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Abstract

Exoplanet science is one of the most thriving fields of modern astrophysics. A major
goal is the atmospheric characterization of dozens of small, terrestrial exoplanets in
order to search for signatures in their atmospheres that indicate biological activity,
assess their ability to provide conditions for life as we know it, and investigate their
expected atmospheric diversity. None of the currently adopted projects or missions,
from ground or in space, can address these goals. In this White Paper, submitted to
ESA in response to the Voyage 2050 Call, we argue that a large space-based mission
designed to detect and investigate thermal emission spectra of terrestrial exoplanets in
the mid-infrared wavelength range provides unique scientific potential to address these
goals and surpasses the capabilities of other approaches. While NASA might be
focusing on large missions that aim to detect terrestrial planets in reflected light, ESA
has the opportunity to take leadership and spearhead the development of a large mid-
infrared exoplanet mission within the scope of the “Voyage 2050 long-term plan
establishing Europe at the forefront of exoplanet science for decades to come. Given
the ambitious science goals of such a mission, additional international partners might be
interested in participating and contributing to a roadmap that, in the long run, leads to a
successful implementation. A new, dedicated development program funded by ESA to
help reduce development and implementation cost and further push some of the
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required key technologies would be a first important step in this direction.
Ultimately, a large mid-infrared exoplanet imaging mission will be needed to help
answer one of humankind’s most fundamental questions: “How unique is our
Earth?”

Keywords Extrasolar planets - Planetary atmospheres - Direct imaging - Mid-infrared -
Space interferometry - Habitability

1 Scientific motivation and objectives
1.1 Driving questions

Exoplanet research is a focal point in modern astrophysics and one of the long-term
primary objectives is the investigation of the atmospheric properties of dozens of small
and terrestrial exoplanets. This is partially driven by the goal to search for and identify
potentially habitable or even inhabited exoplanets. In addition, such a dataset is
invaluable for investigating and understanding the diversity of planetary bodies.
Exoplanet science is already omnipresent on the roadmaps of all major space
agencies. However, none of the currently selected missions, neither in Europe nor
in the US, will be able to deliver the above-mentioned comprehensive dataset of
terrestrial exoplanet atmospheres as we will further detail below. The same is true
for current and future ground-based observatories including the 30-40 m Extreme-
ly Large Telescopes (ELTs). Therefore, tackling a prime objective of exoplanet
science and understanding how unique or common planets like our Earth are in
our galactic neighborhood will require a new, dedicated approach. Now is the
right time to start investigating how a statistically relevant number of terrestrial
exoplanet atmospheres can be analyzed and discuss how the guiding scientific
objectives should be formulated. In fact, thanks to NASA’s Kepler and TESS
missions, ESA’s upcoming PLATO mission, and ongoing and future radial veloc-
ity (RV) surveys from the ground, by 2030 we will have a robust statistical
understanding of the occurrence rate of terrestrial exoplanets and their radius,
mass, and period distributions out to the habitable zone around main sequence
stars, and we will have identified dozens of exoplanets in the immediate vicinity
of the Sun including potentially habitable ones.

The next logical step is to address the following questions:

(Q1) How many exoplanets exhibit (atmospheric) signatures of potential biological
activity?

(Q2) What fraction of terrestrial exoplanets provide (surface) conditions so that
liquid water and life as we know it could in principle exist?

(Q3) How diverse are (terrestrial) exoplanet atmospheres in their composition across
a range of relevant parameters (e.g., planet mass and radius, host star spectral type,
orbital period) and how does this compare to theories for planet and atmosphere
formation and evolution?

