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ABSTRACT

Context. The increased brightness temperature of young rocky protoplanets during their magma ocean epoch makes them potentially
amenable to atmospheric characterization at distances from the Solar System far greater than thermally equilibrated terrestrial exoplan-
ets, offering observational opportunities for unique insights into the origin of secondary atmospheres and the near surface conditions
of prebiotic environments.

Aims. The Large Interferometer For Exoplanets (LIFE) mission will employ a space-based midinfrared nulling interferometer to
directly measure the thermal emission of terrestrial exoplanets. In this work, we seek to assess the capabilities of various instrumental
design choices of the LIFE mission concept for the detection of cooling protoplanets with transient high-temperature magma ocean
atmospheres at the tail end of planetary accretion. In particular, we investigate the minimum integration times necessary to detect
transient magma ocean exoplanets in young stellar associations in the Solar neighborhood.

Methods. Using the LIFE mission instrument simulator (LIFEsim), we assessed how specific instrumental parameters and design
choices, such as wavelength coverage, aperture diameter, and photon throughput, facilitate or disadvantage the detection of protoplan-
ets. We focused on the observational sensitivities of distance to the observed planetary system, protoplanet brightness temperature
(using a blackbody assumption), and orbital distance of the potential protoplanets around both G- and M-dwarf stars.

Results. Our simulations suggest that LIFE will be able to detect (S/N > 7) hot protoplanets in young stellar associations up to dis-
tances of 100 pc from the Solar System for reasonable integration times (up to a few hours). Detection of an Earth-sized protoplanet
orbiting a Solar-sized host star at 1 AU requires less than 30 minutes of integration time. M-dwarfs generally need shorter integration
times. The contribution from wavelength regions smaller than 6 pm is important for decreasing the detection threshold and discrimi-
nating emission temperatures.

Conclusions. The LIFE mission is capable of detecting cooling terrestrial protoplanets within minutes to hours in several local young
stellar associations hosting potential targets. The anticipated compositional range of magma ocean atmospheres motivates further
architectural design studies to characterize the crucial transition from primary to secondary atmospheres.

Key words. instrumentation: interferometers — planets and satellites: detection — planets and satellites: terrestrial planets

1. Introduction

The Large Interferometer For Exoplanets (LIFE) Collaboration
(LIFE-space-mission.com) is developing the roadmap for
the technical implementation and scientific exploitation of a

* Corresponding authors; 1.cesario@rug.nl,
tim.lichtenberg@rug.nl
** LIFE-space-mission.com

space-based midinfrared nulling interferometer that can detect
and characterize terrestrial exoplanets (Quanz et al. 2022a,b).
Previous studies have shown promising simulation results for
exoplanet detection and characterization focused on cool, poten-
tially habitable exoplanets (Dannert et al. 2022; Konrad et al.
2022,2023; Alei et al. 2022; Kammerer et al. 2022; Hansen et al.
2022, 2023; Angerhausen et al. 2023, 2024; Carrién-Gonzalez
et al. 2023; Kammerer & Quanz 2018), with possible varia-
tions in architectural and instrumentation design influencing the
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accessible parameter space (Hansen et al. 2022, 2023; Matsuo
et al. 2023). So far, only a few studies have considered the exten-
sive potential of the LIFE concept on questions surrounding the
formation and evolution of planetary systems (Bonati et al. 2019;
Janson et al. 2023).

In this paper, we focused on the potential of finding terres-
trial protoplanets in their early transient magma ocean phase
following planetary accretion, when rocky planets are globally
molten rather than solid. Highly molten magma ocean phases
are a standard outcome of planetary formation (Chao et al. 2021;
Lichtenberg et al. 2023) since both planetesimal-based models
(e.g., Alibert et al. 2013; Quintana et al. 2016; Wyatt et al. 2019;
Emsenhuber et al. 2021; Schlecker et al. 2021a,b; Clement et al.
2020, 2022; Lichtenberg & Clement 2022) and pebble accretion
models (e.g., Morbidelli & Nesvorny 2012; Lambrechts et al.
2019; Johansen et al. 2021, 2023; Olson et al. 2022; Olson &
Sharp 2023) predict a phase of high-energy impacts. This phase
of planetary evolution is of crucial importance for the transi-
tion between the primary and secondary atmosphere, as during
highly molten phases the distribution of atmospheric volatiles
between the planetary metal core, the silicate mantle, and the
volatile envelope is established (Lichtenberg et al. 2023; Krijt
et al. 2023; Suer et al. 2023).

Rather than solely mature secondary atmospheres of terres-
trial exoplanets, we also need to observationally characterize
magma ocean epochs for a better understanding of plane-
tary evolution. Earth-sized planets with secondary atmospheres
are typically thought to host oxidizing planetary mantles due
to the pressure sensitivity of internal geochemical reactions
(Armstrong et al. 2019; Gaillard et al. 2021; Hirschmann 2022,
2023), which means their volcanic emissions would be rich in
gasses such as CO,, H,O, and SO,, influencing long-term cli-
matic and surface conditions. However, whether the prebiotic
climate on Earth at the transition between the primary and sec-
ondary atmosphere was equally oxidizing is an ongoing enigma
(Zahnle & Carlson 2020; Catling & Zahnle 2020). Yet, it is
crucially important for the chemical synthesis of surficial life
(Sasselov et al. 2020; Benner et al. 2020). Placing temporal
constraints on the transition of a planet from a primary atmo-
sphere to a secondary atmosphere, and potentially its surface
temperature regime, will allow for a better understanding of
when the surface of early Earth (and other terrestrial rocky plan-
ets) became suitable for life as we know it. If one was to take
the upper temperature limit of life to be 122°C (Takai et al.
2008), observations from LIFE will allow for a better estimate
of the time between accretion and surface conditions suitable
for life. Furthermore, the study of early atmospheric transitions
will shed light on the early surface chemical conditions for life,
including the redox state and the atmospheric gases available for
metabolism. This will elucidate the physical and chemical con-
ditions in which life emerges after accretion and the chemical
inventory of molecules available to a potential biosphere in the
earliest stages of its emergence (Cockell et al. 2023).

