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ABSTRACT

Context. Temperate terrestrial exoplanets are likely to be common objects, but their discovery and characterization is very challenging
because of the small intrinsic signal compared to that of their host star. Various concepts for optimized space missions to overcome
these challenges are currently being studied. The Large Interferometer For Exoplanets (LIFE) initiative focuses on the development of
a spacebased mid-infrared (MIR) nulling interferometer probing the thermal emission of a large sample of exoplanets.

Aims. This study derives the minimum requirements for the signal-to-noise ratio (S/N), the spectral resolution (R), and the wavelength
coverage for the LIFE mission concept. Using an Earth-twin exoplanet as a reference case, we quantify how well planetary and atmo-
spheric properties can be derived from its MIR thermal emission spectrum as a function of the wavelength range, S/N, and R.
Methods. We combined a cloud-free 1D atmospheric radiative transfer model, a noise model for observations with the LIFE inter-
ferometer, and the nested sampling algorithm for Bayesian parameter inference to retrieve planetary and atmospheric properties. We
simulated observations of an Earth-twin exoplanet orbiting a G2V star at 10 pc from the Sun with different levels of exozodiacal dust
emissions. We investigated a grid of wavelength ranges (3—20 pm, 4-18.5 um, and 6-17 um), S/Ns (5, 10, 15, and 20 determined at a
wavelength of 11.2 um), and Rs (20, 35, 50, and 100).

Results. We find that H,O, CO,, and O; are detectable if S /N > 10 (uncertainty < + 1.0 dex). We find upper limits for N,O (abundance
<1073). In conrtrast, CO, N, and O, are unconstrained. The lower limits for a CH, detection are R =50 and S /N = 10. Our retrieval
framework correctly determines the exoplanet’s radius (uncertainty <+ 10%), surface temperature (uncertainty < +20K), and surface
pressure (uncertainty < + 0.5 dex) in all cloud-free retrieval analyses. Based on our current assumptions, the observation time required
to reach the specified S/N for an Earth-twin at 10 pc when conservatively assuming a total instrument throughput of 5% amounts to
~6-7 weeks with four 2 m apertures.

Conclusions. We provide first order estimates for the minimum technical requirements for LIFE via the retrieval study of an Earth-
twin exoplanet. We conclude that a minimum wavelength coverage of 4-18.5 um, an R of 50, and an S/N of at least 10 is required.
With the current assumptions, the atmospheric characterization of several Earth-like exoplanets at a distance of 10 pc and within a
reasonable amount of observing time will require apertures >2 m.

Key words. methods: statistical — planets and satellites: terrestrial planets — planets and satellites: atmospheres

1. Introduction

Since the detection of 51 Peg b, the first planetary companion
to a solar-type star (Mayor & Queloz 1995), exoplanet research
has become one of the pillars of modern astrophysics. With
more than 4000 exoplanets currently known', scientists have
begun to uncover the vast diversity among exoplanet objects
and extrasolar systems. A long-term goal is the discovery and

* Webpage: www.life-space-mission.com
I https://exoplanetarchive.ipac.caltech.edu

the atmospheric characterization of a large sample of terrestrial
exoplanets, with a specific focus on temperate objects.

In this context, a direct detection approach is essential in
order to investigate the diversity of planetary atmospheres, assess
the potential habitability of some objects, and look for biosig-
natures in their atmospheres. Different concepts for large exo-
planet imaging space missions are currently being assessed, with
LUVOIR (Peterson et al. 2017) and HabEx (Gaudi et al. 2020),
which aim to directly measure the reflected spectrum of exo-
planets in the visible (VIS) and near-infrared (NIR) range, being
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prominent examples. The Large Interferometer For Exoplanets
(LIFE) initiative® follows a complementary approach by focus-
ing on the prospects of a large, space-based mid-infrared (MIR)
nulling interferometer, which will observe the thermal emission
spectrum and subsequently characterize the atmospheres of a
large sample of (terrestrial) exoplanets (Quanz et al. 2018, 2021,
2022). The LIFE initiative aims to combine various efforts to
push toward an eventual launch of such a large, space-based MIR
nulling interferometer. The work we present here aims to con-
strain some of the instrument requirements for LIFE and it is
the third paper in a series. The first paper of the series (Quanz
et al. 2022) quantifies the exoplanet detection performance of
LIFE and compares it with large single-aperture mission con-
cepts for reflected light. The second paper (Dannert et al. 2022)
introduces the LIFESIM instrument simulator and the necessary
signal extraction algorithms.

The choice of the MIR wavelength range for LIFE pays divi-
dends. More molecules have strong absorption bands in the MIR
spectra of Earth-like planets, which allows us to better assess the
atmospheric structure and composition (e.g., Des Marais et al.
2002; Line et al. 2019). Further, the infrared is less affected by
the presence of hazes and clouds (see, e.g., Kitzmann et al. 2011;
Rugheimer et al. 2013; Arney et al. 2018; Lavvas et al. 2019;
Fauchez et al. 2019; Komacek et al. 2020; Wunderlich et al.
2021), which is a major challenge at visible wavelengths (see,
e.g., Sing et al. 2016, for Jovian planets)’. Importantly, emission
spectra allow us to constrain the planetary radius (e.g., Line et al.
2019), which is degenerate with the planetary albedo in reflected
light measurements (Carrién-Gonzélez et al. 2020).

Finally, the MIR range includes a rich portfolio of biosig-
natures (e.g., Catling et al. 2018). Biosignatures in an exoplanet
context are gases or features that can be detected at interplan-
etary distances and that are produced by life. Among the main
biosignature gases there are oxygen (O;) and its photochemi-
cal product ozone (O3), methane (CHy), nitrous oxide (N,O),
chloromethane (CH3Cl), phosphine (PH3), and dimethyl sulfide
(C,HgS, commonly known as DMS). Many of these gases can
also be generated by abiotic processes and can therefore be false
positives in the search for biosignatures (Schwieterman et al.
2018; Harman & Domagal-Goldman 2018). However, the pres-
ence of multiple biosignature gases in the atmosphere, along
with a planetary context that points toward habitability, would
increase the robustness of the detection of life on an exoplanet.
The most widely known set of multiple biosignatures is the so-
called triple fingerprint of carbon dioxide (CO,), water vapor
(H,0), and O3, which are well detectable in Earth’s thermal
emission spectrum and potentially detectable in terrestrial exo-
planets (see, e.g., Selsis et al. 2002). The simultaneous presence
of reducing and oxidizing species in an atmosphere, such as
O, and O3 in combination with CHy, is a strong biosignature,
with no currently known false positives. These species would
not be both present in large quantities in an atmosphere over
long timescales without disequilibrium processes driven by the
presence of life (Lederberg 1965; Lovelock 1965). An exhaus-
tive discussion on biosignatures can be found in Schwieterman
et al. (2018) and Catling et al. (2018) introduce a Bayesian
framework for assessing the confidence level of a biosignature
detection.

2 www.life-space-mission.com

3 However, clouds can also increase the reflectivity and signal for
molecules such as molecular oxygen (O,) that are well-mixed in the
atmosphere of a terrestrial planet (Kawashima & Rugheimer 2019).
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While there is ample scientific justification for choosing
the MIR wavelength regime for detailed (atmospheric) inves-
tigations of terrestrial exoplanets, deriving a concept for a
space-mission, as pursued by the LIFE initiative, requires the
derivation of fundamental mission and instrument requirements,
including instrument sensitivity, wavelength range coverage, and
spectral resolution. Earlier steps in this direction were presented
in von Paris et al. (2013) for the former Darwin mission concept
(Léger et al. 1996). In a more recent study, Feng et al. (2018)
used a Bayesian atmospheric retrieval approach to quantify the
power of reflected light observations, as foreseen by HabEx or
LUVOIR, as a function of instrument parameters.

Here, we aim to provide the minimum requirements for the
parameters listed above for the LIFE mission concept using an
atmospheric retrieval framework. Such a framework allows us
to derive quantitative estimates for the main atmospheric and
planetary parameters from a simulated exoplanetary spectrum
(see, e.g., Madhusudhan 2018; Deming et al. 2018; Barstow &
Heng 2020, for recent reviews). Using a Bayesian approach,
the space of input parameters (e.g., atmospheric abundances)
is explored iteratively to assess which combination of values
best fits the simulated observations. Repeating this for various
combinations of signal-to-noise ratio (S/N) of the emission spec-
trum, wavelength range, and spectral resolution (R) allows us to
understand, how well the simulated planet can be characterized.
In the present study, we used a cloud-free modern Earth-twin
exoplanet as our reference case. As Earth is the only planet
known to host life, we are particularly interested in assessing if
and how well some of its main atmospheric constituents can be
detected for various combinations of instrument parameters. We
are aware that by ignoring clouds, we are somewhat simplifying
the problem. However, we emphasize here that the main aim of
our analysis is to get first estimates for wavelength range cov-
erage, R, and S/N requirements for LIFE. In subsequent work,
we will investigate other types of exoplanets and atmospheric
compositions, providing additional constraints on some of the
requirements.

In Sect. 2, we introduce our retrieval framework. It combines
a 1D atmospheric forward model based on the petitRADTRANS
radiative transfer code (Molliere et al. 2019), the LIFESIM
instrument simulator (Dannert et al. 2022), that adds astrophys-
ical noise terms to the simulated Earth spectrum, and a Nested
Sampling approach (Skilling 2006) for Bayesian parameter infer-
ence. We validate the retrieval framework in Sect. 3. Then,
we perform a series of retrievals of the theoretical emission
spectrum of a cloud-free Earth-twin exoplanet as it would be
observed by LIFE, varying the wavelength range coverage, R,
and S/N. We present our results in Sect. 4. In Sect. 5, we discuss
our results and compare our study with other works. Finally, we
summarize our main findings and conclusions in Sect. 6.

2. Methods

Our atmospheric retrieval framework aims to infer the atmo-
spheric pressure-temperature (P-7) structure and composition
from simulated mock observations of the MIR thermal emission
spectrum of an Earth-twin planet. At its heart, the framework
consists of two elements. First, we need a parametric model
for the atmosphere that calculates the emergent light spectrum
corresponding to a set of model parameters (Sect. 2.1). Sec-
ond, a parameter estimation algorithm is required to optimize
the model parameters, such that the spectrum produced by the
atmospheric model best fits the simulated observational data
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Fig. 1. Schematic illustrating our atmospheric retrieval framework.

(Sect. 2.2). These two elements are then combined to form
our retrieval framework (Sect. 2.3). We provide an illustrative
schematic summarizing our retrieval framework in Fig. 1.

2.1. Atmospheric model

As our atmospheric model, we used the 1D radiative trans-
fer code petitRADTRANS (Molliere et al. 2019). To calculate
the thermal emission spectrum of terrestrial exoplanets in the
MIR wavelength range, petitRADTRANS passes a featureless
black-body spectrum at the surface temperature through discrete
atmospheric layers that interact with the radiation field. We char-
acterized each layer by its temperature, pressure, and the opacity
sources present.

2.1.1. Atmospheric P-T structure

Throughout this work, we parametrized the P-T structure of
Earth’s atmosphere using a fourth order polynomial:

4

T(P) = Za,-P". (1)

i=0

Here, P denotes the atmospheric pressure and 7 the corre-
sponding temperature. The parameters a; are the parameters
describing the polynomial P-T model. We chose this polynomial
P-T model over other P-T profile parametrizations (e.g., mod-
els from Madhusudhan & Seager 2009; Guillot 2010; Molliere
et al. 2019), since it provided a comparable description of the
atmospheric P-T structure using fewer model parameters (see
Appendix A for further information).
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2.1.2. Opacity sources in petitRADTRANS

With petitRADTRANS, we can account for several different
opacity sources that are potentially present in exoplanet atmo-
spheres. In the computationally favorable low spectral resolution
mode (R = 1000), the opacities originating from different atmo-
spheric gases are calculated via the correlated-k method (Goody
et al. 1989; Lacis & Oinas 1991; Fu & Liou 1992). Absorp-
tion lines from different molecules, collision-induced absorption
(CIA), and atmospheric pressure broadening effects can be taken
into account. Rayleigh and cloud scattering, as well as the scat-
tering of direct radiation from the host star, can be considered.
However, the scattering solution is achieved in an iterative way
and the opacity handling is different (see Molliere et al. 2020,
for more information). These changes increase the spectrum cal-
culation time by roughly an order of magnitude when scattering
is included in the computation.

In Fig. 2, we compare our scattering- and cloud-free Earth-
twin MIR emission spectrum, for which we assumed uni-
form chemical abundances throughout the atmosphere, to other
cloud-free and cloudy models (Daniel Kitzmann, priv. comm.;
Rugheimer et al. 2015). These models considered scattering as
well as nonuniform abundances. We see that scattering contri-
butions and nonuniform abundances only have a minor impact
on Earth’s spectrum in the MIR and the differences between
the cloud-free spectra are of similar magnitude as the most
optimistic LIFESIM noise estimate. This justifies our approach
of excluding scattering from our retrieval routine. Thus, we
neglected effects linked to the incident stellar radiation, which
reduces the number of retrieved parameters and thereby the
computing time.

We also neglected scattering and absorption by clouds. As
can be seen from Fig. 2, this is a significant simplification
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Fig. 2. Comparison of the Earth-twin MIR emission spectra calculated with various different models. We plot the photon flux received from an
Earth-twin located 10 pc from the sun. The solid blue line is the MIR thermal emission calculated with petitRADTRANS using the settings discussed
in Sect. 2.3.1. The blue-shaded region indicates the most optimistic LIFESIM uncertainty (S/N =20) used in our retrievals. The red dashed line
represents a cloud-free Earth model by Daniel Kitzmann (priv. comm.), which takes scattering into account. The green and black dashed-dotted
lines are the cloudy (60% cloud coverage) and cloud-free modern Earth spectra from Rugheimer et al. (2015) that account for scattering.

of the problem. The presence of (opaque) clouds in an atmo-
sphere will partially or fully obscure the view of the exoplanet’s
surface. Therefore, we expect systematic shifts in the surface
temperature, pressure, and potentially also in the retrieved plan-
etary radius if clouds are present in an atmosphere. Additionally,
a partial cloud coverage combined with vertically nonconstant
atmospheric abundances could lead to systematic offsets in the
retrieved abundances. For example, if an atmospheric gas is
only present below an optically thick cloud deck, it is likely
not detectable via a MIR retrieval study. These considerations
require further attention in future works. However, as we are
interested in first estimates for specific instrument requirements,
focusing on a cloud-free atmosphere is justifiable. Complete
details on the implementation are given in Sect. 2.3.1.

2.2. Parameter estimation

Our retrieval study utilized a Bayesian parameter inference tool
to sample the posterior probability distributions of the atmo-
spheric forward model parameters. Bayesian parameter inference
methods are based on Bayes’ theorem, which provides a method
for estimating model parameters based on experimental data
(see, e.g., Trotta 2017; van de Schoot et al. 2021). Let us con-
sider a model M described by a set of parameters ®, and
experimental data 9. Bayes’ theorem states:

P(DIO p, MYP(® 5| M
PO D, M) = DI A;J(miw() mM )

Here, P(® D, M) is the posterior probability (or “posterior”)
and represents the probability of different sets of model param-
eters O, under the constraint of the experimental data 9 and
model M. Further, P(D|®(, M) provides a probabilistic mea-
sure of how well a specific set of parameters ® 5 for the model
M describes the data 9. We calculated this probability via a
log-likelihood function In ((Z(® y)):

N

In(Z @) = Z (—% In (2707)

C— 1 2
1 (D~ p(®p) ] )
i=1

2 O'i2

Our log-likelihood function assumed that each of the N mea-
sured data points D; behaves as a normally distributed quantity.
The mean p;(®y¢) was assumed to be the value predicted by
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Table 1. Jeffrey’s scale (Jeffreys 1998).

log,, (K) Probability Strength of evidence
<0 <0.5 Support for M,
0-0.5 0.5-0.75 Very weak support for M,
0.5-1 0.75-0.91  Substantial support for M
1-2 0.91-0.99 Strong support for M,
>2 >0.99 Decisive support for M
Notes. Scale for the interpretation of the Bayes’ factor K =

Zm (D) Z (D). The scale is symmetrical, which means that neg-
ative values correspond to very weak, substantial, strong, or decisive
support for M,.

the model M using parameters ®@ . The variable o; was the
measurement error on the data point D;.

