saturated temperature profile case

The saturated case is derived from the same equations as the isothermal case (equations

3.1, 3.2, 3.3, and 3.4) but temperature is allowed to change with altitude. The temperature
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at the critical point at radius rc in Figure 3.1 (where the isothermal sound speed u0 equals

the radial escape speed) is set such that numerically integrating equations 3.1, 3.2, 3.3, and

3.4 from the critical point to the surface will result in a surface temperature equivalent to

that in equilibrium with incoming solar flux taking into account the evaporative cooling (see

Section 3.7.2 for details). Once the critical temperature is known the radial outflow velocity

is readily calculated and thus the mass loss rate.

3.3.3 Isothermal case with greenhouse effect considered

In Section 3.3.1 we let the isothermal atmospheric temperature be set by just the incoming

stellar flux and thus be equal to the effective temperature. However, for a thick water vapor

atmosphere the surface will be heated by the greenhouse effect of the overlying atmosphere.

In this case, we still used an isothermal atmosphere approximation but increased the atmo-

spheric temperature by the total greenhouse warming of the atmosphere at the surface. The

larger isothermal atmospheric temperature under this regime will increase the hydrodynamic

loss rate compared to Section 3.3.1.

To account for the atmospheric greenhouse effect, we used a gray, radiative, plane-parallel

approximation where the total gray atmospheric optical depth in the thermal infrared at the

surface is given by

τ =
κrefP

2

2gPref
(3.7)

for mass absorption coefficient κref at pressure Pref and surface pressure P where pressure

broadening causes the P 2 dependency of the optical depth (Catling & Kasting, 2017, p.

381). Here we used κref = 0.05 m2 kg−1 and Pref = 104 Pa (Catling & Kasting, 2017,

Ch. 13). Having τ ∝ P 2 in equation 3.7 is appropriate for thick atmospheres, which is

the case when the runway greenhouse limit is approached. For thin atmospheres τ ∝ P is

appropriate (Catling & Kasting, 2017, p. 382). In this study, the surface pressures are in the

low-pressure regime (less than ∼500 Pa) until the runaway limit is reached. However, the
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difference between τ ∝ P 2 and τ ∝ P in equation 3.7 is small at such low pressures where

the total greenhouse warming is less than a few K until the runaway limit is reached. Setting

τ ∝ P for such low-pressure moons in equation 3.7 has negligible impact on the calculated

mass loss rate so we approximate the optical depth of all atmospheres in this study with

τ ∝ P 2. Once the total optical depth of the atmosphere is known from equation 3.7, the

first order global energy balance is given by (see Section 3.7.3 for derivation)

1

4
(1− A)Fs

(
1 +

τ

2

)
=

(
GM

rs
+ Lv

)
ρsus + σT 4

s (3.8)

and from equations 3.3 and 3.4 we derived an expression for ρsus (see Section 3.7.1)

ρsus = ρsu0

(
rc
rs

)2

exp

[
−1

2
+
GM

u2
0

(
1

rc
− 1

rs

)]
(3.9)

Equations 3.1, 3.7, 3.8, and 3.9 were solved simultaneously to find T and us, with ρs being

given by the ideal gas law. The mass loss rate is then calculated by

Ṁ = 4πρsusr
2
s (3.10)

Using equation 3.10 the time averaged loss rate is calculated and surface water lifetime is

then obtained via equation 3.6.

It is possible that no physically meaningful solution exists to equations 3.1, 3.7, 3.8, and

3.9. When the initial surface temperature, and therefore surface pressure, is large (above

∼260 K for this model), the optical depth given by equation 3.7 will be significant. This will

cause an increase in surface temperature further increasing the surface pressure and thus the

optical depth of the atmosphere. The positive feedback between temperature, pressure, and

optical depth will cause equations 3.1, 3.7, 3.8, and 3.9 to have no valid solution if the initial

surface temperature, set by the incoming stellar flux, is large. The exomoon-star distance

where this positive feedback results in no solution is the runaway greenhouse limit, and it is

akin the runaway limit found by Ingersoll (1969).

For all three model scenarios, we considered a pure water vapor atmosphere above a
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surface water reservoir. We looked at icy exomoons with masses ranging from 0.005 to

0.04 Earth masses between 0.9 and 2.0 AU from a Sun-like star. This mass range includes

bodies slightly smaller than Europa (0.008 MEarth), and slightly larger than Ganymede (0.025

MEarth). We set the Bond albedo to 0.2 for each run. We chose a Bond albedo of 0.2 for

two reasons, the first is that it approximately represents the lower bound for icy moon Bond

albedos in the solar system (Buratti, 1991; Howett et al., 2010). In addition, a Bond albedo

of 0.2 approximates the albedo of open ocean with partial cloud cover (Goldblatt, 2015;

Leconte et al., 2013). Should an icy moon form surface oceans, the 0.2 Bond albedo gives us

the best representation when calculating water longevity.

3.4 Results

For each body in the range of masses and distances considered, we calculated the time

averaged mass loss rate, M , using a time step of 104 years. With the water content of each

world assumed to be 40% of the bulk mass, the water lifetime, τwater, was then calculated

via equation 3.6. The results of these calculations are shown in Figure 3.2.

Figure 3.2 shows contours of τwater as a function of stellar distance and escape velocity,

which is defined as

vesc =

(
2GM

rs

)1/2

. (3.11)

The runaway greenhouse star-exomoon distance is shown with red contours on each plot in

Figure 3.2. From Figure 3.2A we can see that, in the analytic model, water on a Ganymede-

like exomoon (with an escape velocity of ∼2.74 km s−1) would persist indefinitely at a

distance beyond the runaway limit. However, the ice on a Europa sized moon would only

survive for timescales greater than 1 Gyr beyond ∼1.5 AU. Given that the isothermal and

saturated cases represent the upper and lower bounds on escape rate, the true solution is

likely somewhere between the two plots (Figures 3.2A and 3.2B).

In Figure 3.2C, the impact of the water vapor greenhouse effect was considered. Under

the radiative model, the greenhouse effect of a pure water vapor atmosphere contributes a
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Figure 3.2: For all three plots, the red curve represents the Runaway Flux where the icy moon will be close
enough to the star that a runaway greenhouse occurs. The blue curves represent contours of surface water
lifetime (plotted in Gyr). The surface temperatures of the moons are shown by the colored background.
In plots A and B the surface temperature corresponds to the effective temperature. In plot C the colored
background shows the surface temperature, beyond the runaway limit distance, accounting for the effect of
the water vapor greenhouse. Comparing the surface temperatures in plot C to those in A and B the water
vapor greenhouse is negligible except very close to the runaway limit distance. The rate of hydrodynamic
escape depends on both the mass and radius of the exomoon, as such we plot escape velocity vs. distance to
incorporate both parameters. Plot A shows the isothermal analytic model (Section 3.3.1) based on equation
3.5. Plot B shows the saturated case where the atmosphere was assumed to follow the Clausius-Clapeyron
equation and was saturated from the surface to the critical radius for escape (Section 3.3.2). Plot C shows
the isothermal model with the greenhouse effect of water vapor considered (Section 3.3.3). The results shown
in all three figures are dependent on the chosen albedo. If the albedo were to be increased from the chosen
value of 0.2, the effect would be a linear decrease in absorbed flux. This would shift the runaway limit and
the contours of ocean lifetime closer to the host star. For a Ganymede sized moon with a Bond albedo of
0.2 (shown here), 0.4, and 0.8 the runaway limit occurs at 1.05, 0.91, and 0.52 AU respectively.
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few degrees K of warming. However, if the body receives sufficient stellar warming a runaway

occurs. With a pure water vapor atmosphere the surface never rises above the freezing point

of water without entering a runaway greenhouse. But if clouds were to increase the albedo, a

world with a liquid water surface may exist with a marginally stable surface temperature up

to 275 K (Goldblatt et al., 2013). However, such a world may be transient and easily swing

to either a snowball via the ice-albedo feedback, or a runaway greenhouse state (Goldblatt

et al., 2013).

3.5 Discussion

The closely packed lifetime lines in Figure 3.2 result from a strong dependence on escape

velocity and therefore on mass. From equation 3.5 and 3.6, with all the constants stripped

away, we see that there is an exponential relationship between ocean lifetime and mass, if

the mean density of the moon is held constant, given by

τwater ∝
1

M
exp

(
M2/3

)
(3.12)

For constant density, ρ, the escape velocity from equation 3.11 is vesc = (8/3πGr2
sρ)1/2 ∝ rs,

so implicit in equation 3.12, M ∝ v3
esc so τwater ∝ v−3

esc exp (v2
esc). This strong exponential

dependence on v2
esc can be seen in Figure 3.2 in both the isothermal and saturated cases.

There is a threshold mass region below which surface water is transient, while moons with

masses above this region will last for billions of years. Ganymede sized moons will persist

indefinitely beyond the star-exomoon distance of the runaway limit.

If a gas giant planet possessed rapidly evaporating icy moons future observations may

be able to detect them. The escaped H from water would form a torus in the orbit of

the moon that may produce detectable scattering in the Lyman-α. However, for young,

migrating planets this H torus may be indistinguishable from captured nebular H before it

dissipates. This degeneracy could be addressed by observing aging gas giant planets that

are just entering the habitable zone as the host star brightens over time. As a Jupiter-

like planet enters the habitable zone around an aging star, hydrogen is unlikely to escape
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from the planet. Indeed, if we assume a Jupiter-like planet at 0.9 AU around a Sun-like

star has an exobase temperature of 1500 K then, following Sanchez-Lavega (2011, p. 88),

the thermal loss of hydrogen via Jeans’ escape from such a planet will be ∼10−37 kg s−1.

This is ∼40 orders of magnitude less than the loss rate from icy moons at the same orbital

distance so any observed H torus may be an indication of evaporating moons. Icy moons

around such a planet are of particular interest because they may provide habitable surface

conditions for hundreds of millions to billions of years, depending on the stellar type (Ramirez

& Kaltenegger, 2016). As the host star brightens the smallest icy moons in the habitable

zone would rapidly evaporate, producing the H torus, while more massive moons could retain

their surface water for billions of years.

A similar torus-producing process occurs for Io, where a plasma torus around Jupiter

contains sulfur and oxygen lost by the moon that are trapped by Jupiter’s magnetic field

lines (Yoshioka et al., 2011). Also, O atoms may linger around the icy exomoons, analogous

to the O2-rich collisional atmosphere of Callisto (Cunningham et al., 2015) and could possibly

escape the moon to form a torus similar to the escaped H. A second, heavier component in

the exomoon’s atmosphere, such as oxygen, would generally act to lower the rate of escape

and water loss. However, a more sophisticated model than presented here is required to

study escape from a multicomponent atmosphere.

3.6 Conclusions

Planetary migration is likely a common phenomenon throughout planetary systems (Tsiganis

et al., 2005). In addition, all the large planets in the solar system have a retinue of icy

moons and gas giant exoplanets may have similar icy moons. Inward migration by a gas

giant would subject its icy moons to increased stellar heating. Like a comet entering the

inner solar system, the moons could evaporate and create atmospheres.

The longevity of such an atmosphere depends strongly on the distance from the host

star, and the mass and radius of the exomoon. The smaller the star-exomoon distance, the

warmer the icy exomoon will become. As an icy exomoon approaches a distance of ∼1.1
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AU around a Sun-like star it will enter a runaway greenhouse state when the surface melts.

However, this cutoff is dependent on the albedo of the moon, which was set to 0.2 in this

paper. Increasing the albedo will allow stable surface conditions at closer orbital distances

before the runaway state is achieved. The high temperatures from a runaway state will drive

rapid hydrodynamic escape and erode the water from the exomoon on very short timescales.

If the exomoon sits beyond this runaway limit the surface water may persist much longer.

Beyond the star-exomoon distance of the runaway limit, there is an exponential relationship

between mass and water longevity. For an icy moon of Ganymede’s size around a Sun-like

star, surface waters will likely persist indefinitely. Large moons of this size will maintain their

atmospheres for long periods in the habitable zone and could potentially maintain a liquid

surface for timescales greater than 1 Gyr. Thus, such moons could be habitable. However,

an icy moon of Europa’s size would evaporate rapidly at ∼1.1 AU around a Sun-like star,

and only beyond ∼1.5 AU would surface water (as ice) on a Europa sized moon last for more

than 1 Gyr.

3.7 Derivation of escape models

3.7.1 Isothermal model

The three key equations for hydrodynamic escape – continuity, momentum, and energy –

can be written generally (e.g., multiple species, etc. (Koskinen et al., 2013)) but we will use

a simplified spherically symmetric model with constant mean molecular mass (see (Catling

& Kasting, 2017, Ch. 5) for a more complete discussion of the topic). We assume the

atmospheric density and atmospheric flow velocity only change in the radial direction. As

such, the derivatives for mass continuity and momentum conservation are complete. Under

these assumptions, the time-dependent and steady-state continuity and mass conservation

equations are as follows. Continuity is given by:

∂ρ

∂t
= − 1

r2

d

dr
(r2ρu), steady state:

d

dr
(r2ρu) = 0 (3.13)



34

where ρ is the mass density, r is the radial distance from the planet’s center, and u is the

atmospheric flow velocity. Momentum conservation is given by:

∂(ρu)

∂t
= −ρudu

dr
− dp

dr
+ ρg, steady state: u

du

dr
+

1

ρ

dp

dr
= g (3.14)

where p is pressure, and g is gravity.

If we assume an isothermal atmosphere, we can relate pressure and density with the

isothermal sound speed

u2
0 =

kT

m
(3.15)

where k is the Bolztmann constant, T is the isothermal temperature, and m is the mean

molecular mass of the atmosphere. From the ideal gas law

p = ρu2
0 (3.16)

Integrating equation 3.13 in the steady state, we get the mass escape rate per steradian

of r2ρu, which, when combined with equations 3.13 and 3.14, gives an expression for the

isothermal planetary wind from a body with mass M :

(u2 − u2
0)

1

u

du

dr
=

2u2
0

r
+ g, or (u2 − u2

0)
1

u

du

dr
=

2u2
0

r
− GM

r2
. (3.17)

Equation 3.17 is analogous to Parker’s solar wind equation. For a strongly bound atmo-

sphere at some critical distance from the planet’s surface, the right hand side of equation

3.17 reaches zero, indicating that either the flow reaches the speed of sound or (du/dr)c = 0.

The subsonic solution, (du/dr)c = 0, requires a finite background pressure that inhibits es-

cape so we will focus on the transonic solution where u2 = u2
0. The transonic solution has

du/dr > 0 at all times and is consistent with a strongly bound atmosphere at the surface

and zero pressure at infinity.

The critical distance rc occurs in equation 3.17 when u2 = u2
0 which gives us:
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0 =
2u2

0

rc
− GM

r2
c

(3.18)

Solving for rc in equation 3.18 we find

rc =
GM

2u2
0

. (3.19)

If we integrate equation 3.17 from the surface radius rs to rc and ignore the u2 term near

the surface, where it is negligible for bodies of interest in this study, we get the equation:

ρsus = ρsu0

(
rc
rs

)2

exp

[
−1

2
+
GM

u2
0

(
1

rc
− 1

rs

)]
. (3.20)

As the radial distance from the moon increases the mass flux, ρu (in kg m−2 s−1), de-

creases. The steady state continuity given by equation 3.13, when integrated gives 4πr2ρu =

C where the constant of integration C is just the total rate of mass loss (in kg s−1) through

a spherical surface. As r goes to infinity ρu goes to 0 since ρu ∝ 1/r2. Therefore, the

outflowing wind loses kinetic energy as r →∞. Thus, the energy flux required to drive the

escaping mass flux is given by the energy required to remove the mass flux from the gravity

well of the moon, ρsusGM/rs.

A first-order global energy balance between insolation and cooling via mass loss is then

given by:

1

4
(1− A)Fs =

(
GM

rs
+ Lv

)
ρsus + σT 4 (3.21)

where A is the Bond albedo, Fs is the incident stellar flux, and σ is the Stefan-Boltzmann

constant. The escape flux is given by ρsus and is multiplied by the energy required for that

flux to escape the planet. The energy includes a gravitational potential energy term, and

the latent heat of vaporization Lv (for this model Lv = 2.5× 106 J kg−1). In equation 3.21

we assume the atmosphere is transparent to both shortwave and infrared radiation.

Equations 3.20, and 3.21 can be solved simultaneously for the two unknowns us and T .

Once solved, we can calculate the total escaping mass rate by:
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Ṁ = 4πρsusr
2
s (3.22)

with ρs being calculated from ρs = Ps/u
2
0 with surface pressure Ps. We calculate surface

pressure with equation 3.1 for a C-C atmosphere given the surface temperature of water,

where reference parameters are at the triple point: P0 = 611.73 Pa, T0 = 273.16 K. For our

model, we only consider water worlds with pure H2O atmospheres so estimating the surface

density from the saturation vapor pressure is valid (Adams et al., 2008). We refer to this

approach, where 3.20 and 3.21 are solved numerically, as the Numerical Model.

For the slowly evaporating moons of interest in this study, those with surface water

lasting more than 1 Gyr, the escape is so slow it does not appreciably cool the moon. Thus

an analytic model can be derived by neglecting the mass loss flux cooling term in equation

3.21. With the simplified equation 3.21 our isothermal temperature is simply calculated

from incoming stellar flux. And, from our assumption that the exomoons have an average

bulk density of 2 g cm−3, we can calculate the surface radius rs = (3M/(4πρexomoon))1/3.

Substituting these two equations into equation 3.20 we find that

us = u0
r2
c

r2
s

exp

[
3

2
− G

u2
0

(
3

4πρexomoon

)−1/3

M2/3

]
(3.23)

By plugging equation 3.23 into equation 3.22, we get the analytic expression for the mass

loss due to hydrodynamic escape given in equation 3.5.

Calculating us in this manner assumes the temperature in our energy balance equation

is a constant and set solely by the incoming stellar flux and the emitted thermal flux from

the surface. For the low temperature bodies (< 273 K) we are interested in for this study,

equation 3.23 gives identical results as the previously defined numerical model until the

runaway limit is approached. See Figure 3.3 for a comparison.
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Figure 3.3: Contours of surface water lifetime comparing the analytic model given by
equation 3.5, shown in red, and the numerical approach where T and us are solved for
simultaneously, shown in dashed blue contours. Plot A shows the analytic model, which
does not consider the greenhouse effect, plotted with the numerical model taking into
account the greenhouse effect of water vapor as derived in Section 3.7.3. Both models
produce identical results until the runaway limit is approached and the numerical model
asymptotes along the limit. Plot B shows the analytic and numerical models as well;
however, the greenhouse effect is neglected in the numerical model for this plot. In
this case, both methods produce identical results, as expected, for slowly evaporating
bodies with surface water lasting more than 1 Gyr.
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3.7.2 Saturated model

We also modeled hydrodynamic escape from a non-isothermal atmosphere, the saturated

case. To model escape in the saturated case we start with equations 3.13, 3.14, 3.15, and

3.16. Instead of using equation 3.1 to relate temperature and pressure, we will approximate

the Clausius-Clapeyron relation with an expression similar to Tentens’ formula, given by

p = pw exp (−Tw/T ) (3.24)

for reference temperature Tw and pressure pw. A reasonable approximation for 250 < T < 400

K over water takes Tw = 5200 K and pw = 1.13 × 106 bar. A very good approximation for

150 < T < 273 K over ice takes Tw = 6140 K and pw = 3.53× 107 bar. From Wexler (1977),

whose expression we’ve approximated, the simple exponential fit is likely good to within

a few percent for the temperatures in our model. This simplified expression is desirable

because we want to work with an analytic expression for dT/dr.

We can eliminate p from equation 3.14 using equations 3.15 and 3.16, giving us

u
du

dr
+
u0

ρ

dρ

dr
+
u2

0

T

dT

dr
= −GM

r2
. (3.25)

We use equation 3.24 to express dT/dr in terms of dρ/dr

u2
0

ρ

dρ

dr
=

(
Tw − T
T

)
u2

0

T

dT

dr
(3.26)

and equation 3.13 eliminates dρ/dr in terms of du/dr giving us our saturated wind equation

(
u− u2

0

u

(
Tw

Tw − T

))
du

dr
=

2u2
0

r

(
Tw

Tw − T

)
− GM

r2
(3.27)

or equivalently as an expression for du/dr

1

u

du

dr
=
N

D
=

(2u2
0/r)(Tw/(Tw − T ))−GM/r2

u2 − u2
0(Tw/(Tw − T ))

(3.28)

where the numerator N(r, T ) is
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N =
2u2

0

r

(
Tw

Tw − T

)
− GM

r2
(3.29)

and the denominator D(r, T, u) is

D = u2 − u2
0

Tw
Tw − T

(3.30)

Equation 3.28 is the form we will use to numerically integrate u(r). Equation 3.27 can be

written equivalently as

D
1

u

du

dr
= N. (3.31)

Recall from the isothermal case that, for hydrodynamic escape from a strongly bound

atmosphere, du/dr > 0. Near the surface of the moon the numerator, N(r, T ), will be

negative as the gravity term will dominate given that our atmosphere is strongly bound. At

some distance rc the 2u2
0/r term will equal the force of gravity, so N(r, T ) = 0 at rc. Since

N(r, T ) = 0 and du/dr > 0, from equation 3.31, D(r, T, u) = 0 at rc as well. At the critical

point, Nc = 0 provides a simple relation between Tc and rc

rc =
GMm(Tw − Tc)

2kTcTw
. (3.32)

Similarly, Dc = 0 relates uc and Tc by

u2
c = (u2

0)c
Tw

Tw − Tc
=
GM

2r3
c

. (3.33)

The transonic solution is obtained by numerically integrating equation 3.28 from the

critical point to the surface. The first step is to solve for (du/dr)c at the critical point. This

is obtained from equation 3.28 by using L’Hopital’s rule.