At least part of the answer to the chemical nature of the
volatile envelope at this transitional stage lies in the chemical
segregation that occurs during the magma ocean epoch (Suer
et al. 2023; Lichtenberg & Miguel 2024). During these highly
molten episodes, the chemical transfer of atmospheric volatiles
between core, mantle, and atmosphere is rapid due to hour-
to day-long convection timescales in planetary magma oceans
(Solomatov 2015). Vigorous convection in magma oceans dif-
fuses the boundary between the metallic core and the silicate
mantle (Lichtenberg 2021), which affects the composition of the
outgassed atmosphere (Schlichting & Young 2022). Dissolution
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of volatiles, such as water, into the magma ocean, and loss to
space further alters the chemical composition of the magma
ocean atmosphere (Schaefer et al. 2016; Lichtenberg et al. 2021;
Dorn & Lichtenberg 2021; Bower et al. 2022). Therefore, being
able to study the composition of magma atmospheres in extra-
solar planetary systems would substantially aid in interpreting
the scarce geologic record of the prebiotic Earth, and poten-
tially improve the general understanding of the conditions that
enabled the origin of life as we know it (Sleep et al. 2001;
Zahnle & Carlson 2020). In addition, valuable insights could be
gained into the potential abundance of reduced exoplanet cli-
mates with variable greenhouse forcing and thus liquid water
stability (Pierrehumbert & Gaidos 2011; Ramirez & Kaltenegger
2017).

Furthermore, the study of terrestrial planets during their
magma ocean phase will provide critical insight regarding the
eventual pathway of volatile inventories, most particularly water
content. Hamano et al. (2013) showed that the duration of the
magma phase for terrestrial planets can determine whether water
is able to condense on the surface and form oceans, or remain in
the atmosphere as a greenhouse gas. Indeed, the climate simula-
tions of Turbet et al. (2021) demonstrate the possibility that water
remaining in the atmosphere can migrate to the night side of the
planet, warming the surface further and preventing the ocean for-
mation, possibly explaining the evolutionary pathway of Venus
relative to Earth (Kane et al. 2019). Alternatively, if water oceans
were able to form on an early Venus, then cloud formation at
the substellar point may have allowed temperate conditions to
remain for several billion years (Way & Del Genio 2020). The
resolution of these various scenarios will be critically important
in a proper evaluation of terrestrial exoplanets found within the
Venus Zone of their stars (Kane et al. 2014; Ostberg et al. 2023)
and understanding their evolutionary pathways.

The LIFE mission can also shed light on another important
feature of planetary evolution, namely, the presence and influ-
ence of the primordial envelope. During the first few million
years, the environment around a star is dominated by a protoplan-
etary disk of gas and dust, often referred to as the solar nebula, in
which the planets form. Disks likely survive 2—10 Myr (Mamajek
2009). Within the disk, a planet of sufficient mass can accrete a
primordial envelope from the disk (Stokl et al. 2015; Owen &
Mohanty 2016; Lammer et al. 2020). How rapidly this envelope
is then lost depends on the evolution of the young star. Some
components of this primordial envelope might still be present in
the modern Earth after having been dissolved in the molten man-
tle (Williams & Mukhopadhyay 2019). Contribution from this
primordial envelope might influence the magma ocean composi-
tion and the observational fingerprints of the hot planets seen by
LIFE.

Previous work on this stage of planetary evolution focuses
on debris disks in exoplanetary systems and the detection of
post-collision dust clouds as important circumstantial evidence
of giant impacts at the tail end of planetary accretion (e.g., Wyatt
et al. 2007; Lohne et al. 2008; Jackson & Wyatt 2012; Kral
et al. 2018, 2020; Ertel et al. 2018; Thompson et al. 2019; Su
et al. 2019; Gaidos et al. 2019, 2022; Defrere et al. 2021; Janson
et al. 2023; Bonsor et al. 2023; Han et al. 2023; Kenworthy
et al. 2023). Here, in contrast, we focused on the detection of
the magma ocean surface or magma ocean atmosphere itself
(Stern 1994; Zhang & Sigurdsson 2003; Mamajek & Meyer
2007; Miller-Ricci et al. 2009; Lupu et al. 2014; Hamano et al.
2015; Bonati et al. 2019). In the literature, this is sometimes
called collision afterglow, with the giant impact of terrestrial
planetary accretion in mind. Here, however, we are agnostic of
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the physical nature of the heating event and solely focus on
the potential for a significantly bright point source in exoplane-
tary systems in different observational circumstances. In general,
magma ocean surfaces and atmospheres are assumed to be hot
(1000-3000 K) and thus bright in the near and midinfrared (IR)
(Elkins-Tanton 2012). However, with varying atmospheric com-
position, crystallization state over time (Lichtenberg et al. 2021;
Graham et al. 2021), and steam-dominated protoplanets typically
settling quickly onto the Simpson-Nakajima limit (the thermal
emission threshold defining the inner edge of the classical hab-
itable zone concept; e.g., Goldblatt et al. 2013; Goldblatt 2015;
Boukrouche et al. 2021), the emission temperature of protoplan-
ets could be several hundreds of Kelvin lower. Thus we are
to consider protoplanets of a wide range of potential emission
temperatures.

The work by Bonati et al. (2019) treated the observational
prospects of LIFE’s 5.6 pm and 10 pm filters to detect post-
impact afterglows in nearby young stellar associations. In this
paper, we considered different instrument parameters of the
LIFE concept comprising wavelength ranges that extend from
a minimum of 3 um to 20 um. We evaluated the relative
performances and analyzed under which circumstances a cool-
ing protoplanet can be detected by LIFE in a certain distance
range and how much time these observations would require.
Our goal is to study the instrument’s capabilities and the pos-
sibility of detecting magma ocean protoplanets in young stellar
associations.

2. Methods
2.1. Instrument setup and scenario

For performance estimations of the LIFE instrument in detecting
hot protoplanets we used LIFE’s mission simulator (LIFEsim)
(Dannert et al. 2022), which simulates observations performed
by the LIFE concept and allows parameter manipulation to study
different instrumental setups. The LIFE simulator includes in its
model the contribution of the major astrophysical noises, such as
photon noise and dust emission from the local and exozodiacal
disks. LIFEsim calculates each astrophysical noise term individ-
ually, these terms are then integrated over a two-dimensional
artificial image. The distribution of exozodiacal dust is simu-
lated according to the model by Kennedy et al. (2015). The dust
emission model in LIFEsim assumes that its distribution is sim-
ilar to the Solar System’s. The emission is optically thin and
LIFEsim approximates its (dimensionless) face-on surface den-
sity with a power law distribution (Dannert et al. 2022). The
emission is then modeled as blackbody radiation from a face-
on disk (temperature-radius profile). The disks are also assumed
to always be face-on, symmetric and homogeneous. A study of
the impact of angled disks on observations with LIFEsim can be
found in Quanz et al. (2022b). LIFEsim does not yet include,
however, instrumental noise. We handled this uncertainty by
adding an educated guess of the potential instrumental noise
range to our calculations, further discussed below.