Next, P(®p|M) is the prior probability (or “prior”) of
the model parameters ® and represents the knowledge on
the model parameters before taking the observational data
into account. Finally, P(DIM) is frequently referred to as the
Bayesian evidence Zm(P) and is a normalization constant,
which ensures that the posterior is normalized to unity:

Zm®D) = P(OIM) = f ZOp)POMIM)AO . “

Additionally, the evidence Z (D) enables us to compare the
performance of different models M; to each other and to select
the model that best describes the observed data 9. One can com-
pare two models M; and M, by considering the Bayes’ factor K:

_PIMIID)  Za (D)

K - - ’
PMoD)  Zmy(D)

&)

where the prior probabilities P(M;) for both models are assumed
to be the same. An approach to interpreting the value of K
is via the Jeffrey’s scale (Jeffreys 1998), which is given in
Table 1.

Due to the model comparison capabilities of the evidence
Zm(D), we chose the nested sampling algorithm (Skilling 2006)
over MCMC algorithms (e.g., the Metropolis-Hastings algo-
rithm: Hastings 1970; Metropolis et al. 1953), since it provides a
direct estimate for the Bayesian evidence Z (D). Furthermore,
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Table 2. Line lists used throughout this study.

Species Database References
CO, ExoMol Yurchenko et al. (2020)
O3 HITRAN 2012  Molliere et al. (2019);
Rothman et al. (2013)
CHy4 ExoMol Chubb et al. (2021);
Yurchenko et al. (2020)
CO HITEMP Rothman et al. (2010)
H,O HITEMP Rothman et al. (2010)
N,O ExoMol Chubb et al. (2021)

nested sampling is computationally less expensive and better at
handling multimodal posterior distributions (Skilling 2006).
Specifically, we utilized the open-source pyMultiNest
package (Buchner et al. 2014), which makes the nested sam-
pling implementation MultiNest (Feroz et al. 2009) accessible
to the Python language. MultiNest is based on the original
nested sampling algorithm (Skilling 2006) and uses the impor-
tance nested sampling algorithm (Feroz et al. 2013) to obtain
more accurate estimates of the Bayesian evidence Z (D).

2.3. Retrieval setup
2.3.1. Forward model and noise terms

We generated a correlated-k petitRADTRANS spectrum
(R=1000) of an Earth-twin exoplanet using the parameter
values listed in Table 3 (Input column) assuming an atmosphere
consisting of 100 layers. We used the line lists from the ExoMol
database (Tennyson et al. 2016) for CO,, CHy, and N,O and
from the HITRAN/HITEMP database (Rothman et al. 1995,
2010) for O3, CO, and H,O. We summarize the reference papers
corresponding to the opacity line lists in Table 2. For N, and O,,
we considered CIA (as discussed in Schwieterman et al. 2015).
All other atmospheric gases have distinct absorption features

within the MIR range, even at low abundances (see Fig. 3).
Furthermore, we assumed constant abundances of all molecules
vertically throughout the atmosphere.

We then resampled the calculated MIR emission spectrum
to the desired spectral resolution, keeping a constant resolution
R = A/AA across the spectrum. This resulted in wavelength bins
of variable width, where the width at short wavelengths was
smaller than at long wavelengths. For the spectral resampling,
we used the SpectRes tool (Carnall 2017), which allows for
time efficient resolution reduction of MIR spectra whilst keeping
the overall flux and energy conserved. We then used the radius
Ry and the distance from Earth dga to scale the photon flux
found with petitRADTRANS Frr to the flux LIFE would detect
(FLiFE):

R2
pl
7 (6)

Earth

Frire = Fprr

Throughout this work, we defined the S/N of a spectrum as
the S/N calculated in the reference bin at 11.2 pum. We chose this
wavelength because it lies close to the peak flux and it does
not coincide with strong absorption lines. The S/N at all other
wavelengths was determined by the noise model, which relates
the S/N for the reference bin to the S/N in all other wavelength
bins.

For the retrieval validation we perform in Sect. 3, we only
considered the photon noise of the planet spectrum. For the
grid retrievals performed in Sect. 4.2, we obtained noise esti-
mates via the LIFESIM tool (see Dannert et al. 2022). LIFESIM
accounts for photon noise contributions from the planet’s emis-
sion spectrum, stellar leakage, as well as local- and exozodiacal
dust emission. In our simulations, we assumed that the noise
did not impact the predicted flux values, but instead only added
uncertainties to the simulated spectral points. As discussed in
Feng et al. (2018), randomization of the individual spectral
points based on the S/N allows us to simulate accurate obser-
vational instances. At the same time, retrieval studies on such
instances result in biased results, since the random placement

A23, page 5 of 32
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Table 3. Parameters used in the retrievals, their input values, prior distributions, and the validation results.

Parameter Description Input Prior Validation
Vas P-T Parameter (Degree 4) 1.14 UW0.5,1.8)  1.127%
as P-T parameter (Degree 3) 23.12 U0,100) 22,6517
as P-T Parameter (Degree 2) 99.70 U0,500)  98.9073 72
aj P-T Parameter (Degree 1) 146.63 U0,500)  146.07*55
ao P-T Parameter (Degree 0) 285.22 U(0,1000)  285.01*34¢
log,q (Po [bar]) Surface pressure 0.006 U-4,3) 0.01+002
Ry [Re] Planet radius 1.0 6(10,02)  1.0070
log, (Mpl [Me;]) Planet mass 0.0 G(0.0,04)  -0.09%18
log;y(N2) N, Mass fraction -0.107 D@ q(-3,0)  -0.140%
10g((02) O, Mass fraction -0.679 V@ q(-3,00  -0.75*018
log,,(H>0) H,O Mass fraction -3.000 U-15,00  -3.097023
log,((CO2) CO, Mass fraction -3.387 0@ q(-15,0) -3.47+018
log;o(CHy) CH, Mass fraction -5770 D@ q(-15,0) -5.85018
log;,(03) O3 Mass fraction -6.523@  U(-15,0) -6.61*018
log,(CO) CO Mass fraction -6.903®  U(-15,0) -7.02*923
log,(,(N20) N,O Mass fraction -6.495@  U(-15,0) -6.607024

Notes. The last column shows the output value with 1o~ uncertainties for each parameter obtained in the validation run (Sect. 3). Here, U(x, y)
denotes a boxcar prior with a lower threshold x and upper threshold y; G(u, o) represents a Gaussian prior with mean u and standard deviation
o For a, we choose a prior on </as, which allows us to sample small values more densely, typical of a fourth order coefficient, and then take the

fourth power to obtain ay.

References. (VNASA’s planet factsheet: https://nssdc.gsfc.nasa.gov/planetary/factsheet/earthfact.html PTable A.l in Seager

et al. (2016)

of the small number of data points will impact the retrieval’s
performance. The ideal analysis would study many (at least
10) data realizations for each considered spectrum and assess
instrument performance by considering the posteriors found for
these different noise instances. However, the number of cases
(96) we considered and the computation time per case (=1 day
on 90 CPUs) made such a study computationally unfeasible
(230 months of cluster time). By not randomizing the individ-
ual spectral points, we eliminated the biases introduced by noise
instances. However, we are aware that this approach likely leads
to overly optimistic results. Namely, we expect an unrealistic cen-
tering of posteriors on the truths. Additionally, for molecules at
the sensitivity limit (weak spectral features), we expect overly
optimistic results (see, e.g., Feng et al. 2016). In Appendix C,
we performed retrievals on randomized noise instances to study
these effects in more detail.

2.3.2. Priors

We provide the assumed prior ranges for all model parameters
in Table 3. For the polynomial P-T profile and the surface pres-
sure Py, we chose priors that cover a wide range of atmospheric
structures. The prior range included Venus- or Mars-similar
atmospheric structures (e.g., Py is considered over the range
from 10 to 1000 bar, as indicated by U(—4, 3)).

As demonstrated in Dannert et al. (2022), the detection
of a planet during the search phase of the LIFE mission will
already provide first estimates for the radius Ry of the object.
Specifically, for small, rocky planets within the habitable zone,
the authors showed that a detection in the search phase would
provide an estimate R.y for the true planet radius Ry, with
an accuracy of Regt/Rie = 0.97*%18. For our simulations, we
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therefore assumed that a rough estimate of the radius is known
and we chose a Gaussian prior with 20% uncertainty for this
parameter. Next, we used the Rp,; to derive a constraint on the
planet’s mass My, via a statistical mass-radius relation (see, e.g.,
Hatzes & Rauer 2015; Wolfgang et al. 2016; Zeng et al. 2016;
Chen & Kipping 2016; Otegi et al. 2020). In our retrievals, we
used Forecaster* (Chen & Kipping 2016), which allowed us
to set a prior on the planetary mass My based on the estimate
for the radius Rp. The tool relies on the statistical analysis of
316 objects (Solar System objects and exoplanets) for which
well-constrained mass and radius estimates are available. It pro-
duces accurate predictions for a large variety of different objects,
spanning from dwarf planets to late-type stars.

For the trace gases, we assumed uniform priors between —15
and 0 in log,, mass fraction. For the bulk constituents N, and O,
we used uniform priors between —3 and 0 in log;, mass fraction.
This range gave us an increased sampling density in the high
abundance regime, where we expected the sensitivity limit to be
located for N, and O,. Furthermore, we used N, as filling gas in
our atmosphere, to ensure that: }’(gas abundances) = 1.

3. Validation

Before running our retrieval framework for simulated LIFE data,
we validated its accuracy and performance. For the retrieval
validation, we retrieved a full resolution (R = 1000) Earth-twin
MIR thermal emission spectrum covering the wavelength range
3-20 um. We generated the validation input spectrum using
petitRADTRANS and the parameter values provided in Table 3.
We only considered photon noise from the spectrum itself and

4 https://github.com/chenjj2/forecaster
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chose an S/N of 50 at 11.2 um. Furthermore, we assumed that
the photon noise did not impact the simulated flux values, but
instead only added uncertainties to the spectral points. In our
validation retrieval, we ran the pyMultiNest package using 700
live points and a sampling efficiency of 0.3 as suggested for
parameter retrieval by the documentation”.

We summarize the results in Fig. 4 and Table 3 (last col-
umn). The corner plot in Fig. 4a suggests that the exoplanet’s
radius Ry is retrieved to a very high precision with an uncer-
tainty of roughly 0.001 Rg, a significant improvement over the
assumed prior distribution. Similarly, the retrieved posterior for
the exoplanet mass Mp, is more strongly constrained than the
assumed prior distribution, with the standard deviation of the
posterior (0.2 - log;o(Mg)) being significantly smaller than the
standard deviation of the prior (0.4 - log;o(Mg)). The centering

5 https://johannesbuchner.github.io/PyMultiNest/
pymultinest_run.html

of the Ry and M, posteriors on the true values and the lack of
significant correlation between the two posteriors implies that
the surface gravity g, is estimated accurately. The surface pres-
sure Py and surface temperature 7 are both accurately retrieved
to a very high precision, with an uncertainty of roughly 0.1 K for
To and 0.1 bar for Py (see Figs. 4a and 4b). Further, we observe
a correlation between the planetary radius R and the surface
temperature 7. This indicates that a higher T, which results in
more emission per surface area, can be compensated by a smaller
Ry, which results in a smaller emitting area.

From the retrieved posterior distribution of N,, we see that
our retrieval framework allows us to rule out low N, abundances
in Earth’s atmosphere via the N,—N; CIA feature at 4 um. How-
ever, the same N,-N, CIA feature is too weak to rule out very
high N, abundances. In contrast, the retrieval did not manage
to find evidence for O, in Earth’s atmosphere. However, the
retrieval managed to limit the O, abundance to maximally 0.35
in mass fraction.
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The retrieved posterior distributions for the remaining
molecules show a strong correlation with the My, posterior and
consequently with the surface gravity g,;. This correlation is
evident in the corner plot of Fig. 4a since both My and the
molecular abundances of most retrieved trace gases exhibit a
similarly shaped, non-Gaussian posterior distribution. This is
a well known physical degeneracy and has been described in
other studies (see, e.g., Molliere et al. 2015; Feng et al. 2018;
Madhusudhan 2018; Quanz et al. 2021); it is not related to
a numerical artifact. The degeneracy appears since the same
spectral feature can be explained by different combinations of
gravity and atmospheric composition. This degeneracy origi-
nates from the mass appearing in the form of the surface gravity
in the hydrostatic equilibrium. Therein, the surface gravity is
degenerate with the mean molecular weight of the atmospheric
species. Since we derive the mean molecular weight from the
abundances of the trace gases, this connects the planet’s mass
to the trace gas abundances present in its atmosphere. Fur-
ther evidence for this degeneracy can be found in Fig. 4c.
Despite the degeneracy between the retrieved mass and molecule
abundances, the relative difference between the input spectrum
and the spectra corresponding to the retrieved parameters is
small.

The posteriors of CO and N,O are broader, roughly Gaus-
sian, and less correlated with M. This indicates that the con-
straint imposed by the retrieval framework on the abundances of
these species is not solely limited by the degeneracy with My,
but also by our retrieval’s sensitivity for CO and N,O.

A method of dealing with these strong correlations is to con-
sider relative instead of absolute abundances. This allows us to
minimize the impact of systematic uncertainties that affect all
retrieved trace gas abundances in the same way at the cost of
losing information on the absolute abundances. Relative abun-
dances of trace gases are of interest to us since they provide
a probe to whether an atmosphere is in chemical disequilib-
rium, which could potentially be upheld by life. For example,
we could consider the abundance of CH4 or N,O relative to a
strongly oxidizing species such as O, (or O3, which is a pho-
tochemical product of O,) as first suggested in Lovelock (1965)
and Lippincott et al. (1967). These gases react rapidly with each
other and therefore the simultaneous presence of both molecules
is only possible if they are continually replenished at a high
rate. On Earth, O, is constantly produced via photosynthesis
and there is a continuous flux of CH, into the atmosphere due
to biological methanogenesis and anthropogenic methane pro-
duction. Similarly, the N,O in Earth’s atmosphere is continually
replenished by a large range of microorganisms via incomplete
denitrification. On Earth, these biological processes lead to CHy
and N,O abundances that are many orders of magnitude larger
than the chemical equilibrium. Another interesting ratio of atmo-
spheric gases to consider is the ratio between CO and CHy.
A large amount of CO accompanied by a lack of significant
CH,4 could be interpreted as an antibiosignature as suggested in
Zahnle et al. (2008). A more exhaustive discussion of potential
biosignatures can be found in Schwieterman et al. (2018), for
example.

The retrieved P-T structure is displayed in Fig. 4b. Our
retrieval framework extracts the P-T structure of Earth’s lower
atmosphere accurately to very high precision. With decreas-
ing pressure, the uncertainty on the retrieved P-T profile
increases due to a lack of signatures from the low-pressure
atmospheric layers (<107*bar) in the exoplanet’s emission
spectrum.
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4. Results

In the following, we analyze the performance of the retrieval
suite in characterizing an Earth-twin planet orbiting a Sun-like
star at 10 pc from our Earth. We first estimate the fundamental
detection limits of our retrieval suite for the trace gas abundances
for different input spectra, as described in Sect. 4.1. We then
introduce the full grid of retrievals that was run in Sect. 4.2. The
results are presented in Sects. 4.3 and 4.4.