1

uc

(
du

dr

)
c

=
Nc

Dc

=
0

0
=

(dN/dr)c
(dD/dr)c

. (3.34)

The numerator becomes
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(
dN

dr

)
c

=
GM

r3
c

− 4(u2
0)c
r2
c

T 2
wTc

(Tw − Tc)3
− 2(u2

0)c
rc

T 2
wTc

(Tw − Tc)3

1

uc

(
du

dr

)
c

(3.35)

and the denominator becomes

(
dD

dr

)
c

=

(
2 +

TwTc
(Tw − Tc)2

)
uc
du

dr
+

2u2
c

r2
c

TwTc
(Tw − Tc)2

. (3.36)

If we let x ≡ u−1
c (du/dr)c, simplify equation 3.35 to replace GM/rc with equation 3.33,

and divide out the common factor u2
c , then equation 3.34 can be written as the quadratic

equation

(
2 +

TwTc
(Tw − Tc)2

)
x2 +

4

rc

TwTc
(Tw − Tc)2

x+
4

r2
c

TwTc
(Tw − Tc)2

− 2

r2
c

= 0. (3.37)

The positive root of this equation corresponds to the accelerating flow at the critical point.

To find the mass flux loss, the first step is to guess an initial temperature at the critical

point, Tc. Given Tc, we know u2
0, pc is given from equation 3.24, and ρc is given by the ideal

gas law. From equations 3.32 and 3.33, we get rc and uc respectively, which allows us to solve

equation 3.37 for the critical slope (du/dr)c. Density can then be found at the new point

from continuity, ρur2 = ρcucr
2
c . Given ρ, we can solve for T and p from equation 3.24 with

the help of the ideal gas equation. This integration proceeds to the surface. The guess for

Tc is adjusted numerically until the desired surface temperature (in balance with incoming

stellar flux and mass loss given by equation 3.21) is achieved. Once the correct values are

found, equation 3.22 will give the mass loss rate.

For both isothermal and non-isothermal models, the surface temperature is assumed

to be set by the incident solar flux averaged over time and hemisphere, which is given by

equation 3.2 for a rapidly rotating body. The isothermal case represents the warmest possible

atmosphere neglecting greenhouse effects under the case of hydrodynamic escape. The non-

isothermal case represents a minimum possible temperature for a water vapor atmosphere at

rc since it is saturated at all points based on the surface temperature set from the solar flux.

These two models represent the extremes of atmospheric temperature profiles for a water
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vapor atmosphere, with the real solution likely somewhere between them.

3.7.3 Isothermal model with greenhouse

We would like to calculate the total surface warming due to the greenhouse effect of a wa-

ter vapor atmosphere considering the energy absorbed to drive atmospheric expansion and

escape throughout the atmosphere. We start with the greenhouse effect of a hydrostatic

atmosphere, then adapt the equation for a hydrodynamic atmosphere. We assume the at-

mosphere is transparent to shortwave radiation. From Catling & Kasting (2017, p. 55), for

a moon with a gray, radiative, hydrostatic atmosphere the energy balance at the surface is

given by

σT 4
s = Fnet(1 + τ/2) (3.38)

where τ is the total thermal infrared optical depth of the atmosphere at the surface, σ

is the Stefan-Boltzmann constant, and Ts is the surface temperature. The time-averaged,

hemispherically-averaged flux incident on the moon is given by Fnet = (1−A)Fs/4 for Bond

albedo A, and incident stellar flux Fs.

In our model, we are concerned with moons in the hydrodynamic regime where water

vapor is lifted from the surface of the moon and accelerates upward until it escapes to space.

The total energy required to remove a mass flux of water vapor from the moon’s surface is

given by

GM

rs
ρsus (3.39)

for surface radius rs. In equation 3.39, M is the mass of the moon, G is the gravitational

constant, us is the radial outflow velocity of the atmosphere at the surface, and ρs is the

atmospheric density at the surface, such that ρsus is the mass flux in kg m−2 s−1.

In the hydrodynamic atmospheres of interest in this study, the energy flux needed to

remove the atmosphere, given by equation 3.39, must come from the stellar radiation and
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the thermal IR flux. That is, it must come from the Fnet(1 + τ/2) energy input term in

equation 3.38. As such, the energy balance at the surface will then be given by

σT 4
s = Fnet(1 + τ/2)− GM

rs
ρsus (3.40)

in the hydrodynamic regime. We also account for the energy required to vaporize the water

mass flux at the surface, given by Lvρsus for latent heat of vaporization Lv. Subtracting

Lvρsus from the right-hand side of equation 3.40 and reorganizing the terms we find the

following energy balance of input and output:

1

4
(1− A)Fs

(
1 +

τ

2

)
=

(
GM

rs
+ Lv

)
ρsus + σT 4

s . (3.41)

Equation 3.41 is the global energy balance at the surface for an icy moon with the greenhouse

effect considered under the hydrodynamic regime. It can be compared with equation 3.2 in

the main text where we assumed an atmosphere that was optically thin in the thermal

infrared.
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Chapter 4

ARCHEAN CARBON DIOXIDE LEVELS FROM
MICROMETEORITE OXIDATION

Status

This work was published under the title Atmospheric CO2 levels from 2.7 billion years ago

inferred from micrometeorite oxidation by Owen R. Lehmer, David C. Catling, Roger

Buick, Donald E. Brownlee, and Sarah Newport. It was published in Science Advances

in 2020. See the reference Lehmer et al. (2020).

4.1 Abstract

Earth’s atmospheric composition during the Archean eon of 4 to 2.5 billion years ago has

few constraints. However, the geochemistry of recently discovered iron-rich micrometeorites

from 2.7 billion-year-old limestones could serve as a proxy for ancient gas concentrations.

When micrometeorites entered the atmosphere, they melted and so preserved a record of

atmospheric interaction. We model the motion, evaporation, and kinetic oxidation by CO2

of micrometeorites entering a CO2-rich atmosphere. We consider a CO2-rich, rather than O2-

rich atmosphere, as considered previously, because this better represents likely atmospheric

conditions in the anoxic Archean. Our model results reproduce the observed oxidation state

of micrometeorites at 2.7 Ga for an estimated atmospheric CO2 concentration of >70%

by volume. Even if the early atmosphere was thinner than today, the elevated CO2 level

indicated by our mean model result would help resolve how the late Archean Earth remained

warm when the young Sun was ∼20% fainter.
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4.2 Introduction

The atmospheric CO2 concentration of the Archean Earth is highly uncertain. In the

Archean, the Sun was 20-30% less luminous and CO2 levels would have needed to be much

higher than modern to maintain a climate suitable for liquid water, perhaps by a factor of 102

to 103, depending on the concentration of other greenhouse gases, such as CH4 (e.g. Kasting,

1993; Krissansen-Totton et al., 2018a). In addition to atmospheric models, Archean paleosols

and other proxies have been examined to constrain atmospheric CO2 levels. Estimates from

these studies range between ∼3 × 10−3 bar and ∼0.75 bar of CO2 during the Archean (see

(Sec. 11.4.3 in Catling & Kasting, 2017) for a review). Thus, the estimated atmospheric

CO2 level in the Archean spans ∼3 orders of magnitude.

The spread in Archean atmospheric CO2 concentrations is part of a debate about the

climate of the early Earth. Isotopic analyses of phosphates (Blake et al., 2010) and deuterium

(Hren et al., 2009) suggest that the Archean surface temperature was temperate and <40 ◦C.

In addition, the presence of Archean glacial deposits (e.g. Wit & Furnes, 2016) indicate the

early Earth was at least periodically cool. However, a high-temperature Archean with surface

temperatures of 70± 15 ◦C has been proposed based on measurements of oxygen isotopes in

Archean cherts (Knauth & Lowe, 2003). The possible presence of a low viscosity Archean

ocean (Fralick & Carter, 2011) and the thermostability of resurrected Archean proteins

(Gaucher et al., 2008) are also used for claiming a high-temperature Archean. Additional

CO2 estimates for the Archean atmosphere could help resolve this temperature uncertainty

and provide insight into the conditions for life on the early Earth.

It was recently proposed that Archean, spherical, iron-rich (type I) micrometeorites could

have been oxidized by modern levels of O2 in the upper atmosphere (Tomkins et al., 2016;

Rimmer et al., 2019). However, very low levels of O2 in the Archean atmosphere inferred

from a large variety of proxies (e.g. Farquhar et al., 2014) motivate considering oxidation by

CO2 as an alternative (Zahnle & Buick, 2016). Thus, the micrometeorites could provide a

new constraint on Archean CO2 levels.
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When FeNi metal micrometeoroids enter the atmosphere at hypervelocity they can melt,

and while molten, react readily with the surrounding atmosphere (Genge Matthew J., 2016).

During this reaction, iron micrometeorites exposed to O2 or CO2 can oxidize some or all of

the metal to species such as wüstite (Fe(1-x)O) and magnetite (Fe3O4) (Genge et al., 2017).

Depending on size, entry speed, and entry angle, the micrometeorites melt and oxidize in the

upper atmosphere for only a few seconds at approximately 65 to 90 km above the surface for

the modern Earth and solidify well before reaching the lower atmosphere. After solidifying

in the upper atmosphere, iron-rich micrometeorites become largely inert and can preserve

their oxidation state through geologic time (Tomkins et al., 2016).

The possibility that Archean micrometeorites could provide a proxy for atmospheric

composition was first proposed by Tomkins et al. (2016). They found 59 iron-rich microme-

teorites in a 2.7 billion-year-old limestone from the Pilbara region of northwestern Australia

that contained magnetite, wüstite, and metallic iron. Tomkins et al. concluded that mi-

crometeorite oxidation most likely occurred in the Earth’s atmosphere and suggested that

∼20% atmospheric oxygen in the upper atmosphere was responsible. They discounted CO2

in favor of oxidation from atmospheric O2 because of slow kinetics in low-temperature (1100

K), high-pressure (1 bar) lab measurements of oxidation of solid (and not molten) Fe by CO2

and their equilibrium-based calculations, which implied that small, iron-rich micrometeorites

would not be oxidized in a low-CO2 atmosphere (<10% by volume). They also note that

a CO2-rich atmosphere could contain some CO, a reductant. However, such an atmosphere

should also produce O2 and O3 (e.g. Harman et al., 2015), which could mitigate the reducing

capacity of CO. In addition, Fe-rich micrometeorites melt for only a few seconds during entry

and may not reach equilibrium during this time (Tomkins et al., 2016) making it premature

to rule out CO2 as a plausible oxidant.

While an oxygen rich atmosphere is certainly capable of oxidizing iron micrometeorites, an

upper atmosphere of ∼20% O2 is difficult to reconcile with evidence for an anoxic atmosphere

in the Archean where O2 was likely less than 10−4 bar at altitude (Krull-Davatzes et al., 2010)

and less than 1 ppmv at ground level (Farquhar et al., 2014, 2000; Pavlov & Kasting, 2002;
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Zahnle et al., 2006). In addition to proxy data showing low atmospheric O2 in the Archean,

current understanding of atmospheric mixing does not support an O2-rich Archean upper

atmosphere with anoxic lower atmosphere. Turbulent mixing, particularly from breaking

gravity waves (which physics dictates increase in amplitude with altitude) mixes the major

constituents of the atmosphere up to the homopause at ∼100 km altitude on the modern

Earth. Such waves are shed from airflow over surface topography, jets, and thermal tides,

which are all processes that would have occurred on the ancient Earth.

The homopause is the pressure, or altitude, below which the major atmospheric con-

stituents are well mixed due to turbulence, and on the modern Earth is well above the

melting altitude for micrometeorites between roughly 65 and 90 km. It is tempting to specu-

late that the homopause may have occurred at a higher pressure on the Archean Earth, and

thus at a lower altitude, more consistent with the melting of micrometeorites. However, a

high-pressure homopause in the Archean would be physically unusual compared to all other

known terrestrial atmospheres. In the Solar System, rocky bodies have homopause pressures

of ∼10−2 Pa on Earth, ∼10−2 to ∼10−5 Pa on Mars (depending on season) (Slipski et al.,

2018), ∼10−3 Pa on Venus, and ∼10−4 Pa on Titan (Catling & Kasting, 2017, p. 6). Thus, a

high-pressure homopause on the Archean Earth may be counter to current understanding of

atmospheric mixing and available data (see §4.3 and §4.4 of Catling & Kasting (2017) for a

detailed discussion of atmospheric mixing). Even if the ground-level atmospheric pressure in

the Archean were lower than modern (Som et al., 2012, 2016), the upper atmosphere would

still be in approximate hydrostatic equilibrium. So, a lower ground-level pressure would not

alter the absolute pressure aloft at which micrometeorites melt (Tomkins et al., 2016). An

Archean model with constant vertical eddy mixing coefficient of 105 cm2 s−1 (Rimmer et al.,

2019) produces high O2 at altitude, but the assumed eddy mixing is an order to orders of

magnitude lower than that determined empirically for the upper atmosphere of the modern

Earth (∼106 cm2 s−1) (Massie & Hunten, 1981) or required to model the thin atmosphere of

Mars (e.g., 106 cm2 s−1 at 20 km to 4× 107 cm2 s−1 at 80 km altitude) (Smith et al., 2014).

For all the above reasons, we propose a CO2 rich atmosphere capable of oxidizing Fe
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micrometeorites may have been present at 2.7 Ga. A CO2 rich atmosphere is consistent with

geochemical analyses of the acid-weathering of Archean soils that became paleosols (e.g.

Kanzaki & Murakami, 2015), and agrees with current models of the Archean carbon cycle

and climate (Krissansen-Totton et al., 2018a), and demands no peculiar set of circumstances

to create high upper atmosphere O2 in an anoxic Archean. Furthermore, it has long been

demonstrated in the metallurgy industry that CO2 can oxidize metallic Fe under various

atmospheric conditions and temperatures (e.g. Abuluwefa et al., 1997).

By modeling the motion, heating, and evaporation of micrometeorites during atmospheric

entry, and using a rate constant for Fe oxidation via CO2 from lab measurements (Smirnov,

2008) (see Section 4.3 for details), we investigate what atmospheric CO2 levels could explain

the reported oxidation of Archean micrometeorites . In this way, we seek to provide a new

constraint on atmospheric CO2 levels during the Archean.

4.3 Methods

4.3.1 Model description

This work follows the models developed by Love & Brownlee (1991) (hereafter LB) and Genge

Matthew J. (2016) (hereafter MG). The LB model describes the entry and evaporation of

silicate micrometeorites on the modern Earth. The MG model expands the model of LB

to include Fe-rich micrometeorites and their oxidation during atmospheric entry. Below we

describe our model, which is an implementation of the MG model but for oxidation of Fe by

CO2.

Following MG and LB, our model describes the motion, heating, evaporation, and oxi-

dation of iron micrometeorites. We assume an initial velocity, v (m s−1), an initial mass, m

(kg), and an initial entry angle from zenith θ with θ = 90◦ being tangential to the Earth’s

surface and θ = 0◦ indicating the particle is moving directly toward the Earth’s surface. The

motion of the particle in two dimensions, accounting for atmospheric drag, can be calculated

via
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dv

dt
= g − 3ρav

2

4ρr
v̂ (4.1)

where g is gravity (m s−2), v is velocity in m s−1, t is time (s), ρa is the atmospheric density

in kg m−3, ρ is the density of the micrometeorite (kg m−3), and r is the particle radius

in m. The altitude, a, of the particle was assumed to start at 190 km above the Earth’s

surface, following LB, and tracked throughout the model. For a given altitude, g is easily

calculated from g = GM⊕/r
2
alt for gravitational constant G = 6.67 × 10−11 N m2 kg−2 and

Earth mass M⊕ = 5.97×1024 kg; here ralt is the radial distance from the center of the Earth

to altitude, a. The MSIS-E-90 Atmosphere Model (available here: https://ccmc.gsfc.

nasa.gov/modelweb/models/msis_vitmo.php) was used to generate an atmospheric density

profile for the modern Earth, which we used for both the modern and Archean atmospheres

following (Cnossen et al., 2007). Even if the atmospheric pressure in the Archean were lower

than modern (Som et al., 2016) the density profile of the upper atmosphere generated by the

MSIS-E-90 model would likely remain similar and produce similar model results, as noted

by Tomkins et al. (2016).

We use the MSIS-E-90 model to generate atmospheric densities, ρa, and total atmospheric

oxygen densities (both O and O2) at 1 km intervals from the Earth’s surface to 190 km. We

linearly interpolated between each data point to find the atmospheric density for a given

altitude. When calculating atmospheric CO2 abundance in the model, we specify a CO2 wt.

%, then multiply the wt. % by ρa. This was done to make conversions from the MSIS-E-90

density data to CO2 abundances a simple conversion. For example, if the model is run with

30 wt. % CO2, the atmospheric CO2 density will be found via 0.3ρa, with ρa coming directly

from the MSIS-E-90 data. When modelling CO2 atmospheres, we assume the remainder of

the atmosphere is N2.

With the velocity of the micrometeorite known, the heat flux of the particle, dq/dt, in W

can be described by

https://ccmc.gsfc.nasa.gov/modelweb/models/msis_vitmo.php
https://ccmc.gsfc.nasa.gov/modelweb/models/msis_vitmo.php
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dq

dt
=
πr2ρav

3

2
− Lv

dmevap

dt
− 4πr2σT 4 + ∆Hox

dmox

dt
(4.2)

following equations 3 and 14 from MG. The first term on the right hand side of equation

4.2 describes the heat flux due to collisions with air, which incorporates the ram pressure,

ρav
2, experienced by the micrometeorite. The second term describes the heat flux due to

evaporative mass loss with the latent heat of vaporization for both FeO and Fe given by

Lv = 6 × 106 J kg−1 and the mass loss given by dmevap/dt in kg s−1. The third term

accounts for radiative heat loss with Stefan-Boltzmann constant σ = 5.67 × 10−8 W m−2

K−4 and micrometeorite temperature T in K. We assume a blackbody emissivity of unity

for the radiative term, following MG. The final term describes the heat of oxidation of an

Fe particle with dmox/dt being the mass growth of the oxide layer in kg s−1. From MG, Fe

oxidation by oxygen is exothermic with an oxidation enthalpy of ∆Hox = 3.716×106 J kg−1.

Oxidation by CO2 is endothermic and has an oxidation enthalpy of ∆Hox = −4.65 × 105 J

kg−1.

Following MG, the ∆Hox for CO2 is approximated from the standard enthalpies of for-

mation at standard temperature and pressure. It is estimated for the reactants and products

in

Fe + CO2 → FeO + CO (4.3)

where the energies for Fe, CO2, FeO, and CO are 0 kJ mol−1, -393.5 kJ mol−1 (Cox et al.,

1984), -249.5 kJ mol−1 (Chase, 1998), and -110.5 kJ mol−1 (Chase, 1998) respectively.

Putting these values into equation 4.3 we see that 33.5 kJ mol−1 are consumed in the reac-

tion, or 4.65× 105 J kg−1 of FeO. The heat of oxidation has only minor impact on the model

results, so we neglect the temperature dependence of ∆Hox, following MG. The ∆Hox for

CO2 is an order of magnitude smaller than for O2 in absolute value so this assumption is

especially reasonable for the CO2-rich atmosphere modelled here. It has been argued that

the reaction described in equation 4.3 is the only plausible pathway of oxidation of Fe by
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CO2 under the conditions considered in this work, so we do not consider other Fe + CO2

products (Smirnov, 2008).

The heat flux can be related to the specific heat capacity, and to temperature via

dq

dt
= mcsp and

dT

dt
=
dq

dt
· dT
dq

(4.4)

for mass m and specific heat of wüstite csp = 400 [J kg−1 K−1], which coats the molten Fe

micrometeorite upon entry (Stolen et al., 2015). As shown in MG, equations 4.2 and 4.4 give

an equation for rate of temperature change,

dT

dt
=

1

rcspρ

(
3ρav

3

8
− 3Lv

4πr2

dmevap

dt
− 3σT 4 +

3∆Hox

4πr2

dmox

dt

)
(4.5)

Equation 4.5 is the same as equation 6 of MG but with the heat of oxidation term included.

We note that MG is missing a 3 in the 3σT 4 term, likely due to a typesetting error.

In our model we assume that Fe is only oxidized to FeO, and do not consider further

oxidation, following MG, as the process of oxidation past FeO is uncertain. As such, we

only consider the ratio of unoxidized Fe to oxidized Fe in micrometeorites that are not fully

oxidized in our model results. Following MG, we assume that any liquid oxide that forms

during melting is immiscible with the molten Fe core and coats the exterior of the microm-

eteorite. Thus, we can calculate the evaporative mass loss rate, dmevap/dt, by considering

the rate of FeO (or Fe) evaporation using the Langmuir approximation, which is given by

dmevap

dt
= −4πr2pv

√
M

2πRgasT
(4.6)

where Rgas = 8.314 J mol−1 K−1 is the ideal gas constant, M is the molar mass (0.0718 kg

mol−1 for FeO or 0.0558 kg mol−1 for Fe), and pv is the vapor pressure of the evaporating

FeO or Fe in Pa. The vapor pressure was determined experimentally by Wang et al. (1994)

and from MG is given by

log(pv) = 10.3− 20126/T (4.7)
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for FeO (note that equation 4.7 is the same as MG equation 13 but for units of Pa rather

than dynes cm−2).