For this paper, all but three instrument parameters were left
to the default values from Quanz et al. (2022b), as summa-
rized in Table 1. The set of these three parameters constitutes
the observing scenario for LIFE of which three major variations
were considered, termed the BASELINE, OPTIMISTIC and PES-
SIMISTIC scenarios. These scenarios were defined in Quanz et al.
(2022b) and can be found in Table 2.

The aperture diameter greatly affects the detection yield of
the interferometer, especially when dealing with smaller, mature,
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Table 1. LIFEsim instrument setup and major parameters.

Parameter Unit Default
Aperture diameter [m] 2
Minimum wavelength [m] 4
Maximum wavelength [m] 18.5
Quantum efficiency [%] 70
Photon throughput [%] 5
Spectral resolution 20
Minimum nulling length [m] 10
Maximum nulling length [m] 100
Imaging/Nulling length ratio 6
Slewing time [s] 36 000
Time efficiency [%] 80
Image size [pixel] 256
Optimal wavelength [um] 15
Local zodi model - “darwinsim”
Habitable zone model - “MS”

Notes. See Dannert et al. (2022) for the definition and detailed descrip-
tion of the parameters. The first three parameters change in the different
observing scenarios described in Table 2, the rest remain on DEFAULT
value.

Table 2. Three observing scenarios for LIFEsim considered in this
paper following Quanz et al. (2022b).

Parameter OPTIMISTIC BASELINE PESSIMISTIC
Aperture (m) 3.5 2 1
Min. A (um) 3 4 6
Max. A (um) 20 18.5 17
Notes. “Aperture” describes the aperture diameter of the collector

spacecraft.

planets. Quanz et al. (2022b) found that the wavelength range
increases the yield of only a few percent, while an aperture
diameter of D = 3.5 m resulted in an increase of around 100%
(averaged over different scenarios) with respect to an aper-
ture of 2 meters. It is important to mention that throughout
the simulations the photon throughput was kept fixed at five
percent (Quanz et al. 2022b). This is a rather pessimistic predic-
tion to ground the simulations in but positive results can build
confidence for the instrument’s capabilities, especially with a
higher photon throughput (Appendix B). We analyzed the impact
of these instrumental parameters differences when observing
higher temperature protoplanets. Within this paper, as a simplify-
ing assumption, the planets are treated as blackbodies of different
emission temperatures. Hot protoplanets will in fact show dis-
tinct emission features (Miller-Ricci et al. 2009; Lupu et al.
2014); however, the diversity expected for the variety of antic-
ipated exoplanet compositions is large (Lichtenberg & Miguel
2024), and here we thus focused on scanning a larger parameter
space with simplified assumptions. In Sect. 4.4 we discuss this
decision and future plans to build on it.

When performing the simulations, we considered the differ-
ent parameters stored in the data class of the simulator. Through-
out the simulations we kept the planet’s radius fixed at 1 Earth
radius. For the planet’s emission temperature, we considered
high temperature cases where the atmosphere is transparent to
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IR radiation, and moderate temperature cases where we assumed
the emission temperature is affected by the greenhouse effect of
the magma ocean atmosphere. For the high temperature cases,
we considered temperatures of 1500 K, 2000 K, 2300 K, 3000 K,
4000 K, 7000 K and 10 000 K, which are in the range of typi-
cally molten surfaces (Lichtenberg et al. 2023). The upper limit
of 10* K is an estimate for the emission temperature immedi-
ately after a giant impact event (Kegerreis et al. 2018, 2020;
Lock et al. 2018, 2020). For moderate emission temperatures,
we used values inspired by radiating temperatures from Lupu
et al. (2014); Hamano et al. (2015); Lichtenberg et al. (2021);
Boukrouche et al. (2021), with the effective temperatures of the
planets ranging from 300 K to 800 K. All planet spectra used in
the simulations are blackbodies.

2.2. Signal-to-noise ratio and detection

The output signal-to-noise ratio per wavelength bin, (S/N),, is
defined as the ratio between the photons detected from the exo-
planet S ,, and the expected number of photons coming from the
noise sources N, (Dannert et al. 2022). We used Eq. (1) from
Dannert et al. (2022) to obtain the total signal-to-noise ratio
integrated over the entire considered wavelength range:

2

M= 2 (%) n

A

Following Dannert et al. (2022), we considered the detection
threshold to be (S/N),, > 7, to compensate for the missing
instrumental noise factor (Quanz et al. 2022b). We assumed that
the instrumental noise contributes to the total noise less or equal
to the astrophysical noise terms (see Eq. (3) in Sect. 4.4). The
threshold of (S/N);,; = 7 corresponds to a signal-to-noise ratio
of astrophysical sources (S/N)ygro = 5. 20 are added as an addi-
tional factor to account for the missing instrumental noise (see
the discussion in Dannert et al. 2022). In future, a different
threshold shall be used once the impact of instrumental noise
in LIFEsim is accurately quantified. When the signal-to-noise
ratio (S/N);,; of the simulation reaches seven we can consider
the instrument capable of detecting the planet’s signal. This is
what we considered as detection within the context of this paper.

2.3. Nearby young stellar associations

Giant impacts that create magma ocean protoplanets typically
take place in the early stage of a planetary system’s lifetime.
As a consequence of the decreasing number of planetesimals
with time, the number of giant impacts around any star type
decreases steeply with time, with most of them happening in the
first 20 Myr after star formation (Quintana et al. 2016; Izidoro
et al. 2021; Clement et al. 2022; Lichtenberg & Clement 2022).
Because of the relation between stellar mass, number of giant
impacts, and the size distribution of the resulting protoplanets
(Bonati et al. 2019), the age and mass functions of the closest
stellar associations are important factors when aiming to maxi-
mize the chances for detecting molten protoplanets (Bottrill et al.
2020). Therefore, while stellar associations containing a lot of M
stars are more attractive when it comes to the likelihood of catch-
ing a planet in its magma ocean stage, these are typically smaller
and hence less bright as their protoplanet counterparts around G
and A stars, making them harder to detect (Bonati et al. 2019).
A list of known young stellar associations within 100 pc
from the Solar System, taken from Bonati et al. (2019), can be
found in Table 3. We used these as references when performing
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Table 3. Young stellar associations with their respective distances to the
geometric center of the group and age from Mamajek (2016).