4.1. Detection limit analysis

We define the fundamental detection limits of our retrieval suite
as the lowest possible molecular abundances that are retrievable
for the atmospheric gases considered. For abundances below the
detection limit, the corresponding spectral features are lost in the
observational noise. Specifically, we estimate the detection limits
of the trace gases considered in our retrievals at different values
for R (20, 50, 1000), S/N (10, 20, 50), and for the largest and
smallest assumed bandwidth (3-20 pum, 617 um).

To do so, we generated spectra from the parameter values
listed in Table 3, but set the abundance of one trace gas to O for
each generated spectrum. We then used these spectra as retrieval
input, assumed only photon noise of the planet to be present,
and retrieved for the absent trace gas. We passed all other model
parameters to the retrieval as known.

By construction, the retrieval routine should rule out any
abundance of the missing gas down to the detection limit abun-
dance, where the spectral features are no longer distinguishable
from the noise. The posterior distribution should therefore be
a flat distribution (all values are equally probable) for abun-
dances smaller than the threshold value. For values greater than
the detection limit, the probability should be close to null. The
threshold value can therefore be interpreted as a detection limit
for the gas abundance.

We approximated the retrieved posterior for the trace gas
abundance as a logistic function (a soft step function):

C
1 4+ @ xtb’

fx) = (N
Here, x is the abundance of the trace gas for which the detectabil-
ity is being considered. The constants a, b, and ¢ are unique
for each posterior. In Table 4, we provide the abundances corre-
sponding to the half maximum and the 16th and 84th percentile
of the fitted logistic function for all tests we ran. The half max-
imum together with the percentiles provides an estimate for the
detection limit of our retrieval suite.

The results for the R=1000 test case predict that all atmo-
spheric trace gases should be detectable in such a retrieval. This
is in agreement with the validation results presented in Sect. 3.
For the cases where R < 50, we predict H,O, CO,, and O3 to
be easily detectable in an Earth-like atmosphere, since the true
abundances are more than one order of magnitude larger than the
retrieval’s estimated detection limit. For CHy, the true abundance
is comparable to the retrieval’s detection limit. Thus, we expect
the performance for CHy to depend strongly on the R and S/N
of the input spectrum. The true CO and N,O abundances lie at
least one order of magnitude below the estimated detection limits
and are therefore irretrievable. The upper limit of CO exhibits a
strong dependence on the wavelength range considered because
the only CO feature in the MIR is located at ~4.7 um (see Fig. 3).
Excluding the 3—-6 um wavelength range from the analysis makes
the CO abundance impossible to constrain.
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Table 4. Retrieval sensitivity analysis results.

R §S/N  Range [um] logio (HO) logio(COy)  logio(03) logio(CHy) logio(CO) logip (N2O)

3-20 -6.13 +0.38 6.51 +0.33 _7.223:038 _6'04j:0.51 —4.14% 1.32 _3'39j:1.23

0 06T 6 6610 704100 _So1:0T  UC -39

20 3220 6681045 7.08i048 7.551027 668i0.53 5281063 4'55il()5

6—17 6.63 +0.40 7.05 +0.44 7 471037 6 671:0.56 uc _4.301-102

..... 103—206601049708105274510316491042526i0674331107

50 6—17 64710.45 7.05 +0.46 7 461028 6 56i0.55 ucC 3 86i098

o 3_20 .................. 699*034 ........... 748*034 ........... 7 ..7.5.50.22 .......... 709:04558210 36 —5281'075

6-17 69810.34 7501041 78410.36 708i0.33 ucC _5’10i087

1000 50 3-20 9.29%0.25 9.27+027 9.02%027 8.81%02  _788+02 8.35%035
Terrestrial abundances: -3.00 -3.39 =5.77 -6.52 -6.90 —-6.50

LIFE retrieval expectation: X X

Notes. All abundances are given in mass fractions in log,,. We provide the threshold abundances for a detection at different R and S/N configura-
tions, which we define as the half maximum of the retrieved soft step posterior distribution. Additionally, we provide the 16th and 84th percentile of
the logistic function as denoted by the +. A UC indicates that the retrieval does not manage to constrain the species of interest. In the last two rows,
we display the assumed Earth-twin abundances and whether we expect such an abundance to be retrievable in low R and S/N cases, respectively:

=retrievable; ~ = case dependant; X = not retrievable.

This test study has provided best case detection limits for the
abundance in Earth-like atmospheres. However, retrieval of all
parameters will lead to an overall increase in these detection lim-
its. Additionally, adding additional astrophysical noise terms will
also negatively impact the detection limits for the trace gases.

4.2. Retrieval grid

We chose to consider the following grid of wavelength ranges, R
values, and S/N values in our final grid of retrieval studies:

— Wavelength ranges: 3-20 um, 4-18.5 um, and 617 pum.

— Spectral resolutions: R =20, 35, 50, and 100.

— Signal-to-noise ratios: S/N=35, 10, 15, and 20 fixed at the
wavelength bin centered at 11.2 um.

The short end of the wavelength range tests, whether the CO
band at ~4.7 um can be retrieved and whether including the
~3.3 um band of CHy4 helps with the detection of this molecule.
At the long wavelength end, the main question is how much of
the extended H, O feature should be included in the analysis. The
choice for the spectral resolution range was motivated by earlier
studies (e.g., Des Marais et al. 2002).

For the reference planet, we again assumed the thermal emis-
sion spectrum of an Earth-twin in orbit around a G2V star
located at a distance of 10 pc from Earth. We considered two
observational cases with slightly different noise properties and
observational setups:

1. Nominal case: (1) the LIFE baselines (physical distance
between the four mirrors) were optimized for the detection
of habitable zone planets at a wavelength of 4 = 15 pm (cf.
Quanz et al. 2022); (2) the level of exozodiacal dust emission
corresponded to three times the level of the local zodiacal
light.

2. Optimized case: (1) the LIFE baselines were optimized
for the detection of habitable zone planets at the short
wavelength end; (2) the level of exozodiacal dust emission
corr%sponded to 0.5 times the level of the local zodiacal
light®.

6 According to the brightness distribution of exozodi disks used in
recent LIFE detection yield estimate (Quanz et al. 2022), which is based
on the results from the HOSTS survey (Ertel et al. 2020), <20% of the
disks show such low emission.
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Fig. 5. Ratio between the wavelength-dependent S/N of the optimized
case and the nominal case. This ratio is independent of the overall S/N
and the R of the Spectrum.

Figure 5 visualizes the difference between the nominal and the
optimized S/N case by plotting the ratio between the two S/N
instances. We computed the full noise terms (including stellar
leakage, local zodi and exozodi emission, and photon noise from
the planet) using LIFESIM (see Dannert et al. 2022). In total,
the grid comprised 96 retrieval analyses. Figure 6 visualizes the
highest (R = 100, S /N =20) and lowest (R =20, S /N =5) quality
input spectra for the nominal case. For every grid point speci-
fied above, we ran one retrieval assuming the prior distributions
listed in Table 3. Furthermore, we used the same pyMultiNest
settings applied in the retrieval validation run (Sect. 3).

Taking the 3—20 wm nominal case input spectra as an exam-
ple, we plot the posteriors of the planetary parameters (Fig. 7),
as well as those for the absolute (Fig. 8) and the relative (Fig. 9)
abundances. We use the retrieved posterior probability distribu-
tions to underline trends with respect to the wavelength range, R,
and S/N. For the molecular abundances, we differentiate between
four different classes of posterior distributions. First, a con-
strained (C-type) posterior signifies that the true atmospheric
abundance lies above the retrieval’s detection limit. A C-type
posterior is well approximated by a Gaussian. Thus, both sig-
nificantly higher and lower abundances are ruled out. Second,
for a sensitivity limit (SL-type) posterior, the true atmospheric
abundance is comparable to the detection limit of the retrieval.
We observe a distinct peak in the posterior. However, lower
abundances cannot be fully ruled out. A SL-type posterior is
best described by the convolution of a logistic function with
a Gaussian. Third, a upper limit (UL-type) posterior indicates
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Fig. 7. Retrieved exoplanet parameters for the different grid points for
the wavelength range 3-20 um in the nominal case. Here, My, is the
mass, Ry the radius, Py the surface pressure, and T the surface tem-
perature of the exoplanet. The error bars denote the 68% confidence
intervals. For My, and Ry, we also plot the assumed prior distributions.
For Ty and Py, we assumed flat, broad priors. The vertical lines mark
the true parameter values.

that the true atmospheric abundance lies below the retrieval’s
detection limit and could be zero. A UL-type posterior is best
described by the logistic function introduced in Sect. 4.1. Abun-
dances above the detection limit can be excluded, while all
abundances below the limit are equally likely. Fourth, an uncon-
strained (UC-type) posterior signifies that no information about
the atmospheric abundance can be retrieved. The posterior is best
described by a constant function. For more detailed information
about our posterior classification, see Appendix B.

Figure 10 summarizes the type of the retrieved posterior
distribution for the molecular abundances for all considered R,
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S/N, wavelength ranges, and the two different cases. Tables con-
taining the median as well as the 16th and 84th percentile of
the retrieved posteriors for all retrieval runs are provided in the
Appendix D (Tables D.1-D.6).

4.3. Retrieved planetary parameters

In Fig. 7, we provide the retrieval results for the exoplanet
parameters My, Ry, Po, and Ty (3—20 pm input spectra in the
nominal case). Our retrieval framework estimates all planetary
parameters correctly.

For the planetary mass M, the retrieved posterior is cen-
tered on the true value and roughly corresponds to the assumed
prior distribution. This result indicates that our retrieval frame-
work cannot extract further information from the input spectrum.
In contrast to Mp, we manage to strongly constrain the exo-
planet’s radius Ry, with respect to the assumed prior distribution.
Forall S/N > 10, we retrieve an accurate estimate for R, (AR, <
+10%).

For all S/N > 10, our retrievals yield strong constraints for
the surface pressure Pj. The retrieved value lies within maxi-
mally +0.5dex (a factor of ~ 3) depending on the R and S/N
combination. Similarly, the surface temperature 7 (calculated
from the retrieved P-T profile parameters and Py) is accurately
estimated by our retrieval framework for all S/N > 10. The
retrieved values are centered on the correct value for most cases
and the 1 o uncertainties are mostly smaller than + 20 K.

For an S/N of 5, the retrieved parameters Ty and Py exhibit
significant offsets with respect to the input value. Furthermore,
we find similar offsets for Ry,;. These deviations indicate that an
S/N of 5 is too low for the accurate characterization of an Earth-
twin exoplanet’s atmospheric structure, as we discuss further in
Sect. 4.4. The same is true for all other wavelength ranges and
both the nominal and the optimized cases considered in our work
(see Appendix D).

4.4. Retrieved abundances

The retrieved molecular abundances of the atmospheric trace
gases are provided in Fig. 8 (3-20 um input spectra for the
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nominal case). We observe that the abundances of CO,, H,O,
and Oj are accurately retrieved to a precision of <+ 1dex for
all cases where the S/N is > 10. In contrast, the molecule CHy
only becomes retrievable for high combinations of R and S/N (for
S/N=10atR > 100, for S§/N=15at R > 50, and for S/N =20 a
R > 35). For other combinations of R and S/N, we only retrieve
upper limits on the CH4 abundance.

The CO abundance is not constrained by our retrievals for
any S/N > 10. At an S/N of 5 we retrieve an upper limit on
the abundance of CO. This upper limit is a result of the poor
overall retrieval performance in the S /N =5 case as we motivate
below. Similarly, we do not retrieve the N, O abundance, but find
an upper limit for the maximal possible abundance. The posi-
tion of this upper limit decreases significantly with increasing R
and S/N of the input spectrum. Further, the input spectra do not
contain sufficient information to constrain the abundances of the
bulk constituents N, and O, for all considered R and S/N combi-
nations (not shown). We retrieve UC-type posteriors and cannot
provide any constraint for N, and O, in our retrievals.

Finally, by adding up the retrieved abundances, we find that
there is at least one additional atmospheric gas that has no MIR

signature probable by LIFE, constitutes ~ 99% of Earth’s atmo-
spheric mass, and has no significant absorption feature in the
MIR. We can exclude H and He dominated atmospheres due
to the small retrieved radius and CO,, CHy4, or H,O dominated
atmospheres due to our retrieval results. These findings already
put strong constraints on the bulk atmospheric composition.

Overall, the findings we presented agree well with the pre-
dictions obtained in the sensitivity analysis (Sect. 4.1). This
indicates that the simplified assumptions we relied on for the
retrieval sensitivity analysis are reasonable.

Input spectra with an S/N of 5 do not contain sufficient infor-
mation to yield accurate retrieval predictions for the absolute
abundances of the considered trace gases. This is in accordance
with our findings for the planetary parameters. For CO,, H,O,
and O3, we tend to underestimate the true atmospheric abun-
dances. Similarly, the upper limits on the abundances of N,O
retrieved at S/N =5 are lower than at S/N > 10. For CO we
retrieve upper limits, which are no longer found at higher S/N.
The underestimation of abundances at S/N =5 is coupled with
the overestimation of the surface pressure Py and temperature
Ty, which are again compensated by an underestimation of the
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Fig. 9. As for Fig. 8 but for retrieved abundances relative to CO,.

radius Rp. A higher Py leads to a higher atmospheric mass
and therefore to more absorbing material between the planet
surface and the observer, which will lead to deeper absorption
features at constant molecular abundances; the same line in a
MIR emission spectrum would then be produced by a smaller
abundance of the atmospheric species. Hence, in this case the
retrieved abundances lie below the true ones. By considering
the relative abundances we can reduce these offsets (Fig. 9
shows the trace gas posteriors relative to the CO, posterior for
the nominal case, 3-20 um input spectrum). This indicates that
the offsets share the same properties for all atmospheric gases,
indicating that they are caused by degeneracies between parame-
ters (pressure-abundance and gravity-abundance degeneracies).
These degeneracies are larger in the small S/V and R cases,
since the constraints posed by the input spectrum are smaller.
We further observe that the true values still lie within the pos-
terior range (note that the plots only show the 16th, 50th, and
84th percentiles). If the degeneracies are asymmetric (e.g., lower
surface pressures and temperatures are easier to exclude than
high ones), this would result in the observed asymmetric posi-
tioning of the posterior distribution around the truth, causing
the observed offsets. The offsets diminish at higher R and S/N
because the retrieval input provides stronger constraints and thus
manages to reduce/break these degeneracies.

For S/N > 10, the relative abundances of H,O, O3, and
CH, (f retrieved) are centered on the true values and the
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corresponding uncertainties are significantly smaller than for the
absolute abundances (< + 0.5 dex). The reduction in uncertainty
is due to the elimination of the gravity-abundance degeneracy,
since this degeneracy affects all retrieved abundances compa-
rably. Likewise, at S/N =35, the offsets we observed for the
retrieved absolute abundances are strongly diminished when
considering relative abundances. This allows us to find accu-
rate estimates for the relative abundances of CO,, H,O, and O3
despite the inaccurately retrieved absolute abundances.

These findings demonstrate that considering relative abun-
dances can significantly diminish the effects of degeneracies
between trace gas abundances and other atmospheric parame-
ters. This occurs at the cost of losing information on the absolute
abundances. However, the relative abundances of trace gases
can still contain vital information on planetary conditions and
provide potential biosignatures (see Sect. 3 and, e.g., Lovelock
1965; Lippincott et al. 1967; Meadows et al. 2018).