The sequence of these questions is deliberately chosen such as to go from
the most specific (the search for biosignatures) to the most general (atmospheric
diversity).
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1.2 The mid-infrared opportunity

While in-situ and/or fly-by measurements can in principle be carried out for Solar
System bodies, this is not possible for exoplanets because of their distance. Instead, we
have to rely on remote sensing techniques. These include investigations in reflected
light (at optical and near-infrared (NIR) wavelengths), transmitted light (if the planet is
transiting in front of its host star), or thermal emission (either through secondary
eclipse, phase curve measurements or spatially resolved observations, all done at NIR
to mid-infrared (MIR) wavelengths). We will argue in the following that spatially
resolved observations in the MIR that aim to detect exoplanet thermal emission spectra
are likely the most promising and powerful approach to address Q1-Q3 listed above
and are hence the focus of this White Paper. The scientific potential of studying
(terrestrial) exoplanets in reflected light is discussed in the complementary White Paper
by Snellen et al.

For mature (>Gyr old) planets orbiting in the inner few AU around their host stars
the energy budget of their atmospheres is typically dominated by the absorption and re-
radiation of stellar energy. The temperature structure of the atmosphere, i.e., the
temperature as a function of height or pressure, is a key diagnostic and a driver of
chemistry and climate. An emission spectrum encodes information about this temper-
ature structure as well as the re-radiated luminosity of the planet, which — in combina-
tion with the observed effective temperature — strongly constrains the planet radius.
Taking the Earth as reference, certain atmospheric windows in the MIR may even allow
a direct measurement of the surface temperature of a terrestrial exoplanet (e.g., [1]).
Furthermore, the MIR wavelength regime offers an unparalleled diagnostic potential to
determine the atmospheric composition as multiple major molecules required to ex-
plore planetary conditions present strong absorption bands in the MIR. Thermal
emission observations are also less influenced by (though not insensitive to) the
presence of clouds (e.g., [2]). Mitigating the role of uncertain cloud properties is
imperative to our understanding of atmospheric composition. In particular for the
detection of biosignature gases and chemical disequilibrium, the MIR is an ideal
spectral regime (e.g., [1, 3]). The MIR includes absorption bands from ozone (O3)
and methane (CHy4) and the presence of both molecules in the Earth’s atmosphere,
which unless continuously replenished would quickly react with each other, can
only be explained by biological activity. Furthermore, nitrous oxide (N,0O), an-
other potential biosignature present in the Earth’s atmosphere, has strong bands in
the MIR, but, similar to methane, no equally strong bands at optical or NIR
wavelengths. Molecular oxygen (O,) can be detected in the optical regime (around
760-765 nm) and not in the MIR, but interpreting oxygen as a potential biomarker
requires additional contextual information [4]. The unique richness of the MIR
spectral range in general, but in particular in the context of potential biosignature
gases, is summarized in Fig. 1.

The following three sub-sections provide more quantitative information regarding
the driving questions listed in section 1.1 above. Section 1.2.1 deals with the admittedly
hypothetical case of observing an Earth-twin and searching for biosignatures (Q1). In
section 1.2.2 we discuss how one could statistically address the fundamental question
how common or rare terrestrial exoplanets with Earth-like (surface) conditions are
(Q2). Finally, in section 1.2.3 we show how many exoplanets covering a broad range of
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Fig. 1 Molecules relevant to terrestrial planet characterization between 3 and 20 pm (adapted from Catling
etal. [S] and Schwieterman et al. [3]). Potential biosignature gases are listed in the top-half (green background)
and other possible constituents in the lower half (yellow background). Strong bands in Earth’s modern
spectrum are highlighted in red. In particular the existence of significant CH, and N,O bands is important
to highlight as they have no strong counterparts at optical or NIR wavelengths. We also note the strong CO
band around 4.67 um, which can serve as an “anti-biosignature” gas under certain circumstances

sizes and orbital periods could be detected by an MIR exoplanet imaging mission in
order to investigate atmospheric diversity in the most general sense (Q3).