Name Distance (pc) Age (Myr)
AB Doradus 20 150
B Pictoris 37 23
B Tucanae 43 45
Tucana Horologium 48 45
Columba 50 42
TW Hydrae 53 10
Carina 65 45
32 Orionis 92 22
n Chamaeleontis 94 11
x 1 For 99 50

Notes. For g Pictoris’ distance, the value found by Bonati et al. (2019)
is used. Associations above the horizontal line are considered as Near,
below the line as Far. The three associations studied in closer detail in
this paper are highlighted in bold.

simulations and will examine a few of them further to evaluate
the minimum integration times to detect cooling protoplanets
around their stars. For the remainder of this paper, we will refer
to the first seven associations (in order of increasing distance)
as the Near group, while the remaining three (32 Orionis, 77
Chamaeleontis, and y 1 For) as the Far group. This separation
is due to a 30 pc gap between the two groups.

M-type stars

M-dwarf stars are of particular interest for detecting molten
protoplanets because of their abundance relative to G-dwarf
systems, among other considerations, such as their extended
pre-main sequence phase. In Quanz et al. (2022b), simulations
showed that the LIFE detection yield for planets around M-
dwarfs was greater than for F, G and K stars due to their high
occurrence rate in the Solar neighborhood. Observing young
stellar associations that contain M-dwarf stars also directly
increases the likelihood of detecting cooling protoplanets with
LIFE. It is important to note, though, that the previous survey
simulations were performed for systems no further than 20 pc
away, so we assessed how the situation differs for systems at
distances such as listed in Table 3.

Given the wide range of masses and temperatures the M
star spectral class covers, for the simulations we used the well-
studied M3 star AD Leonis. It has an effective temperature of
3390 K (Rojas-Ayala et al. 2012), a radius of 0.4 Solar radii,
and a mass around 0.4 Solar masses (Reiners et al. 2009). For
achieving the same equilibrium temperature as Earth, a rapidly
rotating planet with zero bond albedo around AD Leonis would
orbit at about 0.134 AU. We used this value to calculate orbits
of interest for LIFE detection of terrestrial protoplanets. We
remind the reader that we are interested in finding protoplanets
with transient magma oceans, not atmosphere-stripped super-
Earths or lava exoplanets, which are either permanently molten
due to the intense irradiation (Piette et al. 2023) or have lost
both primary and secondary atmosphere, exposing the planetary
interior dynamics to extreme stellar forcing (Meier et al. 2021,
2023). Statistically, M-dwarf exoplanets are often found at these
distances (Zhu & Dong 2021), hence no strong assumption is
imposed.

Based on the above considerations, we picked three young
stellar associations as the main reference cases. These are: 3
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Fig. 1. Increase of maximum detectable distance with planetary emission temperature for an Earth-sized planet orbiting at 1 AU from a Sun-
like star, after 10 hours of integration time. The gray area corresponds to a S/N value below seven (not detected) while the white is above seven
(detected). Several prominent young stellar associations are plotted as horizontal lines at their respective distances. Top: near groups from Table 3.

Bottom: far groups from Table 3.

Pictoris, TW Hydrae, and 7 Chamaeleontis. 3 Pictoris is consid-
ered a prime target for the detection of magma ocean exoplanets
by Bonati et al. (2019). Although AB Doradus is the closest asso-
ciation, it may be too old to still contain magma ocean planets;
thus B Pictoris is the closest association that will be considered
in the simulations. It is also considered an observational target
in Janson et al. (2023) because of its proximity and young age.
The stellar association TW Hydrae is also of particular inter-
est as it contains a lot of M stars among its population and is
also particularly young, 10 Myr old. This, coupled with the fact
that it is located at 53 pc away from Earth, makes TW Hydrae a
very attractive candidate for detecting a cooling protoplanet in its
magma ocean stage. Finally, 7 Chamaeleontis is the only stellar
association from the Far group that we studied in greater detail.
This again is due to its young age, far younger than the other
two associations in the Far group (11 Myr as opposed to 22 and
50 Myr) and due to its high population of M stars. M-dwarf stars
in far-away systems (e.g., 7 Chamaeleontis) can come close to
the Inner Working Angle (IWA) of the instrument. See Sect. 4.4
for a discussion of this.

3. Results
3.1. Moderate temperature cases

Figure 1 shows how the detection capabilities change (white:
detectable to above 707) as a function of emission temperature
and distance, with several discussed young stellar associations
indicated as dashed horizontal lines. The simulations are per-
formed on an Earth-like planet orbiting a Sun-like star at 1 AU,
with an integration time of 10 hours. Planets of temperature
around 540 K are already detectable in the closest consid-
ered stellar association 8 Pictoris, while TW Hydrae’s planets
become detectable at around 635 K. As the temperatures reach
a threshold around 750 K the increase becomes steeper as
detection becomes relatively easier, due to the planet’s thermal
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Fig. 2. Moderate temperature cases: minimum integration times neces-
sary for detection against the planet’s emission temperature. The dashed
lines represent the results for a Solar-sized star host at 1 AU, while the
solid lines are for M-dwarfs at 0.13 AU. The associations are at dis-
tances of 37 pc (8 Pictoris, red), 53 pc (TW Hydrae, blue), and 94 pc (n
Chamaeleontis, green).

emission becoming more significant. The farthest considered
stellar association (y 1 For) reaches detection at around 770 K.
All considered associations within 100 pc become detectable
below 800 K.

The results were reached with a fixed integration time of
10 hours. It is clear that integration time is a very important fac-
tor which can alter the results considerably, so it is important to
perform simulations to study its effect at these temperatures for
the relevant stellar associations, which we considered in Fig. 2.
As the distance to the sun of the star-planet system increases in
Fig. 2, the integration time required for detection also increases.
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Fig. 3. Signal-to-noise ratio against distance for an Earth-sized 1500 K
planet orbiting a Solar-sized and an M-dwarf star. All results are after
5 minutes of integration time and the vertical dashed lines indicate the
distance to the associations S Pictoris (purple), TW Hydrae (orange),
and n Chamaeleontis (green), respectively. The horizontal gray dashed
line represents the considered detection threshold (S/N = 7).

The distances are 37 pc (red), 53 pc (blue), and 94 pc (green)
and in all three cases the trends of the curve are almost identical.
The integration time decreases exponentially as the temperature
of the observed planet increases.