In addition to evaporation of the liquid oxide layer, our model allows the unoxidized Fe

to evaporate as well. This is necessary because we consider low CO2 atmospheres where the

formation of a liquid oxide layer surrounding the micrometeorite can be slower than the rate

of evaporation. To handle this in our model, at each time step we calculate the oxide mass

loss rate via equation 4.6 and if it exceeds the total oxide mass remaining in the particle

we evaporate liquid Fe for the remainder of the time step. The liquid Fe evaporation is

calculated from equation 4.6 as well, but pv is defined by

log(pv) = 11.51− 1963/T (4.8)

from the data in Wang et al. (1994). Thus, the total evaporation can be given by

dmevap

dt
=
dmevap m

dt
+
dmevap ox

dt
(4.9)

where dmevap m/dt is the metallic Fe evaporated and dmevap ox/dt is the Fe oxide evaporated

via equation 4.6.

The final step is to track the mass of Fe metal, and FeO oxide in the micrometeorite. In

an oxygen rich atmosphere, we assume the total oxygen accumulated by the micrometeorite

is given by

dO

dt
= γρOπr

2v (4.10)

where ρO is the total density of oxygen (both O and O2) encountered in kg m−3, following

MG. The γ term is a dimensionless factor between 0 and 1 that determines what fraction of

the encountered oxidant is used to oxidize Fe (γ = 1 in this work, see MG for a discussion

of γ and O2).

For oxidation by CO2 we calculate the reaction rate of Fe and CO2 from
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rCO2 = k[Fe][CO2] (4.11)

for rate constant k = 2.9×108 exp (−15155/T ) m3 mol−1 s−1 from Smirnov (2008) with rCO2

in mol m−3 s−1. The Fe concentration is given by

[Fe] =
mFe

V
(4.12)

where mFe is the mass of Fe in the micrometeorite in mol, and V is the volume of the

micrometeorite in m3. The CO2 concentration per unit volume is given by the total CO2

encountered per second multiplied by the timestep, ∆t, i.e.

[CO]2 =
γρCO2πr

2v

V
∆t (4.13)

where ρCO2 is in mol m−3. We compare the rate in equation 4.11 to the total CO2 encountered

per unit volume per time step and take the lesser of the two as the amount of oxygen

accumulated by the Fe. We assume γ = 1 in equation 4.13 so the oxidation from CO2

calculated with this model should be considered an upper bound. From equation 4.3, each

CO2 that reacts with the micrometeorite will add one O to the particle as FeO so

dO

dt
= V ·min

(
[CO2]

∆t
, rCO2

)
. (4.14)

When calculating dO/dt for CO2 we first calculate in mol s−1, then convert to kg s−1 for

ease of use in the model.

It is important to note that the reaction rate for Fe oxidation via CO2 used in this model

was derived from lab measurements of gas-phase interactions of Fe and CO2 (Smirnov, 2008).

This likely represents an upper bound on Fe oxidation via CO2 and may overestimate the

oxidation of liquid Fe in a CO2-rich atmosphere, where diffusion of the oxidant through the

liquid Fe oxide could be the rate limiting step. However, the kinetics of the reaction for the

pressures and temperatures considered in this model are uncertain (noting that temperatures

often exceed ∼2000 K). As such, the model presented here should be considered an upper
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bound on the oxidation rate by CO2. Future lab measurements are desirable to constrain

the reaction rate described by equation 4.11.

Following MG, our model only allows oxidation while unoxidized Fe remains in the mi-

crometeorites. Thus, one Fe atom will be removed from the metallic Fe mass for each O

atom accumulated. The total metallic Fe in the particle at each time step is then calculated

by the amount of Fe converted to Fe oxide, minus evaporated Fe, giving an equation for the

mass of metallic Fe in the particle

dmm

dt
= −MFe

MO

dO

dt
− dmevap m

dt
(4.15)

for Fe molar mass MFe = 0.0558 kg mol−1 and atomic O molar mass MO = 0.0160 kg mol−1.

Similarly, the mass of oxide will grow for each O atom encountered, minus the evaporated

FeO, which can be described by

dmox

dt
=
MFeO

MO

dO

dt
− dmevap ox

dt
. (4.16)

With initial altitude, velocity, and mass known, equations 4.1, 4.5, 4.9, 4.15, and 4.16 can

be solved numerically to simulate the entry of an Fe micrometeorite. We assume all particles

start as pure Fe and use a simple Euler approximation to numerically integrate the equations.

We set the maximum timestep to 0.01 seconds for our integration but allow the timestep

to adjust dynamically such that the maximum change in temperature of the particle never

exceeds 0.1%. Following MG, we assume that no oxidation occurs until the micrometeorite

melts at 1809 K for Fe and oxidation shuts off when the micrometeorite solidifies at 1720 K

(the FeO melting temperature). We assume the liquid FeO has a density of 4400 kg m−3,

and Fe has a density of 7000 kg m−3, from MG. In addition, for Fe we use a specific heat of

400 J K−1 kg−1. Figure 4.1 shows an example model run for a single 50 µm particle entering

a 50 wt.% CO2, 50 wt.% N2 atmosphere at 12 km s−1 and an entry angle of 45◦ from the

Zenith.

Of interest in our model is the fractional area of unoxidized Fe compared to the total
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Figure 4.1: Single model run for a parti-

cle with an entry angle of 45◦ from zenith

run through a 39% CO2, 61% N2 atmo-

sphere (50 wt.% CO2, 50 wt.% N2). The

plots above show: (A) micrometeorite tem-

perature in K, (B) micrometeorite velocity

in km s−1, (C) micrometeorite radius in µm,

(D) the mass fraction of metallic Fe to oxi-

dized FeO, and (E) the micrometeorite’s al-

titude above the Earth’s surface in km. The

orange part of each curve indicates the mi-

crometeorite is molten. For plot C, the mi-

crometeorite increases in radius because the

oxide layer is growing faster than it is evap-

orating. The oxidation of high-density Fe to

the lower density FeO results in a less dense

particle and thus a larger radius. In this

simulation, the micrometeorite is molten for

2.6 seconds between 11.9 and 14.5 seconds.

The initial radius is 50 µm, the final radius

is 54.8 µm, the final Fe fractional mass is

41% (37% by cross-sectional area), and the

maximum temperature reached is 2275 K at

an altitude of 81.2 km.
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cross-sectional area of the micrometeorite (i.e. unoxidized Fe plus oxidized Fe) after they

solidify. For a given micrometeorite, we assume that the unoxidized Fe forms a spherical

bead at the center of the particle and is evenly surrounded by any produced oxide (FeO). We

then “section” the simulated micrometeorites at the midpoint and compare the total surface

area of exposed metallic Fe to the total area of the sectioned micrometeorite. This quantity

can be easily compared to measurements like those in Figure 4 of Genge et al. (2017), which

reports Fe phase abundance in sectioned micrometeorites. Our assumption that the metallic

Fe is centered in the micrometeorite means we assume an upper bound on the sectioned area,

as an uncentered bead may not measure Fe at the widest point. Despite this assumption, our

model is able to accurately reproduce the data reported in Figure 4 of Genge et al. (2017),

which shows the ratio of metallic Fe to oxidized Fe for 34 modern micrometeorites collected

from Antarctica (we consider both FeO and Fe3O4 as oxides here and do not differentiate

between them). Note, in Genge et al. (2017) the captions of Figures 4 and 5 are switched so

the interested reader should look at the data presented in Figure 4, but apply the caption

of Figure 5 to avoid confusion. Figure 4.2 in this paper shows our model prediction of Fe

fractional area compared to the data inferred from Figure 4 of Genge et al. (2017). The

agreement between our simulated data (blue) and the modern micrometeorite collected data

(orange) is clearly shown in the figure.

Following MG, we do not consider magnetite formation in our model because the process

by which magnetite forms during entry is uncertain. The liquid Fe oxide that forms while the

micrometeorite is molten could crystalize as Fe3O4 if enough oxygen is accumulated while

molten. However, magnetite may also form after solidification due to decomposition of FeO

to Fe3O4 or possibly from further oxidation at low temperatures. In addition, the central

Fe bead could separate from the molten micrometeorite during entry leading to a highly

oxidized melt as a remainder, which could solidify as magnetite (see MG for a discussion of

Fe3O4 formation). Thus, we only consider micrometeorites that still retain unoxidized Fe

in both our model results and collected data and do not differentiate between the phases of

oxidized Fe.
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Figure 4.2: Fractional area of unoxidized Fe in simulated sectioned micrometeorites
compared to observed modern micrometeorites. The horizontal axis in this plot shows
the fractional area of unoxidized Fe in cross-sectioned micrometeorites. The blue his-
togram shows the simulated unoxidized Fe fractional area from 500 randomly generated
micrometeorites entering the modern atmosphere, which were oxidized by O2, and the
orange histogram shows the data inferred from Figure 4 of Genge et al. (2017). The
model mean and 2σ confidence interval is shown by the blue dot and error bar, while
the mean and 2σ of the data from Genge et al. is shown by the orange dot and error
bar.

When calculating our simulated micrometeorite areas, we impose several conditions on

the final particle. First, we do not consider simulated particles that are smaller than 2 µm

in final radius. Despite the abundance of such small particles, they are not easily found

when extracting micrometeorites from sedimentary rocks given their small size, so we do

not consider them to better represent collected data. Indeed, the smallest micrometeorite

found by Tomkins et al. was ∼4 µm in radius. And second, we do not consider fully
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oxidized or unoxidized micrometeorites (i.e. pure FeO or pure Fe). This is done as pure

Fe micrometeorites only exist in our model because they enter the atmosphere slow enough,

or with a shallow enough angle that they do not reach the Fe melting temperature. These

unmelted micrometeorites represent a fixed feature in the model data that cannot inform

of atmospheric composition. Pure FeO micrometeorites represent the limit of our model

calculations so, aside from showing their production is expected from the model, are not

considered when calculating the mean Fe fractional area (black/orange lines in Figure 4.3

and Figure 4.4). Neglecting these edge cases does not hinder our ability to reproduce modern

micrometeorite data (Figure 4.2) since we exclude fully oxidized micrometeorites from the

collected data as well, ensuring our data sets are comparable.

To validate our model for the modern Earth, we simulated 500 micrometeorites entering

the modern Earth’s O2-rich atmosphere. We compare the fractional unoxidized metallic Fe

area of modeled micrometeorites to that of micrometeorites collected from Antarctica (Genge

et al., 2017). The results of this comparison are shown in Figure 4.2, with our simulated

micrometeorites shown in blue and the modern micrometeorite data shown in orange. Our

model is only defined while metallic Fe remains in the micrometeorites, so we compare only

partially oxidized micrometeorites from both the data and our model. The agreement of the

model mean and the data mean from Genge et al. (2017) (Figure 4.2) indicates that our

model can predict the Fe fractional area in modern micrometeorites entering Earth’s O2-rich

atmosphere.

4.3.2 Initial micrometeorite distributions

Using the model described above, we randomly generated micrometeorites from initial mass,

velocity, and impact angle distributions. These distributions are described in detail in Love

& Brownlee (1991) and summarized below. For the initial impact angle, values between 0◦

and 90◦ are valid. The fraction of particles with impact angle θ between θ1 and θ2 is given

by n(θ1, θ2) = sin2 θ2 − sin2 θ1. The equivalent probability density function for θ is given by
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P (θ) = sin (2θ), 0◦ < θ < 90◦ (4.17)

which we use to randomly sample initial impact angles in this work. In our simulations,

micrometeorites with initial impact angles greater than ∼83◦ could “skip” off the top of

the atmosphere. We stopped the simulation on such particles as soon as they began moving

away from the Earth to avoid long computation times. Only particles that continued into the

atmosphere upon contact were calculated. Micrometeorites with initial angles greater than

83◦ represent less than 1.5% of the distribution, so the impact of neglecting such particles is

likely small.

The initial velocity distribution is defined by λ(ν, ν + dν) = 1.791 × 105v−5.394dv for

velocity, v, in km s−1. The probability density function for v is then given by

P (v) = 1.791× 105v−5.394 (4.18)

for v > 11.2 km s−1. In this work we only consider initial velocities up to 20 km s−1.

Initial velocities between 11.2 and 20 km s−1 represent over 92% of the distribution and

is similar to the velocity limits used by both MG and LB. Micrometeorites entering the

atmosphere faster than 20 km s−1 require an increasingly small timestep to avoid numerical

errors, which is detrimental to the overall runtime of the simulation. As such, we neglect

unusual micrometeorites with velocities greater than 20 km s−1 and expect it should have

little bearing on our final results.

The initial mass distribution of the cumulative number of particles of mass greater than

m per square meter per second is defined by

F (m) = (2.2× 103m0.306 + 15)−4.38 + 1.3× 10−9(m+ 1011m2 + 1027m4)−0.36. (4.19)

This function is defined at 1 AU for particles greater than ∼10−14 g. We only consider masses

between 2.346 × 10−9 g and 2.932 × 10−2 g, which corresponds to initial Fe particle radii
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of 2 µm, and 1000 µm, respectively. The collected micrometeorites we compare to were all

greater than 2 µm in radius, which is how we set the lower limit. Our model assumes that

the micrometeorite radius is less than its mean free path in the upper atmosphere, which is

only true for small particles. At 1000 µm radius, this assumption becomes less reasonable

and such large particles could develop a bow shock, which we do not consider. As such,

our simulation of the largest particles (≥1000 µm radius) is uncertain. Fortunately, over

95% of the mass distribution results in particles with radii under 500 µm. Following Love

& Brownlee (1991), we normalize the above mass distribution between the mass range of

interest to find the probability density function

P (m) =
(2.2× 103m0.306 + 15)−4.38 + 1.3× 10−9(m+ 1011m2 + 1027m4)−0.36

4.59811× 10−13
(4.20)

for mass m in grams.

4.4 Results

We model 15,000 randomly generated micrometeorites entering a 1 bar N2-CO2 atmosphere

with CO2 concentrations between ∼2% and ∼85% by volume (3 wt. % to 90 wt. %). We

assume that all particles start as pure Fe upon entry. Our model tracks the motion, oxidation,

and evaporation of each particle along with its composition throughout its descent in the

atmosphere. We look at the cross section of each simulated micrometeorite and compare the

total area of unoxidized Fe to the total cross-sectional area of the particle (i.e. oxidized Fe

area plus unoxidized Fe area). We chose to measure cross-sectional area to make empirical

micrometeorite data readily comparable to our model results. Figure 4.1 shows an example

of our model for a single micrometeorite entering a 39% CO2, 61% N2 atmosphere.

The atmosphere of the Archean was O2-poor (e.g. Lyons et al., 2014). However, photo-

chemical models of Earth-like planets around Sun-like stars indicate that minor atmospheric

O2 could be sustained photochemically in the upper atmosphere via CO2 photolysis. From

such models, the O2 level in the upper atmosphere could reach ∼1% by volume in a high
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Figure 4.3: Comparison of unoxidized Fe area in CO2-N2 and CO2-N2-O2 atmospheres
with increasing CO2. The black curve shows the mean model cross-sectional area of
unoxidized Fe compared to the total cross-sectional area of the micrometeorite for a
CO2-N2 atmosphere. It is the same curve as in Figure 4.4. The orange contour shows
the same simulated micrometeorites but entering a CO2-N2-O2 atmosphere where the
O2 represents 1% by volume. The addition of 1% O2 to the atmosphere has little
impact on the average Fe fractional area.

(90% by volume) CO2 atmosphere, while remaining a trace gas at the planetary surface

(Harman et al., 2015). This O2 concentration is well below the modern levels required to

explain the oxidation of Archean micrometeorites (Tomkins et al., 2016).

To address the possibility of oxidation by major CO2 and minor O2 in the Archean we ran

our model with a CO2-N2-O2 atmosphere. Each of the 15,000 modeled micrometeorites were

simulated entering both a CO2-N2 only atmosphere and a CO2-N2-O2(1%) atmosphere. As

an upper bound, the atmospheric O2 was fixed at 1% and did not decrease with altitude in the

altitude range for micrometeorite melting. The results of both runs are shown in Figure 4.3.

The black curve in Figure 4.3 shows the mean unoxidized Fe fractional area in our modeled

micrometeorites as atmospheric CO2 increases for the CO2-N2 atmosphere while the orange

curve shows the same for micrometeorites entering the CO2-N2-O2(1%) atmosphere. The

difference in final Fe fractional area between the two atmospheres is negligible, especially at

high CO2 concentrations, showing that CO2 dominates as the oxidant when O2 is ∼1% or
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Figure 4.4: Simulated fractional area of unoxidized Fe with increasing atmospheric
CO2. The atmosphere was assumed to be composed of pure N2 and CO2. The black
curve shows the mean model prediction for the cross-sectional area of unoxidized Fe
compared to the total cross-sectional area of the micrometeorite. The simulated mi-
crometeorites were assumed to have spherical, central metal beads so the cross-sectional
area of the unoxidized Fe bead is a maximum. The grey shaded area shows the 2σ con-
fidence interval of our model. The orange dot and solid error bar show the mean
unoxidized Fe fractional area and 2σ confidence interval from the two Fe-FeO mi-
crometeorites reported by Tomkins et al. (2016). The corresponding uncertainty in
atmospheric CO2 from the Tomkins et al. data is shown by the dashed orange error
bars. The Tomkins et al. data point indicates the CO2 level was at 64+36

−58% (2σ). The
dashed blue line shows the fraction of modeled micrometeorites that that were fully
oxidized in the atmosphere with no remaining metallic Fe. Such particles could lead to
magnetite rich micrometeorites and appear in our model once atmospheric CO2 reaches
∼70%.

lower.

The Archean CO2 estimates from the modeling are shown in Figure 4.4 (the black line

of Figure 4.4 is the same as in Figure 4.3). On average, we find that the unoxidized Fe

fractional area of sectioned micrometeorites decreases monotonically as atmospheric CO2

concentrations increase. The solid black curve in Figure 4.4 shows the mean unoxidized Fe
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area in our modelled micrometeorites as atmospheric CO2 increases. The grey shaded region

is the model 2σ uncertainty arising from uncertainties in initial mass, velocity, and impact

angle (see Section 4.3.2). The orange dot and error bar show the mean fractional Fe area

measured by Tomkins et al.

From the black curve in Figure 4.4, we estimate an Archean CO2 volume mixing ratio of

64+36
−58% (2σ) given the data from Tomkins et al. (orange dot and error bar in Figure 4.4).

The uncertainty is large because of the paucity of Archean micrometeorite data: only two

data points are available with metallic Fe fractional areas of 0.555 and 0.003 respectively

(inferred from Tomkins et al. Figure 1e and 1f).

Some fully oxidized micrometeorites collected by Tomkins et al. indicate high CO2 levels

were likely present during entry. Our model predicts that fully oxidized micrometeorites will

only form when atmospheric CO2 concentrations exceed ∼70% by volume, as indicated by

the dashed blue curve in Figure 4.4. As such, while our CO2 estimate spans 6% to 100%

(2σ), the CO2 concentration likely falls above ∼70% given the presence of some fully oxidized

micrometeorites in the Tomkins et al. data. This agrees with Archean paleosols and climate

models of the Archean Earth, which suggest CO2 levels on the Archean were substantially

higher than modern. If the Archean Earth had a 1 bar atmosphere, our estimate of>70% CO2

by volume indicates the partial pressure of CO2 would be >0.7 bar in the Archean. However,

surface pressure may have been much lower during the Archean, perhaps just 0.23±0.23 bar

(2σ) (Som et al., 2016). With a mean surface pressure of 0.23± 0.23 bar, our model predicts

a CO2 partial pressure of > 0.16 ± 0.16 bar (2σ). Provided some methane were present,

such as 0.5% (Zahnle et al., 2019), this thin, CO2-rich atmosphere could provide enough

greenhouse warming to sustain liquid water under a faint young Sun (e.g. Stüeken et al.,

2016). Atmospheric methane would warm the surface during the Archean as a greenhouse

gas but is not expected to interact with molten, Fe-rich micrometeorites (Tomkins et al.,

2016) and thus should not alter their oxidation state.

In our model, the oxidation of micrometeorites in the upper atmosphere is not impacted

by the atmospheric surface pressure. Reducing the surface pressure would move the altitude
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at which micrometeorites oxidize closer to the surface (slightly altering the gravitational

acceleration experienced by melting micrometeorites), but the overall pressures at which

melting occurs do not appreciably change nor do our results. The difference in model results

between a 1 bar atmosphere and 0.23 bar atmosphere is negligible, which agrees with the

findings of Tomkins et al.

4.5 Discussion

Our model shows that 2.7 billion-year-old micrometeorites (Tomkins et al., 2016) could have

been oxidized by CO2 in a CO2-rich atmosphere. While our estimated CO2 abundance of

64+36
−58% (2σ) has large uncertainties, collection and analysis of additional Archean microm-

eteorites could greatly reduce the spread in this estimate. Using the parameterized climate

model described in (Krissansen-Totton et al., 2018a), ∼70% CO2 for the Archean atmo-

sphere, and an upper bound on Archean surface pressure of ∼0.5 bar (Som et al., 2016),

the global mean surface temperature in the Archean would be ∼30 ◦C (or lower for lower

total pressure), indicating a temperate Archean climate. An improved Archean CO2 mea-

surement would allow more robust climate models to further refine the surface temperature

of the Archean Earth and the conditions, including pH of surface waters, in which early life

evolved. Not only would this help address the hot vs. temperate Archean debate, but it

could also inform our understanding of Earth-like exoplanets and their potential habitability

(e.g. Arney et al., 2016).