1.2.1 Atmospheric modeling and retrieval of key parameters for an earth-twin (Q1)

We carried out a spectral retrieval study (see, e.g., [6], for a recent review on
atmospheric retrieval for exoplanets), where Earth’s emission spectrum was modeled
over a certain wavelength range assuming a certain spectral resolution (R) and signal-
to-noise (SNR) per resolution element (cf. [7, 8]). Taking such a model spectrum, i.e., a
simulated observation of an Earth-twin, as input, the retrieval framework allows us to
derive posterior distributions for key atmospheric parameters including the pressure-
temperature profile, abundances of key atmospheric constituents as well as the radius of
the planet. We acknowledge that the choice of an Earth-twin exoplanet is a special case
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and it seems unlikely that the formation and subsequent evolution processes that led to
the Earth’s present-day atmosphere took place also on another nearby exoplanet.
However, we argue that any mission that aims to detect potential biosignatures in an
exoplanet’s atmosphere should be able to identify such signatures in our Earth’s
atmosphere, the only planet we know to harbor life. Hence, taking an Earth-twin as
starting point, as is also frequently done in other publications (e.g., [2, 9, 10]), appears
justifiable.

Our results from one specific simulation are shown in Fig. 2. Here, we assumed a
wavelength range of 3-30 um, R = 100 and SNR = 20; however, the results would
hardly change if the wavelength range were limited to 3-20 um. The values for R and
SNR were chosen to quantitatively compare the results to those derived in a published
retrieval study by Feng et al. [12] who investigated the diagnostic potential of reflected
light observations of an Earth-twin in the 0.4—1.0 pm range.'

Figure 2 clearly demonstrates that if one were able to obtain a high-quality MIR
spectrum of an Earth twin, the atmospheric composition, but also surface pressure,
surface temperature, and planetary radius could be constrained with high precision and
accuracy.

This is further illustrated in Fig. 3 where the best-fit values as well as the 68%
confidence range for the retrieved parameters are plotted (red data points) and com-
pared to the ‘ground-truth’, i.e., the input value in the simulated spectrum (black lines).
In all cases, the input value is well within the 68% confidence range and this confidence
range typically corresponds to a factor of 3 (~0.5 dex) uncertainty for the molecular
abundances. Furthermore, the radius is constrained to much better than a few percent,
the surface pressure to 0.1 dex, and the surface temperature to better than 5 K. We
emphasize that the radius was determined solely from the emission spectrum and no
additional information from, e.g., transit observations, were required. With such a
dataset in hand, assessing the atmospheric conditions — and potentially the surface
conditions — of this planet would easily be feasible. The existence of atmospheric
biosignatures could be detected with high confidence.

In addition to the results from our retrieval study, Fig. 3 also shows the same
analysis using the results found by Feng et al. [12] for reflected light (blue data points)
instead of thermal emission. The key take-away messages from this comparison are the
following:

(a) The atmospheric abundances that can be constrained using thermal emission are
retrieved with similar accuracy and precision as those accessible in reflected light.

(b) The biosignature gases CH, and N,O are only accessible in the thermal emission
spectrum as is the anti-biosignature gas CO.

(c) O, is only accessible in reflected light, but in the MIR emission spectrum O;,
which is an atmospheric by-product of O,, serves as a robust proxy for the existence of
oxygen.

(d) The constraints on the planetary radius are much stronger in thermal emission
(uncertainties are of order 5%) compared to reflected light (uncertainties are of order
30%) as there is a degeneracy between the planet’s albedo and its radius in reflected
light.

" Feng et al. [12] presented different scenarios and for the comparison we selected the case where they
assumed R = 140 and SNR = 20 (at 550 nm), i.e., comparable to the values we assume.
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Fig. 2 Results of a retrieval study of an Earth-twin atmosphere observed over a wavelength range of 3-30 um
with R = 100 and SNR = 20. The inlay in the top right corner shows the model in blue, the simulated
observational data in black and a black-body curve representing surface emission in red. Below, the
corresponding pressure-temperature profile is plotted with the model again in blue, the best-fit retrieved
profile in black and the red band indicating the 68% confidence range. The corner plot shows the marginalized
distributions for the abundance of major molecules detected in the atmosphere as well as for the radius of the
planet, all of which were free parameters in the retrieval (with flat priors). All parameters are well constrained.
We note that also the planet’s mass was a free parameter in the retrieval analysis (with a flat prior confined to
the range 0.1-10 Mg). As expected, it could not be accurately estimated from the spectrum alone and
complementary RV measurements or an empirically calibrated mass-radius relationship (e.g., [11]) would
be needed to provide constraints

(e) While surface temperature and pressure can be well constrained with thermal
emission spectra, reflected light does not provide immediate information about surface
temperature and constraints on pressure are weaker.