For M-dwarf-orbiting planets, the necessary integration
times are consistently shorter for 8 Pictoris. For TW Hydrae they
are shorter for temperatures above 600 K, while for Chamaeleon-
tis they are consistently much higher than their G star coun-
terparts. Targets are easier to detect around M stars at shorter
distances but harder to detect at larger distances (with respect
to targets orbiting G stars) because the targets orbiting M-dwarf
stars at 0.13 AU fall within the IWA of LIFE in the farther asso-
ciation n Chamaeleontis. At shorter distances, for S8 Pictoris, the
times at 500 K are respectively almost 1000 minutes (16.6 h) for
the Sun-like star and 800 minutes (13.3 h) for the M-dwarf. Yet
at 800 K the times are much closer to each other, only 40 minutes
apart.

3.2. High temperature cases

For protoplanet cases where the emission temperature is 1500 K
or higher the situation is quite different (Fig. 3). The maximum
detectable range in this case extends much farther. While the plot
only shows results for distances up to 100 pc, these were obtained
with a very short integration time of 5 minutes. The instrument
can therefore reach detection at greater distances if enough time
is employed.

At integration times of 10 hours, the results of Fig. 1 indicate
that the relation between distance and the planet’s temperature
is not linear. The distance reached after 10 hours at a tempera-
ture of 1500 K is more than double compared to the distance at
750 K. Furthermore, Fig. 1 shows that for reasonable integra-
tion times, LIFEsim is able to detect a protoplanet in its magma
ocean stage in the galactic neighborhood (<100 pc) where the
considered stellar associations reside.

The S/N values from Fig. 3 decrease with distance as farther
objects are more difficult to observe. It is important to note that,
for LIFEsim, it is easier to observe planets orbiting M-dwarfs at
0.13 AU than the same planet orbiting a Solar-sized star at 1 AU,
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Fig. 4. High temperature cases: minimum integration times necessary
for detection against the planet’s emission temperature. The dashed lines
represent the results for a Solar-sized star at 1 AU, while the solid lines
are for M-dwarfs at 0.13 AU. The associations are respectively at dis-
tances of 37 pc (8 Pictoris, red), 53 pc (TW Hydrae, blue), and 94 pc (n
Chamaeleontis, green).

albeit for shorter distances, roughly up to 70 pc. Although the
S/N values do converge at greater distances. With 5 minutes of
integration time if the planet orbits a Solar-sized star at 0.13 AU,
LIFE would not be able to detect it even in 8 Pictoris as the stellar
leakage would make it impossible to observe (Fig. 3).

3.2.1. G and M-dwarf star comparison

Figure 4 represents the minimum integration times necessary
for detection of an Earth-sized planet for the high tempera-
ture cases. For the two closer associations, protoplanet detection
for the M-dwarf cases at the respective orbits would theoreti-
cally only require one or two minutes of integration time. For
Chamaeleontis, the situation is very different with 45 minutes of
integration time needed for the fainter planet. Results reach the
1 minute limit at around 7000 K. For the orbit around a Solar-
sized star the situation is different, with slightly higher times
necessary (for B8 Pictoris and TW Hydrae) at lower temperature
but still only a few minutes are required. The lowest temper-
ature planet reaches a maximum of 18 minutes in the farthest
association 7 Chamaeleontis.

3.2.2. Varying LIFE parameters: Solar-sized stars

So far, all the results presented were simulated in the BASE-
LINE scenario of LIFEsim. Next, we studied the other observ-
ing scenarios and evaluated their performance and limitations.
Fig. 5 demonstrates a substantial difference between the differ-
ent observing scenarios, for simulations on Sun-like stars. In the
OPTIMISTIC scenario planets with temperatures of 2000 K or
more only need 1 minute of integration time to be detected in all
three stellar associations. In the BASELINE scenario, the three
associations “flatline” at 1 minute, each at different tempera-
tures, respectively at 2000, 3000 and 4000 K. The PESSIMISTIC
scenario, as expected, is the one that requires the most inte-
gration time, with the closest association S Pictoris reaching
1 minute at 7000 K. The better performance of the optimistic sce-
nario is due to its wider aperture diameter and wavelength range
which allows for more signal to be collected from the targets.
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Fig. 6. Varying LIFE parameters — M-dwarf: minimum integration
times necessary for detection against the planet’s emission temperature
for an Earth-sized planet orbiting an M-dwarf at 0.13 AU. The simula-
tions were performed in the PESSIMISTIC (dashed), BASELINE (solid),
and OPTIMISTIC (dotted) scenarios. In the optimistic scenario, all times
are 1 minute. The associations are respectively at distances of 37 pc (8
Pictoris, red), 53 pc (TW Hydrae, blue), and 94 pc (n Chamaeleontis,
green).

The reason 1 minute is the minimum integration time is that we
manually set it to that value. While the simulator allows for sim-
ulations down to one second, in a real setting, the instrument will
not perform observations of such short times. In Figs. 5 and 6,
the lines that are not visible overlap at the 1 minute level as they
are all flat.

3.2.3. Varying LIFE parameters: M-dwarf stars

We performed the same simulations, as in the previous section,
for M-dwarfs. The results are displayed in Fig. 6. In the PES-
SIMISTIC scenario, 8 Pictoris requires slightly more than an
hour for the fainter planet (76 minutes), TW Hydrae requires
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Fig. 7. Photon flux emitted by a blackbody against the wavelength
(microns). Blackbody curves of three planets at 276, 700, and 1500 K
respectively. The vertical lines represent the wavelength ranges con-
sidered for the PESSIMISTIC (red), BASELINE (blue), and OPTIMISTIC
(green) LIFE scenarios.

almost 18 hours while Chamaeleontis requires 1416 hours. In the
BASELINE scenario plot 8 Pictoris is always 1 minute and TW
Hydrae from 2000 K onward, while n Chamaeleontis reaches
it at 7000 K. In the OPTIMISTIC scenario all three associations
require 1 minute of integration time throughout the whole tem-
perature range. Notably, the integration time is below one hour
in all cases.

3.3. Influence of wavelength range on received total flux

As one can see in Table 2, the observing scenarios differ in two
ways, the wavelength range considered and the aperture diam-
eter of the collector spacecrafts. Quanz et al. (2022b) found
that the aperture diameter greatly affected the detection rate in
their simulations, more significantly than the wavelength range.
In the plots showcasing the integration times for the different
scenarios (Figs. 5 and 6) it is clear that, while the BASELINE
and OPTIMISTIC scenarios are relatively similar to each other,
the PESSIMISTIC scenario differs a lot from the other two. The
BASELINE and PESSIMISTIC scenarios differ both in wavelength
range and aperture diameter, with the aperture being 50% of the
BASELINE scenario. On top of this, the BASELINE and OPTI-
MISTIC scenarios have different aperture diameters yet very
similar results.