5. Discussion

After providing an overview of the results we obtained for the
nominal case (with an input spectrum covering 3-20 um), we
now compare the retrieval results for different wavelength ranges
in the nominal and optimized case. Thereby, we investigate the
minimal requirements that the LIFE mission needs to fulfill to
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Fig. 10. Wavelength-dependent posterior types retrieved for the different trace gases in the nominal case (a)—(c) and the optimized case (d)—(f).
The lowermost panel gives the color coding for the different posterior types. The abbreviations used for the different posteriors are introduced in

Sect. 4.2. (a, d): 3-20 um, (b, e): 4-18.5 um, (c, f): 6-17 um.

characterize the atmospheric structure of an Earth-twin exo-
planet and detect biosignature gases in the emission spectrum.
In Sects. 5.1 and 5.2 we derive requirements for the wavelength
range, the R, and the S/N. We then quantify the integration
times required to reach the desired S/N for a given R, con-
servatively assuming a total instrument throughput of 5% (cf.
Dannert et al. 2022) and discuss the implications for the LIFE
design in Sect. 5.3. In Sect. 5.4, we compare our work to similar
retrieval studies in the literature to underline the unique scientific
potential of LIFE for atmospheric characterization. The limi-
tations inherent to our work and possible future investigations
follow in Sect. 5.5.

5.1. Wavelength range requirement

Figure 10 provides a concise summary of the retrieved poste-
rior types for the trace gas abundances for varying wavelength
range, R, and S/N for both the nominal and optimized case. Here,
we are primarily interested in large systematic differences in the
overall retrieval performance between the different wavelength
ranges. Small differences (e.g., in the nominal case for H,O at
R=35, S/N=5 or for CHy at R=35, /N =10) are expected
to disappear when averaging over multiple retrieval runs. In the
following discussion, we focus on the results obtained for the
nominal case (first row in Fig. 10).
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We observe that for the trace gases CO,, Oz, CO, and N,O,
considering a broader wavelength range input spectrum will
result in slightly smaller uncertainties on the retrieved param-
eters. This is expected, since more information is passed to the
retrieval framework. However, there is no significant difference
in performance between the considered wavelength ranges.

For the trace gases H,O and CHy4 the 6—17 um case exhibits a
considerably lower sensitivity than the 3-20 um and 4-18.5 um
cases. An upper limit at 17 pm excludes the strong H,O absorp-
tion features at >17 pm (see Fig. 3). The H,O lines between
8 and 17 um are either weak or overlap with stronger absorp-
tion features of other molecules. Therefore, at low R and S/N,
these features cannot constrain the H,O abundance satisfacto-
rily. Below ~ 8 um, we observe a strong H,O band that overlaps
with the CH4 feature at 7.7 um. In addition, at these wave-
lengths the S/N in the simulated spectra decreases drastically,
further reducing the constraints on H,O. Thus, when consider-
ing a wavelength range from 6-17 um, both the H,O and CHy
abundance are estimated via their overlapping absorption feature
at ~ 8§ um. At low R and S/N this leads to larger uncertainties. If
we consider a larger wavelength range, the long-wavelength tail
of the emission spectrum provides more robust constraints on the
H,O abundance, which directly leads to an improvement for the
CHy4 estimates as well. We therefore cannot recommend limiting
the wavelength to 6-17 um for LIFE due to its negative impact
on the sensitivity for HO and CHy.

On the other hand, choosing the largest wavelength range
considered in our study (3-20 pm) provides only a negligible
improvement over the 4-18.5 um wavelength range. From this,
we conclude that LIFE should opt for a long wavelength cutoff
of at least 18.5 um. For the short wavelength limit, we suggest
a value of 4 um. This boundary would include the CO fea-
ture at 4.67 um, as well as the N, CIA line at 4.3 um. In the
Earth-twin retrievals we present in this work, the abundances
of CO and N, are not constrainable for any of the considered
cases that include these spectral features. However, making these
spectral features accessible to LIFE would enable us to poten-
tially constrain the abundances of these important molecules in
non-Earth-twin atmospheres. More tests to explore this idea are
foreseen for future retrieval studies.

For the retrievals performed for the optimized case, we reach
similar conclusions and our recommended wavelength range
remains unchanged. However, the interfering effects described
above are less pronounced due to an improved S/N at short
wavelengths (see Fig. 10 and the tables in Appendix D).

5.2. R and S/N requirements

For most trace gases, we observe no significant difference
between the nominal and optimized case for all S/N > 10 as can
be seen from Fig. 10. For an S/N of 5, the optimized case yields
better results for the retrieved abundances. However, due to the
generally poor performance at this noise level (as previously
seen), an S/N of 5 is not sufficient to characterize the atmo-
spheric structure and composition of an Earth-twin exoplanet
satisfactorily.

Generally, we observe that CO,, H,O, and O3 are easily
retrievable (within + 1 dex) for an Earth-like atmosphere for all
S/N > 10. This finding is in accordance with the results pre-
sented in Cockell et al. (2009). However, other studies suggest
that for a clear O3 detection a higher R or S/N are necessary (see,
e.g., von Paris et al. 2013; Léger et al. 2019). In contrast, CO is
not recoverable for any of the considered cases due to the large
astrophysical noise at short wavelengths, which indicates that
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detecting CO from the MIR emission spectrum of an Earth-twin
exoplanet around a Sun-like star is extremely challenging and
would require very high S/N and higher spectral resolution. Sim-
ilarly, the N,O abundance present in Earth’s atmosphere is too
low to be detected in all cases considered. However, we retrieve
upper abundance limits, which indicates that high atmospheric
concentrations of N,O (2107%) would likely be detectable.

In contrast, the retrieval results for CH, depend strongly
on the considered R and S/N for both the nominal and opti-
mized case (see Fig. 10). Generally, our retrieval results for CHy
improve as we consider higher R and S/N. For both baseline
configurations, we retrieve a threshold above which the retrieval
framework manages to accurately estimate the CH4 abundance.
This threshold manifests itself as a diagonal in the R—S/N space,
which indicates that, for instance, a lower S/N can be compen-
sated with a higher R without impacting the retrieval results
significantly. The main difference is that R is intrinsic to the
LIFE design (dependent on the spectrograph specifications),
whereas the S/N depends on the design (aperture size) and the
integration time.

Generally, we find that in the optimized case the accuracy
of the retrieval for CH, is improved. First, LIFE is config-
ured to optimize the signal at short wavelengths, which directly
leads to an improvement in the S/N of the ~7.7 um CHy fea-
ture. Second, the reduced noise contribution from exozodiacal
dust also improves the S/N at short wavelengths. The resulting
S/N enhancement at short wavelengths can be seen in Fig. 5.
These two factors lead to an increase in the retrieval’s overall
performance.

We observe that, in the optimized case for the 3-20 um
range, CH, is detectable (at least an SL-type posterior) in an
Earth-twin atmosphere if S/N > 15 for R = 35, S/N > 10 for
R =50, 0or S/N > 5 for R = 100. We further find that R =20 is
too low to allow for a meaningful constraint on the CHy abun-
dance for all considered cases. But if for technical reasons one
would prefer to keep R as low as possible, we are left with R =35
and R =50. The higher resolution case potentially allows for the
detection of a C-type posterior when going to higher S/N. In the
nominal case, the S/N has to be increased to obtain compara-
ble results at the same R (S/N =20 for R=35, or S/N =15 for
R=50).

Since the detection of CH4 depends strongly on the combi-
nation of R and S/N, it is important to evaluate the significance
of the CH, detection in the cases R = {35, 50} and S/N =
{10, 15, 20}. For every R—S/N pair, we ran retrievals with and
without CHy4 being included in the forward model. We then com-
pared the log-evidences corresponding to the retrievals for both
scenarios via the Bayes’ factor K. The results are summarized in
Table 5.

The Bayes’ factor K is given by the ratio between the
Bayesian evidence of the model that considers CHy and the
evidence of the methane-free model. It provides a measure for
which model is better at describing the observed data (see
Table 1). A positive log;o(K) indicates that the model including
CH, (model evidence is denoted Zcn,) describes the observed
emission spectrum better than the model without CHy (model
evidence is denoted Z_cy,). In contrast, negative values favor
the CHy-free atmospheric model.

For all cases where R = 35, the Bayes’ factor logjo (K) = 0.0
(within 1-07) indicating that there is no difference between the
models with and without CH4. Therefore, despite retrieving SL-
type posteriors for S/N > 15, the retrieval framework does not
provide unambiguous evidence that CHy is indeed present in
the observed atmosphere. This finding underlines the nature of
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Table 5. Log-evidence for retrievals with and without CHy,.

S/N 10 15 20

o (Zem,) | 236502 270502 2882
= i In(Zcn,) —237*02  —27.2%02  _28.8*02
g g &= logi(K) =0 =0
S SO In(Zcn,)

1 In(Z-cn,) | -25.4

& logio (K)

v In(Zen,)
3 1 In(Zcny) | -24.9%°7  -28.2%°7  —-30.1%
E g &= logio(K)
20 2 In(Zew)
o o In(Z_cn,)

& logio (K)

Notes. With CHy: In(Zcy,); Without CHy: In(Z_cy, ). The results are
for input spectra covering the 3—20 pm wavelength range. The last row
for a given R lists log,, (K) of the Bayes’ factor K, which we cal-
culate via: log,, (K) = (In(Zcu,) = In(Z-cn,)) /In (10) (derived from
Eq. (5)). We compare the performance of the models with and without
CH,4 to each other using Jeffrey’s scale (Jeffreys 1998) (see Table 1).
The + indicates the 68% confidence interval log,, (K).

Table 6. Required observation time in days.

Observation Time [days]

¢ Nominal Case : Optimized Case
R SN:iIm 2m 35m:1m 2m 35m
35 15 771 74 15 922 64 9
50 10 {490 47 10 589 41 6

Notes. Observation times for an Earth-twin at 10 pc for the two combi-
nations of R and S/N discussed in Sect. 5.2 and three different aperture
diameters (1 m, 2m, and 3.5m). We conservatively assume a total
instrument throughput of 5% (cf. Dannert et al. 2022).

SL-type posteriors, where the long tail toward low abundances
indicates that the retrieval can do without CHy.

For R=50, we generally observe larger logjo(K). In the
nominal case, we find weak support for the model includ-
ing CHy. In the optimized case, we find substantial to strong
evidence for the presence of CHy as is indicated by 0.5 <
logio (K) < 2.0. These findings suggest that LIFE requires a min-
imal R of 50 to confidently rule out the CHy-free atmospheric
model in retrievals of Earth-twin MIR emission spectra.

5.3. Observation time estimates

It is crucial to derive estimates for the integration time required
to reach a certain S/N. However, the integration time does not
only depend on R and S/N, but also on the aperture diameter
of the LIFE collector spacecraft and the instrument through-
put. Hence, our analyses can provide first order requirements for
the aperture size. We summarize the integration time estimates
for the above-mentioned combinations of R and S/N in Table 6.
These estimates are based on the conservative assumption of a
total instrument throughput of 5% (cf. Dannert et al. 2022). We
give a more exhaustive list containing observation time estimates
for all retrieved input spectra in Appendix E.

We find that with four 1 m apertures LIFE will not be
able to characterize terrestrial exoplanet atmospheres at a dis-
tance of 10 pc because unrealistic integration times > 1 yr would

be required. While Bryson et al. (2021) used the results from
NASA’s Kepler mission to estimate with 95% confidence that
the nearest terrestrial exoplanet orbiting with the habitable zone
around a G or K dwarfs is only ~6 pc away, they also estimate
that there are only approximately four such objects within 10 pc.
Hence, a 4 X 1 m configuration will not allow us to probe a
somewhat sizable sample of temperate terrestrial exoplanets.

For the other two setups (4 X 2m and 4 X 3.5 m), the obser-
vation times are more feasible and would allow for the charac-
terization of up to a few tens of terrestrial exoplanet atmospheres
within LIFE’s characterization phase. Specifically, for both the
nominal and optimized case and assuming the 4 X 2 m setup,
having R=50 and S/N =10 would require less time (47 days
for the nominal case, 41 days for the baseline optimized case)
compared to R =35 and S/N =15 (74 and 64 days, respectively).
This again underlines that a resolution of R =50 is more suit-
able. The saved integration time could be used to characterize
the atmospheres of additional exoplanets or to measure higher
S/N spectra for the most promising objects. Similar conclusions
hold for the 4 x 3.5 m case. However, the required observation
times required would be significantly smaller.

5.4. Comparison to other studies

In order to demonstrate the validity and understand the full
implications of our retrieval results, we compare the results to
previous studies in the literature. In Sect. 5.4.1, we compare our
work to previously published work on MIR thermal emission
retrievals. In Sect. 5.4.2, we consider findings from a comparable
retrieval study for the NIR-VIS wavelength range and demon-
strate the unique scientific potential of MIR observations with
LIFE.

5.4.1. MIR thermal emission studies

In Quanz et al. (2018), a similar retrieval study was performed for
an Earth-twin exoplanet. The study assumed R =100, S/N =20,
covered a larger wavelength range (3—-30 um), and considered
only photon noise of the planet on the input spectrum, neglect-
ing any additional noise terms. We compare their findings to our
results for the 3—20 wum wavelength range, R = 100, S/N = 20
for the nominal case.

Our study reaches a comparable accuracy (+0.5dex) for
the atmospheric trace gases CO,, H,O, Oz, and CHy. This
is achieved despite our usage of the more realistic LIFESIM
noise model, which features additional noise sources that lead
to considerably larger errors especially at short wavelengths
(4 < 8 um), where the LIFESIM noise is dominated by the con-
tributions from stellar leakage. The performance of our retrieval
suite is likely a result of our prior assumption for the exo-
planet mass, which was not made in the Quanz et al. (2018)
study. The width of the retrieved abundance posteriors is lim-
ited by the exoplanet’s mass posterior due to the degeneracy
between trace gas abundances and the surface gravity. The Gaus-
sian prior we assumed for the exoplanet’s mass limits the range
of allowed masses. Thereby, also the surface gravity was con-
strained, limiting the range of possible abundances. However, we
note that our mass and radius priors were informed by empirical
measurements.

In contrast to Quanz et al. (2018), we do not succeed in con-
straining the CO and N,O abundances in our retrievals. Both
atmospheric trace gases have their main absorption features at
wavelengths 4 < 8 um (see Fig. 3), where the observational
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LIFESIM noise dominates over the absorption features of inter-
est. Furthermore, the retrievals performed in Quanz et al. (2018)
find significantly stronger constraints for the shape of the P-T
profile and the planetary parameters Py and Ty. This is likely
a combined result of the more heavily constrained P-T profile
model and the more optimistic noise estimates they used in their
retrieval analysis.

Finally, the Earth-twin’s radius is retrieved to an extremely
high precision in both studies. This underlines the scientific
potential of observations probing the thermal emission of plan-
ets in the MIR wavelength range. Determining the radius in
NIR/VIS reflected light spectra is not robust (e.g., Feng et al.
2018) due to a degeneracy between the planet’s albedo and its
radius (a large surface area and low albedo can lead to the same
flux as a smaller area and higher albedo).

A similar study, albeit for lower resolutions (R =5, 20) and
a less complete noise model, has been performed by von Paris
et al. (2013) for the former Darwin mission concept. They found,
that at R=20, a MIR nulling interferometer would be capable
of constraining the surface conditions (Py to +0.5dex, Ty to
+10K) and planetary parameters (R to £10%, M, to = 0.3 dex)
of a cloud-free exoplanet, which agrees well with the results
presented here. Further, they manage to retrieve comparable con-
straints for the abundances of CO, and O3 at 1o confidence
levels. However, they also discuss, that for a 5o detection of CO,
and O3, higher resolutions are mandatory. Similar results are pre-
sented in Léger et al. (2019), where a resolution limit of R =40 is
derived for a robust detection of CO,, H,O, and O3 in the atmo-
spheres of Earth-similar planets around M- and K-type stars.