This comparison demonstrates the enormous characterization potential contained in
the thermal emission spectra of terrestrial exoplanets. Not included in this analysis is
the possibility of detecting N,-N; collision-induced absorption features in the MIR (see,
Fig. 1; [13]), which could help constrain the absolute abundances of the different
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Retrieval of atmospheric abundances and planetary parameter:
Thermal emission vs. Reflected light

Thermal
emission
spectrum

(this work)

Reflected
light
spectrum
(Feng et al.)
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+03R
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Fig. 3 Comparing the retrieval results for the simulated thermal emission spectrum shown in Fig. 2 and those
found in Feng et al. [12] for reflected light to the input values used for the different parameters in the
atmospheric models. The black vertical lines represent the ‘true’ value for each parameter, the yellow areas
indicate the +0.5 dex range for the atmospheric constituents and for the surface pressure, the 0.3 Rg, range for
the planet radius and the +10 K range for the surface temperature. The red and blue data points show the
location of the retrieved best-fit parameters, for thermal emission and reflected light, respectively, and the error
bars indicate their 68% confidence range

components in No-dominated atmospheres. For reflected light studies at optical wave-
lengths surface features such as ‘glint’ from water oceans could be detected under
certain conditions (e.g., [14]) and also the so-called ‘red-edge’, the specific spectral
reflectance of chlorophyll in plants, is observable — at least in case of the Earth (e.g.,

[15D).
1.2.2 Statistical significance and possible null-result (Q2)

Already the detection of a single exoplanet spectrum with clear indications of biolog-
ically induced disequilibrium chemistry would be a breakthrough result that warrants
special care in interpreting [5]. However, one must be prepared for a null-result and a
future mission should be able to address more general — and scientifically equally
important — questions related to the population of (terrestrial) exoplanets, their atmo-
spheres and climates. Q2 and Q3 listed above capture such questions and require a
sample of exoplanets to be investigated. In particular for Q2 the sample size should be
defined in such a way that the null-result, i.c., that none of the planets that are
characterized turns out to provide conditions similar to those on Earth, is a major
scientific result and robustly quantifies the rareness of “Earth-like” planets. A possible
approach is to re-formulate this question in the following hypothesis:

“The fraction of terrestrial exoplanets that reside in the empirical habitable zone
around their host star and provide conditions for liquid water to exist is 7pqp.”

We emphasize that 7, is not identical to the commonly used 7)q parameter that
quantifies the fraction of stars that harbor terrestrial exoplanets in their habitable zone
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and 1y, 1S also ignorant of the potential existence of biosignatures in the atmospheres.
In the context of the hypothesis above we define “terrestrial exoplanets™ as planets with
aradius Rpjanet With 0.5 R < Ryjanet < 1.5 R and the “empirical habitable zone” as the
separation range where the incoming stellar insolation Spyjane i 0.35 Sg < Sppane <
1.75 S with Sg being the solar constant, i.e., the average insolation received at Earth
(cf. [16]). The small end of the radius range is defined by the size of Mars, which is
assumed to be the minimum planet size/mass that can retain an atmosphere, and the
large end by the transition between rocky and gas dominated planets [11, 17, 18]. The
insolation range is defined by the so-called “Early Mars limit” at the outer edge and the
“Recent Venus limit” at the inner edge [19]. We acknowledge that the concept of
“(exoplanet) habitability” is complex (e.g., [20]) and extends beyond the radius and
insolation ranges considered here (e.g., [21, 22]). However, similar to the case of the
Earth-twin considered in section 1.2.1, we think that our choices are a reasonable and
justifiable starting point that can be modified going forward as our understanding of
“habitability” and exoplanet properties further progresses.