The reason for this disparity in the results also lies in the
temperature of the observed planets. While Quanz et al. (2022b)
treated low temperature planets around the same effective tem-
perature as the Earth, in this paper we dealt with planets up to
10000 K. At higher temperatures, the emission starts to become
increasingly dominated by shortwave radiation. This can be seen
clearly in Fig. 7. For a 276 K planet, the flux ratio integrated over
all wavelengths between the PESSIMISTIC and BASELINE sce-
nario is 88%, while it is 82% for PESSIMISTIC over OPTIMISTIC.
On the other hand, for a 1500 K planet, the PESSIMISTIC over
BASELINE ratio is of 40% and PESSIMISTIC over OPTIMISTIC is
at 24%. This means that the PESSIMISTIC scenario receives only
40% of the photon flux from a 1500 K planet compared to the
BASELINE scenario, and 24% of the OPTIMISTIC one.

These results indicate that for the hotter planets we consid-
ered, the shorter wavelength regions become more important
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Fig. 8. Photon flux against wavelength comparing planets at 700 K
(black) and 400 K (blue) emission temperature, respectively, with the
BASELINE scenario parameters. The gray area represents the statistical
difference of 1o from the 700 K planet. The scattered points are random
noise to simulate the received flux from the warmer planet.

as they contain more photon flux from the observed planet.
Boukrouche et al. (2021) similarly found a shift in the spec-
trum toward shorter wavelengths (i.e., the visible regime) for
correlated-k radiation transport simulations of steam-dominated
atmospheres at runaway greenhouse conditions, which corrobo-
rates our findings despite the simplified blackbody assumptions.

3.4. Constraining radiating temperature

In order to study how well LIFE could constrain a planet’s tem-
perature, we performed simulations on two planets with different
temperatures and evaluated the resulting statistical difference.
The simulations were performed for Earth-sized planets orbit-
ing an M-dwarf star at 0.13 AU. The distance to the system is
37 pc, as B Pictoris. The cases studied in this paper are that of a
400 K and a 1000 K planet, each compared to a planet emit-
ting at 700 K. The reason to simulate these cases is that the
realistic emission temperature of a magma ocean planet would
depend sensitively on its composition (redox state) and total
volatile inventory; hence we tested variations of several hundred
Kelvin against each other. The uncertainty per bin was computed
following

F planet,bin
(S/N)bin”

where Fpjanerpin 18 the blackbody flux of the planet per wave-
length bin and (S/N)p;, is the signal-to-noise ratio per bin
obtained by the instrument after the observation. The gray area in
Figs. 8 and 9 represents the 1o statistical distance and the scat-
tered points represent the blackbody flux with a random noise
(between 0 and o;;,) to simulate the received flux. The uncer-
tainty is calculated for the standard 700 K planet, and the two
plots represent the results when a +300 and -300 K planet’s
blackbody are plotted against this. For these simulations, the
spectral resolution of the instrument was set to 50.

Figures 8 and 9 demonstrate further that the shorter wave-
length regions become increasingly important for hotter emis-
sion temperatures. Below ~10 pum, the noise is low but increases
at longer wavelengths. Figure 10 shows that the statistical dif-
ference between the planets in both cases is above the 5o level

2)

Tbin =
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Fig. 10. Flux difference in units of o~ against wavelength for the two case
studies of a 400 K or 1000 K compared against a 700 K protoplanet. F2
refers to the flux Fyg9 is compared against. The horizontal line marks
the 5o threshold.

only below A = 6 pm. This means the LIFE mission would only
be able to discriminate the emission temperatures in the sig-
nificant climate regime for runaway greenhouse planets in this
range for the BASELINE scenario (the OPTIMISTIC would offer
a wider range). While the results of the analysis are shown per
wavelength bin, the whole spectrum will be employed to deter-
mine the target planet’s temperature. Therefore, regardless of the
worse distinguishing power of longer wavelengths at these tem-
peratures, an overall stronger distinction than 50 between the
two models will be reached. In Fig. 10 it is clear that while
the two cases have the same temperature difference in magni-
tude (300 K), the result is more promising for the hotter planet
case as more signal is collected and the uncertainty per bin
decreases. The 700-1000 curve reaches a peak of almost 13 o
while 700—400 reaches close to 8 .

Figure 11 shows how the peak sigma value of the statis-
tical difference between the planets varies with temperature
difference and observation time. As expected, the greater the
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Fig. 11. Contour plot of the peak sigma value, from the statistical differ-
ence curve, for protoplanets of different emission temperatures against
a 700 K planet.

temperature difference and integration time, the higher the sigma
value. The statistical difference increases faster for higher tem-
peratures as the magnitude of the flux affects the observations,
making it easier to distinguish fluxes for LIFEsim.

3.5. Exozodi dust study

An additional factor that plays an important role in observations
of young stellar systems is exozodiacal dust. It is expected that
dust in young systems only tens of Myr old can reach very high
levels compared to the Solar System (Defrere et al. 2010; Vican
& Schneider 2014; Kral et al. 2017; Absil et al. 2021). For this
reason, we performed simulations in the BASELINE scenario to
study how exozodiacal dust affects LIFE’s performance. Within
these simulations, we employed the exozodi dust prescription as
introduced in Dannert et al. (2022); hence we limited the explo-
ration to dust belts similar to the terrestrial planet zone of the
Solar System. To keep the main body of the paper at a reasonable
length, we discussed only four scenarios as per Fig. 12. A more
extended parameter study can be can be found in Appendix A.

The contour plots in Fig. 12 show that for the high temper-
ature cases, levels of 1000s of zodis do not pose a problem for
detection. The parameter “z” is a measure of the zodis of a sys-
tem, it is a unit that indicates the level of exozodiacal dust. One
zodi (z=1) corresponds to the Solar System level of zodiacal
dust, z=2 is double and so on. It is therefore a global scaling
factor. The planet orbiting an M-dwarf obtains higher values for
S/N consistently than its G-star counterpart, for example in the
(d) plot the S/N = 10 line is outside the bounds of the plot. The
results obtained for the 1500K planet indicate that even in the
farthest association, with exozodiacal dust at levels thousands of
zodis, LIFE is capable of detecting protoplanets. Realistically it
will require times longer than the few minutes obtained in pre-
vious sections for z=3 but still reasonable times. For a more
detailed study see Appendix A.