5.4.2. NIR-VIS reflected light studies

In Feng et al. (2018), results from a similar retrieval study in
the reflected light are presented (the input spectra cover the
wavelength range 0.4—1.0 um). These results are similar to the
findings presented in Brandt & Spiegel (2014). We consider
their results for the R = 70, S/N = (10, 15) cases and compare
them with our findings for the R = 50, S/N = 10 and R = 35,
S /N = 15 optimized case. In Fig. 11, we show the results for all

A23, page 16 of 32

parameters of interest that are retrievable with at least one of the
two approaches.

This comparison demonstrates that NIR-VIS and MIR wave-
length studies yield partially complementary results. The MIR
range enables us to search for signatures of the important trace
gases CO, and CHy4. Both these gases are not accessible through
reflected NIR-VIS light observations at Earth’s mixing ratios.
Additionally, studying the MIR thermal emission spectra of
exoplanets enables us to pose significant constraints on the
important planetary parameters Ty, Py, and Rp. These three
parameters are not easily accessible via reflected light observa-
tions in the NIR-VIS wavelength range (Quanz et al. 2018; Feng
et al. 2018; Carrién-Gonzaélez et al. 2020).

However, studies in the NIR-VIS wavelength range provide
a direct probe for the O, abundance, whereas MIR observations
can only probe the Oz abundance, a photochemical byproduct
of O, in our atmosphere. Additionally, the NIR-VIS wavelength
range may allow us to characterize the surface composition of
an exoplanet (e.g., Brandt & Spiegel 2014) via the wavelength-
dependent surface scattering albedo. Such NIR-VIS observations
could potentially allow for a detection of liquid surface water via
the ocean glint as suggested in Robinson et al. (2010) or a detec-
tion of the vegetation red edge, which is an increased reflectivity
in the NIR due to photosynthetic life and therefore a surface
biosignature (see, e.g., Seager et al. 2005; Schwieterman 2018).
A planet accessible to both techniques would be a prime target
for atmospheric characterization.

5.5. Limitations and future work

Even though we have achieved our main goal of deriving first
order quantitative requirements for LIFE, the results have to be
interpreted with care since there are fundamental limitations
inherent to our approach. First, we generated the input spec-
tra for our retrievals using a 1D radiative transfer model and
a fully mixed atmosphere, which is a simplification of reality.
Additionally, we did not account for the effect of partial, full, or
varying cloud coverage on the MIR Earth-twin emission spec-
trum. Retrieval analyses based on more complex forward models
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are foreseen in the future to investigate the effects of these
simplifying assumptions.

Next, we did not retrieve additional molecules that are not
present in the input spectrum. However, when analyzing spectra
from observations, we do not know what species are present in
the atmosphere. Not retrieving for additional molecules that are
not present might lead to overly confident estimates for LIFE’s
technical requirements. We provide a first test for the robustness
of our results with respect to additional species in Appendix C
and plan further investigations for future work.

Further, our input spectra were static and represented the
average emission spectrum of the Earth-twin. However, the real
emission spectrum varies over time (day vs. night and summer
vs. winter) and it also depends on the viewing geometry (pole-on
vs. equator-on, e.g., Mettler et al. 2020).

Additionally, the presence of a moon can have an influence
on the integrated thermal emission spectrum of the planet-moon
system. This effect can be particularly important, if the moon is
as large as the Earth’s moon and features day side temperatures
higher than that of the planet (Robinson 2011). The quantitative
impact a moon has on the retrieval results will be investigated in
future work.

Also, we used petitRADTRANS both to generate the simu-
lated input spectra and as atmospheric forward model for the
retrieval framework. As demonstrated in Barstow et al. (2020),
retrieving the same input spectrum with different forward mod-
els can lead to inconsistencies between the retrieved parameter
values due to differences in the forward models. Similar prob-
lems will likely arise when retrieving model parameters from
an experimentally measured spectrum, since the forward model
does not capture the full physics (and/or chemistry) of the
observed atmosphere. Our results could therefore be overly-
optimistic. Estimating the magnitude of this bias is the subject
of future work.

Furthermore, we added the LIFESIM noise as uncertainty
to the theoretically simulated theoretical flux without random-
izing the value of the individual spectral points. This may lead
to over-optimistic retrieval results, in particular for the small
S/N cases. This is especially true for CHs4, whose Earth’s abun-
dance is close to the detection limit of LIFE. A discussion
on the potential impact of this simplification is provided in
Appendix C.

Moreover, LIFESIM currently only features dominant astro-
physical noise terms (Dannert et al. 2022). However, systematic
instrumental effects will also impact the observations, even
though, ideally, the instrument will only contribute to the noise,
but not dominate the noise budget. Still, the required integra-
tion times should be considered a lower limit until the optical,
thermal, and detector designs of LIFE have further matured and
LIFESIM is updated accordingly.

Finally, the study of an Earth-twin exoplanet is clearly a
simplification. The known diversity of terrestrial exoplanets
demonstrates that future studies will have to look beyond the
Earth-twin case and consider a wider range of worlds. In order to
obtain more rigorous constraints on the requirements for LIFE,
we will perform similar retrieval studies on a variety of different
exoplanet types.

6. Summary and conclusions

For this study, we considered an Earth-twin exoplanet orbit-
ing a solar-type star at 10pc. Using an atmospheric retrieval
framework, we derived the minimal requirements for the spec-
tral resolution R, the wavelength coverage, and the S/N that need

to be met by a space-based MIR nulling interferometer such as
LIFE to characterize the atmospheres of such an exoplanet.

In our atmospheric model, we described the atmospheric
P-T structure of an Earth-twin using a fourth order polyno-
mial with surface-pressure Py and surface temperature 7. We
assumed constant, modern Earth abundances of N,, O,, CO,,
H,0, O3, CHy, and N,O throughout the vertical extent of the
atmosphere; clouds were not included. We generated the ther-
mal emission spectrum corresponding to this Earth-twin atmo-
sphere using the 1D radiative transfer model petitRADTRANS
(Molliere et al. 2019), assuming an exoplanet mass My = 1 Mg
and a radius Ry = 1Rg. Further, we used the LIFESIM tool
(Dannert et al. 2022) to estimate the wavelength-dependent
observational noise (including noise from stellar leakage and
from local- and exozodiacal dust emission) for different wave-
length ranges and combinations of R and S/N.

We created a Bayesian retrieval framework coupling
petitRADTRANS and pyMultiNest (Buchner et al. 2014)
(python access of the FORTRAN MultiNest (Feroz et al. 2009)
implementation of the Nested Sampling algorithm (Skilling
2006)) to extract information about the atmospheric structure
and composition of the Earth-twin exoplanet from the input
spectra. These retrievals were performed considering different
wavelength ranges (3-20 um, 4-18.5 um, 6-17 um), spectral
resolutions R (20, 35, 50, 100), and signal-to-noise ratios S/N
(5, 10, 15, 20) at a wavelength of 11.2 um (the corresponding
noise at other wavelengths was derived via LIFESIM).

The performed retrieval analyses suggest that MIR obser-
vations with LIFE at an S/N > 10 can robustly constrain the
radius (uncertainty <=+ 10%), surface pressure Py (uncertainty
< +0.5dex), and surface temperature T, (uncertainty <+ 20 K)
of an Earth-twin exoplanet. These parameters cannot be probed
accurately via reflected light observations of an Earth-twin at
NIR-VIS wavelengths. Furthermore, we predict CO,, H,O, and
O3 to be detectable by LIFE (error <=+ 1.0dex) given an input
spectrum with an S/N > 10 for all the considered wavelength
ranges and R. In contrast, the potential biosignature N,O and
the potential antibiosignature CO are not detectable for any of
the considered LIFE configurations. For N,O we find an upper
limit on the abundance, indicating that high abundances (x 1073
in mass fraction) are potentially detectable in MIR observations.
For CO, we do not retrieve any constraint.

Concerning the potential biosignature CHy, our retrieval
results strongly depend on the properties of the input spectrum.
If we aim to detect CH, at Earth-like abundances (=107 in
mass fraction) in exoplanet atmospheres, we estimate a mini-
mal requirement of R = 50 and S/N = 10. Furthermore, we
observe a performance drop for CHy for the 6-17 pum wave-
length range, which is a result of cutting off the H,O absorp-
tion bands at wavelengths >17 pm. Including H,O bands at
wavelengths >17 um improves the accuracy of the H,O abun-
dance estimate, which in turn helps to disentangle contributions
from species overlapping at shorter wavelengths. Between the
3-20 um and 4-18.5 pm wavelength range, we do not observe
significant differences in the performance of the retrieval frame-
work. Therefore, a wavelength coverage of at least 4-18.5 um is
desirable.

Turning the S/N requirement into estimates for integration
times (conservatively assuming a total instrument throughput of
5%, cf. Dannert et al. 2022) and considering recent estimates
for the number of temperate terrestrial exoplanets around Solar-
type stars within 10 pc, we find that LIFE should feature at least
4 x 2 m apertures to be able to investigate a somewhat sizeable
sample of these objects. With 4 X 1 m apertures, the integration
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time to study an Earth-twin located at 10 pc will be prohibitively
long (>1yr).

By comparing our results with those obtained in similar
studies focusing on reflected light observations of Earth-twin
exoplanets (e.g., Feng et al. 2018), we find that both approaches
complement each other. MIR emission spectra of terrestrial exo-
planets can provide access to surface conditions and accurately
constrain the radii of the objects, parameters that are challenging
for reflected light observations. In addition, we have shown that
MIR spectra will allow us to probe for the simultaneous pres-
ence of O3 and CHy, a strong combinatory biosignature with no
currently known false positives, underlining again the large and
unique opportunity that MIR observations provide.

Overall, our results suggest that pursuing a concept for a
space-based MIR nulling interferometer such as LIFE in addi-
tion to the proposed NIR-VIS mission concepts, currently under
consideration by NASA, will be a key element for the future
of exoplanet characterization. In particular, the combination of
results from both approaches would vastly expand our knowledge
about worlds outside the Solar System.
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Appendix A: Selection of P-T profile model

In the following, we analyze the performance of different para-
metric models in describing the atmospheric P-T structure of
different terrestrial planets in our Solar System. In a second step,
we assess their applicability in our retrieval framework.

Appendix A.1. Considered P-T models

For our P-T model selection, we considered the following four
P-T models:

1. Polynomial P-T parametrization: The P-T structure of an
atmosphere is modeled via a nth order polynomial:

n

T(P) = Z a;P'.

i=0

(A1)

The n + 1 constants g; are the model parameters. In our P-T
model selection, we considered polynomials up to the ninth
order.

2. P-T parametrization proposed by Madhusudhan & Seager
(2009): This is a P-T model for terrestrial planets. It is based
on the P-T profiles of atmospheres of rocky Solar System
objects and 1D self-consistent exoplanet P-T profiles gener-
ated via model atmosphere calculations. It is defined by the
following equations:

Po<P<P :  P=pyenT T (A.2)
PI<P<P3:  P= Pl TV (A3)
P> P;: T =Ts. (A4)

The middle pressure layer (Eq. A.3) allows for thermal inver-
sion, the deepest layer (Eq. A.4) is set to be isothermal due
to its large optical depth. Parameters 8; and 3, are set to 0.5.
Further, Py is the pressure at the top of the atmosphere,
which we fixed to 107® bar. The remaining tunable param-
eters are: Ty, a1, @z, P1, P2, P3, T, and T5. By requiring
continuity between the three layers, the number of model
parameters can be reduced to six by setting:

2

Ty =T, + (W) , (A.5)
2 2

T, =Ty + (—log(zll/PO)) - (—IOg(ZZ/PZ)) . (A.6)

3. P-T parametrization proposed by Guillot (2010): This model
calculates the P-T structure of an atmosphere assuming a ra-
diative equilibrium for each atmospheric layer. The model is
described by the following equation:

374 (2
Touitor(P) = =2 (— + "ﬂP)

4 3 9gpl
4 K,

. 3T;, F R +(L B L)e‘/‘@;fﬁ”}_
4 [3 yv3 (V3 y3

(A7)

The factor (K]RP/ g,,l) is the atmosphere’s optical depth 7.
The model assumes that the IR opacity can be approximated

Table A.1: Priors used in the P-T profile retrievals.

Model Model Parameter Prior
Polynomial a; U(-1000, 1000)
..... Madhusudhanlog,O(P,)‘L((—104)
& Seager To U0, 1000)
ay,ay U0, 100)
¢ 17| TR 7 equTmt .................... 20,1000
KIR (LI(O, 1)
y U0, 100)
....... AddlthﬂfOflOglO(PTmm)(L{(—104)
Modified Guillot a U-1,1)

Notes. U(x, y): boxcar prior with lower limit x and upper limit y.

by a constant «;g. Further, the opacity in the visible, kyg, is
assumed to be constant and linked to ;g via y: kyis = YKig.
The planet’s surface gravity is denoted as gp;, Tiy is the
planet’s internal temperature (remaining heat from planet’s
gravitational collapse or energy from radioactive decay of
elements). Finally, T, is the planet’s equilibrium temper-
ature, which is the temperature the planet would have, if it
were a black-body heated only by the radiation coming from
its host star:

R.
Tequ=Teq[ 55 (1 —Ap)'*. (A.8)
Here, T. is the host star’s effective temperature, R, its radius,
d the separation between the planet and its host, and A the
planet’s Bond albedo. Overall, the Guillot (2010) P-T model
requires four model parameters (T, Tequ K17, and y; gp; is
already a parameter of the retrieval).

4. P-T parametrization proposed by Molliere et al. (2019): The
Guillot (2010) model does not allow for a nonisothermal
structure in the upper atmosphere. The small modification
proposed by Molliere et al. (2019) allows for a nonisothermal
upper atmosphere:

T(P) = Tguittor(P) - (1 (A.9)

- 1 +P/PTrans),
Where Tguiot(P) is the Guillot (2010) P-T model (Eq.
(A.7)). This modification adds two parameters, & and Py,
to the Guillot (2010) model, resulting in six model parame-
ters.

Appendix A.2. Choice of P-T model via retrievals

We used a Bayesian retrieval framework to assess the perfor-
mance of the different P-T models in describing the P-T
structure of the Solar System planets Venus, Earth, and Mars.
We included Venus and Mars to prevent the selected P-T
model from being biased toward Earth-like P-T profiles. In the
retrievals, we used the P-T models introduced in Appendix
A.1 as forward models. Further, we utilized the MultiNest
algorithm (Feroz et al. 2009) for parameter estimation, via
pyMultiNest (Buchner et al. 2014). We chose 400 live points
and a sampling efficiency of 0.8 as suggested for model compari-
son by the pyMultiNest documentation. The prior distributions
we assumed for the different model parameters are summarized
in Table A.1.

The P-T model we choose for our retrieval study should pro-
vide an optimal combination of two properties. First, the model
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Fig. A.1: Results from the P-T model retrievals. The first row displays the log-evidence In(Z) of the different models. The second
row shows a zoomed in view of the high log-evidence region of the first row to allow for better comparison. The bottom row displays
the retrieved best fit P-T profiles for the fourth order polynomial, the Madhusudhan & Seager (2009) model, and the two Guillot
models (Guillot 2010; Molliere et al. 2019). The data for the true P-T profiles is taken from Fig. 1 in Mueller-Wodarg et al. (2008).

evidence Zx should be maximal, since a large Zy implies a
good fit of the P-T model (see Sect. 2.2). Second, the number
of model parameters should be minimal, since additional model
parameters increase the computational cost of the retrieval sig-
nificantly.

