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Potentially habitable systems

Interesting times, interesting targets to learn e.g. limits of the HZ

Bohl, Lawrence, Lowry, Kaltenegger 2025  



WIDE wavelength range to identify chemicals 
Biosignature pairs: best so far: O2/O3 with reducing gas (star)

Changes    i)  with stellar type     ii) through geological time 
  O2 & CH4: about 2 billion years for Earth
  O3 & CH4: about 2 billion years for Earth
     Kaltenegger et al 2007, 2023
ONLINE SPECTRA DATA BASE (on zenodo) and will be interface autumn 2025 
    



 
Figure     :  Model Spectra for Earth through geological time from 0.4 to 20   mμ
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SPECTRAL EVOLUTION OF AN EARTH-LIKE PLANET
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ABSTRACT

We have developed a characterization of the geological evolution of the Earth’s atmosphere and surface in order to
model the observable spectra of an Earth-like planet through its geological history. These calculations are designed to
guide the interpretation of an observed spectrumof such a planet by future instruments thatwill characterize exoplanets.
Our models focus on planetary environmental characteristics whose resultant spectral features can be used to imply
habitability or the presence of life. These features are generated by H2O, CO2, CH4, O2, O3, N2O, and vegetation-like
surface albedos. We chose six geological epochs to characterize. These epochs exhibit a wide range in abundance for
these molecules, ranging from a CO2-rich early atmosphere, to a CO2/CH4-rich atmosphere around 2 billion years ago,
to a present-day atmosphere. We analyzed the spectra to quantify the strength of each important spectral feature in both
the visible and thermal infrared spectral regions, and the resolutions required to optimally detect the features for each
epoch.We find a wide range of spectral resolutions required for observing the different features. For example, H2O and
O3 can be observed with relatively low resolution, while O2 and N2O require higher resolution. We also find that the
inclusion of clouds in our models significantly affects both the strengths of all spectral features and the resolutions
required to observe all these.

Subject headinggs: astrobiology — Earth — planetary systems

Online material: color figures

1. INTRODUCTION

Over 200 exoplanets already have been detected, and hundreds,
perhaps thousands, more are anticipated in the coming years. The
detection and characterization of these exoplanets will begin to
fill in a conspicuous gap in the astrophysical description of the
universe, specifically the chain of events occurring between the
first stages of star formation and the evident, now abundant, mature
planetary systems. The nature of these planets, including their
orbits,masses, sizes, constituents, and likelihoods of developing life,
can be probed by a combination of observations and modeling.

The present stage of exoplanet observations might be charac-
terized as one in which information is being gathered principally
by indirectmeans, whereby the photons that we measure are from
the star itself, or a background star, or a mixture of the star and
planet. Indirect techniques include radial velocity, microlens-
ing, transits, and astrometry. These indirect observations are of
great value, giving usmeasures of the planetmass, orbital elements,
and (for transits) the sizes, as well as indications of the constituents
of the extreme upper atmospheres. Of special interest is the detection
of sodium in the upper atmosphere of HD 209458b (Charbonneau
et al. 2002), and because of its implication that Earth-mass plan-
ets might be common, we note the detection of a 5.5 M! planet
by microlensing (Beaulieu et al. 2006).

In the next stage of exoplanet observations, we may hope to
have direct observations, in which most of the measured photons
are reflected or emitted by the planet itself. Direct techniques
include coronagraphic imaging at visible wavelengths and inter-
ferometric imaging in the thermal infrared. With direct photons

from the visible and thermal infrared, and depending on the par-
ticular cases, we can characterize a planet in terms of its size,
albedo, and, as will be discussed in this paper, its atmospheric
gas constituents, total atmospheric column density, clouds, sur-
face properties, land and ocean areas, general habitability, and
the possible presence of signs of life. At higher signal-to-noise
ratios we will also be able to measure rotation period, weather
variability, the presence of land plants, and seasons.
As discussed in Traub et al. (2006), full characterization re-