For the moderate temperature case of 700 K the situation
is different. The detection limit for a Sun-like orbiting planet at
1AU drops drastically, with detection becoming impossible for a
thousand zodis even at 20 pc. See Appendix A for a comparison
with results after longer integration times. For M-dwarf-orbiting
planets detection is still possible up to almost 70 pc for z=10,
meaning that with a reasonably longer integration time, detection
at the farthest association can be reached.
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Fig. 12. Resulting S/N obtained after observation of a planet in a sys-
tem with different exozodi dust levels. All four plots are obtained with
10 hours of integration time and for observation of a planet in the
farthest stellar association 7 Chamaeleontis. Plots (a) and (b) are obser-
vations for a moderate temperature case, 700 K, (c) and (d) are for a
1500 K scenario. For each temperature case, the first plot is for a planet
orbiting a Sun-like star at 1 AU, the second is for an M-dwarf at 0.13 AU.
The red vertical lines indicate the distances of 8 Pictoris, TW Hydrae,
and 7 Chamaeleontis, respectively.
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Fig. 13. Countour plot of the S/N for a 1500 K planet orbiting
AD Leonis M-dwarf star (orbit of 0.13 AU) at different luminos-
ity (y-axis) and distance (x-axis), after one hour of integration time.
The horizontal yellow line indicates the current AD Leonis to Sun
luminosity ratio.

3.6. M star varying luminosity

In the early stages of their lifetime, M-dwarf stars are orders of
magnitude brighter than their main sequence luminosity (Baraffe
et al. 2015). This paper focuses on M-dwarf stars in young stellar
associations of the order of tens of Myr. Therefore it is important
to explore how the luminosity of a star such as AD Leonis affects
simulations at different stages of its early life (see Fig. 13).
The y-axis of Fig. 13 represents the ratio of the luminosity of
AD Leonis and the Sun’s luminosity, corresponding to different
periods of the star’s lifetime. The maximum of the luminosity
corresponds to 10 Myr after star formation and the minimum at
the current age luminosity (Baraffe et al. 2015). The x-axis is the
distance to the system. In the earlier stages of its lifetime (high
y-value) AD Leonis would be brighter than it is currently; there-
fore the ratio is higher. As time passes it decreases in luminosity
until it reaches the horizontal yellow line which is the current
AD Leonis luminosity to Sun’s luminosity ratio.

Figure 13 shows that tracing back to the earliest stages of
AD Leonis’ lifetime the resulting detection distance varies by
5-6 pc at most. At its youngest stage, the simulation’s detection
capability reaches around 62-63 pc, hile at the current stage, it
is at 67-68 pc at most. These results suggest that the fact that
M-dwarf stars are brighter in the early stages of their lifetime
will not significantly affect the observations of LIFE. Our results
corroborate this for a 0.4 Mgy M-dwarf. For moderate tempera-
ture cases, detection can still be reached at similar distances with
reasonable integration times.

4. Discussion
4.1. Distance range and integration times

A major conclusion from our analysis is that the detection range
for hot protoplanets of the LIFE concept extends in principle to
a hundred parsecs, considerably beyond the local Solar neigh-
borhood. While the currently considered nominal ranges for
potentially habitable planets for the LIFE survey are limited
to nearby stars within 20 pc, the results obtained here pro-
vide strong support for considering observations further out in
young stellar systems. Magma ocean atmospheres with emis-
sion temperatures in an intermediate range of a few hundred K
are detectable after a reasonable integration time of 10 hours
up to 100 pc and beyond. These results indicate that plan-
ets in the considered stellar associations can be detected with
shorter integration times. In addition, a very high S/N for these
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planets can easily be obtained to characterize the magma ocean
atmosphere in greater detail.

The main goals of this paper were to study LIFE’s inter-
ferometer ranges and limits, considering different instrumental
scenarios when it comes to observing a magma ocean proto-
planet. At present, the study of such hot atmospheres is focused
on analyses of steam-dominated runaway greenhouse climates
(e.g., Goldblatt et al. 2013; Leconte et al. 2013; Goldblatt 2015;
Leconte et al. 2015; Pluriel et al. 2019; Graham et al. 2021;
Boukrouche et al. 2021; Chaverot et al. 2022; Turbet et al. 2021).
During the early cooling phase after formation, these planets
have brightness temperatures beyond 2000-3000 K, with high
temperature situations reaching up to 10000 K immediately
after collision events. Importantly, planets in steam-dominated
runaway greenhouse climate states will likely settle into an equi-
librium point dictated by transmission through the two main
water opacity windows (Goldblatt et al. 2013; Boukrouche et al.
2021). The equilibrium point in a runaway greenhouse climate is
highly sensitive to the total water column and cloud distribution,
and hence total atmospheric pressure, which makes observations
of different planets in the runaway regime highly desirable for
studying the deviation of volatile contents across planetary sys-
tems and the early climatic evolution of terrestrial protoplanets
(Wordsworth & Kreidberg 2022; Schlecker et al. 2024). In this
paper, we used LIFEsim to study the minimum integration times
necessary to detect such scenarios with LIFE, with a focus on
the young stellar associations g Pictoris, TW Hydrae, and n
Chamaeleontis. These associations are young (in the range of
a few Myr) as it makes it more likely to find young stars with
magma ocean planets in their stars’ orbit (Bonati et al. 2019).

There is a clear difference between observing Solar-sized and
M-dwarf stars, but for both cases the BASELINE and OPTIMISTIC
scenario stay below one hour integration time for the faintest
considered protoplanet, among the high temperature cases, in
the farthest stellar association. These results suggest that, with
reasonable amounts of observing time spent on these stellar asso-
ciations, there is a good chance of detecting a magma ocean
protoplanet. Collecting more signal from a single planet is then
comparably cheap in follow up studies, as a higher S/N can give
more information on the object. Furthermore, the instrument’s
performance in the different observing scenarios showed inter-
esting results. While Quanz et al. (2022b) found that the aperture
diameter affected the detection yield considerably more than the
wavelength range (as for more temperate planets), the results
obtained in this paper partly differ from this. It is worth point-
ing out that they considered a much wider sample in terms of
both mass and age, focusing on mature exoplanets. The PES-
SIMISTIC scenario, which differs from the BASELINE scenario
in both aperture diameter and wavelength range, displays much
higher integration times. The OPTIMISTIC and BASELINE have a
1.5 m difference in aperture yet very similar results. The reason
why the PESSIMISTIC scenario with its 1-m aperture diameter
is so different can also, at least partly, be attributed to dimin-
ished wavelength range. These results indicate that restricting
the wavelength range in the shortwave greatly affects the integra-
tion time necessary for the detection of molten protoplanets. The
reason for this lies in the shift of the spectrum of hotter planets
toward shorter wavelength ranges, compared to more temperate
climate regimes.