In the first two rows of Fig. A.1, we plot the log-evidence
In(Z) corresponding to the retrieval results for the considered
polynomial P-T models. Additionally, we indicate the In(ZZ) cor-
responding to the nonpolynomial P-T models as horizontal
lines. For all considered atmospheres, we observe a continu-
ous increase in In(Z) with rising order of the polynomial P-T
model. This indicates that higher order polynomials provide a
better fit to the atmosphere’s P-T profile. However, we observe
a distinct flattening in the increase of In(ZZ) with increasing poly-
nomial order for considered atmospheres. This flattening occurs
at a third order polynomial for Venus, a fourth order polynomial
for Earth, and a second order polynomial for Mars. Increasing
the polynomial order beyond these thresholds does not lead to
a significant improvement in the polynomial fit. The last row in
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Fig. A.l indicates that the Guillot (2010) model fails to fit the
inversion in Earth’s P-T profile. This further manifests itself
in the corresponding In(ZZ), which is an order of magnitude
smaller than the In(Z) associated with most of the other models
considered (order greater than three for the polynomial model).

The Madhusudhan & Seager (2009) profile accurately mod-
els the P-T structure of all considered atmospheres. However,
when comparing In(Z) to the other models via the Bayes’ factor,
we find that for Venus and Earth log;((K) exceeds two. This sug-
gests that both polynomials of order greater than three and the
Molliere et al. (2019) model provide a significantly better P-T
fit (see Table 1). For the Martian atmosphere, the Madhusudhan
& Seager (2009) model outperforms the Molliere et al. (2019)
model, but still underperforms compared to all polynomials of
order greater than one.

The Molliere et al. (2019) accurately fits all three considered
P-T structures. For Venus and Earth, the model provides a bet-
ter fit than all polynomials of order smaller than seven. However,
compared to the fourth order polynomial, one additional param-
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eter is required. For Earth, the main difference between the
Molliere et al. (2019) model and the fourth polynomial occurs
at the inversions at 107! and 1073 bar, where both models strug-
gle to describe the true P-T structure accurately. For Mars, all
polynomials of order greater than one outperform the modified
Guillot model, as is indicated by the significantly larger In(Z).

For our purposes, we choose the fourth order polynomial P-T
model, since it adds fewer parameters to our retrievals. Despite
relying on fewer parameters, it manages to yield a comparable
fit and describes all three considered P-T structures satisfacto-
rily. The saved parameter allows us to retrieve for one additional
atmospheric parameter of interest.

Appendix B: Posterior classification

For the presentation of the grid retrieval results, we chose to clas-
sify the retrieved posterior distributions for the different parame-
ters into four main classes based on their visual appearance.
Figure B.1 gives illustrative examples for each of the four
different posterior shapes.

The unconstrained (UC-type) posterior does not pose a
strong constraint on the parameter of interest for the assumed
prior distribution. In this case, we described the posterior prob-
ability as a constant value throughout the entire prior range
(Fig. B.1a).

The upper limit (UL-type) posterior provides an upper limit
for the retrieved parameter. For the abundance of a molecule,
this implies that the retrieval rules out any concentration above
the found threshold value. Below this threshold, all abundances
are equally likely and cannot be ruled out. We described such a
posterior via the Logistic function:

C
1+ ea»,wb :

f(x) = (B.1)
The constants a, b, and ¢ are unique for each posterior. In the
data analysis, we marked the half-maximum as well as the 16th
percentile of the logistic function (Fig. B.1b).

The sensitivity limit (SL-type) posterior is similar to the UL-
type posterior. The retrieval is capable of excluding the high, but
not the low molecular abundances. However, the SL-type poste-
rior exhibits a distinct peak at the boundary between these two
regimes, which roughly corresponds to the true abundance. We
convolved the Logistic function (Eq. (B.1)) with a Gaussian
distribution to describe this posterior type:

c+d- e—(xw)z/rrz/ ( \/Zm')

1+ ea~x+b

fx) = (B.2)
The constants a, b, ¢, d, i, and o are unique for each posterior.
Here, u corresponds to the mean, o to the standard deviation of
the Gaussian. In our analysis, we marked the maximum value of
the distribution and the position of the half maxima to the left
and the right of it (Fig. B.1c).

Finally, the constrained (C-type) posterior strongly con-
strains the prior range and was approximated via a Gaussian dis-
tribution:

d - e~ Cwlo?
V2no

The constants d, i, and o are unique for each posterior. Here, u
corresponds to the mean and o to the standard deviation of the
Gaussian. In the analysis, we marked the 50th, 16th, and 84th
percentile, which corresponds to the 1 o range (Fig. B.1d).

fx) = (B.3)

S

() (b)

(© (d)

Fig. B.1: Classes of retrieved posterior distributions. The his-
togram gives the posterior distribution as found by the retrieval
framework. The colored lines represent the best fit model for the
posterior distribution, the black symbols below show how such
a posterior will be represented in our data analysis plots. (a): un-
constrained posterior (UC-type), (b): upper limit posterior (UL-
type), (c¢): sensitivity limit posterior (SL-type), (d): constrained
posterior (C-type).

We determined the best fit model for each of the retrieved
posterior distributions by fitting all four models. Thereafter, we
used the log-likelihood function (Eq. (3), Sect. 2.2) to determine
which model best described the retrieved posterior distribution.
For the SL-type posterior, we required the maximum value of
the fitted function was at least 1.3 times and maximally 10 times
larger than the continuum probability at low abundances. If the
peak probability was less than 1.3 times the continuum value,
we assumed a UL-type posterior. If the peak abundance was at
least 10 times more probable than the low abundance continuum,
we chose a C-type posterior instead. These cutoff values were
chosen empirically to match what we would have obtained in a
manual classification.

Appendix C: Impact of randomized noise and
additional species on retrieval results

As discussed in Sect. 2.3.1, we relied on two major assumptions
in order to render our retrieval study computationally feasible
and bias-free. First, we did not randomize the placement of the
individual spectral points. Instead, we ran retrievals for the non-
randomized spectral points and treated the LIFESIM noise as un-
certainty on the spectrum. Second, our retrieval model did not
allow for any additional gas species in the atmosphere. However,
in real observations, we do not know what species are present.
Therefore, it is important to investigate how robust these re-
trievals are with respect to false positive detections of molecules.
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Fig. C.1: Fitted MIR emission spectra to a randomized input
spectrum. The nonrandomized spectrum is marked by the black
line, the randomized input for the retrieval are represented by red
data points and error bars. The green shaded regions mark per-
centiles of the MIR spectra corresponding to the retrieved poste-
riors of the model parameters.

There could be a finite probability of false positive detections,
especially if combined with the randomized placement of the
spectral points.

In this section, we investigate how randomizing spectral
points and adding more species to the forward model impacts the
performance of our retrieval routine at the proposed instrument
requirements for LIFE (R = 50, S/N = 10, optimized noise sce-
nario). To this purpose, we generated 20 different noise realiza-
tions of the spectrum at these requirements. We randomized the
placement of each individual spectral point by randomly sam-
pling a Gaussian distribution, where the standard deviation is de-
termined by the wavelength dependent LIFESIM noise. Next, we
ran aretrieval for every noise realization using the pyMultiNest
settings outlined in Sect. 3. In addition to the molecules present
in the input spectrum, we also retrieved for traces of NH3, PHj3,
and SO,. The resulting posteriors were then analyzed and classi-
fied using the method outlined in Appendix B.

We summarize our results in Figs. C.1, C.2, and C.3.
Figure C.1 compares the MIR spectra corresponding to the
posteriors retrieved from a single noise realization to the true
spectrum. In Fig. C.2, we summarize all retrieved posterior
types for the considered atmospheric gases. The leftmost col-
umn provides the retrieval findings for the nonrandomized input.
Columns 1 to 20 list the results for the randomized input spec-
tra. The rightmost column gives the percentage of retrievals
on the randomized input that yielded the same posterior type
as the nonrandomized retrieval. The last row provides the log-
evidences In(Z) for each retrieval run. In Fig. C.3, we show all
retrieved posterior distributions as histograms and overlay them.
Further, we plot the bin-wise mean and median of the posteriors
obtained in the randomized retrievals and the posteriors found in
the nonrandomized retrieval.

Appendix C.1. Truth versus spectra from noisy retrievals

As can be seen from Fig. C.1, our retrieval framework shows
robust behavior even for randomized input spectra. The spectra
corresponding to the retrieved posteriors roughly follow the true
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spectrum and generally do not significantly overfit to the noise.
This observation holds for all noise realizations and is reinforced
by the finding that the In(Z) corresponding to the randomized re-
trievals are significantly smaller than in the nonrandomized case
(see Fig. C.2). When overfitting, the retrieval models noise in-
duced features accurately and thus the difference between the
fitted spectrum and the input spectrum is small. This results in
a In(Z) value similar to the one obtained in retrievals of non-
randomized spectra. In our case, we are not fitting to the noise
induced features. Thus, there is a larger difference between the
fitted and input spectrum than in the nonrandomized case, which
results in a smaller In(Z).

Despite the good overall fit, a systematic offset between the
true and the retrieved spectra starts to emerge above 10 pum.
This offset becomes more pronounced at the longer wavelengths
and results from the decreasing density of spectral points and
increasing LIFESIM noise in this wavelength range. Between 10
and 12 pum, the molecules we consider have no strong absorption
features and thus this range probes the planetary surface con-
ditions. Offsets in this range will manifest themselves as shifts
in the retrieved posteriors of Py, Ty, and Rp. Above 12 um the
shape of the MIR spectrum is dominated first by CO, (up to
~ 17 pm) and then by H,O features. Offsets from the truth in
this range correspond to shifts in the retrieved abundance pos-
teriors of these molecules. The described offsets are unique to
each of the considered noise realizations and are diminished
when averaging the retrieval results obtained from multiple noise
realizations (see Sect. C.3 for a detailed discussion).

Appendix C.2. Robustness of the retrieved abundance
posterior types

In this section, we take a closer look at the retrieved abundance
posterior types to understand how robust different types are with
respect to the noise randomization of the input spectrum. There
are two underlying questions. First, we analyze how randomiza-
tion affects the results for molecules that are present in the atmo-
sphere. Second, we discuss if randomization can trigger false
positive detections of molecules not present in the atmosphere.

From Fig. C.2, we see that the C-type posterior is robust
under randomization. This means that, if retrieving the nonran-
domized spectrum yields a C-type posterior, retrievals on noise
realizations will mostly also yield C-type posteriors. This also
shows in the high accuracy percentage. For our study, this obser-
vation implies that, at the determined LIFE requirements, we
can expect to be capable of detecting CO,, H,O, and O3 in an
Earth-twin atmosphere. We observe a similarly strong robust-
ness for the UC-type posterior. From this, we can conclude that
retrieval behavior for N,, O,, and CO is accurately predicted via
the nonrandomized retrievals presented in our study.

Also, the UL-type posterior shows robust behavior with re-
spect to noise randomization. Here we have to differentiate be-
tween two different scenarios: First, N, O, which is present in the
input atmosphere and second, NH3, PH3, and SO, which are not
present.

For N, 0, the high robustness of the UL-type posterior reas-
sures our finding that N,O is likely not detectable in an Earth-
twin at the proposed LIFE requirements. However, we do ob-
serve rare exceptions where an SL- or even a C-type posterior is
retrieved. These exceptions correspond to cases where the ran-
domization of the input spectrum results in a perceived amplifi-
cation of the N,O absorption feature. This results in a detec-
tion of N,O. Naturally, the occurrence of a N,O detection is
characterized by a strong overestimation of the retrieved N,O
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Fig. C.2: Retrieved posterior types for atmospheric gases for the nonrandomized case (first column) and the 20 different noise
realizations (columns 1 to 20). For posterior classification, we used the method outlined in Appendix B. The last row lists the
Bayesian log-evidence In(Z), the last column provides the retrieval accuracy (percentage of noise realizations resulting in the same

posterior type as the centered case).

abundance. This can be seen from the retrieved posteriors of N, O
displayed in Fig. C.3.

For NH3, PH3, and SO,, we retrieve UL-type posteriors in
all cases, which yields upper limits on the abundances of these
molecules. We emphasize that retrieving a UL-type posterior is
not a false positive detection. A UL-type posterior indicates that
molecular abundances below the corresponding upper limit do
not lead to an observable signature in the spectrum and there-
fore cannot be ruled out. The invariance of the retrieved UL-type
posterior with respect to the different noise realizations indi-
cates, that at LIFE requirements, we are robust to false positive
detections of these molecules. We are aware that this analysis
does not generally rule out false positive detections of arbitrary
molecules. However, the fact that there was no false positive sug-
gests that we are likely robust with respect to a large variety of
false positives.

The most interesting case in this study is CH4. When not ran-
domizing the input spectrum, we retrieve an SL-type posterior,
which indicates that CHy lies at the sensitivity limit (for the con-
sidered input data). When using the randomized spectra as input,
the retrieved posterior types for CH, vary between UL-, SL-,
and C-type. Therefore, SL-type posteriors are not robust with
respect to spectrum randomization. The observed variance in the

retrieved posterior type originates because the randomization of
input spectra can lead to an amplification or a reduction of the
CH, feature (similar as for N,O). Since the true CH4 abundance
is close to the sensitivity limit, already small differences in the
input spectrum can lead to differences in the retrieved posterior
type. However, in contrast to N, O, the peaks of the retrieved SL-
and U-type posteriors lie roughly within +1 dex of the true CHy
abundance and do not have a tendency to overestimate it (see
Fig. C.3). Still, the fact that the posterior type for CH4 depends
on the noise realization leads us to the question of how we should
interpret an SL-type posterior in a nonrandomized retrieval.

Appendix C.3. Interpretation of retrievals results for
unrandomized spectra

As we discussed in the previous section, SL-type posteriors do
not show robust behavior with respect to noise randomization.
This observation raises the question of how to correctly interpret
results obtained in retrievals of unrandomized input spectra. In
Fig. C.3, we illustrate one possible answer to this question, which
we further motivate in this section.

When considering the posteriors from the individual retrieval
runs on randomized input spectra (gray shaded areas), we
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Fig. C.3: Retrieved normalized posterior distributions of model parameters for the 20 noise realizations. The posteriors of the
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found in the retrieval on the nonrandomized spectrum are plotted in solid red. The dotted line marks the true value for the Earth-twin
atmosphere. Absence of the dotted line indicates that the species were not present in the atmosphere used to generate the input

spectrum.

observe that in some cases there are non-neglectable differences
between the different results. For the UC-type posteriors (N3, O»,
and CO) we observe only small differences between the individ-
ual retrieval runs. This underlines the robustness of this posterior
type with respect to noise randomization. Similarly, for NHj3,
PHj;, and SO,, we only observe little variance in the retrieved
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UL-type posteriors, which emphasizes the retrieval’s robust-
ness with respect to false positive detections. Small differences
between the different posteriors correspond to small biases in
the retrieved upper abundance limits of these molecules. Similar
conclusions can be drawn for N,O, where most of the retrieved
posteriors are of the UL-type. The few deviances from the norm
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correspond to the previously described cases where an SL-type
posterior that overestimates the abundance is retrieved.

The interpretation of posteriors is more subtle when consid-
ering C-type (M1, Ry, Po, To, CO,, H,0, and Os) or SL-type
(CHy) posteriors. Here we observe a considerable variance in
both the shape and the position of the individual posteriors. This
observed variance in the posteriors is a bias that is evoked by the
noise randomization of the input spectra. We further find that
the variation occurs around the true value and its magnitude is
comparable to the standard deviation of the posteriors obtained
in the nonrandomized retrievals. Furthermore, we observe that
the regions where many posteriors overlap (the dark regions) are
similar in shape and position to the posteriors found in the unran-
domized retrieval. In other words, the regions of parameter space
that most retrievals agree on corresponds to the retrieval result
obtained in the unrandomized retrieval.