The uncertainty in our model output (grey shaded region in Figure 4.4) is more diffi-

cult to reduce. This uncertainty stems from the random sampling of our initial parameter

distributions for mass, velocity, and entry angle, which have some inherent uncertainty on

the modern Earth (see Section 4.3.2). Despite such uncertainties, our model can reasonably

predict the Fe fractional area in modern micrometeorites entering an O2-rich atmosphere

(e.g. Figure 4.2).

The conclusion that a CO2-rich atmosphere can oxidize Fe micrometeorites is a reason-

able alternative to oxidation via the O2-rich Archean atmospheres considered previously
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(Tomkins et al., 2016; Rimmer et al., 2019). As demonstrated by the metallurgy industry

(e.g. Abuluwefa et al., 1997) and other lab measurements (Smirnov, 2008), CO2 can read-

ily oxidize Fe, albeit less efficiently than O2. While we do not model oxidation past FeO,

further oxidation is not precluded by our model as the oxide that forms during entry is a

liquid Fe melt with dissolved oxygen (see Genge Matthew J. (2016) for a discussion). If the

melt acquires more O than Fe it could solidify as Fe3O4 rather than FeO. However, addi-

tional lab measurements of molten Fe beads quenching in simulated CO2-rich atmospheres

are necessary to understand how CO2 oxidizes Fe liquids at high temperatures.

Our model results in Figure 4.4 show that a >70% by volume CO2 atmosphere could fully

oxidize micrometeorites and possibly produce magnetite. This is seen by the dashed blue line

in Figure 4.4, which shows the fraction of the total simulated micrometeorites that are fully

oxidized after entry as a function of atmospheric CO2 abundance. Our simulation stops when

a micrometeorite has no remaining unoxidized Fe, but such a micrometeorite encountering

additional CO2 could continue to oxidize past FeO, possibly to Fe3O4 (see Section 4.3).

In addition to showing that atmospheric CO2 could explain the observed, oxidized Archean

micrometeorites, our model predicts that the average unoxidized Fe remaining in collected

micrometeorites should decrease with increasing atmospheric CO2. From this relationship,

it may be possible to constrain atmospheric CO2 concentrations not only in the Archean,

but in the Proterozoic as well when atmospheric oxygen was scarce. Indeed, our CO2-N2-O2

atmosphere with 1% O2 in the upper atmosphere could be representative of the Proterozoic

atmosphere (Lyons et al., 2014) in which micrometeorite oxidation would still be dominated

by CO2, as seen in Figure 4.3 (orange curve). Numerous iron-rich micrometeorites have

been found in Proterozoic rocks (Tianrui et al., 2007) and measuring the fractional area of

unoxidized Fe in such samples could readily be done. Such measurements might provide a

constraint on atmospheric CO2 at that time.

The CO2 concentration of the atmosphere is thought to have decreased over Earth’s

history (e.g. Krissansen-Totton et al., 2018a) from a major atmospheric constituent in the

Archean to a few hundred parts per million today. If we compare that trend to the black curve
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in Figure 4.4, we see that our model predicts the fractional area of unoxidized Fe in collected

micrometeorites should increase with time – if the trend depends just on CO2 oxidation –

from the Archean until the end of the Neoproterozoic, albeit with some uncertainty due

to a possible O2 overshoot during the Great Oxidation Event. Oxidation by O2 might

remain minor during the Proterozoic because the ground-level atmospheric O2 may have

been ∼0.2% absolute concentration or less (Lyons et al., 2014) so the trend could hold

(Figure 4.3, orange curve). To verify this hypothesis, additional micrometeorites should be

collected and analyzed.



66

Chapter 5

CARBON DIOXIDE IN THE HABITABLE ZONE

Status

This work is currently in review at Nature Communications under the title Climate on Earth-

like Exoplanets around Sun-like Stars: How Carbonate-Silicate Cycle Predictions Modify the

Habitable Zone Hypothesis and Allow for its Testing by Owen R. Lehmer, David C.

Catling, and Joshua Krissansen-Totton.

5.1 Abstract

In the conventional habitable zone (HZ) concept, a CO2-H2O greenhouse effect maintains

surface liquid water. Through the water-mediated carbonate-silicate weathering cycle, atmo-

spheric CO2 partial pressure (pCO2) adjusts in response to changes in surface temperature,

stabilizing the climate over geologic timescales. This weathering feedback has been assumed

to maintain temperate, or even constant surface temperatures for Earth-like planets within

the HZ. Here we show that if Earth-like, carbonate-silicate weathering feedbacks moderate

climate, then a temperate or constant temperature across the HZ may be a misconception.

Instead, temperature decreases with orbital distance for a fixed volcanic outgassing. A power

law dependence on pCO2 in the weathering sink of carbon can balance outgassing at lower

surface temperatures in the outer HZ. Also, we predict a log-linear relationship between

pCO2 and incident flux for Earth-like planets within the HZ in contrast to a temperate

or constant temperature assumption. However, this trend of pCO2 with incident flux has

scatter because geophysical and physicochemical parameters can vary, such as land area for

weathering, rock dissolution rates, and CO2 outgassing fluxes. Using a coupled climate and

carbonate-silicate weathering model, we quantify the likely spread of pCO2 with orbital dis-
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tance in the HZ. Given this dispersion, future observations would need to characterize at

least 6 Earth-like exoplanet atmospheres in the HZ to achieve 95% confidence in detecting

a positive relationship between decreasing incident flux and pCO2. Such observations would

test the validity of our revised HZ hypothesis.

5.2 Intruduction

Newton first alluded to the concept of a stellar habitable zone (HZ) in his 1687 Principia

by noting that Earth’s liquid water would vaporize or freeze at the orbits of Mercury and

Saturn, respectively (see the translation Cohen et al., 1999, p. 814). Later, Whewell (1853,

p.196) noted that “the Earth’s orbit is in the temperate zone of the Solar System”. Since

then, the definition of the stellar HZ has been refined, reaching its modern incarnation based

on climate models (Kasting, 1993) (see Catling & Kasting (2017) §15.1.2 for further review

of the HZ).

Current HZ calculations find that around a Sun-like star, an Earth-like planet could

remain habitable between 0.97 and 1.70 AU (Kopparapu et al., 2013). The inner edge of the

HZ is set by loss of surface water and the outer edge is set by the “maximum greenhouse”

of a CO2 atmosphere where extensive CO2 condensation and increased Rayleigh scattering

prevent any further greenhouse warming from CO2 (e.g. Kasting et al., 1993; Kopparapu

et al., 2013). This definition of the HZ only considers H2O and CO2 as greenhouse gases,

so Earth-like planets warmed by other greenhouse gases (e.g. H2 or CH4) could remain

habitable at bigger orbital distances (e.g. Stevenson, 1999; Seager, 2013; Catling & Kasting,

2017, §15.1.3). However, CH4-rich atmospheres in the HZ may not be possible without life

to generate substantial CH4 (Krissansen-Totton et al., 2018b). In addition, more complex

climate models have shown the HZ might extend to smaller orbital distances, perhaps interior

to Venus’ orbit, with appropriate planetary conditions (e.g. Abe et al., 2011; Zsom et al.,

2013; Yang et al., 2014).

Residing within the HZ does not guarantee habitable surface conditions. Crucially, green-

house gas abundances (and planetary albedo) must conspire to produce clement surface
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conditions. For example, by most estimates, Mars resides within the Sun’s HZ but is not

habitable because there is insufficient greenhouse warming from CO2, in part because of the

lack of volcanic outgassing of CO2. What, then, controls the CO2 abundance and therefore

the habitability of Earth-like planets within the habitable zone?

The prevailing hypothesis, first outlined by Walker et al. (1981), is that CO2 levels are

controlled by a weathering thermostat. This can explain why Earth has maintained a clement

surface throughout its history despite the ∼30% brightening of the Sun over the past ∼4.5

Gyr (Krissansen-Totton et al., 2018a; Sleep & Zahnle, 2001; Sagan & Mullen, 1972). The

changing luminosity of the Sun with time is similar to moving a planet through the HZ,

and so the same CO2 weathering process responsible for maintaining habitability on the

Earth through time, the carbonate-silicate weathering cycle, may similarly stabilize planetary

climates within the HZ.

In the carbonate-silicate cycle, atmospheric CO2 dissolves in water and weathers silicates

on both the continents and seafloor, which releases cations and anions (Walker et al., 1981;

Walker, 1993; Berner, 2004; Mills et al., 2014; Krissansen-Totton & Catling, 2017). On

the continents, the weathering products, including dissolved SiO2, HCO−
3 , and Ca++, wash

into the oceans where the HCO3
− combines with cations like Ca++ to create CaCO3, which

precipitates out of solution. The net process converts atmospheric CO2 into marine carbonate

minerals (i.e., CaCO3). Also, seafloor weathering occurs when seawater releases Ca++ ions

from the seafloor basalt and CaCO3 precipitates in pores and veins. Subsequently, the

carbonates within sediments and altered seafloor can be subducted.

Carbon returns to the atmosphere from outgassing. CO2 outgassing raises a planet’s

surface temperature, which leads to increased rainfall and continental weathering as well

as potentially warmer deep sea temperatures and more seafloor weathering (Krissansen-

Totton et al., 2018a; Berner, 2004; Coogan & Dosso, 2015). Increased weathering draws

down atmospheric CO2 and stabilizes the climate over ∼106-year timescales on habitable,

Earth-like planets (e.g. Kadoya & Tajika, 2014).

Climate calculations of HZ limits (e.g. Kasting, 1993; Kopparapu et al., 2013; Yang
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et al., 2014) assume that a carbonate-silicate weathering cycle is functioning but do not

explicitly include it. The assumed presence of the carbonate-silicate cycle would predict that

atmospheric CO2 of Earth-like planets increases with orbital distance in the HZ (e.g. Kasting,

1993; Kopparapu et al., 2013; Kadoya & Tajika, 2014). In particular, future telescopic

observations (e.g. NASA’s HabEx and LUVOIR) could search for the CO2 trend to test the

HZ hypothesis (Bean et al., 2017; Checlair et al., 2019; Turbet, 2019). Previous studies (e.g.

Abbot et al., 2012; Kadoya & Tajika, 2014) have suggested the carbonate-silicate weathering

cycle could alter predictions of pCO2 in the HZ, but it is important to know the exact trend

we are looking for. Also, while an increase of pCO2 with orbital distance in the HZ may be

true if all Earth-like exoplanets have the exact same properties as the modern Earth, the

trend becomes less certain if HZ planetary characteristics deviate from those of the modern

Earth. There could be considerable variability in atmospheric CO2 throughout the HZ,

perhaps even enough to obscure a monotonic trend with orbital distance.

Here, we first examine the theory of how the carbonate-silicate weathering cycle (Krissansen-

Totton & Catling, 2017, and references therein) defines a trend of surface temperatures and

atmospheric pCO2 for Earth-like planets in the HZ. Then we model how uncertain physico-

chemical and geophysical parameters in the cycle cause scatter in pCO2 with orbital distance.

Finally, we consider the number of HZ planetary atmospheres that future telescopes must

observe to confidently detect our predicted trend between atmospheric CO2 and orbital dis-

tance in the HZ.

5.3 Habitable zone climate theory revisited

A conventional assumption is that the carbonate-silicate weathering cycle will approximately

maintain a stable, temperate surface temperature for an Earth-like planet moved about in

the HZ (e.g. Kasting & Toon, 1989; Kasting et al., 1993; Kopparapu et al., 2013) or even a

constant temperature (e.g. Bean et al., 2017; Turbet, 2019). Thus, if we moved the modern

Earth outward in the HZ, the smaller incident flux would initially cause the planet to cool.

The cooler temperature would lower the CO2 weathering rate causing CO2 to accumulate
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Figure 5.1: The relationship between incident flux and atmospheric CO2 for Earth-like planets regu-
lated by a carbonate-silicate weathering cycle. The horizontal axis shows incident flux, S, normalized
to the solar constant (S⊕) and the corresponding orbital distance in Astronomical Units (AU) above
the plot. The vertical axis shows the atmospheric CO2 partial pressure (pCO2) in bar. The dotted
blue curve labelled ‘289 K’ shows the pCO2 value required to maintain a 289 K surface temperature
for the given incident flux, S. The dotted blue contour labelled ‘248 K’ shows a similar temperature
contour but for a 248 K mean surface temperature. The conventional assumption of CO2 in the
HZ stipulates that pCO2 will adjust to maintain a temperate or even constant surface temperature.
Under this assumption, moving the modern Earth (labelled black square) outward in the HZ would
have the planet approximately follow the dotted blue 289 K contour. The colored points and gray
curves show the modern Earth moving outward in the HZ with a functioning carbonate-silicate weath-
ering cycle, calculated from equation 5.6. We consider two temperature and pCO2 dependencies for
continental weathering in this plot. The strong temperature dependence contour (labelled ‘Strong T-
dep.’), uses a temperature and pCO2-dependent weathering factor of cTe = 2.3, which implies a strong
temperature feedback on continental weathering compared to the pCO2 feedback (see equation 5.7).
The moderate temperature dependence contour (labelled ‘Moderate T-dep.’), uses a temperature and
pCO2-dependent weathering factor of cTe = 7.5. These two values for cTe result in two different paths
the Earth can take as it moves outward in the HZ. The planet color shows the mean surface tempera-
ture. Log-linear fits to the colored points of the ‘Strong T-dep.’ and ‘Moderate T-dep.’ contours have
r2 values of 0.959 and 0.999, respectively. Thus, even for a strong temperature dependence of con-
tinental weathering, our coupled climate and weathering model predicts an approximately log-linear
relationship between incident flux and pCO2 on Earth-like planets in the HZ.

in the atmosphere until the temperature returned to its nominal value of 289 K. Figure 5.1

shows this scenario with the dotted blue 289 K contour, which gives the pCO2 value required
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to maintain a 289 K surface temperature for the modern Earth as it moves about the HZ.

The line was calculated from a radiative-convective climate model described in Section 5.4.1.

The constant, 289 K surface temperature contour in Figure 5.1 is a non-linear relationship

between incident flux, S, and log(pCO2) but it does not consider the temperature and pCO2

feedbacks inherent to the carbonate-silicate weathering cycle. We now show that if these

feedbacks are taken into account, surface temperature declines with orbital distance and the

relationship between S and log(pCO2) is actually approximately linear for Earth-like planets

in the HZ.

If Bond albedo is fixed, the surface temperature, Ts, for an Earth-like planet in steady-

state varies approximately linearly with incident flux, S (Budyko, 1969; Koll & Cronin, 2018;

Catling & Kasting, 2017, p.37-39). This linear relationship between Ts and S arises from

energy balance and from the water vapor feedback and can be expressed as

FSOL = FOLR =

(
1− AB

4

)
S = a+ bTs (5.1)

where FSOL is the incoming solar radiation flux, FOLR is the outgoing long-wavelength ra-

diation flux, AB is the Bond albedo, and a and b are empirical constants. From satellite

measurements of the modern Earth and radiative calculations, for Ts in K, the empirical

constants in equation 5.1 are approximately a = −370 W·m−2 and b = 2.2 W·m−2·K−1 (Koll

& Cronin, 2018).

Solving for Ts in equation 5.1, the surface temperature is given by

Ts =

(
1− AB

4b

)
S − a

b
. (5.2)

Under the conventional assumption that the HZ is regulated by a CO2-H2O greenhouse effect

where H2O concentrations respond to changes in pCO2, the temperature offset in equation

5.2, −a/b, is a function of pCO2. Thus, surface temperature as a function of S and pCO2 is

given by
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Ts (S, pCO2) =

(
1− AB

4b

)
S + f (pCO2) . (5.3)

where f (pCO2) is a function that depends on pCO2. For the modern Earth at 1 AU,

f(pCO2) = −a/b. For pCO2< 0.1 bar, the CO2 greenhouse effect is logarithmic in pCO2,

i.e., f(pCO2) ∝ ln (pCO2) (e.g. Myhre et al., 1998; Pierrehumbert, 2010, p. 275). Above

∼0.1 bar, weaker CO2 absorption features become important and f(pCO2) deviates from

∝ ln (pCO2) (e.g. Charnay et al., 2017; Pierrehumbert, 2010, p. 226).

As pCO2 increases for an Earth-like planet moved outward in the HZ, the surface tempera-

ture will follow equation 5.3 while the rate at which CO2 is removed from the atmosphere will

adjust according to the carbonate-silicate weathering feedback. Quantitatively, the pCO2-

and Ts-dependent flux of CO2 removal due to the continental weathering flux, Fw (in mol

CO2 per unit time) is described by

Fw = ρ

(
pCO2

pCOmod
2

)c
exp

(
Ts (S, pCO2)− Tmod

s

Te

)
(5.4)

where ρ is a constant determined by the continental weathering properties of the modern

Earth, c is a dimensionless constant between 0.1 and 0.5 and regulates the pCO2 dependence

of continental weathering, Te is a constant between 10 K and 40 K and represents the e-

folding temperature dependence of continental weathering, and pCOmod
2 = 288 × 10−6 bar

and Tmod
s = 289 K are the modern Earth’s preindustrial pCO2 and surface temperature,

respectively (Krissansen-Totton et al., 2018a).

In our full carbonate-silicate weathering model (see Section 5.4), which uses the param-

eters in Table 5.1, continental carbonate and continental silicate weathering are calculated

independently. The pCO2-dependent continental weathering constant, c, in equation 5.4

incorporates both the pCO2-dependent continental weathering rate for silicates (α in Table

5.1) and for carbonates (ξ in Table 5.1). In equation 5.4, we assume seafloor weathering

is negligible, which is a reasonable approximation for the modern Earth (Krissansen-Totton

et al., 2018a), and illustrative for our purposes of deriving a simple, analytic relationship be-
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tween S and pCO2. Here, we seek to predict the behavior of the modern Earth in the HZ to

gain intuitive understanding, whereas in subsequent sections, we consider a general numerical

model that includes Earth-like planets on which seafloor weathering may be important.

The modern Earth, and all Earth-like planets considered in this work, are assumed to

be in steady-state, in which the flux of CO2 from volcanic outgassing is equal to the rate

of CO2 removal from weathering, Fw. If we assume a HZ planet with CO2 outgassing the

same as the modern Earth’s, Fw remains constant despite changes in S and pCO2. Setting

Ts (S, pCO2) = Tmod
s and pCO2 = pCOmod

2 for the modern Earth, from equation 5.4, we see

that Fw = ρ and

1 =

(
pCO2

pCOmod
2

)c
exp

(
Ts (S, pCO2)− Tmod

s

Te

)
. (5.5)

Equation 5.5 must hold for a “modern Earth” within the HZ. If it did not, Fw would not

balance CO2 outgassing, which would result in either complete CO2 removal, or CO2 accu-

mulation without bound.

Solving for Ts (S, pCO2) in equation 5.5 we find

Ts (S, pCO2) = Tmod
s − cTe ln

(
pCO2

pCOmod
2

)
. (5.6)

Equating equation 5.6 to equation 5.3 and rearranging gives

(
1− AB

4b

)
S = Tmod

s −
[
cTe ln

(
pCO2

pCOmod
2

)
+ f (pCO2)

]
. (5.7)

If f(pCO2) ∝ ln (pCO2), which is the case for pCO2< 0.1 bar (Charnay et al., 2017; Pier-

rehumbert, 2010, p. 226), then S ∝ − ln (pCO2). However, even if f(pCO2) deviates from

log-linearity with pCO2, S will become increasingly log-linear with pCO2 as cTe increases.

In equation 5.7, increasing cTe will cause the ln (pCO2) term to dominate the relationship

between S and pCO2. Intuitively, increasing cTe decreases the temperature dependence of

continental weathering relative to its pCO2 dependence. Note that bigger Te reduces the tem-

perature dependence of continental weathering while bigger c increases the pCO2 dependence



74

of continental weathering (equation 5.4).

In addition to predicting a linear relationship between log(pCO2) and S, the carbonate-

silicate cycle implies that moving an Earth-like planet outward in the HZ will cause Ts (S, pCO2)

to decrease. For increasing orbital distance, pCO2 must increase for Ts (S, pCO2) to increase

in the HZ. From equation 5.5, pCO2 will be greater than pCOmod
2 in such cases so Ts (S, pCO2)

must be less than Tmod
s . This decrease in Ts (S, pCO2) as S decreases is shown in Figure

5.1. Physically, the power law dependence of weathering on pCO2 can balance volcanic out-

gassing at lower surface temperatures in the outer HZ. The assumption in conventional HZ

calculations of temperate or constant surface temperature (the 289 K line in 5.1) may be

erroneous for a real planet with geochemical cycling.

Figure 5.1 shows the approximately log-linear relationship between pCO2 and S for the

modern Earth moved outward in the HZ. The gray lines and colored circles in Figure 5.1

show the expected pCO2 value for the given incident flux S, calculated from equation 5.6.

For each S value in Figure 5.1, equation 5.6 was solved for pCO2 by using equation 5.10, the

polynomial fit for surface temperature based on a 1D climate model (described in Section

5.4.1), assuming values of cTe.

The value of cTe affects the slope of the relationship between S and pCO2 due to the

carbonate-silicate weathering cycle, shown in Figure 5.1. From above, the ranges for c and

Te are 0.1 ≤ c ≤ 0.5 and 10 ≤ Te ≤ 40 (Krissansen-Totton et al., 2018a), so 1 ≤ cTe ≤ 20.

If we consider uniform distributions of c and Te then roughly 95% of cTe values will be

greater than 2.3. If c = 0.23 and Te = 10 K then cTe = 2.3, which is used for the ‘Strong

T-dep.’ curve in Figure 5.1. The mean of each parameter, c = 0.3 and Te = 25 K gives

cTe = 7.5, which corresponds to the ‘Moderate T-dep.’ curve in Figure 5.1. For cTe < 2.3

the colored points and gray curves become increasingly similar to the constant 289 K surface

temperature contour in Figure 5.1. However, for uniform distributions of c and Te, ∼95%

of cTe values are greater than 2.3 so an approximately log-linear relationship between S and

ln (pCO2) is the default expectation for Earth-like planets in the HZ.