For the radius and insolation ranges considered here, two planets in the Solar
System, Earth and Mars, qualify. Hence, the fraction of terrestrial exoplanets that reside
in the empirical habitable zone in the Solar System and allow for the existence of liquid
water is one (Earth) out of two, i.e., hap = 50%.

In Fig. 4 we show the significance that a certain value for 7., can be rejected in case
a certain number of planets (50, 30, 20, or 10) were observed and none of them
provides favorable conditions. These numbers are based on Poisson statistics and
assume that the occurrence of terrestrial exoplanets orbiting in the habitable zones of
different stars can be treated as statistically uncorrelated events. It shows that, if 30

Significance of null-result

8
— 50 HZ planets characterized
—_— — 30 HZ planets characterized
5 7} — 20 HZ planets characterized
E 10 HZ planets characterized
S
26
=
@
o,
] N 99.99998% | oo T e ]
s
—
o
24
2
ot
C 3}l T e iecieeea e . - - - - -]
g g
2 &
o 2 T
O ©
wn
(-)L.O 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Ty Fraction of terrestrial planets in habitable zone with "Earth-like" conditions

Fig. 4 The statistical power of a null-result: in case 50 (red curve), 30 (blue curve), 20 (green curve), or 10
(yellow curve) exoplanets with radii between 0.5 Rg and 1.5 Rg and receiving between 0.35 and 1.7 times the
insolation of the Earth are investigated with high-quality thermal emission spectra and not a single one is
found to support conditions that allow for the existence of liquid water, then the null-hypothesis — shown on
the x-axis — can be rejected with the significance shown on the y-axis. In the Solar System, one out of two
planets within the empirical habitable zone provides (surface) conditions for liquid water to exist; hence,
Thab = 50% for the Solar System
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planets are observed, 7y, = 20% and 7, = 50% can be rejected with =30 and =50,
respectively. For 50 planets, 7., = 10% and 7., = 30% can be rejected with the same
confidence levels. These results suggest that, in case of a null-result, several tens of
planets would be required in order to derive statistically significant limits on the
rareness of “Earth-like” planets.

To date we do not yet have a large enough sample of exoplanets detected that fulfill
the criteria used in the analysis (cf. section 4.2). However, steady progress is being
made by ongoing surveys and missions to increase the number of relevant planets.
Alternatively, a mission that can address Q1 and Q2 and the objectives formulated
above could be split in two phases: (1) a “search phase”, aiming at quickly detecting a
sufficient number of planets in the above-mentioned radius and insolation range; and
(2) a “characterization phase”, where a sub-set of the detected planets would be re-
observed and investigated with high SNR in sufficient detail. To make the search phase
time-efficient, a broad-band photometry mode, e.g., by collapsing the MIR spectra over
certain wavelength ranges to increase the SNR, could be applied. As we will detail
below, it is important to mention that during the search phase many more planets, with
properties outside the parameter range defined above, would be detected “for free”. It
turns out that if the occurrence rates of exoplanets (including their radius and period
distributions), as found by NASA’s Kepler mission, are applicable to exoplanets
orbiting stars in the vicinity of the Sun, several hundred planets may be detected.

1.2.3 Atmospheric diversity and total planet yield (Q3)

Similar to the diversity in planet radii and orbital periods, as revealed by NASA’s
Kepler mission, we can expect a great diversity in atmospheric properties of (terrestrial)
exoplanets (e.g., [23]). It is hence important to understand how many exoplanets in
general, i.e., over a large region in the radius vs. stellar insolation parameter space,
could be detected, e.g., during the search phase of an MIR exoplanet imaging mission.
The detection of a large sample would enhance the value of the mission and the
potential science legacy by enabling the exploration of (unbiased) planetary system
architectures and the constraints they put on planet formation theory and atmospheric
models. At the same time, the feasibility of detecting tens of “Earth-like” exoplanets as
defined above in section 1.2.2 needs to be investigated.