Given the observations outlined above, the straightforward
interpretation for retrieval results from unrandomized spectra is
the following: the retrieved posterior distributions provide an es-
timate for the average retrieval behavior. Thus, if we take the av-
erage over the results from retrievals on different noise instances,
it will converge toward the posterior distributions found in a re-
trieval on the unrandomized spectrum. To further motivate this
interpretation, we plot the bin-wise mean and median of the pos-
teriors retrieved from the 20 noise realizations in Fig. C.3. We
find that already for 20 noise realizations, both mean and median
are similar in shape and position to the posteriors from the
unrandomized retrieval. For all cases, the median resembles the
unrandomized case more closely because it is less sensitive to
outliers.

In conclusion, this study suggests that retrieving on an unran-
domized input spectrum eliminates biases that arise from noise
randomization and will provide reliable estimates for the aver-
age behavior of the retrieval on randomized spectra. Generally,
UC-, UL-, and C-type posteriors show robust behavior with re-
spect to noise randomization. In contrast, SL-type posteriors are
less robust and vary between C-, SL-, and UL-type in retrievals
of randomized spectra. This variance in posterior type is closely
linked to the fact that SL-type posteriors signify that an abun-
dance is at the sensitivity limit of the retrieval for the studied
spectral input. cloud-fee

Appendix D: Retrieved parameter values

The retrieved parameter values are listed in Tables:
Table D.1: 3-20 wm, nominal case,

— Table D.2: 3-20 um, optimized case,

Table D.3: 4-18.5 pum, nominal case,

Table D.4: 4-18.5 um, optimized case,

Table D.5: 6-17 um, nominal case,

— Table D.6: 6-17 pum, optimized case.
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Table D.1: Retrieval results for the 3—20 pm wavelength range for the nominal case.
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R [Rs] 1.0 0.82f8:} 0.96f8:83 1 .Olfg:gg 1.02f8;8§ 0.88’:8: {8 0.99f8:8§ 1.01:’8182 1 .03f8:8§
LM Mel) 00 | 0.1%3 . 00%3  00%; ~ 00% | 0077 0073 0053  00%3
L(N,) -0.107 _7'3j}11 —7.8:’3:3 —7.6sz§’ —7.6fig —7.5:‘:‘31 —7.4fi:3 —7.71’3:2 —7.8fi:£71
L(O») -0.679 —7.0:’3:2 -7.1 fi:é —7.4f3:§ —7.5tj:g _7'7ti§ —7.4f3:2 —7.6:’12 —7.5fi:;
L(H,0) 23000 | —9.4738  _32fll 9700 _3s07 | 5317 _pgid8  _30:07  _30:08
L(CO,) -3.387 —6.61’}‘:2 —3.61’8:3 —3.2f8:; _3'6t8:Z —4.6f(1):g —3.4t8:§ —3.5:’8:2 —3.5f8:g
L(CHy) 5770 | —9.931 8732 _gon4  _ggn3 | _gp4 9736 93432 _gges
L(O3) -6.523 | —10.3*27 -6.8799 —6.4f8:g —6.7f8;§ -9.6'23 —6.5f8:g —6.6f8:g —6.7f8:g
L(CO) -6.903 | -9.8%33  -7.8%3  -75%3 0 1.7 | =871 =173 -1y -1
L(N,0O) -6.495 —10.33:2 —8.51’%:5 —8.13:; —8.5:3‘:8 —9.43:; —8.33:8 —8.73:8 —8.93:‘7‘
R=50 R=100
Parameter Input S/N=5 S/N=10 S/N=15 S/N=20 S/N=5 S/N=10 S/N=15 S/N=20
as L4 | 12703 10792 1103 002 [ a2 1002 1092 112
a 2302 | 22206 144718 1gr09  gs5302 | 129700 g plia jgor2i g 3eles
& 9970 | 940700 616 76697 71837 | 4787209 6261352 735347 gyl
a 146.63 | 12067726 10207702 13457834 11407812 | 7037335 10137642 11547652 54,1680
A0 285.22 | 265.1%77 285.1'35 29417 280475 | 256.005,8 273970y 2792707 298.87n%
L(Py[bar)) 0006 | 02:03 " 00%04 01030003 | 03403 g 04 g 0r03 g 1403
R [Ro] 10| 0927099 101#007 1 03+006 103005 | (ggi008 | o006 g p:004 4004
LMD 00 | 0075 | 00%; 0053 005 | 700%s | 0055 | S00%: | 00%3
L(Ny) 0107 | -6.579  —7.6%7  -73%5 7641 | =794 -79%% 740 7408
L(O,) -0.679 —7.8:’12 —7.21’1‘5‘ -7.1 fi:; —7.5fﬂ —7.4fﬁ —7.83:(3) —7.31'13 —7.53‘:2
L(H,0) -3.000 -3.71 -2.8%0% 2797 -2.870% —3.6fg:§ -3.0"0% —2.9*0¢ 2792
L(CO») -3.387 -4.010% -3.3%7 -3.2497 -3.3%97 -3.9%08 —3.4%07 -3.319¢ -3.2403
L(CHy) 5770 | -850 9031 _ggy 772l | 9582 g7l _ggill 5907
L(O3) -6.523 —7.7:1‘:‘1t —6.5:’8:2 —6.5f8:g —6.5t8;g —7.0f8:; —6.6t8:g —6.51’8:2 —6.4f8:i
L(CO) -6.903 —7.8:’18 —7.8fi:§ —7.72‘:‘5t —7.9fi:‘3‘ -8. lfj:(s) —7.7ti:; —7.8:’12 —8.0fi:g
L(N,0) -6.495 —9.03:2 —8.53:; —8.733 —8.93:‘7‘ -9. 13:2 —9.03:3 —9.03:2 —9.33:3

Notes. Here, L(-) stands for log,(-).
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Table D.2: Retrieval results for the 3-—20 pm wavelength range for the optimized case.

R=20 R=35
Parameter Input S/N=5 S/N=10 S/N=15 S/N=20 S/N=5 S/N=10 S/N=15 S/N=20
Vag 1.14 12492 1.0702 1.0*92 1.0797 11702 1.0*92 10797 1.0*92
a3 2312 | 25.5%309 14.2f2:‘71 10.7f§:(3) 13.24L7 16.44343 10.6*11 11.5*103 1 1.8f§:g
a 99.70 | 108.3:0  60.47303 3897302 13136 | 641412 433388 4705365 5001261
ay 146.63 | 128.8%675 10547318 71.4%422  130.8*970 | 86.5+36¢  91.4*37 894390 gg jri2l
R 28520 | 05T 2664751 266600 323468 | 227008 2047 assELE 277983
L(Py[bar])  0.006 O.ngji O.ngi 0.2f8:j —0.3f8:‘3t 0.6f8i -0. lfgﬁ 0.0fgj 0. 1f8§
R [Rs] 1.0 O.9fg:} O.99f8:83 1.01f8:82 1.02’:8:8? 0.9f8:} I.OIfgzgz 1.02f8:8§ 1.02f8:8§
LM [MgD) 00 | 00%3  0.0%3  00%3  00%; | 00%3  00%; 007  00%3
L(N,) -0.107 —7.6:’3:; —7.9fi:g —7.7fi:‘5‘ —7.8fig —7.6fi§ —7.2f1§ —7.5fi;g —7.5fi:2
L(Oy) -0.679 —7.0:’3:2 —7.3fi;2 7. 1j§ —7.9fi:g -7.1 fi% —7.8t12 —7.4jz‘51 —7.5f3:(5’
L(H,0) 3000 | —42¢11 29%09 908 _17:07 | _3gsl0 9409 _pgi09 _p7+07
L(COy) -3.387 —6.63:2 —3.9f8:g —3.7t8:§ —2.6f8:g —5.13:31 —3.1t8:g =3. lfg:g —3.3t8:g
L(CHj) 5770 | -9.8:28  _99t3l  _95t30  _79:26 | _jg2i28  _ggqril  _g0r22  _g5+09
L(03) -6.523 | -9.733  -67707  -6.6'0¢ 59706 | 75708 62707  -63*0¢  —6.5707
L(CO) -6.903 —9.0:’%:2 —7.5:‘:‘5‘ —7.8fj:§ —7.9fi:§ —8.33:3 —7.5f1‘5t —7.7fi:3 -8. lfﬁ
L(N,O) -6.495 —9.83:8 —8.92:2 —9.03:2 —8.32:‘9t —8.83:@ —8.83:? —9.43:2 —9.43:2
R=50 R=100
Parameter Input S/N=5 S/N=10 S/N=15 S/N=20 S/N=5 S/N=10 S/N=15 S/N=20
Vag 1.14 1 .3f8:§ l.Ofgé 1 .Ofgé 1. lfgé I.Ofgé 1 .Ofgé 1. lfgé 1 .Ofgé
as 2312 | 304%$3  140rL0 1177 13977 | 107016 14700 190782 170008
a 99.70 | 1127473 644708 43.8*12  532%80 | 4037310 67.9%38¢  86.6'3F  78.075)
a 146.63 | 14117818 126,876 69.17327 7937372 | 797331 12817729 14847813 1322618
0 285.22 | 255.500% 31LITg 26097707 260.81135 | 2738757 306.9737 298470 2867133
L(Polbarl) 0006 | 0.2+02 20240303402 g 303 T g 0 g 5s0d g 04 404
R [Rs] 10 | 098009 102006 1 opf00S 1003 | opH008 pp00S g (003 g (4002
LM Mg 00 | 01%3 0073 .. 0073 .. 0073 | 0073 0053 0053 0023
L(N>) 0107 | -7.8%2 7.7+ -7.8%% -7a%2 | -73%s -74%8 0 7575 -1
L(O,) -0.679 | -7.1 fﬁ —7.6sz2 —7.5fi:g —7.4fi:(7’ —7.2fi:é -7.1 fi:‘; —7.73‘:2 —7.9:5{:(2)
L(H,0) -3.000 | -3.2*08 -2.0*97 -3.2%97 -3.3%9¢ -2.8%08 2408 -2.8799 29102
L(CO,) -3.387 —4.21’(1):3 —2.9f8:; —3.7f8:g —3.7f8:2 —3.5%:8 —2.9t8;; —3.2f8:2 —3.3f8:§
L(CHj) 5770 | -9.5129 80726 6607 6203 | _89:28  _57109  _57:06 58405
L(0O3) -6.523 —7.01’8:8 -6.1 fg:g —6.7t8:i —6.7f8:i —6.6f8:2 —6.2t8;g —6.4f8:g —6.5t8:i
L(CO) -6.903 | -7.8%3 -8.074¢ -8.0"43 -8.2*% —7.9fi:g -7.8753 -8.6"10 -8.571
L(N,O) -6.495 —9.83;8 —8.33:3 —9.333‘ —9.53% —8.53; —9.03:2 —9.43% —9.73%

Notes. Here, L(-) stands for log,(-).
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Table D.3: Retrieval results for the 4-18.5 pm wavelength range for the nominal case.

R=20 R=35
Parameter ~ Input S/N=5 S/N=10  S/N=15  S/N=20 S/N=5 S/N=10  S/N=15  S/N=20
Vay 1.14 1.3f8:g l.lfgé l.lfgé 1.0f8§ l.lfgé 1.0f8:§ l.Ofgé 1.0f8:§
a3 2302 | 39384 1517100 1497130 11.7+105 | 1897170 12.171%T  12.6%27 1357}
a 99.70 | 192.8*3%4  60.873%%  59.1%352 4537377 | 85.3%%3 5347300 504+82 576307
ai 146.63 | 176.0%))63 9837382 994+606  80.5%3%¢ | 127.6*%0% 103.3732¢  84.077°  93.0'3)
@ 28520 | 272,100, 267348 2804707 275100 | 265105 29170 2700053 27360508
L(Py[bar])  0.006 | 0.1*33 0.2%92 0.0*93 0.1+54 0.2%04  —0.1%04 02704 0.1*93
R [Re] 1.0 0.86704,  0.99%01  1.01*007  1.0370% | 0.9*01  1.01709%  1.02%006  1.037093
LM IMe]) 00 | 0llgs 005 0073 00%5 | S00%s  00%5  00%;5 0075
L(N,) -0.107 —7.6:’3:3 _7'4ii:i —7.6fi:; —7.1f3:$ —7.ij:(3) —7.2fi:§ —7.21’13 —7.4fi:(7’
L(O») -0.679 —7.4:’3:2 —7.6:’3:2 —7.7fi:§ —7.2sz2 —8.0fizg —8.01’2:3 —S.Ofﬁ —7.5fi:g
L(H,0) 3.000 | 957, =3280 27708 27t | -3.8%F 25009 29708 —2.8%07
L(COy) 3387 | -92737 38408 34708 _34%08 1 4370 32000 35707 34707
L(CH,) 5770 | -102%25  -9.5%3  —9273L 92+l | 92+l 9594 90727  -8.0%%)
L(O3) -6.523 —10.532 —7.0f(3):§ —6.4f8:g —6.5f8;2 —8.5%2 —6.3f8:g —6.6f8€ —6.6f8:§
L(CO) -6.903 | 105431  -7.8*%4  -8.075  -82%] | -8.1%3)  -7.5%3 7971 _79%46
L(N,0) 6495 | -10.5'27  -8.813% 85731 8972 | -9.6737  -8.9%0 92038 93436
R=50 R=100
Parameter ~ Input S/N=5 S/N=10  S/N=15  S/N=20 S/N=5 S/N=10  S/N=15  S/N=20
Vag 1.14 11793 11793 10707 10703 10797 10707 1.0703 11797
as 2302 | 174435 1654 144700 1447120 1 1451129 135705 1497107 19.8%3!
a 99.70 | 77.0734% 6267350 6347300 60.27320 | 612733 59.65317  67.2732%  86.9'334
ay 146.63 | 127.5723  100.0*783  109.7%-1  90.2%352 | 105.6*5%  109.0*%19  107.07%%>  135.3*}72
B 28522 | 286707,  280.90y5 2864755, 204205 | 2873755 280.0'5 276475y 284.5%5
L(Py[bar]) 0.006 | 0.0%94 0073 -0.07% 0272 | -0.07% 00703  0.179% 0.0*92
R [Re] 1.0 1.0%0 ] 1027007 1.03*00%  L.02700s | LOOTOCS  1.037003  1.01*00r  1.00*003
LM IMe]) 00 | -00Tg5 005 00%5  00Z3 | 00%3 0055 0055 0075
L(Ny) 0107 | =707 =758 =747 -75nS | 75T 74 2757 —T.6ME
L(0y) 0.679 | -7.67%  -7.8%5 75t =740 | 158 —727s 15t T 7.9
L(H,0) -3.000 | -3.170 2807 26708 _31#06 | 2808 2707 30706  -29%03
L(CO) 3387 | -3.770% =337 308 36006 | 33708 3206 _34%08 _33+04
L(CH,) 5770 | -8.8730 939l 79723 6971 | 92732  -79%23 63707 5878
L(O3) -6.523 —7.2:1‘:; —6.5:’82 —6.4f8:g —6.7t8;3 —6.5f8:; —6.5t8:g —6.6:’8:‘; —6.5f8:i
L(CO) -6.903 | -7.6%3  -75%7  -8.0%%  -7.9%% | -7.7 0 -78%F -8.0% -83%3
L(N,0) 6495 | -83738 8919 86733  -9.0732 | -85740 88736 92133 _94+33

Notes. Here, L(-) stands for log,(-).
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Table D.4: Retrieval results for the 4-18.5 um wavelength range for the optimized case.