As shown in Figure 5.1, the relationship between pCO2 and incident flux may be log-linear
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for an Earth-like planet within the HZ. However, if uncertainties in planetary characteristics,

such as land fraction, outgassing rates, and biological weathering are taken into account,

considerable variability could exist between stable pCO2 levels and incident flux for Earth-like

planets in the HZ. These variations could lead to considerable scatter around the expected

log-linear relationship between pCO2 and S in the HZ, which motivates us to consider a

numerical carbonate-silicate model.

5.4 Methods for numerical carbonate-silicate cycle modeling

To calculate the steady-state pCO2 in the atmospheres of Earth-like planets in the HZ, we

use the weathering model developed by Krissansen-Totton & Catling (2017) and Krissansen-

Totton et al. (2018a). We summarize the model below and highlight how the the model in

this work differs from that of Krissansen-Totton et al. (2018a). The reader should consult

Krissansen-Totton et al. (2018a) for a comprehensive explanation and justification of the

model parameterizations, and empirical and theoretical basis.

The weathering model balances the flux of outgassed CO2 against the loss of carbon in

the weathering of carbonates and silicates, which results in precipitation of carbonates in

the ocean and seafloor pore space. Quantitatively, for time t, this is described by time-

dependent equations where we normalize to the mass of the ocean, Mo (nominally, an Earth

ocean, 1.35× 1021 kg):

dC

dt
=
Fout + Fcarb − Po − Pp

Mo

dA

dt
= 2 · Fsil + Fcarb + Fdiss − Po − Pp

Mo

.

(5.8)

Here, C is the non-organic carbon content of the atmosphere-ocean system in mol C kg−1, and

A is the carbonate alkalinity in mol equivalents. Carbonate alkalinity (henceforth “alkalin-

ity”) is the charge-weighted sum of the mol/liter concentration of bicarbonate and carbonate

anions, [HCO−
3 ] + 2[CO2−

3 ]. Fout is the global CO2 outgassing flux (mol C yr−1), Fcarb and

Fsil are the continental carbonate and silicate weathering fluxes (mol C yr−1), and Pp and

Po are the pore and ocean precipitation fluxes (mol C yr−1).
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Parameter Parameter Description Range Scaling Units

Fmodout Modern CO2 outgassing flux 6-10 Tmol C yr−1

n Carbonate precipitation coefficient 1-2.5 ∝
[
CO2−

3

]n
x Modern seafloor dissolution relative to

precipitation
0.5-1.5 ∝ xFmodout

Te E-folding temperature factor for continen-
tal weathering

10-40 K

α Power law exponent for CO2 dependence
of continental silicate weathering

0.1-0.5 ∝ (pCO2)α

ξ Power law exponent for CO2 dependence
of continental carbonate weathering

0.1-0.5 ∝ (pCO2)ξ

fland Land fraction compared to modern Earth 0-1
Sthick Ocean sediment thickness relative to mod-

ern Earth
0.2-1

Fmodcarb Modern continental carbonate weathering 7-14 Tmol C yr−1

fbio Biological weathering compared to mod-
ern Earth

0-1

agrad Surface to deep ocean temperature gradi-
ent scaling

0.8-1.4 ∝ agradTs

γ Power law exponent for pH dependence of
seafloor dissolution

0-0.5 ∝
([

H+
])γ

β Power law exponent for seafloor spreading
rate

0-0.2 ∝ Qβ

m Exponent for outgassing dependence on
crustal production

1-2 ∝ Qm

Ebas Seafloor dissolution activation energy 60-100 kJ mol−1

nout Exponent for internal heat with time 0-0.73 see eq. 5.9
τ Planet age (see eq. 5.9)* 0-10 Gyr
S Incident flux relative to modern Earth* 0.35-1.05

Table 5.1: Parameters are dimensionless unless otherwise described. The fourth column
shows how scaling parameters impact the model, where Ts is the surface temperature in K
and Q is the internal heat of the planet relative to the modern Earth (see equation 5.9 for Q).
The justification for each parameter range can be found in Krissansen-Totton et al. (2018a)
unless otherwise noted. *The justification for this parameter is given in Section 5.4.

The alkalinity that enters the ocean from weathering will balance a +2 charge cation (e.g.

Ca++), which is why a factor of 2 enters in the definition of dA/dt in equation 5.8. Hence,

geochemists often think of alkalinity in terms the balance of cations produced in weathering,

principally Ca++. This reasoning arises because the weighted sum of carbonate and bicar-
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bonate concentrations must balance the charge of conservative cations minus conservative

anions (i.e., 2[Ca++] + 2[Mg++] + Na+ +... - [Cl−] - ...), ignoring minor contributions form

weak acid anions and water dissociation. Weathering releases cations and carbon specia-

tion adjusts to ensure charge balance, so that the cation release is effectively equivalent to

carbonate alkalinity.

To improve the rate of model convergence and range of model inputs over which equation

5.8 converges, we do not consider the seafloor pore space and atmosphere-ocean as separate

systems. This differs from Krissansen-Totton et al. (2018a) who consider the atmosphere-

ocean and pore space independently. Rather, we approximate the atmosphere-ocean and

pore space as a single entity in equation 5.8. This simplification does not appreciably change

the model output for atmospheric CO2 because we run the model to steady-state in all

cases, where the atmosphere-ocean and pore space reach approximate equilibrium. Section

5.4.2 presents additional details on our model implementation and discusses the agreement

between our no-pore model and the original, two-box model of Krissansen-Totton et al.

(2018a).

A second modification is the range of incident stellar fluxes over which the model can

be run. Krissansen-Totton et al. (2018a) studied the Earth through time and thus only

considered solar fluxes between S⊕ (the modern solar constant) and early Earth’s 0.7S⊕

(S⊕ = 1360 W m−2). We extend that range to include the entire conservative HZ of a

Sun-like star, roughly 1.05S⊕ to 0.35S⊕ (Kopparapu et al., 2013).

Our model uses the Virtual Planetary Laboratory (VPL) 1D climate model, described in

detail by Meadows et al. (2018b) and Appendix A of Catling & Kasting (2017), to generate

surface temperatures for an Earth-like planet at various pCO2 and incident fluxes. We assume

the atmosphere is comprised of CO2, N2, and water vapor. To reduce model runtimes, we

fit a 4th-order polynomial in ln(pCO2) and stellar flux to the 1D climate model surface

temperature output to use with our weathering model. Section 5.4.1 shows our climate

model polynomial and its agreement with the 1D VPL climate model.

With the coupled climate and weathering model, we generate steady-state, Earth-like
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planets by randomly sampling plausible initial model inputs. The ranges and justification

for each parameter we consider are described in Krissansen-Totton et al. (2018a) and shown in

our Table 5.1. These ranges represent very broad uncertainties of the carbonate-silicate cycle

on the Earth through time and so are appropriate for Earth-like planets. We conservatively

assume a uniform distribution for each parameter range shown in Table 5.1.

We parameterize the internal heat of an Earth-like planet conservatively using the planet’s

age, ranging 0 to 10 Gyr, which is the approximate habitable lifetime of an Earth-like planet

around a Sun-like star (Rushby et al., 2013). The equation for planetary heat relative to the

modern Earth, Q, is given by

Q =

(
1− 4.5− τ

4.5

)−nout

(5.9)

where τ is the age of the planet in Gyr, and nout is the scaling exponent for internal heat,

with a range given in Table 5.1 (justified in the supplementary materials of Krissansen-Totton

et al. (2018a)).

Our model assumes that each simulated planet is habitable, i.e., it has a stable, liquid

surface ocean, a necessity for the carbonate-silicate cycle to operate. For a mean surface

temperature below 248 K, Earth-like planets are likely completely frozen (Charnay et al.,

2013), which we use as a lower temperature bound in the model. While 248 K is below the

freezing point of water, it is a global mean surface temperature and 3D models show that the

range 248-273 K for this parameter does not preclude the existence of a liquid ocean belt near

the equator. At the other temperature extreme, a hot, Earth-like planet can rapidly lose its

surface oceans due to high atmospheric water vapor concentrations that are photolyzed and

subsequently lost to space. This upper temperature bound on habitability occurs at ∼355

K (Wolf et al., 2017). Above 355 K, Earth-like planets are unlikely to remain habitable for

more than ∼1 Gyr (Wolf et al., 2017) and cannot operate a carbonate-silicate cycle over

geologic timescales. We use these two temperature bounds, 248 K and 355 K, as the limits

for habitability in our model. Any modeled planet with a final surface temperature outside

these limits is uninhabitable and removed from our results.
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We limit HZ planets to those with pCO2 below 10 bar. For most Earth-like planets in

the HZ, 10 bar of CO2 results in planets with surface temperatures well above 355 K, which

are not habitable on long time scales. If we impose a fixed stratospheric water vapor con-

centration in the 1D climate model and modify the tropospheric water vapor concentration

based on empirical data from the modern Earth, we enable the 1D climate model to accu-

rately model habitable, Earth-like planets through much of the HZ. But in the outer HZ,

with more than ∼10 bar of CO2, this assumption overestimates atmospheric water vapor

concentrations and leads to artificially warm planets, so we reject such cases. Above ∼10

bar of CO2 in the outer HZ, Kopparapu et al. (2013) found that increasing atmospheric CO2

does not lead to additional warming, using a model that assumed a saturated troposphere

for water vapor. Rather, the surface cools in such scenarios because additional CO2 leads

to increased Rayleigh scattering and no additional warming. Because Earth-like planets in

the outer HZ would be frozen and uninhabitable even with CO2 partial pressures above ∼10

bar, we impose a 10 bar limit for CO2 in the outer HZ. This limit agrees with the coupled

climate and weathering model of Kadoya & Tajika (2014).

5.4.1 Expanded Climate Model

We use the 1D radiative-convective climate model described in Meadows et al. (2018b) and

Appendix A of Catling & Kasting (2017) to model the surface temperatures of Earth-like

planets. We consider incident fluxes between 1.05S⊕ and 0.35S⊕, the HZ limits for a Sun-

like star, and atmospheric CO2 partial pressures between 10−6 and 10 bar. We assume the

atmosphere is comprised of CO2 and H2O. If the CO2 partial pressure is below 1 bar, we

set the initial atmospheric pressure to 1 bar and add N2 to the atmosphere such that the

total surface pressure is 1 bar. We fix the stratospheric water vapor concentration to the

modern Earth value and follow the Manabe-Wetherald relative humidity distribution in the

troposphere with empirical constraints based on the modern Earth (Manabe & Wetherald,

1967).

We fit the surface temperature output, Ts in K, from the climate model with a 4th order
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Figure 5.2: The relative error between our 4th-order polynomial fit and the full 1D
radiative-convective climate model. Our polynomial fit is valid between 1.05S⊕ and
0.35S⊕, where S⊕ is the Solar constant. The polynomial fit is valid for atmospheric
CO2 abundances between 10−6 and 10 bar. The surface temperatures predicted by the
polynomial fit reproduce the results of the 1D climate model. The maximum error in
predicted surface temperature between the polynomial fit and the 1D climate model is
∼3%.

polynomial in ln(pCO2) and normalized stellar flux, as follows:

Ts (S, pCO2) = 4.809− 222.0X − 68.44X2 − 6.737X3 − 0.206X4

+1414XY + 446.4X2Y + 44.41X3Y + 1.364X4Y

−2964XY 2 − 978.4X2Y 2 − 98.86X3Y 2 − 3.059X4Y 2

+2655XY 3 + 907.5X2Y 3 + 92.87X3Y 3 + 2.892X4Y 3

−868.4XY 4 − 304.6X2Y 4 − 31.48X3Y 4 − 0.985X4Y 4

+1045Y − 1496Y 2 + 1064Y 3 − 281.1Y 4.

(5.10)

Here, CO2 partial pressure pCO2 is in bar, X = ln(pCO2), and Y = S/S⊕ is the incident

flux, S, normalized to the solar constant, S⊕.

Figure 5.2 shows the agreement between the 1D climate model and the polynomial fit

used in this work.
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5.4.2 Combined Ocean and Pore Space Model

The carbon cycle model described by Krissansen-Totton et al. (2018a) used a two-box model,

where the atmosphere-ocean and the seafloor pore space were separated. In this work, we

combine the ocean-atmosphere and the pore space into a single unit. This modification can

be implemented in the Krissansen-Totton et al. (2018a) model by assuming that the pH of

the pore space is the same as the pH of the ocean, and assuming that the alkalinity and

carbon content of the ocean and pore space are the same. The dissolution and precipitation

fluxes can then be calculated without treating the ocean-atmosphere and the pore space as

different systems. This modification allows the model to converge quicker over a wider range

of parameter combinations.

To validate our combined model, we ran the modern Earth through both the original,

two-box model of (Krissansen-Totton et al., 2018a) and our modified model at 10 different

incident fluxes between S⊕ and 0.7S⊕. The average error in predicted CO2 values between

our model and the two-box model was 2.8%, with a minimum error of 2.3%, and a maximum

error of 3.6%. Given the large uncertainties in model inputs (Table 5.1), the few percent

error introduced by our simplified model is unimportant.

For each parameter combination in our simplified model, we run the simulation for 10

Gyr or until the system reaches steady state. We consider the model to have converged if

the change in atmospheric CO2 partial pressure is less than 1% over 1 Gyr. Rarely (2 of the

1200 planets simulated in this work), parameter combinations will not reach-steady state

after 10 Gyr. Simulations with combinations of exceptionally high outgassing rates and low

CO2 weathering rates can enter a regime were atmospheric CO2 builds without bound, never

converging. Such model results are beyond the range of validity of our model.

5.5 Results of habitable zone carbonate-silicate cycling modeling

We generated 1050 habitable, stable, Earth-like exoplanet climates using uniform distribu-

tions of the parameters in Table 5.1. A total of 1200 random, initial parameter combinations
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Figure 5.3: The expected distribution of stable, Earth-like exoplanet climates from our habitable
zone weathering model. The horizontal axis shows incident flux, S, normalized to the solar constant
(S⊕) and the corresponding orbital distance in Astronomical Units (AU) above the plot. The vertical
axis shows the atmospheric CO2 partial pressure (pCO2) in bar. Each point represents a climate
in steady-state. The black labeled contours show the mean global surface temperature for the given
pCO2 and incident flux. The white region below the 248 K contour is where our model assumption of
a liquid ocean is no longer plausible so no planets are shown in that region. Above the 355 K contour
Earth-like planets are too hot to retain their liquid oceans for billions of years. Similar to the frozen
planets, such hot planets are not considered habitable. The red line shows the line of log-linear best
fit through the simulated planets. Modern Earth and Mars are shown by black squares. The blue
histogram at the bottom of the figure shows the number of stable planets in each incident flux bin.
The color of each simulated planet shows the relative point density in the plot at that location. The
color was calculated using a kernel-density estimate with Gaussian kernels and rescaled from 0 to 1.
A color value of 0 represents the lowest relative point density, 1 the highest. Our model predicts that
atmospheric CO2 should increase with orbital distance in the HZ. The slope of the best fit line is
3.92±0.24 (95%) with units -log10(pCO2 [bar])/[S/S⊕].

were considered but we eliminated those that resulted in planets that froze completely or

were too hot to retain their surface oceans. As colored dots, Figure 5.3 shows habitable,

steady-state solutions.

Our model indeed predicts that atmospheric CO2 abundances should broadly increase
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Figure 5.4: The expected trend of atmospheric CO2 with incident flux vs the number
of observed Earth-like planets. The solid red line shows the mean slope from 10,000
random subsets of the planets in Figure 5.3 with each subset containing the given
number of observed planets. The orange and blue error bars show the 1σ and 2σ
uncertainties on the expected slope. The solid gray line highlights the zero slope line.
The dashed black line shows the point where the expected slope with 2σ confidence is
above zero. At the bottom of the figure, the labeled points and error bars show the
number of Earth-like exoplanets the next generation of proposed space telescopes are
expected to observe (telescope data in Table 5.2). The vertical scaling of the telescope
points is arbitrary, only the horizontal position and extent of the error bars is significant.
Six Earth-like exoplanets should be observed to be 95% confident that a positive trend
between atmospheric CO2 and decreasing incident flux is detected.

and narrow in their spread with orbital distance in the HZ (Figure 5.3). If a log-linear fit is

applied to the data in Figure 5.3, the expected relationship between pCO2 and S (Section

5.3), the fit has an r2-value of 0.49. Thus, about half the variance in log(pCO2) is described

by changes in incident flux. This best fit is shown by a solid red line in Figure 5.3. It has
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a slope of 3.92±0.24 (95%) with units -log10(pCO2 [bar])/[S/S⊕]. Thus our model predicts

a trend of increasing atmospheric CO2 with orbital distance, which future missions might

detect. However, there is sufficient spread in our simulated planets that, should a future

mission detect only a few planets, it might not detect such a trend and could detect scatter

or even the reverse trend.

This uncertainty between incident flux and atmospheric CO2 is shown in Figure 5.4. This

figure is generated by randomly selecting 10,000 subsets of the planets in Figure 5.3 for each

number of observed Earth-like exoplanets (horizontal axis in Figure 5.4). For example, for

the value 3 on the horizontal axis of Figure 5.4, we select 10,000 3-planet subsets at random

from all the stable, habitable planets shown in Figure 5.3. For each of the 10,000 subsets,

we calculate the log-linear line of best fit through the selected planets, relating incident flux

and atmospheric CO2. The slopes of all 10,000 best fit lines are used to find the mean and

standard deviation in expected slope for the given number of observed Earth-like exoplanets.

As the number of subsets increases, the mean slope approaches the slope of the best fit line

in Figure 5.3, which is shown by the solid red line in Figure 5.4. The 1σ and 2σ uncertainties

on the expected slope are shown by the orange and blue error bars, respectively, in Figure

5.4.

From Figure 5.4 we see that, to be 95% confident of a trend of increasing atmospheric

CO2 with decreasing incident flux (i.e., a slope > 0), we would need to observe 6 or more

Earth-like HZ exoplanets. Proposed NASA telescopes, HabEx and LUVOIR, are expected to

observe between 3 and 115 Earth-like exoplanets (Table 5.2). The ranges are shown by the

colored circles with error bars in Figure 5.4 for each mission concept. The nominal capability

of LUVOIR-A or LUVOIR-B would confidently detect a trend of increasing atmospheric

CO2 with decreasing incident flux. A caveat is that this calculation does not consider the

instrument uncertainty in derived pCO2 measurements for each telescope.



85

Telescope Diameter [m] Expected Yield (1σ)

HabEx 4 8+9
−5

LUVOIR-B 8 28+30
−17

LUVOIR-A 15 54+61
−34

Table 5.2: The number of expected Earth-like exoplanets observed by each platform
from the HabEx (2019) and LUVOIR (2019) final reports.

5.6 Discussion

Our model assumes that the full variation and uncertainty in Earth’s carbon cycle parame-

ters through time (Table 5.1) are representative of habitable Earth-like exoplanets generally.

This assumption is a reasonable first-order approximation as the bulk composition and geo-

chemistry of rocky exoplanets appear similar to Earth’s (Doyle et al., 2019). However, the

validity of this assumption likely depends on the parameter in question. For example, it is

probably reasonable to expect habitable exoplanets to have a wide range of land fractions

and outgassing fluxes, but it is unclear whether there is as much natural variability in the

temperature dependence of silicate weathering. An improved mechanistic understanding

of weathering on Earth (e.g. Maher & Chamberlain, 2014; Winnick & Maher, 2018) might

reduce these uncertainties.

Other weathering feedbacks have been proposed to operate on the Earth through time,

such as reverse weathering (Isson & Planavsky, 2018). In reverse weathering, cations and

dissolved silica released from silicate weathering are sequestered into clay minerals rather

than carbonates so that CO2 remains in the atmosphere, warming the climate and reducing

ocean pH. Reverse weathering is thought to be strongly pH dependent and as ocean pH de-

creases, reverse weathering turns off, acting as a climate stabilization mechanism similar to

the carbonate-silicate cycle. The importance of reverse weathering is so poorly constrained

through Earth’s history (Krissansen-Totton & Catling, 2020) that it does not make sense

to consider it in our model. However, with future constraints from geology and lab mea-

surements, reverse weathering might increase the stable CO2 abundances of our modeled
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atmospheres shown in Figure 5.3.

Because we only consider variations on an Earth-like planet, our model predictions may

underestimate the inherent variability in habitable exoplanetary conditions. Planets very

different from the modern Earth, such as waterworlds without a carbonate-silicate weathering

cycle (e.g. Kite & Ford, 2018) or CH4-rich worlds (e.g. Haqq-Misra et al., 2008; Wordsworth

et al., 2017), could introduce additional uncertainty in an observed relationship between S

and pCO2 in the HZ. Despite such uncertainties, future missions should search for a trend

of pCO2 with orbital distance in the HZ. If the carbonate-silicate weathering cycle is indeed

ubiquitous, as is typically assumed in HZ calculations, then the relationship between orbital

distance and pCO2 may follow the trends predicted in Sections 5.3 and 5.5. If no such

trend is observed, then the carbonate-silicate weathering cycle may have limited influence

on planetary habitability and the limits of the conventional HZ could need revision.