We hence updated Monte Carlo simulations that were first presented in Kammerer
& Quanz [24] and Quanz et al. [25] to quantify the exoplanet yield during the search
phase mentioned above. The technical specifications used in these simulations are
based on earlier concept studies for a space-based MIR interferometry mission [26],
but updated with more recent estimates for sensitivity limits similar to those of the
MIRI instrument on the James Webb Space Telescope (JWST). For more details on
sensitivity and spatial resolution requirements we refer to section 2.2. For the under-
lying planet population around FGK stars, in terms of planet occurrence rate and radius
and period distributions, we used the statistics published by NASA’s working group
SAG13.? These statistics were also used for recent studies for reflected light missions
[27]. For M stars the statistics from Dressing & Charbonneau [28] were used. In
general, Kepler and other ongoing missions and projects have impressively

2 https://exoplanets.nasa.gov/exep/exopag/sag/#sagl3
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demonstrated that planetary systems are ubiquitous, including exoplanets close to or in
the habitable zone (e.g., [29—32]). We now know that planets with sizes in the Earth
and Super-Earth regime populate nearly every star and that systems consisting of
multiple planets are very abundant (e.g., [33]).

The stellar sample we used in our simulations consisted of 320 F, G, K, and M stars
all within 20 pc from the Sun [24, 34]. This is only a small subset of all stars within
this distance limit (see, Fig. 5) and refining the possible target sample is subject of
ongoing work. One important piece of information that needs to be carefully considered
is the number of binary star systems that can in principle be included. Stellar binarity,
over a certain range of separations, has been shown to have a negative impact on the
occurrence of small planets [35]. A first rough estimate would suggest that no more
than 20-30% of the stars shown in Fig. 5 should be eliminated, leaving more than 600
potential targets within only 15 pc.

For each target star that we consider in our simulations, 5000 planetary systems were
created with properties randomly drawn from the distributions mentioned above and
randomly oriented orbits and planetary positions thereon. Based on their apparent
separation and estimated flux levels (from randomly drawn Bond albedos and assuming
black-body emission) we count all planets that are detectable according to the technical
specifications (see section 2.2). We assume that the search phase could be carried out
simultaneously in broad spectral bands centered at 5.6, 10, and 15 um (e.g., by
collapsing the observed spectra around these wavelength ranges) and that all 320 stars
are observed for an equal amount of time (35,000 s). In total this amounts to less than
0.5 years and hence it seems realistic that even if overheads (e.g., slewing from one star
to the next) and additional noise sources (e.g., stellar leakage or extra-zodiacal light) are
considered, a potential search phase would not exceed 3 years. Figure 6 shows the
results: the total number of detectable planets exceeds 400 and these planets cover a
broad range of radii (0.5-6.0 Rg) and stellar insolation levels (=0.1-1000 Sg,). In fact,
as shown in the left panel of Fig. 6, in each of the radius bins covering 0.5-1.25, 1.25—
2.0, and 2.0-4.0 Rg more than 120 exoplanets should be detectable. Such a database
would be an excellent starting point to address Q3 listed above, the diversity of
planetary atmospheres. Furthermore, among those > 400 exoplanets, the number of
detectable terrestrial planets located in the empirical habitable zone, as defined in
section 1.2.2, is ~30, which is the minimum number of planets needed for a meaningful
statistical interpretation of a null-result (cf. Figure 4). This number can be further
increased by optimizing the distribution of observing time across the stellar target list in
order to maximize the number of detectable terrestrial planets located in the empirical
habitable zone (cf. [36]). Further optimization potential lies in the selection of the stellar
target sample.

2 The need for a large space mission
In 