quires the synergy of both direct and indirect measurements. Note
that direct detection of photons from giant exoplanets can be
implemented using current space-based telescopes such as the
Hubble Space Telescope and the Spitzer Space Telescope. Such
studies have led to the detection of infrared emission from two
transiting hot Jupiters (Deming et al. 2005; Charbonneau et al.
2005), where the planetary signal is the difference between the
flux from a star plus planet versus the flux from the star alone.
Photons from Earth-like planets in the habitable zone around
their parent stars are beyond the capabilities of these telescopes
and require future missions.
We anticipate that future direct observations will be carried out

from space. The thermal infrared concepts, the Terrestrial Planet
Finder Interferometer (TPF-I ) and Darwin missions, and the
visible wavelength concepts, the Terrestrial Planet Finder Co-
ronagraph (TPF-C), are designed to detect terrestrial exoplanets
and to measure the color and spectra of terrestrial planets, giant
planets, and zodiacal dust disks around nearby stars (see, e.g.,
Beichman et al. 1999, 2007; Fridlund 2000; Kaltenegger 2004;
Kaltenegger & Fridlund 2005; Borde & Traub 2006). These
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High-resolution Transmission Spectra of Earth Through Geological Time

Lisa Kaltenegger1,2 , Zifan Lin1,2 , and Jack Madden1,2
1 Cornell University, Astronomy and Space Sciences Building, Ithaca, NY 14850, USA

2 Carl Sagan Institute, Space Science Building 311, Ithaca, NY 14850, USA
Received 2019 December 14; revised 2020 February 10; accepted 2020 February 11; published 2020 March 26

Abstract

The next generation of ground- and space-based telescopes will be able to observe rocky Earth-like planets in the
near future, transiting their host star. We explore how the transmission spectrum of Earth changed through its
geological history. These transmission spectra provide a template for how to characterize an Earth-like exoplanet—
from a young prebiotic world to a modern Earth. They also allow us to explore at what point in its evolution a
distant observer could identify life on our Pale Blue Dots and other worlds like it. We chose atmosphere models
representative of five geological epochs of Earth’s history, corresponding to a prebiotic high CO2-world 3.9 billion
years ago (Ga), an anoxic world around 3.5 Ga, and 3 epochs through the rise of oxygen from 0.2% to present
atmospheric levels of 21%. Our transmission spectra show atmospheric spectral features, which would show a
remote observer that Earth had a biosphere since about 2 billion years ago. The high-resolution transmission
spectral database of Earth through geological time from the VIS to the IR is available online and can be used as a
tool to optimize our observation strategy, train retrieval methods, and interpret upcoming observations with the
James Webb Space Telescope, the Extremely Large Telescopes, and future mission concepts like Origins, HabEx,
and LUOVIR.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Exoplanet astronomy (486); Exoplanets
(498); High resolution spectroscopy (2096); Molecular spectroscopy (2095); Spectroscopy (1558)
Supporting material: data behind figure

1. Introduction

Among the more than 4000 discovered exoplanets to date are
dozens of Earth-size planets (see, e.g., Udry et al. 2007;
Borucki et al. 2011, 2013; Kaltenegger & Sasselov 2011;
Batalha et al. 2013; Kaltenegger et al. 2013; Quintana et al.
2014; Torres et al. 2015), including several with similar
irradiation to Earth (see, e.g., Kane et al. 2016; Kalteneg-
ger 2017; Berger et al. 2019; Johns et al. 2018).

The space-based James Webb Space Telescope (JWST) is
scheduled to launch in early 2021 and several ground-based
Extremely Large Telescopes (ELTs) are currently under
construction or in planning, like the Giant Magellan Telescope,
the Thirty Meter Telescope, and the ELT, which are designed
to be able to undertake the first measurements of the
atmospheres of Earth-sized planets (see, e.g., Kaltenegger &
Traub 2009; Kaltenegger et al. 2010, 2019; Garcõa Munoz
et al. 2012; Hedelt et al. 2013; Snellen et al. 2013; Betremieux
& Kaltenegger 2014; Misra et al. 2014; Rodler & Lopez-
Morales 2014; Barstow et al. 2016; Stevenson et al. 2016; Lin
& Kaltenegger 2019). Several future mission concepts like
Origins (Battersby et al. 2018), Habex (Mennesson et al. 2016),
and LUOVIR (LUOVIR Team 2018) are currently being
designed to be able to explore the atmospheric composition of
Earth-sized planets.