5.7 Conclusions

The conventional HZ concept assumes that the carbonate-silicate cycle “thermostats” Earth-

like planets to temperate, or even constant surface temperature, but the way the cycle

actually operates has been neglected in HZ climate calculations. We find that for constant

CO2 outgassing, the surface temperature declines with orbital distance within the HZ because

as pCO2 rises with distance due to carbon cycle feedbacks, the power law pCO2-dependence

of weathering can remove carbon and balance outgassing at a lower surface temperature

(Figure 5.1).

We also find that standard energy-balance theory combined with carbonate-silicate cycle

theory predicts a linear relationship between log(pCO2) and incident stellar flux within the

HZ (Figure 5.1). However, variability in geophysical and physicochemical parameters in the

carbonate-silicate cycle will produce spread in log(pCO2) at a given orbital distance (Figure

5.3).

Future telescopes will probe the atmospheric compositions of Earth-like planets in the

HZ. However, proposed testing of the HZ hypothesis via such measurements (e.g. Bean et al.,
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2017; Turbet, 2019) may be precluded if too few planets are observed. Considering variability

of parameters in the carbonate-silicate cycle, we show that pCO2 could vary a few orders of

magnitude at a given incident flux for a stable, habitable, Earth-like planet, but nonetheless

an underlying statistical trend exists (Figure 5.3).

Our modeling results show that to observe the predicted trend of increasing pCO2 with

increasing orbital distance in the HZ with 95% confidence, future telescopes would need

to observe at least 6 Earth-like exoplanets. This estimate does not consider observational

uncertainties nor the uncertainties that planets very different from Earth could introduce

and thus should be considered a lower bound.
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Chapter 6

PLANT COLOR AROUND OTHER STARS

Status

This work is currently in preparation under the title The color of plants around other stars

from spectral optimization theory by Owen R. Lehmer, David C. Catling, Mary N.

Parenteau, Nancy Kiang, and Tori M. Hoehler. This chapter is an initial draft that

will likely differ from a future published version.

6.1 Abstract

In the search for life on other planets, the presence of photosynthetic surface organisms

may be detectable from the colors of light they reflect, which on the modern Earth is a steep

increase in reflectance at long, visible wavelengths, a “red edge”. However, the total reflected

spectra of Earth-like exoplanets could only be affected by a few percent due to “red edge”

analogs. Thus, knowing the wavelengths at which photosynthetic organisms preferentially

absorb and reflect photons is necessary to detect “red edge” analogs on other planets. Using

a numerical model that predicts the absorption profile of extant photosynthetic pigments

on Earth, we calculate the absorption profile for pigments on an Earth-like planet around F

through late M type stars that are adapted for maximal energy production. In our model,

cellular energy production is maximized when pigments are tuned to absorb at the wavelength

that maximizes energy input from incident photons while minimizing energy losses due to

thermal emission and building the photosynthetic apparatus. We find that peak photon

absorption for photosynthetic organisms around F type stars tends to be in the blue while

for G, K, and early M type stars, red or just beyond is preferred. Around the coolest M

type stars these organisms may preferentially absorb in the infrared, possibly past 1 µm.
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Our predicted absorption profiles for photosynthetic surface organisms depends on both the

stellar type and the atmospheric composition, especially atmospheric H2O concentrations,

which alter the availability of surface photons and thus the predicted pigment absorption.

By constraining the possible absorption profiles of alien, photosynthetic organisms, future

observations may be better equipped to detect the weak spectral signal of “red edge” analogs.

6.2 Introduction

Why are plants green? Despite the question’s simplicity, a definitive answer remains elusive.

Obviously, the color of plants depends largely on their pigments, which preferentially reflect

in the green. So, the real questions are: “why do photosynthetic organisms have the pigments

they do, and what determines the spectral absorption of those pigments?” In particular, we

are interested in the extraterrestrial analogs of chlorophyll a (chl a), the dominant pigment

responsible for the red absorption profile in oxygen-producing photosynthetic organisms,

such as green land plants, algae, and cyanobacteria.

Previously, the structure of chl a has been attributed to evolution from simpler por-

phyrins, or the chemical properties required of a pigment to participate in oxygenic pho-

tosynthesis (e.g. Mauzerall et al., 1976; Björn et al., 2009; Björn & Ghiradella, 2015). In

addition, optimization arguments based on the available solar spectrum have been proposed

as a driver for the structure and absorption profile of chl a (Björn, 1976; Stomp et al., 2007;

Kiang et al., 2007a; Milo, 2009; Marosvölgyi & van Gorkom, 2010). Briefly, these arguments

posit that pigment absorption should evolve to correspond to peaks in the spectral photon

flux. While these optimization arguments cannot explain the entire absorption spectra of chl

a, such as its absorption of blue photons, they do predict the peak in red photon absorption

(Björn, 1976; Milo, 2009) and even the shape of the pigment absorption profile around that

peak (Marosvölgyi & van Gorkom, 2010). In addition to predicting the red absorption profile

of chl a, the same optimization arguments can explain the absorption profiles of pigments

in niche environments where photons are limited, such as the bottom of the water column

or within an organic-rich microbial community (Stomp et al., 2007; Kiang et al., 2007a;
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Marosvölgyi & van Gorkom, 2010).

Of particular interest among these photon optimization studies is the model developed

by Marosvölgyi & van Gorkom (2010), which considered incident photon flux (accounting

for atmospheric absorption), thermal emission of pigments, and the cellular costs required

to create the photosynthetic apparatus. The model of Marosvölgyi & van Gorkom (2010)

was able to predict both the absorption peak of extant Earth pigments and the shape of the

absorption profile around that peak. Similar spectral optimization models correctly predict

the wavelength of peak absorption in extant organisms but do not constrain the shape of the

absorption profile around that peak (Björn, 1976; Milo, 2009).

Here, we apply the photon optimization model of Marosvölgyi & van Gorkom (2010) to

the Earth around other stars to predict the absorption profiles of alien photoautotrophs.

Prediction of pigment absorption around other stars has been considered previously, but via

a simplified model with stars approximated as blackbodies (Lehmer et al., 2018), or qualita-

tively based on the incident spectral flux (Kiang et al., 2007b; Ritchie et al., 2017; Takizawa

et al., 2017). In addition, from the pigment properties of infrared-absorbing organisms re-

ported by Kiang et al. (2007b), Tinetti et al. (2006) predicted a “red edge” for an M dwarf

star could be near 1.1 µm. Using simulated surface spectra through the modern Earth’s

atmosphere for F2V through M5V stars from Kiang et al. (2007b), we predict the absorption

peak and profile of pigments for various stellar types. Our predictions could inform future

observations looking for the photosynthetic “red edge” as a possible biosignature (Sagan

et al., 1993; Seager et al., 2005; Kiang et al., 2007b; O’Malley-James & Kaltenegger, 2018).

6.3 Methods

To predict optimal pigment absorption based on incident photon flux, we use the model

initially developed by Björn (1976) then refined and justified in detail by Marosvölgyi & van

Gorkom (2010). Our implementation recreates the numerical model described in Marosvölgyi

& van Gorkom (2010), which we summarize below.

The model solves for an absorption profile that optimizes energy production in a photo-
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synthetic cell. It does so by considering the incident flux available for absorption, thermal

emission, and the costs to build the photosynthetic apparatus. With incident flux known,

the input intensity in Watts m−2, Pin, is given by

Pin = JL · µ = JL · kT · ln
(
JL
JD

)
(6.1)

where k is the Boltzmann constant (1.381× 10−23 J K−1), T in K is the temperature of the

organism (assumed to be at room temperature, 295 K), JL is the excitation rate in light (s−1

m−2), and JD is the thermal excitation rate (s−1 m−2) (Ross & Calvin, 1967; Marosvölgyi

& van Gorkom, 2010). In equation 6.1, µ is the potential energy of the excited pigments

in the system, in Joules, corrected for emissive loss. Thus, Pin is the number of excitation

events (photon absorption) generating an excited pigment multiplied by the potential energy

of such a pigment, µ.

The excitation rate due to the incident solar flux, JL, is found by dividing the incident

flux into n equally sized frequency bins (n = 1200 in this work) then multiplying by the

pigment absorptance for the given frequency. Each bin represents the integrated photon flux

across the the frequency bin. Thus,

JL =
n∑
i=1

Isol,i(1− e−τi) (6.2)

where τi is the optical depth of the pigment over the frequencies in bin i, and Isol,i (photons

m−2 s−1) is the integrated incident photon flux per unit area for the given frequency bin.

Similarly, the thermal excitation rate, JD, is given by

JD =
n∑
i=1

τi · Ibb,i (6.3)

where Ibb,i (photons m−2 s−1) is the integrated blackbody photon flux at 295 K (room tem-

perature) per unit area for the frequency range of bin i. The bin size should be small enough

such that spectral features are not obscured. However, large discontinuities between adja-

cent bins can hinder convergence, which can occur if too many bins are used. Dividing the
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spectra in this work, which includes frequencies between ∼1200 and ∼120 THz (280 to 2500

nm), into 1200 bins preserves spectral features and does not hinder convergence. The photon

fluxes used in this work are shown in Figure 6.1.

If the relative cellular cost of creating the photosynthetic apparatus is given by C, then

the optimal absorption profile is found by finding the τi that satisfy

Isol,i · hνi · e−τi =
kT · eµ/(kT ) · hνi

µ+ kT
· Ibb,i +

Pin
(µ+ kT ) ·

∑n
i=1 τi/(hνi)

· C. (6.4)

In equation 6.4, h is the Planck constant (6.626×10−34 J s). The relative cost parameter, C,

is a free parameter set between 0 and 1. The left-hand side of equation 6.4 is the transmitted

photon energy.

The first term on the right-hand side (RHS) of equation 6.4 is the scaled blackbody flux

of the pigment. This term sets the frequency below which pigments would emit more energy

than they absorb and results in an abrupt transition to a transmittance of 1 below the cutoff

frequency. This frequency cutoff is analogous to the bandgap in photovoltaic semiconductors

(Marosvölgyi & van Gorkom, 2010).

The second term on the RHS of equation 6.4 is spectrally constant and imposes an input

energy threshold on the frequencies at which a pigment can absorb. As C increases, the net

energy input in a frequency bin must be above the threshold set by this term for pigments

to absorb. For high costs, pigments will only absorb photons in spectral regions where net

input energy is abundant (which depends on both the quantity of photons available and their

energy). The effect of this term on the calculated absorption profile for the Earth around

the Sun is shown in Figure 1 of Marosvölgyi & van Gorkom (2010).

Equation 6.4 is a fixed-point equation that can be solved with iterative mapping. For

a given cost, C, an initial guess for each τi is provided then equation 6.4 is iterated until

convergence is reached. For values of C near 0 or 1, the initial guess for each τi must be

close to the solution for the model to converge. Therefore, we initially run the model with an

intermediate value for C (such as C = 0.5) and initialize each τi to 1 then iterate equation

6.4 to convergence. With the converged solution for each τi at the intermediate C value,
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we iterate over C to C = 1 or C = 0 using the previously converged solution for each τi as

inputs to equation 6.4 for the next value of C. In this way, equation 6.4 converges for all C

values between 0 and 1, including the end points.

The relative cost parameter, C, can be freely tuned in the model. However, a relative

cost of C = 0.962, indicating photosynthetic machinery is expensive to produce, reproduces

the red absorption feature of spinach chloroplasts. Furthermore, the same cost parameter

applied to the ambient spectra in a muddy water column reproduces the absorption position

and shape of the Rhodobacter sphaeroides chromatophores (Marosvölgyi & van Gorkom,

2010). Following Marosvölgyi & van Gorkom (2010), we assume that a cost of C = 0.962

is applicable to photosynthetic organisms generally, but see Section 6.7.1 for details on how

the cost parameter alters the optimal absorption spectra.

Figure 6.1: Surface flux for a planet with the modern Earth’s atmosphere around
different stars. The horizontal axis shows photon wavelength in nm, the vertical axis
shows the incident photon flux per unit area, per second, per nm. Each colored contour
shows the surface photon flux for a different stellar type, as labelled. For each stellar
type, the total flux at the top of atmosphere was assumed to be the same as the modern
Earth’s.
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As inputs to the model, we use the standard solar irradiance spectrum for the modern

Earth at sea level from ASTM (2020). We also consider simulated surface spectra from

Kiang et al. (2007b) for the modern Earth around F2V, K2V, M1V, and M5V type stars,

with a top of atmosphere total flux equal to the modern Earth’s. The spectra considered in

this work are shown in Figure 6.1.

6.4 Results

From the spectra in Figure 6.1, Figure 6.2 shows the predicted absorption profile for optimal

pigments around each stellar type. The gray shaded region shows the absorption profile of

spinach chloroplasts from Marosvölgyi & van Gorkom (2010), which matches the predicted

absorption profile for red photons in chl a on Earth (green contour in Figure 6.2). The green

contour in Figure 6.2 reproduces the results of Marosvölgyi & van Gorkom (2010). It is

important to note in Figure 6.2 that the absolute absorptance value predicted by the model is

not necessarily representative of the total absorptance of an organism. The model predicts an

optimal absorption wavelength and profile over wavelength, but an organism could produce

multiple copies of the optimal pigment, which would alter the absolute absorptance of the

organism.

The predicted optimal absorption profiles for each stellar type shows the influence of

atmospheric absorption on pigment optimization. In Figure 6.3, we show the predicted

pigment absorption profile and the corresponding stellar spectra on the planet’s surface.

The atmospheric absorption features, particularly from H2O at 720, 820, 940, and 1130 nm

(Hill & Jones, 2000; Kiang et al., 2007b), exert a strong pressure on pigments to absorb in

atmospheric windows. In addition, short wavelength, high energy photons in the visible (and

just beyond) provide maximum growth energy for organisms around F, G, K, and even early

M stars. Only around the coolest, M5V star are organisms optimized when absorbing well

into the near infrared (IR).
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Figure 6.2: The optimal pigment absorption profile for each stellar type from our
pigment optimization model (see Section 6.3). The horizontal axis shows wavelength
in nm. The vertical axis shows the predicted absorptance of pigments from the model.
Each colored contour represents a different stellar type, as labelled. The shaded
gray region and dashed gray line show the absorptance of spinach chloroplasts from
Marosvölgyi & van Gorkom (2010), arbitrarily normalized to match the vertical ex-
tent of the optimal pigment profile for Earth. The absorption profiles were smoothed
by convolution with a 10 nm wide Gaussian function, following Marosvölgyi & van
Gorkom (2010). The model predicts the wavelength of peak absorption and the corre-
sponding absorption shape around that peak. The total absorptance of an organism is
not reflected by the vertical axis. An organism could produce additional pigments to
boost total absorptance, but the optimized absorption peak and shape would remain
the same. The position of and shape of chl a absorption at ∼680 nm (dashed gray
contour) is predicted in both location and shape by the model (green contour).

6.5 Discussion

If we are to detect a sharp change in reflectance spectra from alien, photosynthetic organisms,

i.e., a “red edge” analog, knowing the exact wavelengths to observe is critical as the spectral
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Figure 6.3: The optimal pigment absorption profile for each stellar type from Figure
6.2 with stellar spectra shown. The horizontal axis shows wavelength in nm. The verti-
cal axis shows the incident photon flux, taken from Figure 6.1. The predicted pigment
absorptance profile for each stellar type is shown in the same color. The vertical scal-
ing of these absorptance profiles from Figure 6.2 is arbitrary as the wavelength of peak
absorption and the shape of the absorption peak for each stellar type are the quantities
of interest, which are agnostic of the vertical scaling. The dashed gray contour and
shading shows the absorption profile of spinach chloroplasts from Marosvölgyi & van
Gorkom (2010). The optimal absorption profile predicted by the model shows how
pigments should be tuned to avoid atmospheric absorption if they are to maximize
growth. Section 6.7.2 has each stellar spectra and corresponding optimal absorption
profile shown individually, for clarity.

signal may be small (Sagan et al., 1993; Seager et al., 2005; Kiang et al., 2007a; O’Malley-

James & Kaltenegger, 2018). In this work, the goal of predicting pigment absorption profiles

is to inform the wavelength ranges future observations should preferentially consider for

detection of a “red edge” analog.

In Section 6.4, for a given stellar type and atmosphere, we predicted the optimal pigment

absorption profile, which is inversely proportional to reflectance. Indeed, on the modern

Earth, the “red edge” in the near-IR corresponds to the steep drop in absorption beyond the
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optimal peak of chl a (gray shaded region in Figure 6.2). If photosynthetic organisms around

other stars exhibit similar absorption behavior, we might expect “red edges” to occur on the

long-wavelength side of the optimal pigment absorption, similar to the prediction of Tinetti

et al. (2006).

A “red edge” at the long-wavelength limit of the optimal absorption peak does not pre-

clude the presence of accessory pigments that absorb at shorter wavelengths. This is the

case for terrestrial organisms, such as land plants, which have abundant accessory pigments

throughout the visible spectrum. Indeed, green plants absorb almost all visible photons,

including ∼95% of green photons (e.g. Björn et al., 2009), with the help of these accessory

pigments. The energy produced from photon absorption by these pigments is stepped down

via resonant transfer to be used in the photosynthetic reaction center (e.g. Kiang et al.,

2007b). Effectively, after energy loss as heat, the absorption of short-wavelength photons is

energetically equivalent to an organism gathering more red photons.

It is not surprising that green land plants contain these accessory pigments. If chl a

bearing organisms were limited to the narrow range of photons around the absorption peak

at ∼680 nm, say photons between 670 and 690 nm, ∼9 × 1019 photons m−2 s−1 would be

available from the spectra in Figure 6.1 for the Earth around the Sun. To first order, this

is only ∼ 1
4

of the current photon use by the terrestrial biosphere (3.26× 1020 photons m−2

s−1) (Field et al., 1998; Lehmer et al., 2018). Without accessory pigments, terrestrial, chl a-

bearing organisms would not be fully exploiting available light and potential growth. Instead,

land plants appear to have adapted by adding accessory pigments until photon absorption is

no longer growth limiting and nutrient availability, often bioavailable phosphorous or nitrogen

on Earth (e.g. Reinhard et al., 2016), limits growth.

In addition to absorption of short-wavelength photons from accessory pigments, large

pigments, such as chl a, should have auxiliary, short-wavelength absorption features (e.g.

Papageorgiou, 2004). Pigments like chl a must be sufficiently large that their π-electrons

can be excited by long-wavelength photons at the edge of the visible spectrum (e.g. Mauzerall

et al., 1976). This large structure results in additional absorption features from higher energy



98

electron orbitals (e.g. Björn et al., 2009). So the absorption of blue photons by chl a, which

provides additional photon harvesting for a chl a-bearing organism similar to an accessory

pigment, may be a side-effect of the structure of chl a being tuned to optimally absorb in

the red rather than a feature that was selected for (Marosvölgyi & van Gorkom, 2010).

If alien photoautotrophs have abundant accessory pigments and auxiliary, short-wavelength

absorption features in their pigments, as occur on Earth, Earth-like planets around the stars

considered here would have sufficient spectral energy to sustain the Earth’s extant biosphere.

If we assume photons longer than 300 nm may be used by photosynthetic organisms (Mc-

Cree, 1971), more than double the current photon use of the terrestrial biosphere is available

for each stellar type shown in Figure 6.3. This assumes absorption only occurs between 300

nm and the optimal wavelength shown in Figure 6.2. Even if we account for the reduced

quantum yield of the M5V pigment, which may be ∼50% as productive due to the lower

quantum yield of low-energy, long-wavelength photons (Wolstencroft & Raven, 2002; Kiang

et al., 2007b; Lehmer et al., 2018), no spectral energy limitation on growth is encountered,

although the total flux may be a constraint around the coolest of stars (Lehmer et al., 2018).

Thus, it may be unlikely for an organism to produce pigments absorbing beyond the optimal

pigment absorption wavelength. Such pigments may need to be large to absorb the longer

wavelength photons and thus could be costly for the cell to build. In addition, these pigments

would absorb lower-energy photons and potentially have a lower quantum yield compared to

accessory pigments at short wavelengths, where photons are still abundant.

The full reflectance spectra of an organism is derived not only from its pigments. As

noted by Kiang et al. (2007b), cellular structure, and in the case of land plants, canopy

structure and leaf morphology could play important roles in determining the reflectance

spectra and thus the “red edge”. These aspects are not considered in our model so the

discussion of the “red edge” location should be considered approximate. However, given

the lack of understanding on how these other properties may alter the “red edge” around

different stars (Kiang et al., 2007b), we propose the long-wavelength limit of the optimal

absorption peak is a reasonable initial location to search for a vegetative “red edge”, as is
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the case on on the modern Earth.

6.6 Conclusion

Future exoplanet observations may search for a vegetative “red edge”, a spectral signature

due to a sharp slope in the reflectance of pigments in photosynthetic organisms (e.g. Sagan

et al., 1993; Seager et al., 2005; Kiang et al., 2007b; O’Malley-James & Kaltenegger, 2018).

The wavelength where a “red edge” analog occurs on other planets will likely depend on

the stellar type and the composition of the planets’ atmosphere (Sections 6.4 and 6.5).

Direct imaging mission concepts, such as NASA’s HabEx and LUVOIR, could constrain the

surface photon flux of habitable worlds and search for a vegetative “red edge” based on that

measurement, as modeled here.

The exact nature of oxygenic photosynthesis, why certain absorption features exist and

what drives accessory pigment production remains under investigation (e.g. see reviews

Björn et al., 2009; Björn & Ghiradella, 2015). However, the model described in this work and

similar models can explain the absorption features, at least in part, of numerous extant Earth

organisms (Björn, 1976; Stomp et al., 2007; Kiang et al., 2007a; Milo, 2009; Marosvölgyi &

van Gorkom, 2010). We thus propose the best candidate for a photosynthetic “red edge” on

habitable exoplanets occurs on the long-wavelength edge of the optimal absorption peak as

depicted in Figure 6.2.