R=20 R=35
Parameter ~ Input | S/N=5 S/N=10  S/N=15  S/N=20 S/N=5 S/N=10  S/N=15  S/N=20
Jaz 114 1.2793 1.0*92 1.0*92 1.0*92 1.1%92 1.0*92 1.0*92 1.0%3
a3 2302 | 2267183 13098 13.0778 11783 | 164710 108722 1227108 127112
a 99.70 | 101.3%3)4  61.5725 5177336 49.0%3%0 | 715505 39533 5567330 47.8%3)
ai 146.63 | 135.8*319  132.1*626  94.7+11>  94.7+013 | 113.8%337 6577352 11247812 89.8+i12
K 285,22 | 21LITGS 3046700 283350 20000 | d66') 2594308 310073 2758050
L(Py[bar]) 0.006 | 0573  -01%03 0173  -0.0%5 | 04703 0.4+0 -0.2*92 0.1704
R [Re] 1.0 0.9*01 098709 099307 1.0170% | 0.9*01 1.007097  1.017093  1.01*504
LM IMe]) 00 | 005 0073 00%s  00%5 | 0075 S00%5  00%;5 | 00%;
L(N,) -0.107 —6.6:‘:2 —7.2fi:é —7.0f1é -7.1 fi:; —8.0fﬁ —7.8f12 —7.81’3:1 —7.6fi;2
L(O») -0.679 —7.3fi:i —7.8ti:3 —7.91’3:; —7.3fi;g —7.7fi:g —7.3j§ —7.5:’12 —7.3fi:g
L(H0) -3.000 | -3.9709 21009 25700 22708 | 330 30700 20705 27707
L(CO) 3387 | -6.3%)5 =354 35708 3% | -5.0% 39700 28708 34707
L(CH,) 5770 | -9.672%  —9.5%33 94730 8829 | 101725  -9.9739  -78723  -6.7'1]
L(03) -6.523 | -9.731  -62707 6507 —62%0% | -72%7  -68*0¢  —6.0%07  -6.5%03
L(CO) -6.903 —8.93:2 —7.8fi:g —7.2j:i —7.7:‘:2 —8.2fﬁ —8.1fﬂ —7.8fig —8.0sz§
L(N,0) 6495 | —-9.73%  -82%38 84731 85736 | 8738  -89t34 93737 _92%32
R=50 R=100
Parameter ~ Input | S/N=5 S/N=10  S/N=15  S/N=20 S/N=5 S/N=10  S/N=15  S/N=20
Vay 1.14 10797 10703 10702 10707 10703 11792 11793 11797
as 2312 | 1317% 115778 1397105 157730 1 132098 17.00837 163750 19754
a 99.70 | 59.2*412  36.8*23  62.0%428 747040 | 5367304 814717 7367510 84.6%303
ay 146.63 | 125.9*%7%  60.87300 11337933 130.1*5%4 | 97.033¢  156.6710L0 1189732  132.7+310
B 28522 | 298,755 257157 2999155 29870y | 2805hyyy 3259757 2822000 2831055
L(Pylbar]) 0.006 | —0.170% 04703  -0.1*0%  -0.1*3 | 0.1793 -0.3704 0.0°03 0.0*33
R [Rs] 1.0 L0 1017097 1017903 1.00%09 | 1.00*00%  1.01*90  1.00*003  1.00%002
LM M 00 | 00%3 00085 0053 0093 | 0093 00% 0093 007
L(Ny) 0107 | -7.6%3 7.6 =73%5 =750 1 =794 =764 -75%S 7144
L(0y) 0.679 | =777 -T4TE —74re 7270 | -1t =8ty —74Y 0 -7.8%
L(H,0) -3.000 | -24*9  —31%8  _23%08 9706 | 2608 2208 906 _30%03
L(CO,) -3.387 —3.6j;; —3.8f8:g —3.01’8:? —3.1f8:2 —3.5t8:§ —2.8t8;; —3.3:’8:2 —3.4f8:§
L(CH,) 5770 | =997 9728 62717 578 | -84 55707 58706 _58+03
L(O3) -6.523 —6.4f(1):g —6.8t8:§ —6.21’8:2 —6.3f8:‘51 —6.5t8:g —6.1t8;g —6.51’8;2 —6.5f8:i
L(CO) -6.903 | -8.2%35  -8.07%  -8.0%5  -8370 | —74%6  _78*i  -_79%2 872
L(N,0) -6.495 —8.5fg:g —9.23:‘3t —9.03:2 —9.33% —8.73:; —9.03; —9.53:‘% —9.93:;

Notes. Here, L(-) stands for log,(-).
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Table D.5: Retrieval results for the 6-17 pm wavelength range for the nominal case.

R=20 R=35
Parameter Input S/N=5 S/N=10 S/N=15 S/N=20 S/N=5 S/N=10 S/N=15 S/N=20
Vay 1.14 1 .2’:8:*; 1.2t8:§ 1 .1”_'8:% 1. lfgé 1 .2’:8:; 1. lfgé 1.1f8§ 1. 1f8:%
as 23.12 43.0*35¢ 30.0790  17.9476 154413 35.5138¢ 1550L0 16.8%%7  16.8704¢
az 99.70 | 16747957 12067057 71.6*3%7  59.613%0 | 1307700 6347330 6147575 63.7%300
a 146.63 | 148271223 1185771 10117398 80.6%4L1 | 103.7+1176  96.6+407 g4 1818 gggeisl
Ea—— 8520 | 21760 BSTUL 209671 258027 | 238 260653 26012783 25822
L(Py[bar])  0.006 0.4%02 0.3*03 0.2*03 0.3*03 0.5%03 0.203 0.2%03 0.303
R [Ro] 1.0 0.9%0] L0100 1.00%09%  1.01707 0.9 0.99700%  1.01*307  1.0170%¢
LM Mel) 00 | 0053 00%s 0053 0073 | 00%; ..00%: . 00563 ... 0075
L(N,) -0.107 —7.5:‘% —7.4fi:2 —7.4fi:‘5‘ —7.5fi:2 -8.1 fi:‘f —7.6:‘:; -7.1 fi:g —7.6:’3;
L(Oy) -0.679 —7.7fﬂ —7.5fi:‘11 —7.2fi:‘5‘ —7.8f3:§ —6.8fi;g —7.3fi;g —7.73‘:2 —7.6:’3:2
L(H,0) 23000 | -9.573 55722 30400 39408 | _geidd  _39rl0 39109 37407
L(COy) 3387 | -5.0719 40706 36107 _3g:06 | 45106 _36:08  _37:07  _3g+06
L(CHy) 5770 | -9.6128 913l 8428 93130 | _ger3l  _goni2 910 _gp+29
L(03) -6.523 | -104%37 78711 —6.7*0¢ 68707 | -9.6'3)  -67707  -6.870%  -6.8703
L(CO) -6.903 | -7.8%1  -7a%% 7.8 14N | -1ty -14YY -Tetyl 14
L(N,0) -6.495 -9.7+3% -9.4+33 -8.9%37 -8.573¢ -10.0*37 -8.7+38 -9.031 -8.9%3¢
R=50 R=100
Parameter Input S/N=5 S/N=10 S/N=15 S/N=20 S/N=5 S/N=10 S/N=15 S/N=20
Va, 1.14 1.2f8§ l.lfgé l.ligé 1.1f8:§ 1.1f8§ l.lfgé l.lfgé l.lfgé
as 23.12 335178 1501193 163436 15,5422 17.8%3%9 1627136 19.0%%°  19.47133
a 99.70 | 127.0°327 62937  63.1735%  66.373)] 70.1*330 67.0°2%  783*%3  8LT75S
a 146.63 | 118.871099 0451473 gp 7826 gpgei09 | 3+l 984309 (269706 []9.9+72]
@ 8522 | 20687 271555 2067783 261475 | 20002 2710581 28108 21597
L(Polbarl) 0006 | 0302 0103 005 g 503 017030 1#03 g 003 1403
R [Ro] 1.0 LOFOL 1017008 01006 100005 | g R0l 01007 g #0058 1+004
LM Mg 00 | 00%3 0073 .. 00%; 7003 | Z00%3 | 00%3 | 00k | 004
L(N>) 0107 | -8.0%3  -=74%S  -7.671 -75%C | —74%s -713%S 0 17N <7407
L(Oy) 0.679 | =737 -74%% 0 7648 170 | -74YE 0 =171 -13%e 7578
L(H,0) -3.000 —7.5:3@ —3.0f8:g -3.1 fg:g —3.2f8:g —3.5f}:é —3.0f8:; —2.9f8:(6’ —3.01’8:2
L(CO,) -3.387 —4.1 fg:g —3.5f8:; —3.6t8:§ —3.6f8;2 —3.6fg:é —3.5f8:; —3.4f8:g —3.5:’8;2
L(CHy) 5770 | -8872¢ 913l 933l _goa2d | g3l _ggr2s g prld 63409
L(O3) -6.523 —8.43:3 —6.6f8:g —6.7f8:2 —6.7f8:§ —6.8f(1):§ —6.6f8:§ —6.6t8:i —6.6:’8:‘5t
L(CO) -6.903 —8.0fﬂ —7.4fi:§ —7.4fi:§ —7.9fi:2 —7.2ti:g —7.7fi:2 —7.2ti:g —7.2sz§
L(N,0) -6.495 -9.539 -8.9%3% -8.8%38 -9.3*3¢ -8.5%33 -8.53% —9.2+38 -9.3+3¢

Notes. Here, L(-) stands for log,(-).
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Table D.6: Retrieval results for the 6-17 pm wavelength range for the optimized case.

R=20 R=35
Parameter ~ Input | S/N=5 S/N=10  S/N=15  S/N=20 S/N=5 S/N=10  S/N=15  S/N=20
Jaz 114 1.3493 1.1*92 1.0*92 1.0*92 1.1%92 1.0*92 1.0*92 1.1792
a3 2302 | 321779 147713 114783 1206723 | 1847120 133+100 1227103 143704
a 99.70 | 113.788  64.6%434  46.9'37  54.6'3%3 | 802730 5527328 4954325 5454378
ap 146.63 | 1144708 114.1*718  87.6*371  1104*$) | 125.67%4  97.77339  91.4+8¢  88.7+%39
@ 285,22 | 146188 2775058 2764550 31024307 | 24700 2819 2834101 2770050
L(Py[bar])  0.006 | 0.5%3 0.1+ 0.2%02  -02%% | 03703 0.1*53 0.1%94 0.1*93
R [Re] 1.0 LO*1 096700, 0997007 0.99709¢ | 0.9%0 0.987008  1.00%506  1.00*302
LM IMe]) 00 | 00T —00%3  00%s 00%5 | 0075 Oty 00%;5 0075
L(N,) -0.107 —7.7:‘% —7.4fi:i —7.4J_’1‘61 —7.5fi:‘71 —7.4f12 —7.2f1‘61 —7.81'3; —7.4fi;g
L(O») -0.679 —7.0fi;§ —7.5ti:3 —7.4:’3:‘5‘ —7.9fi:§ —6.7ti:g —7.4sz§ —7.8:’1; —7.6fi;§
L(H,0) -3.000 | -5.1% 0 2740 26000 -1.9%08 | 33700 24708 _25+08 2608
L(CO) 3387 | -5.6%L5  —4.019 3709 -3.0%07 | 48712 -3.570%  34%08 34407
L(CH,) 5770 | =997 -9.9%3¢ 9577 -9.073 | -9.673% 95739 99728 7274
L(03) -6.523 | -10.6"27  -6.6707  -6.5*0¢ 60700 | -72%9%  —64*06  _64*00  _65%03
L(CO) -6.903 | 7.5 -72%F 7243 -15Y | -6.770 756 75t —7.8% ]
L(N,0) -6495 | -10.173% 8749 89738 8797 | 87738 8938 9178 94+
R=50 R=100
Parameter ~ Input | S/N=5 S/N=10  S/N=15  S/N=20 S/N=5 S/N=10  S/N=15  S/N=20
Vay 1.14 1 .lfgé 1 .Ofgé 1. 1’:8% I.Ofgé 1 .Ofgé 1 .Ofg:g 1 .lfgé 1 .11’8:%
a3 2312 | 164733 14.0%1%3 1307127 149713 | 125710 150717 1947183 21.87)68
a 99.70 | 76.173%%  57.8*90 49607  67.8357 | 5637353 6857331  88.9*%%%  93.1+353
ap 146.63 | 13047632 1059770 84.5*3%3  119.0*%0 | 99.97658  126.871058  161.8%33S  149.2+803
B 28522 | 208375, 29327505 2742050 28600373 | 2771055 308510 307705 295975
L(Py[bar]) 0.006 | 02703  -0.0%7  0.1704 0.0*04 0.1*23 -0270%  =0.1*%0%  —0.1*03
R [Rs] 1.0 0.9%01 0997057 1.007003  1.00*507 | 0.99*005  1.00*30°  1.00*003  1.00%003
LM Mg 00 | 0075 -00%5 0075 00%5 | 00T 00%3 00T 0075
L(Ny) 0107 | -7.6%3 7275 =767 7640 | -78%s 7470 77t 7154
L(O,) -0.679 —7.7:‘:2 —7.3sz‘5‘ —7.41’12 —7.3sz2 —7.5f1:§ —7.2sz§ —7.51'12 —7.9:‘:1
L(H,0) -3.000 | —2.9%08  _p4%0 28708 gl | 28700 24708 27706  _2g+06
L(CO,) 3387 | —43* 33708 —34%07 3307 | 37709 30708 _31%0¢  —32%0¢
L(CHy) -5.770 —10.03:; —8.7:%:3 —6.51’;:(7) —5.9f8:g —8.63:? —5.8f%:g —5.61’8:? —5.6f8:g
L(O3) -6.523 —6.8f8:g —6.3t8:g —6.5:’8:2 —6.5f8:g —6.6t8:g —6.2t8;g —6.3:’822 —6.4f8:i
L(CO) -6.903 | -7.1%43  —74%8 7577 74 | 74t 77t s 76t
L(N,0) -6.495 | -8.8%3% 84732  —92%3 9431 | 874 88> 9243 9637

Notes. Here, L(-) stands for log,(-).
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Appendix E: Observation time estimates
Table E.1: Required observation time in days.

(a) Nominal case

: Observation Time [days]
R 20 35 50 100
5 : 48.6 85.7 122.5 249.1

= § 10 : 1946 3427  490.1 996.2

— & 15:4378 771.0 1102.7 2241.5

= 20 : 7783 1370.6 1960.4 3984.8

. 5 47 8.2 11.7 239

z g8 10 : 186 32.7 46.7 95.4
é o~ E 150 419 73.5 105.0  214.7
= 20 ¢ 745 130.7 186.6 381.7

s 5 10 1.7 24 4.9

S § 10 : 3.8 6.7 9.5 19.6
25 15 86 151 21.5 44.2

20 ¢ 153 26.8 38.2 78.5

(b) Optimized case
Observation Time [days]

R ©20 35 50 100

w 5 i 577 102.5 1471 294.7

£ § 10 : 230.6 410.0 5885  1178.7
—E 155189 9222 13242 26522
= 20 : 9225 1639.5 23541 4714.9

w 5 i 40 7.1 10.2 20.6

Z £ § 10 ¢ 16.0 28.5 41.0 82.3
%) N§ 15 ¢ 36.2 64.2 92.1 185.2

20 © 644 114.2 163.8  329.2
5 06 1.0 1.4 2.9
10 © 22 39 5.7 114
15 50 8.9 12.7 25.7
20 ¢ 89 15.8 22.6 45.8

3.5m
Mirrors

Notes. Observation times necessary for LIFE to investigate an Earth-
twin at 10 pc in orbit around a G2 star for the grid of R and S/N dis-
cussed in this publication. The S/N in the Table corresponds to the S/N
at 11.2 um. We consider three different aperture diameters (1m, 2m, and
3.5m) and conservatively assume a total instrument throughput of 5%
(cf. Dannert et al. 2022). (a): Nominal case; (b): Optimized case.
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