Earth’s atmosphere has undergone a substantial evolution
since formation (see, e.g., Walker 1977; Zahnle et al. 2007;
Lyons et al. 2014). Previous work by one of the authors
modeled Earth’s reflection and emission spectra through
geological time, representative of exoplanet observations seen
as directly imaged Pale Blue Dots (Kaltenegger et al. 2007). A
second paper including one of the authors investigated how the
reflection and emission spectra of Earth through its geological
history from anoxic to modern Earth-like planets changes if

they are orbiting different Sun-like host stars from F0V to M8V
spectral type (Rugheimer & Kaltenegger 2018). The surface
UV environment for Earth through geological time for our Sun
and around different Sun-like host stars shows comparable UV
surface environments for such planets as discussed in
Rugheimer & Kaltenegger (2018), O’Malley-James & Kalte-
negger (2017), and O’Malley-James & Kaltenegger (2019).
While emission and reflection spectra for models of Earth

through geological time exist (e.g., Kaltenegger et al. 2007;
Rugheimer & Kaltenegger 2018), transmission spectra have
been focused on modern Earth so far (see, e.g., Ehrenreich et al.
2006; Kaltenegger & Traub 2009; Palle et al. 2009; Vidal-
Madjar et al. 2010; Rauer et al. 2011; Garcõa Munoz et al.
2012; Betremieux & Kaltenegger 2013, 2014; Hedelt et al.
2013; Misra et al. 2014). Here we model the high-resolution
transmission spectra for five geological epochs in Earth’s
history (Table 1): representative of a high-CO2 prebiotic world
as epoch 1 around 3.9 Ga, an Anoxic world as epoch 2 around
3.5 Ga and 3 epochs during the rise of oxygen, corresponding
to the timeframe of the rise of oxygen in Earth’s atmosphere
between about 2.4 Ga to today (see review by Lyons et al.
2014). We modeled epoch 3 after the Grand Oxygenation
Event, with 1% present atmospheric levels (PALs) of O2, epoch
4 after the Neoproterozoic Oxygenation Event, with 10% PAL
O2. Epoch 5 represents modern Earth atmosphere with 21% O2.
We use a solar evolution model (Claire et al. 2012) to establish
the incident Solar Flux through Earth’s geological evolution.
All our models assume a planet with the same radius and mass
as Earth which orbits at 1 au from an evolving Sun.
Our high-resolution database of transmission spectra from

the visible to the Infrared (0.4–20 μm) for Earth through
geological time, which is freely available online (www.
carlsaganinstitute.org/data), is a tool to enable effective
observations and first interpretation of atmospheric spectra of

The Astrophysical Journal Letters, 892:L17 (6pp), 2020 March 20 https://doi.org/10.3847/2041-8213/ab789f
© 2020. The American Astronomical Society. All rights reserved.
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• Intelligence on Earth has unambiguously emerged many 
times

• (Nearly?) all aspects of human intelligence and technology 
development are found elsewhere among the animals

• Molluscs evolved brains and tool use completely 
independently from vertabrates

• It is unclear if neurons also evolved multiple times!

• We cannot even be sure we are the first technological 
species on Earth!

Might intelligence be 
common?
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• Both approaches to life detection are worth pursuing

• We cannot know which is a better approach, but 
technosignatures could plausibly be:

• Stronger: Strongest sign of life in the Solar System is probably 
our radio waves!

• More abundant: technology spreads! N=4 in the solar system, 
but N for biology = 1

• Unambiguous: Only nature makes narrowband radio!

• Longer-lived: Technology has the capacity to far outlast 
biospheres

Technosignatures vs. 
Biosignatures