6.7 Supplemental figures

6.7.1 Cost Parameter Variations

The relative cost of the the photosynthetic apparatus, C, in equation 6.4 can vary between

0 and 1, inclusive. Marosvölgyi & van Gorkom (2010) found that for C = 0.962 equation 6.4

could reproduce the absorption profiles, at least in part, of multiple extant pigments. As C

increases, equation 6.4 predicts pigment absorption should focus on spectral regions where

the balance between photon absorption and thermal emission maximizes energy input to the



100

cell. Thus, pigment absorption profiles should jump across atmospheric absorption bands.

Figure 6.4 shows the different model predicted absorption profiles for various values of

C for the Solar spectra shown in Figure 6.1. As cost increases, Figure 6.4 clearly shows

pigment absorptance jumping the atmospheric absorption features, such as those of O2 at

688 and 761 nm and from H2O at 720, 820, and 940 nm (Hill & Jones, 2000; Kiang et al.,

2007b). Figures 6.5, 6.6, 6.7, and 6.8 show the same cost variation as Figure 6.4 but for the

other spectral fluxes shown in Figure 6.1.

As wavelength increases, blackbody emission of the organism becomes increasingly im-

portant. Even in the scenario of no cost, C = 0, no pigment absorption is predicted beyond

∼1100 nm for the modern Earth around the Sun. Beyond this wavelength, there are in-

sufficient photons to make up for the emissions from the pigments. Thus, in this model,

pigments cannot absorb beyond ∼1100 nm without a loss of energy. This limit agrees with

extant Earth organisms and theoretical calculations of the long-wavelength limit of light-

driven energy production (Marosvölgyi & van Gorkom, 2010). For different stellar types this

limit will change based on the incident flux of infrared photons.

The incident photon fluxes for each stellar type considered in this work are shown in

Figures 6.9, 6.10, 6.11, 6.12, and 6.13. The contours in these figures are the same contours

as shown in Figure 6.3, but shown individually for clarity. The model calculated wavelength

of optimal pigment absorption and the shape of the absorption profile around that peak are

also shown in each figure.
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Figure 6.4: The optimal pigment absorption profile for different cost parameters
around the Sun, a G2V star. The horizontal axis shows wavelength in nm, the ver-
tical axis shows pigment absorptance. Each black curve shows the predicted pigment
absorptance for the given cost parameter, C from equation 6.4. The value of C is
indicated by the shading where darker shading indicates lower cost. The black shading
corresponds to no cost, i.e. C = 0, shading approaches white as the cost increases, i.e.
C → 1. The predicted absorption profile was smoothed by convolution with a 10 nm
wide Gaussian function. This figure recreates the results of Marosvölgyi & van Gorkom
(2010), see their Figure 2.
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Figure 6.5: The optimal pigment absorption profile for different cost parameters
around an F2V star. See Figure 6.4 for a full description.
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Figure 6.6: The optimal pigment absorption profile for different cost parameters
around an K2V star. See Figure 6.4 for a full description.
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Figure 6.7: The optimal pigment absorption profile for different cost parameters
around an M1V star. See Figure 6.4 for a full description.
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Figure 6.8: The optimal pigment absorption profile for different cost parameters
around an M5V star. See Figure 6.4 for a full description.
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6.7.2 Individual Spectra

Each stellar type shown in Figure 6.3 is shown in its own figure here.

Figure 6.9: The predicted optimal pigment absorption profile for an F2V star from
Figure 6.3.
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Figure 6.10: The predicted optimal pigment absorption profile for an G2V star, the
Sun, from Figure 6.3.

Figure 6.11: The predicted optimal pigment absorption profile for an K2V star from
Figure 6.3.
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Figure 6.12: The predicted optimal pigment absorption profile for an M1V star from
Figure 6.3.

Figure 6.13: The predicted optimal pigment absorption profile for an M5V star from
Figure 6.3.
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Chapter 7

LIGHT-LIMITED BIOSPHERES

Status

This work was published under the title The Productivity of Oxygenic Photosynthesis around

Cool, M Dwarf Stars by Owen R. Lehmer, David C. Catling, Mary N. Parenteau,

and Tori M. Hoehler. It was published in The Astrophysical Journal in 2018. See the

reference Lehmer et al. (2018).

7.1 Abstract

In the search for life around cool stars, the presence of atmospheric oxygen is a prominent

biosignature as it may indicate oxygenic photosynthesis (OP) on the planetary surface. On

Earth, most oxygenic photosynthesizing organisms (OPOs) use photons between 400 and

750 nm, which have sufficient energy to drive the photosynthetic reaction that generates

O2 from H2O and CO2. OPOs around cool stars may evolve similar biological machinery

capable of producing oxygen from water. However, in the habitable zones (HZ) of the coolest

M dwarf stars, the flux of 400-750 nm photons may be just a few percent that of Earth’s.

We show that the reduced flux of 400-750 nm photons around M dwarf stars could result

in Earth-like planets being growth limited by light, unlike the terrestrial biosphere, which is

limited by nutrient availability. We consider stars with photospheric temperatures between

2300K and 4200K and show that such light-limited worlds could occur at the outer edge of

the HZ around TRAPPIST-1-like stars. We find that even if OP can use photons longer

than 750 nm there would still be insufficient energy to sustain the Earth’s extant biosphere

throughout the HZ of the coolest stars. This is because such stars emit largely in the infrared

and near infrared, which provide sufficient energy to make the planet habitable, but limits
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the energy available for OP. TRAPPIST-1f and g may fall into this category. Biospheres on

such planets, potentially limited by photon availability, may generate small biogenic signals,

which could be difficult for future observations to detect.

7.2 Introduction

Biomass production on the modern Earth is dominated by organisms doing oxygenic photo-

synthesis (OP). In its most basic form, OP produces organic matter by the simplified reaction

(e,g, Falkowski & Raven, 1997, p. 2)

CO2 + H2O + hν → CH2O + H2O + O2 (7.1)

where hν represents a collection of photons with sufficient energy to drive the photosynthetic

reaction. Though there are uncertainties in the primary productivity from OP on the modern

Earth (e.g. Chen Jing M. et al., 2012; Frankenberg Christian et al., 2011; Prokopenko Maria

G. et al., 2011), to a first order approximation biomass production is split roughly equally

between ocean and terrestrial organisms, generating ∼1014 kg year−1 of biomass (Field et al.,

1998). The total biomass generated by these oxygenic photosynthesizing organisms (OPOs)

on the modern Earth is limited by nutrients, often bioavailable phosphorus or nitrogen, and

not by energy input (e.g. Agren et al., 2012; Reinhard et al., 2016; Tyrrell, 1999). In fact,

the majority of OPOs on the Earth use only a few percent of the incident photosynthetically

active radiation (PAR) (Field et al., 1998), defined as photons between 400 and 750 nm (e.g.

Blankenship & Chen, 2013; Chen & Blankenship, 2011; Pettai et al., 2005).

Around stars cooler than the Sun, would the biomass productivity of an Earth-like planet

be similarly constrained by nutrients or by light? More specifically, if the modern Earth were

placed around a TRAPPIST-1-like star with a photospheric temperature of ∼2500 K (Gillon

et al., 2017), could its biomass production be maintained? For the modern Earth to be

growth limited by light rather than nutrients, the PAR flux must be less than the current

use by extant OPOs. We call such a biosphere potentially light-limited, where the flux of PAR

photons is less than the number of photons used for OP by the modern Earth’s biosphere.
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Orbiting the Sun, the modern Earth is far from being potentially light-limited. Even if the

planet were moved to the outer edge of the Sun’s habitable zone (HZ) it would still have

sufficient photons to sustain the extant biosphere (assuming no limitation by nutrients or

other factors), as shown in Figure 7.1. However, if the Earth were placed around cooler

stars, the green and blue dots in Figure 7.1 would move closer to the host star, potentially

entering the HZ of the star.

For constant total incident photon flux on a planet, the PAR flux decreases with stellar

temperature so planets in the HZ of cool stars like TRAPPIST-1 may be potentially light-

limited, especially toward the outer edge of the HZ. Of course, the biospheres could be even

more limited if the supply of nutrients is less than the modern Earth, e.g., a water-covered

world with no continents from which to weather phosphorus, which are the sole source of

phosphorus to the oceans on the modern Earth (e.g. Ruttenberg, 2014; Catling & Kasting,

2017, p. 297). Consequently, the limit being considered here can generally be taken as a

conservative upper limit.

7.2.1 Photon requirements for oxygenic photosynthesis

At the outer edge of the HZ around TRAPPIST-1-like stars, the photon flux in the 400-

750 nm range is only a few percent that of Earth’s. Any Earth-like planets orbiting in this

region must expand the range of photons usable by OPOs to avoid a potentially light-limited

biosphere. However, if OPOs are able to use photons beyond 750 nm, then the total photon

input per CO2 fixed by equation (1) must be increased to account for the decreased photon

energy at long wavelengths. While OPOs on Earth use 8 photons in the 400-750 nm range

per CO2 fixed by equation 7.1 under ideal conditions (e.g. Hill & Rich, 1983; Kiang et al.,

2007b), if OPOs were tuned to the emissions of a TRAPPIST-1-like star they could require

24-36 photons per CO2 fixed by equation 7.1 to have the same total energy input (e.g. Kiang

et al., 2007b; Wolstencroft & Raven, 2002).

To determine if an Earth-like planet is potentially light-limited around cool stars, the

PAR range for the star-planet system must be known. The lower PAR wavelength limit
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Figure 7.1: The inner Solar System in which Mercury, Venus, Earth, Mars, and
Jupiter are shown in gray (planet size not to scale). The green circle shows the orbital
distance at which the flux of 400-750 nm photons would be insufficient to sustain the
current biomass productivity of the Earth’s extant terrestrial biosphere. The blue
circle shows the orbital distance where the photon flux would no longer be sufficient
to sustain the modern Earth’s ocean biosphere. The habitable zone for the Sun is
shown by the shaded blue band from Kopparapu et al. (2013). As shown by the green
and blue circles, with increasing orbital distance, solar energy flux becomes limiting
to surface habitability well before it drops below levels required to support Earth’s
photosynthetic biosphere. Thus, the biospheres of Earth-like planets (with similar
albedos and nutrient availability) in the habitable zones of Sun-like stars will not be
limited by photon availability.

for other planets may be the same as on Earth, ∼400 nm. Below ∼400 nm, ultraviolet

photons have an ionizing effect when absorbed by pigments, which damages the cell (e.g.

Carvalho et al., 2011). This ionizing effect will occur in organic matter around other stars,

so we take ∼400 nm as an approximate lower limit for PAR regardless of stellar type. We

note that it may be possible for shorter wavelengths to be used, down to perhaps ∼300 nm

(McCree, 1971), but the stars of interest in this study produce small photon fluxes at such

short wavelengths. Indeed, the difference between a lower limit of 300 nm versus 400 nm is

negligible in on our final results, so the lower limit is set at 400 nm in this study.

The upper limit of the PAR is more difficult to determine and is currently not known

for Earth (e.g. Blankenship & Chen, 2013; Chen & Blankenship, 2011; Kiang et al., 2007a).

It is generally found that beyond ∼680 nm the efficiency of the oxygenic photosynthetic

apparatus decreases monotonically (e.g. Pettai et al., 2005). However, there are instances

where the monotonic decrease abates, such as in the leaves of the sunflower plant which
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see a moderate boost in efficiency at 745 nm during the fall and achieve about 20% of the

efficiency at 680 nm (Pettai et al., 2005). Another example is the chlorophyll d containing

cyanobacterium Acaryochloris marina, which has evolved to use photons up to ∼750 nm

for OP (Mielke et al., 2013). While the observed upper limit of PAR for OP in the Earth-

Sun system is ∼750 nm, this limit may be different around other stars with different spectral

emissions. Indeed, though not evolving oxygen, some organisms can use photons up to ∼1020

nm for anoxygenic photosynthesis indicating that an electronic excitation can be triggered

at wavelengths beyond 750 nm (Björn & Ghiradella, 2015; Blankenship, 2008). Electronic

excitation is required for any form of photosynthesis and becomes more difficult at longer

wavelengths that can only excite vibrational or rotational transitions.

If the upper limit of the PAR changes around cooler stars, at what wavelengths would we

expect OPOs to absorb in such systems? On Earth, models and in situ studies of OPOs have

shown that pigments are likely optimized when they absorb at 680 nm, which is near the

peak photon flux per uniform frequency interval from the Sun and precisely where chlorophyll

a absorbs (Björn, 1976; Björn & Ghiradella, 2015; Björn et al., 2009; Kiang et al., 2007b;

Marosvölgyi & van Gorkom, 2010; Milo, 2009; Ritchie, 2010; Stomp et al., 2007). It is

expected that a similar pressure to evolve optimized pigments would exist around other

stars, causing pigments to be tuned close to the frequency of peak photon flux per uniform

frequency interval from the star (Kiang et al., 2007b, e.g.). The numerical models presented

by Björn (1976) and Marosvölgyi & van Gorkom (2010) provide an elegant explanation for

why OPOs absorb largely in the visible spectrum on Earth and allow us to calculate where

optimized pigments should absorb around other stars, based on the spectral flux from the

star.

The peak photon flux for stars cooler than the Sun falls at longer wavelengths than on

Earth, often beyond 750 nm. Thus, following the models of Björn (1976) and Marosvölgyi

& van Gorkom (2010), the optimal pigment absorption should fall near the peak photon

flux wavelength, well past 750 nm for cool stars. If there are no physical restrictions on

the upper limit of the PAR, then we expect OPOs to evolve under natural selection so that
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their pigments are adapted to this optimal wavelength. However, if the upper PAR limit

falls below the optimal pigment absorption wavelength then OPOs would be forced to use

a suboptimal portion of the spectrum, where photons may be scarce. Indeed, Kiang et al.

(2007b) showed that Earth-like organisms may be ∼10% as productive around an M dwarf

star where 400-700 nm photons are in short supply, but could produce Earth-like amounts

of biomass if the PAR range extended to ∼1100 nm. A recent study by Ritchie et al. (2017)

found that on Proxima Centauri b the total productivity of the biosphere could be ∼20%

that of Earth’s, based on the productivity of several Earth organisms.

In this study, we explore how orbital distance, stellar type, and PAR photon limits impact

the photon availability of a planet, and thus its biosphere. We focus on planets with habitable

environments around M dwarf stars, which may be common in our stellar neighborhood (see

Shields et al. (2016) and Gale & Wandel (2017) for recent reviews M dwarf habitability). If

potentially light-limited biospheres exist on these planets, then they may have only a modest

impact on the planetary surface and atmosphere. Understanding the total potential biomass

productivity of a planet will be an important consideration when looking for biosignatures

on nearby exoplanets.

7.3 Methods

To determine if an Earth-like planet around an M dwarf star would be potentially light-

limited, we must first define the light requirements of the Earth’s extant biosphere. From

Field et al. (1998) photoautotrophs in the ocean use 7% of the incident PAR, with the rest

being either reflected or absorbed by other constituents in the water. On land (without

permanent ice cover) terrestrial plants absorb 31% of the PAR (Field et al., 1998). Using

the standard solar irradiance spectrum at sea level from the American Society for Testing

and Materials (ASTM) (http://rredc.nrel.gov/solar/spectra/am1.5/), we find that

1.05× 1021 photons m−2 s−1 are incident on the Earth’s surface between 400-700 nm, which

is the PAR range for chlorophyll a bearing OPOs that dominate primary productivity on

Earth (Blankenship & Chen, 2013; Chen & Blankenship, 2011; Field et al., 1998; Raven et al.,

http://rredc.nrel.gov/solar/spectra/am1.5/
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2000). Thus, to a first order approximation, Earth’s oceans require 7.35× 1019 photons m−2

s−1 to maintain extant biomass productivity, and the terrestrial regions require 3.26 × 1020

photons m−2 s−1.

Photosynthesis is a reaction that depends on the quantum nature of light, and is therefore

measured in photons and molecules, not Watts and molecules (e.g. McCree, 1973). As such,

we compare photon fluxes rather than flux densities (irradiances) (W m−2) in this study.

To compare the biomass productivity of an M dwarf planet to the Earth, the photon flux

available to OPOs must be known. To determine the available photon flux, we must calculate

at what wavelengths OPOs should absorb photons, then compare the result to the spectral

emission of the host star. For Earth, previous studies have examined this problem, which

showed that pigments should absorb in spectral regions where photons capable of generating

an electronic excitation are most abundant (Björn, 1976; Kiang et al., 2007a; Stomp et al.,

2007; Milo, 2009; Marosvölgyi & van Gorkom, 2010; Ritchie, 2010).

The model developed by Björn (1976) provides a simple way to relate stellar tempera-

ture, Ts, and the optimal pigment absorbing frequency, by finding the frequency, ν0, that

maximizes

P (ν0) = ueff (ν0)ν2
0 exp

(
−hν0

kTs

)
(7.2)

where P (ν0) is the power output of the photosynthetic system at frequency ν0, ueff (ν0) is

the effective potential at frequency ν0 (see Section 7.3.1 for how ueff is calculated), h is

Planck’s constant, and k is the Boltzmann constant. Figure 7.2 shows the optimal pigment

absorption wavelength across stellar type following equation 7.2 for an Earth-like planet with

an incident flux equal to the modern Earth’s. In Figure 7.2 we see that, if the same selective

pressure to optimize pigments for peak photon flux occurs around other stars as it appears to

on Earth, then pigments of OPOs around the coolest M dwarf stars should absorb well past

1µm. It should be noted that the Björn (1976) model does not account for several factors,

including atmospheric absorption, so it slightly overestimates the optimal pigment absorption

wavelength for Earth. Marosvölgyi & van Gorkom (2010) took the model of Björn (1976)
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and, by accounting for atmospheric absorption and energy to create the pigment, found

that 680 nm was indeed the optimal pigment absorption wavelength. In addition, Kiang

et al. (2007a) found that by accounting for atmospheric absorption the peak photon flux for

OPOs occurs at ∼685 nm. As the atmospheric composition of terrestrial exoplanets remains

unknown, we use the simpler model developed by Björn (1976) with the caveat that the

position in wavelength of atmospheric windows could alter the predicted optimal absorption

wavelength.
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Figure 7.2: The optimal pigment absorption wavelength based on stellar temperature
following Björn (1976). We assumed an Earth-like planet that orbited its host star at
such a distance that the total incident flux is equal to the modern Earth’s.

Could OPOs around M dwarf stars use photons past ∼1 µm and up to ∼1.5 µm for OP,

as may be optimal from Figure 7.2? It remains unknown if the PAR limit for OP on Earth at

∼750 nm is a physical limit, or merely the observed limit for extant OPOs (e.g. Blankenship
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& Chen, 2013; Chen & Blankenship, 2011; Kiang et al., 2007a; Wolstencroft & Raven, 2002).

However, it has been proposed that OPOs could indeed use photons past 750 nm to perform

OP by modifying the photosynthetic pathway to use additional, longer-wavelength photons

(e.g. Kiang et al., 2007b; Wolstencroft & Raven, 2002). Given the lower energy per photon

as wavelength increases, an OPO absorbing at ∼1.5 µm could require triple the number of

photons of a similar Earth organism absorbing at 680 nm to have the same energy input for

biomass productivity (Kiang et al., 2007b; Wolstencroft & Raven, 2002).

At longer wavelengths, photons have less energy so more photons must be absorbed to

provide the same total energy needed to drive equation 7.1 to make O2. OP on the modern

Earth uses a 2-step photosynthetic pathway to convert CO2 and H2O to O2 and organic

matter (see Falkowski & Raven (1997, Ch. 4) for a review of the 2-step “Z-scheme” for OP).

To produce the same biomass at longer wavelengths where additional photons are required, a

3-step photosystem could be used for photons up to ∼1040 nm, a 4-step system for photons

up to ∼1400 nm, and a 6-step system for photons up to ∼2100 nm (Kiang et al., 2007b) if

electronic excitation is still possible. We term this increased photon requirement at longer

wavelengths the photon energy scaling parameter and denote it with ε. The ε term does

not consider the increased energy requirements of the cell to build additional steps in the

photosynthetic pathway (or, indeed, whether it is even plausible that organisms can evolve

such complex, multistep photosystems), so the resultant calculation reflects an upper bound

on the efficiency as wavelength increases. Takizawa et al. (2017) note that it may be possible

for the current 2-step system to be modified such that additional photons may be absorbed

without additional reaction centers, but even in this case the total photon requirements

remain the same.

While absorbing additional photons past ∼750 nm can provide the same total energy

input, at some wavelength a photon will be incapable of driving photosynthesis no matter

how many photons are absorbed. The cutoff occurs because a photon must have sufficient

energy to cause an electronic excitation in the absorbing pigment. It has been pointed out by

some studies (e.g. Gale & Wandel, 2017) that a water molecule typically requires at least 1.23
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eV to split, corresponding to a photon of ∼1 µm, which could be a potential wavelength limit

for OP. However, it is a common misconception that photons absorbed during photosynthesis

split a water molecule directly. Rather, photons are absorbed by the light harvesting pigment

which causes an electron to move down a biochemical pathway before reducing CO2. The

pigment’s electron is replaced by one from the reductant, H2O in this case (see Falkowski &

Raven (1997, Ch. 3) for a discussion of the topic). The upper wavelength limit for OP, where

a photon triggers an electronic excitation in the absorbing pigment, is unknown but it could

be greater than ∼1 µm. For completeness, without providing theoretical or experimental

justification, Heath et al. (1999) state that oxygenic photosynthesis may be possible with

photons up to 2.1 µm.

