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The discovery of more than 4500 extrasolar planets has 
revolutionized our understanding of how planetary systems 
form and given us a first glimpse into the large diversity of 
these new worlds. Most of these exoplanets (70%) have 
been discovered with the transit method, where the planet 
blocks part of the light from the star from our view with sur-
veys from the ground as well as space missions like NASA’s 
Kepler [1] and TESS (Transiting Exoplanet Survey Satellite) 
[2]–[5].

But while most extrasolar planets are hot planets orbiting 
close to their host star and have a large gas envelop, the 
first few dozen exoplanets e.g. [6]–[8] are small enough to 
be rocky like Earth e.g. [9], [10] and orbit in the so-called 
Habitable Zone (HZ) [11] of their host stars. Those exoplan-
ets point to a large group of yet undiscovered planets that 
could potentially allow for liquid water on their surface.

The HZ is used as a concept that helps guide observations. 
It identifies the orbital distance region around one or multi-
ple stars where liquid water could be stable on a rocky plan-
et’s surface similar to Earth (see e.g., [11]–[18]).

New estimates of the number of rocky planets in the HZ 
place it from 0.58 +0.73/-0.33 to 0.88 +1.28/-0.51 planets 
per star [19] for the empirical HZ. The limits of the Empirical 
HZ are set by the flux a young Mars and a young Venus 
received when there is no more evidence for liquid water on 
their surfaces [11]. The inner limit is not well known because 
of the lack of reliable geological surface history for Venus 
beyond 1 billion years ago.

Encoded in the planet’s emergent and transmission spec-
tra is information on the chemical makeup of a planet’s at-
mosphere (e.g. review 
[10], [20]). The spectral 
database for 19 diverse 
planets and moons in 
our own Solar System 
[21] - available online 
– shows a wide variety 
of spectra that reflect 
differences of the Solar 
System objects. If the 
atmosphere is trans-
parent, the emergent 
spectrum also carries 
some information about 
surface properties (e.g. 
[22]–[24]). That makes 
light a crucial tool to 
characterize exoplan-
ets.

Our biosphere has 
modified our planet's 
atmosphere for billions 
of years, e.g. [25], [26], 
something we hope to 
find on other Earth-like 

planets soon. Thus, observing Earth could have classified it 
as a living world since the great oxidation event for a billion 
years already [27]–[29], through the buildup of oxygen in the 
presence of a reducing gas [30]–[35].

The presence or absence of spectral features will indicate 
similarities or differences between the atmospheres of ter-
restrial exoplanets and that of Earth, and their astrobiologi-
cal potential (see e.g. [10], [32], [36]).

However, a comprehensive suite of tools will be needed 
to characterize habitable planets and moons because the 
mere detection of a rocky body in the HZ does not guaran-
tee that a planet is habitable. It is relatively straightforward 
to remotely ascertain that Earth is a habitable planet, with 
oceans, a greenhouse atmosphere, global geochemical 
cycles, and life — if one has data with arbitrarily high sig-
nal-to-noise ratio (SNR) and spatial and spectral resolution. 
The interpretation of observations of exoplanets with limited 
SNR and spectral resolution as well as no spatial resolution, 
as envisioned for the first-generation instruments, will be far 
more challenging and implies that we will need to gather 
information on a planet’s environment to understand what 
we will see at different wavelengths.

But what if we turn the question around and ask which stars 
in the solar neighborhood hold a vantage point to see Earth 
as a transiting exoplanet [37]–[40] and could identify its vi-
brant biosphere since early human civilizations [41]?

Evaluating the kinematics propagated through time using 
ESA's Gaia Mission early Data Release 3 (eDR3) [42] al-
lows us to identify the stars with this special vantage point. 
2034 stars in the Gaia Catalog of Nearby Stars (GCNS)[43] 

High-resolution (λ/Δλ > 100,000) spectra for the 0.76 µm O2 (left) and 9.6 µm O3 (right) feature showing the 
change due to the rise of oxygen from a Neoproterozoic Earth model with 0.01 present atmospheric level 
(PAL) of O2, Paleo- and Meso-proterozoic Earth modeled with 0.1 PAL O2 and modern Earth with 21% O2 
[45].

Note that in the online high-resolution transmission spectra many absorption features, 
which are not apparent in figure 2 at a resolution of λ/Δλ = 700, can be identified. As an 
example we show the change in both the O2 feature at 0.76 µm and the O3 feature at 9.6 
µm through geological time in figure 3 from a Neoproterozoic Earth model with 0.01 
present atmospheric level (PAL) of O2, Paleo- and Meso-proterozoic Earth modeled with 
0.1 PAL O2 and modern Earth with 21% O2 for a minimum resolution of λ/Δλ = 100,000 
for the whole wavelength range shown. N2O has spectral features at 16.89 µm, which can 
be seen in epoch 3 to 5 in the wing of the 15 µm CO2 feature at the resolution shown in 
figure 2. The smaller N2O features at 7.75, 8.52, and 10.65 µm, which overlap with other 
spectral features at the resolution shown in figure 2, require high-resolution to be 
distinguishable. 

Many spectral features as well as the differences between epochs are clear at high 
resolution. However the increased observing time required to collect high-resolution 
spectra introduces a trade-off between resolution and observing time, which is instrument
specific and depends among other factors on telescope size, observing conditions 
(ground-based versus space-based), specific instruments, detectors, background noise and
is not discussed here. The y-axis on the right in figure 2 shows the transit depth. The 
spectral features shown correspond to transit depth changes of around 1ppm for a 
host star the size of the Sun. However for smaller host stars the transit depth 
increases by up to two orders of magnitude. For specific instruments and proposed 
instruments designs for different ground- and space-based telescopes several teams have
run such simulations (see e.g. Snellen et al. 2013; Rodler & Lopez-Morales 2014, 
Stevenson et al. 2016; Barstow & Irwin 2016).
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are in this so called Earth transit zone (ETZ) [39] in a time 
window of +/-5'000 years (data available at https://github.
com/jfaherty17/ETZ). 313 objects were in the ETZ in the 
past, 319 will enter the ETZ in the future, and 1402 have 
been in the ETZ for some time. Among these stars are 7 
known exoplanet hosts that hold the vantage point to see 
Earth transit, including Ross-128, which saw Earth transit in 
the past, Teegarden's Star, and Trappist-1, which will start 
to see Earth transit in 29 and 1642 years, respectively. Giv-
en that Earth began transmitting radio waves into the solar 
neighborhood about 100 years ago [44], we found that hu-
man-made radio waves have swept over 75 of the closest 
stars (within 30 pc) on our list already.

The search for rocky planets has already revealed a fasci-
nating diversity of worlds, and with the upcoming generation 
of telescopes like the JWST (launch 2021) and the ELTs 
(ELT observation to start in 2027), we will be able to explore 
such worlds remotely. We can probe for signs of life, push-
ing the limit of technical capabilities. Any information we col-
lect on habitability is embedded in a context that allows us 
to interpret what we find. To search for signs of life, we need 
to understand how an observed atmosphere physically and 
chemically works. Observations of rocky exoplanets will give 
us insights into these fundamental questions, improving our 
understanding of how habitable worlds function and giving 
us a first glimpse onto other potentially habitable worlds.
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