It is difficult to know where the wavelength limit of photosynthesis falls in theory, given

the vast possibilities for pigment construction. In practice, there appear to be limits well

below 2.1 µm, and even below ∼1.5 µm, which is the longest optimal wavelength we would

expect around even the coolest M dwarf stars (we do not consider LTY stars in this study).

The best manmade sensors are unable to detect any electronic excitations (a requirement

for photosynthesis) with photons beyond 1.1 µm (Kiang et al., 2007b). While this may be

a limit of human ingenuity, pigments on Earth have encountered a similar barrier as no

organism has been found that utilizes photons much past ∼1 µm for photosynthesis of any

kind. As mentioned previously, for anoxygenic photosynthesis, the longest known wavelength

limit is at 1020 nm using bacteriochlorophyll b (e.g. Björn & Ghiradella, 2015; Blankenship,

2008). On some planets, the PAR limit for OP may be well below even the ∼1100 nm

limit of detectable electric transitions. By approaching the photosynthetic apparatus as a

thermodynamic system, van Grondelle & Boeker (2017) found that if a pigment is tuned

to wavelengths beyond 900 nm for OP, back reactions at night will become more efficient

than the daily energy production making any such system energetically unfavorable. This

900 nm limit may not apply to synchronously rotating planets as the OPOs are unlikely to

be subjected to prolonged periods of darkness. However, on planets that are locked in a 3-2

spin-orbit resonance or other non-synchronously rotating resonances, which may be common



119

around M dwarf stars (e.g. Shields et al., 2016), such a wavelength limit could be imposed.

We consider four possible wavelength limits for OP, denoted by Lλ. The first case is the

current limit found on the modern Earth at Lλ = 750 nm. The second limit is at Lλ = 900

nm, which is the limit found by van Grondelle & Boeker (2017) for OPOs exposed to a

diurnal cycle. The third limit we consider is the limit of detectable electronic transitions

at Lλ = 1100 nm, and the final limit we consider is at Lλ = 1500 nm, which is beyond

the optimal pigment absorption of even the coolest M dwarf stars (see Figure 7.2) which

are found at ∼2300 K (e.g. Kaltenegger & Traub, 2009). Table 7.1 shows ε for the various

wavelength limit values, Lλ, used in this study.

We approximate all stars in this study as blackbody emitters and compute the optimal

pigment absorption wavelength from equation 7.2. Once the optimal wavelength of pigment

absorption has been estimated, an appropriate ε is easily determined from the above limits.

For example, pigments tuned to 900 nm would require a 3-step system and would thus be 2/3

as efficient as the 2-step system on Earth, giving ε = 2/3. If the optimal pigment wavelength

is above Lλ, we assume OPOs on that planet will absorb at Lλ.

For each Lλ value considered, we model an Earth-like planet with a Bond albedo of 0.3

at different orbital distances around stars with photospheric temperatures between 2300 K

and 4200 K. A Bond albedo of 0.3 may be too high for an Earth-twin planet around an

M dwarf star as previous work has shown that, due in part to atmospheric absorption of

CO2 and H2O in the near infrared where M dwarf stars output most of their radiation, the

total reflected light should be less than around hotter stars while atmospheric absorption

should be greater (Kasting et al., 1993; von Paris et al., 2013; Selsis et al., 2007; Shields

et al., 2013). However, to compute the incident flux at the surface of these planets would

require knowledge of the planetary atmospheric composition, which is currently unknown; in

any case, if near-IR photons are absorbed in the atmosphere and thermalized, then they are

unavailable to photosynthesis at the surface. Consequently, we use a Bond albedo of 0.3 as a

reasonable first order approximation. We compare the incident PAR flux, which we assume

encompasses wavelengths between 400 nm and Lλ, to the oceanic and terrestrial photon
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requirements of the modern Earth (7.35× 1019 photons m−2 s−1 for the oceans, 3.26× 1020

photons m−2 s−1 on land).

To calculate the flux from a star of a given temperature we must also know the star’s

radius. We estimate stellar radii from temperature via

R = 10.5440− 33.7536X + 35.1909X2 − 11.5928X3 (7.3)

(3) where X = T/3500 for stellar temperature T , following equation 4 of Mann et al. (2015).

See Section 7.3.2 for a discussion of equation 7.3.

PAR Upper Wavelength Limit [nm] Photon Energy Scaling Parameter [dimensionless]

Lλ = 750 ε = 1
Lλ = 900 ε = 2/3
Lλ = 1100 ε = 1/2
Lλ = 1500 ε = 1/3

Table 7.1: Wavelength limits for OP and the corresponding photon energy scaling
parameter.

7.3.1 Optimal pigment model

We follow the model of Björn (1976) to calculate the optimal pigment absorption wavelength,

given by equation 7.2. In that equation, effective potential ueff is the total potential energy

of the system corrected for loss through back reaction via fluorescence and delayed light

emission. It is defined as

ueff =
u

1 + kT/u
(7.4)

for pigment temperature T (assumed 300 K) where

u = u0 + kT ln

(
kT

u+ kT

)
(7.5)



121

with

u0 = kT ln

(
Φr2

4R2

)
+ hν0

(
1− T

Ts

)
(7.6)

for stellar radius r and orbital distance R. The fluorescent yield is given by Φ, which was

assumed to be 0.33, corresponding to chlorophyll a (Björn, 1976).

7.3.2 Stellar radius model

We relate stellar temperature to radius via equation 7.3 from Mann et al. (2015). However,

the equation from Mann et al. (2015) is only defined for temperatures between 2700 K and

4100 K. This range excludes some of the coolest stars, such as TRAPPIST-1. There are few

reliable data points to fit a model relating stellar temperature and radius below 2700 K and

the spread in the data is large at such temperatures (Mann et al., 2015). To estimate the

stellar radius for temperature below 2700 K, we linearly extrapolated from equation 7.3 at

2700 K through the point corresponding to TRAPPIST-1 at 2500 K. The radius of the star

has only a minor effect on the result of our calculations and, even if we treated the stellar

radius as constant below 2700 K, had a negligible impact on our final results. Similarly,

above 4100 K we extrapolated linearly from equation 7.3 at 4100 K through the Sun.

7.4 Results

To a first order approximation, we find that an Earth-like biosphere would be potentially

light-limited around the coolest of stars, regardless of the wavelength limit for oxygenic

photosynthesis. This is shown in Figure 7.3, where the blue shaded regions indicate that

the photon flux is beneath the usage of the terrestrial Earth. The red shaded regions in

Figure 7.3 show where the incident PAR flux is below the amount used by Earth’s modern

oceans. If the upper limit for the PAR occurs at 750 nm (Figure 7.3A) or 900 nm (Figure

7.3B), HZ planets around cool stars could not support even the Earth’s ocean biosphere. The

sharp jumps in the contours of Figure 7.3C and Figure 7.3D are due to the ε term, which is
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Figure 7.3: Regions around a star where biomass productivity on an Earth-like planet
would be potentially light-limited compared to Earth. Regions are shown for an oxy-
genic photosynthetic long wavelength limit of Lλ = 750 nm in plot A, Lλ = 900 nm
in plot B, Lλ = 1100 nm in plot C, and Lλ = 1500 nm in plot D. The horizontal axis
shows the incident stellar flux, S, normalized by Earth’s incident solar flux, S⊕ = 1361
W m−2. The blue shaded regions represent PAR photon fluxes below the terrestrial
limit (3.26 × 1020 photons m−2 s−1), scaled by the wavelength efficiency factor, ε (see
text). The red shaded regions represent PAR photon fluxes below the Earth ocean
limit (7.35× 1019 photons m−2 s−1), scaled by the wavelength efficiency factor, ε. The
black lines show the inner and outer limits of the habitable zone from Kopparapu et al.
(2013).

changed as soon as the optimal pigment wavelength calculated from equation 7.2 crosses the

ε thresholds. Whether such discontinuities exist in nature is unknown. Given that there are
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only 2-step OPOs on Earth, we do not know what the transition from a 2-step to a 3-step

or 4-step photosynthetic apparatus would look like.

As seen in Figure 7.3, TRAPPIST-1 has a temperature of only ∼2500 K and the three

planets that fall within the HZ, as defined by Kopparapu et al. (2013), have incident fluxes of

0.662S⊕, 0.382S⊕, and 0.258S⊕ (Gillon et al., 2017). If any of these planets have a spin orbit

resonance other than one-to-one, then they may be bound by the 900 nm limit for oxygenic

photosynthesis found by van Grondelle & Boeker (2017), shown in Figure 7.3B. In this plot,

all three planets would have insufficient light to maintain Earth’s terrestrial biosphere, and

TRAPPIST-1g would be unable to sustain Earth’s current ocean biosphere. Even if the

planets are synchronous rotators, and the wavelength limit for oxygenic photosynthesis is

closer to 1500 nm, the outer two HZ planets of the TRAPPIST-1 system would still be

unable to support Earth’s terrestrial biosphere (Figure 7.3D).

7.5 Discussion

For an atmosphere to become oxygenated by OP, the rate of O2 production must exceed

the rate of consumption by kinetically efficient O2 sinks from the environment. On the

modern Earth, the O2 produced in equation 7.1 is nearly all lost on a short timescale of

∼102 years through the back reaction of respiration or oxidative decay of the organic matter.

Only a small fraction of the total organic matter, less than a percent (Berner & Maasch,

1996), escapes respiration or oxidative decay and is buried, which provides a net source of

O2. The modern Earth produces ∼1014 kg yr−1 of organic matter (Field et al., 1998), which

corresponds to a total of ∼3000 Tmol yr−1 of CH2O produced via OP from equation 7.1,

if we assume all organic carbon is formed as CH2O. Estimates of the amount of organic

carbon burial, and hence the net O2 flux, range from 5.3 Tmol O2 yr−1 (Berner, 2004, p.

42) to 10.0 ± 1.7 Tmol O2 yr−1 (Holland, 2002), which are 0.16% and 0.30% of the total

productivity, respectively, if we take the order of magnitude estimate of Field et al. (1998).

In addition to burial of organic carbon, the burial of pyrite is a net source of O2 on the

modern Earth (by removing the ferrous iron reductant) that produces an equivalent 4.7±1.2
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Figure 7.4: The net O2 produced from organic carbon burial on Earth-like planets. Plots
are shown for an oxygenic photosynthetic long wavelength limit of Lλ = 750 nm in plot
A, Lλ = 900 nm in plot B, Lλ = 1100 nm in plot C, and Lλ = 1500 nm in plot D. The
horizontal axis shows the incident stellar flux, S, normalized by Earth’s incident solar flux,
S⊕ = 1361 W m−2. The solid black lines show the inner and outer limits of the habitable
zone from Kopparapu et al. (2013). The dashed black line shows the contour where the O2

flux is equal to the assumed planetary reductant flux that efficiently removes atmospheric O2

contributed by an organic burial rate of 0.3%. The reductant flux is a kinetically rapid sink
for atmospheric O2, which must be overcome for O2 to accumulate in the atmosphere (see
text). Planets above the dashed contour could build up atmospheric oxygen from oxygenic
photosynthesis alone, while planets below the line may be unable to. The dotted black line
shows the same as the dashed line, but for a burial rate of 0.23%.

Tmol O2 yr−1 (Catling & Kasting, 2017, p. 262). Thus, within a large uncertainty, O2 is

generated at a rate of up to ∼15 Tmol yr−1 on the modern Earth with the majority coming
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from burial of organic carbon.

Of course, the atmosphere on the modern Earth is not gaining O2 at ∼15 Tmol yr−1.

The amount of O2 is in approximately steady state because the O2 input is balanced by

sink fluxes. On the modern Earth, ∼30% of the O2 sink is from kinetically rapid reactions

with reductants from volcanic or metamorphic emissions (e.g., H2, CO, H2S, SO2, etc.) and

seafloor weathering. The remaining 70% of the O2 flux is consumed when O2 dissolves in

rainwater and reacts with reducing substances exposed on continental rocks (e.g. organic

carbon and ferrous iron) in oxidative weathering. O2 is readily consumed by this oxidative

surface weathering on the modern Earth because O2 is abundant in the atmosphere. However,

in a reducing atmosphere, O2 would largely be consumed by kinetically rapid reactions with

atmospheric reductants and oxidative weathering of the planetary surface would be negligible

as shown by Claire et al. (2006). Only when the flux of O2 surpasses the flux of reducing

gases will surface sinks for O2 become important; at that point, O2 would build up in the

atmosphere and a continental oxidative weathering sink would kick-in.

In this study we are interested in the possibility of OP transforming a reducing atmosphere

to an O2 rich atmosphere as a potential biosignature. Thus, an Earth-like exoplanet must

have sufficient biomass productivity that net O2 from burial of organic carbon can overcome

the reducing gas flux from the planet, which produces a combined O2 sink of 5.7± 1.2 Tmol

yr−1 on the modern Earth (Catling & Kasting, 2017, p. 264). The potentially light-limited

planets considered in this study are assumed to be Earth-like and thus must generate at

least 5.7 Tmol O2 yr−1 for atmospheric O2 to accumulate if we assume a kinetically rapid O2

sink comparable to that of the modern Earth. The biomass productivity scales linearly with

photon flux, shown by equation 7.1, so planets with few available photons for OP are likely

unable to produce Earth-like O2 fluxes. Assuming the planets have an Earth-like burial rate

of 0.16-0.30%, we can easily compute the net O2 from OP by following the same process

used to generate Figure 7.3.

In Figure 7.4 we show how net O2 from OP scales with stellar type and orbital distance.

We plot the same wavelength limits for OP as in Figure 7.3 but show the net O2 flux on
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the planet from organic carbon burial as a fraction of the modern Earth’s. We assumed

that, like on the modern Earth, biomass productivity was split equally between ocean and

terrestrial regions. Figure 7.4 shows that, depending on Lλ, planets may produce only a few

percent of modern Earth’s net O2 flux (Figure 7.4A). The dotted line in Figure 7.4 shows

the point above which the O2 flux exceeds the flux of reducing gases if the organic carbon

burial rate is set to 0.23% (the average of 0.16% and 0.3%). The dashed line shows the

same, but for the estimated upper limit on burial rate of 0.3%. Thus, we see that even if the

burial rate is maximal for a modern Earth-like planet (0.3%), it is possible that planets like

TRAPPIST-1 f and g would be growth limited by photon availability (Figure 7.4A). Under

such conditions, they would be unable produce sufficient O2 from organic carbon burial to

build up atmospheric O2.

The lower bound on burial rate, 0.16% for the modern Earth, is not shown in Figure 7.4.

This is because a burial rate of 0.16% generates only ∼5.3 Tmol O2 yr−1 for an Earth-size

biosphere. An O2 flux of 5.3 Tmol yr−1 is below the 5.7 Tmol yr−1 sink from reducing gases

and would require a biomass production greater than the modern Earth’s to accumulate

atmospheric O2. A burial rate of 0.16% would preclude an oxygen rich atmosphere on any

of the Earth-like planets considered in this study.

Planets with reductant fluxes greater than the net O2 flux from organic carbon burial

will be unable to produce O2 rich atmospheres from OP. In Figure 7.4, the area under the

dotted and dashed contours corresponds to Earth-like planets where this is the case. On such

planets, OP could be functioning without ever producing an O2 rich atmosphere and thus

no O2 biosignature. Planets like TRAPPIST-1e,f,g may fall into this regime, however, the

flux of reducing gases from abiotic sources may be quite different on these planets than on

the modern Earth. Additional studies should be conducted on reductant fluxes to determine

how other planets may differ from Earth.

Even if the flux of reductants is lower on exoplanets like TRAPPIST-1e,f,g than the

modern Earth and doesn’t overwhelm net O2 from OP, atmospheric oxygen may still be

scarce. Atmospheric O2 didn’t build up in Earth’s atmosphere until ∼2.4 Ga during the
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Great Oxidation Event. But various lines of geochemical evidence suggest that OP may

have evolved by 2.7-3.2 Ga (Buick, 2008; Crowe et al., 2013; Farquhar et al., 2011; Planavsky

et al., 2014; Satkoski et al., 2015; Stüeken et al., 2012), or possibly earlier, before even 3.4-

3.8 Ga (Cardona, 2018; Frei et al., 2016; Rosing & Frei, 2004). Thus, 300 Myr or more

may have passed between the advent of OP and the buildup of atmospheric O2. The O2

produced during this window could have been drawn down by kinetically rapid sinks at the

planetary surface, like ferrous iron and reduced sulfur, that took hundreds of millions of years

to overcome. If terrestrial exoplanets form with similar compositions to the Earth, they may

have similar O2 sinks that must be overcome before atmospheric O2 can build up. If the O2

flux from OP is only a few percent that of Earth’s (see Figure 7.4) then what took perhaps

a few hundred Myr on Earth could take billions of years on another planet, during which

atmospheric O2 could be negligible.

7.6 Conclusions

The energy for the vast majority of life on Earth is sustained by solar photons, either directly

or through the food chain. This biosphere has altered the atmosphere and surface of the

planet, making it detectable to a remote observer (e.g. Catling et al., 2018; Sagan et al.,

1993; Schwieterman et al., 2018). The next generation of telescopes will look for signatures

of an Earth-like biosphere on the surfaces and in the atmospheres of other planets, with

atmospheric oxygen from OP being one of the most enticing biosignatures (e.g. Meadows

et al., 2018a; Schwieterman et al., 2018). But detecting life may be challenging if the bio-

sphere is limited in size. Indeed, a planet that is sustained by chemical energy alone, rather

than stellar photon energy, may be so restricted in terms of biomass productivity that it

would be undetectable (McKay, 2014). The potentially light-limited planets modelled in

this study may fall into a similar category, where the total biosphere productivity may be

small compared to natural planetary processes (see Section 7.5) and unable to generate a

meaningful biosignature.

The potentially light-limited biospheres discussed in this study may be abundant around
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cool stars, especially if the upper limit for useable photons at ∼750 nm on Earth holds on

other planets. This limit may be especially common on water rich planets as an ocean based

biosphere would be limited to visible and near infrared photons, because water strongly

absorbs the longer wavelength photons (e.g. Takizawa et al., 2017). If PAR is bound at

∼750 nm, all the HZ planets of the TRAPPIST-1 system fall within the potentially light-

limited regime, where an Earth-like biosphere would be limited by energy input from light

rather than nutrients. Even if the limit of useable photons for OP extends beyond 750 nm,

the planets in the outer edge of the HZ around TRAPPIST-1-like stars are still likely unable

to support an Earth-size biosphere. Future observations of the TRAPPIST-1 planets and

similar systems should consider reduced biosphere productivity when looking for potential

biosignatures.
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Chapter 8

CONCLUSION

The previous chapters considered some of the features that habitable and inhabited worlds

may exhibit. In “Radius limit for rocky planets” and “Icy moons in the habitable zone” we

explored the possible size limits of habitable worlds, both for planets and icy moons. We

found that habitable worlds could range in size from about Ganymede’s size up to ∼1.8

R⊕. The radius of a planet is easily measured using the transit method (e.g. Batalha,

2014) making this constraint an ideal criteria to filter exoplanets, and even exomoons, for

potentially habitable worlds. But also measuring mass to infer mean density is still desirable

to know more about the kind of world (e.g. internal composition and gravity).

In “Archean carbon dioxide levels from micrometeorite oxidation” and “Carbon dioxide

in the habitable zone” we saw the expected variability in atmospheric CO2 on the Earth

through time and Earth-like planets in the habitable zone (HZ). From micrometeorite oxi-

dation, we showed the Earth’s atmosphere may have been >70% CO2 at 2.7 Ga, orders of

magnitude larger than the atmospheric CO2 level of the modern Earth. Our constraint on

Earth’s atmospheric CO2 at 2.7 Ga in Chapter 4 could inform understanding of habitable

exoplanets very different to the modern Earth (e.g. Arney et al., 2016). A similarly broad

range in atmospheric CO2 may exist on Earth-like planets in the HZ, as demonstrated with

our coupled climate and carbonate-silicate weathering model. In addition, observing our

predicted trend for CO2 in the HZ from Chapter 5 could confirm the validity of the HZ

hypothesis (e.g. Bean et al., 2017; Turbet, 2019).

Thematically, this work concludes by considering properties of biospheres around other

stars in “Plant color around other stars” and “Light-limited biospheres”. By modeling pig-

ment optimization based on incident spectral energy distribution, we predict likely pigment
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absorption profiles for alien photosynthetic organisms in Chapter 6. We show these organ-

isms may preferentially absorb blue photons around F type stars, while red photons may be

optimal around G, K, and early M type stars. Around late M dwarfs, infrared (IR) photons

may be optimal. A “red edge” analog may exist beyond this optimal absorption wavelength,

which future missions might detect.

We extend our consideration of Earth-like biospheres around the coolest M type stars,

with large IR emissions, in Chapter 7. Earth-like biospheres around these stars may be

growth limited by photon availability because high-energy photons are in short supply. This

photon-limited regime could result in meager biomass productivity making such biospheres

difficult to detect.

From the models of habitable worlds and constraints on their potential biospheres pre-

sented in Chapters 2 through 7, future telescopes will be better equipped to target and

understand potentially habitable worlds. In particular, the soon-to-launch JWST, which

will target planets around M dwarf stars, may benefit from our consideration of biospheres

around such stars in Chapters 6 and 7. JWST and future missions capable of observing

potentially habitable planets around a wider range of stellar types, such as HabEx and LU-

VOIR, might test the other predictions made here as well, such as those in Chapters 2, 3,

and 5. From the observations of these telescopes, habitable worlds and signs of life beyond

the Earth could be found in the near future.
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