Finally, it is important to mention that with regard to inte-
gration time, observational planning will need to consider the
slewing time. In the LIFEsim environment, this time is set at
10 hours by default and it indicates the amount of time required
to point the telescope toward a new target. This value will
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become more accurate in the future and varies depending on
which targets it is moving between. The extremely short inte-
gration times per target star for reaching the detection threshold
opens up the possibility of scanning essentially all young stars
within the most ideal associations for the presence of terres-
trial protoplanets. Magma ocean lifetimes of oxidized planets
beyond the runaway greenhouse threshold are thought to last
~Myr (Salvador et al. 2017; Salvador & Samuel 2023; Hamano
et al. 2015; Luger & Barnes 2015), with potentially prolonging
effects of primordial H-rich envelopes (Lichtenberg et al. 2021).
The probability distribution of giant impacts beyond ~10 Myr
after stellar formation is strongly sensitive to the number of
remaining planetary embryos at this stage (Clement et al. 2020,
2022).

4.2. G vs. M-dwarfs

As outlined in Quanz et al. (2022b), LIFE shows a considerable
positive bias toward finding exoplanets around M-dwarf stars, at
least up to around 70 pc. Here, we further explored this effect
by directly comparing the performances of Solar-sized against
M-dwarf stars. In this paper, we considered orbital distances of
0.13 AU for M-dwarfs. As a consequence of this, the smaller
angular separation negatively affects simulations. M-dwarfs con-
sistently require longer integration times for 7 Chamaeleontis
(94 pc) and for 500 and 550 K planets (Fig. 2) at TW Hydrae
(53 pc). For the rest of the simulations, they perform better (or
the same when overlapping at 1 minute) than their G star coun-
terpart. Furthermore the S/N trends in Fig. 3 suggest that while it
is better to observe planets around M-dwarf stars at shorter dis-
tances, the situation gets inverted after a certain point. As one
can see in Fig. 3 the curves intersect at approximately 75 pc.
Beyond that, the S/N obtained from the planet orbiting a Solar-
sized star becomes greater. The reason for this intersection is
likely related to the angular separation of the planet at those
distances being very small and therefore requiring greater inte-
gration times. However, observing around M-dwarf stars funda-
mentally carries angular resolution as an instrumental limitation.
As previously discussed, when observing around M-dwarfs one
needs to consider smaller orbits as those are the distances at
which planets tend to form and orbit around these stars (Zhu &
Dong 2021). See the extended discussion on angular separation
limitations for M-dwarf planetary systems in Sect. 4.4.

Planets around M-dwarfs are anticipated to be locked in con-
tinuous runaway greenhouse phases for the first few hundred Myr
of their lives because of the superluminous pre-main sequence
phase of small stars (Ramirez & Kaltenegger 2014; Luger &
Barnes 2015; Wordsworth & Kreidberg 2022; Lichtenberg &
Clement 2022). This would give ample opportunity to observe
magma ocean atmospheres in these planetary systems. The
demographic trend of this extended runaway greenhouse phase
should be observable already by transit missions (Turbet et al.
2019), especially PLATO (Schlecker et al. 2024). If detected sta-
tistically, LIFE will have substantial opportunity to study magma
ocean atmospheres and climatic diversity if pointed toward a
young M star planetary system. These investigations will also
allow for a better understanding of the ability of M-dwarf
orbiting planets to retain their atmospheres.

Our work in this paper purely focuses on the simulated per-
formance of the LIFE instrument in the detection and retrieval
of hot protoplanets. The likelihood of detecting such objects
in stellar systems is an important factor to take into account
when considering a viable survey strategy. An initial study of
the occurrence rates and timescales of hot protoplanets in young

stellar systems has been performed in Bonati et al. (2019). In
said paper, they modeled the frequency of giant impact colli-
sions using classical N-body planet formation models and the
cooling of the resulting magma oceans, to calculate the likeli-
hood of detecting “at least one magma ocean planet” in different
stellar associations. They found that young stellar systems such
as B Pictoris and TW Hydrae are promising candidates for
molten protoplanets detection with young stellar systems hav-
ing higher occurrence rates of post-impact planetary objects. Our
simulations here indicate shorter integration times necessary for
detection, meaning that less observation time can be allocated to
a single planet than was discussed in Bonati et al. (2019). It is
important to emphasize the actual number of giant impact events
in young planetary systems across the stellar mass spectrum is
subject to considerable uncertainty, in particular across the range
of end-member planet formation scenarios from pebble- (e.g.,
Morbidelli & Nesvorny 2012; Lambrechts et al. 2019; Johansen
et al. 2021, 2023; Olson et al. 2022; Olson & Sharp 2023)
to planetesimal-based (e.g., Alibert et al. 2013; Quintana et al.
2016; Wyatt et al. 2019; Emsenhuber et al. 2021; Schlecker et al.
2021a,b; Clement et al. 2020, 2022; Lichtenberg & Clement
2022) accretion frameworks. Therefore, the detection of molten
protoplanets in such systems will serve to critically constrain
the planetary accretion scenarios. A dedicated study to assess
the survey trade-offs regarding slewing time between individ-
ual observations of young planetary systems and the predictions
from end-member planet formation models should be conducted
in future work.

Throughout this paper, we used a maximum nulling base-
line of 100 meters similar to previous LIFE publications, which
might be subject to change in the future. If one considers
longer baselines, such as the maximum baseline of 168 meters
assumed by Bonati et al. (2019), observations become easier
around M-dwarfs at 0.13 AU for 8 Pictoris, TW Hydrae and n
Chamaeleontis. An increased nulling baseline would therefore
increase the opportunity to detect and characterize protoplanets
around M-dwarfs in these stellar associations. See Sect. 4.4 for
an extended discussion.

4.3. Sensitivity to wavelength range

We found that observing scenarios with a restricted wavelength
range and aperture (e.g., the PESSIMISTIC scenario) perform
worse than the other scenarios. Figure 7 and the noise distri-
bution in Figs. 8 and 9 suggest the shorter wavelengths regime
rather than longer wavelengths as the reason for this discrep-
ancy. By restricting the shorter wavelengths, the PESSIMISTIC
scenario collects much less photon flux from the target planet. In
the 1500 K case for example, we found that 24% of the flux the
OPTIMISTIC scenario collects can also be collected by the PES-
SIMISTIC scenario, most of the missing flux lying in the short
wavelengths (by several orders of magnitude). Furthermore,
LIFE can distinguish between different emission temperatures
better at lower wavelengths with o;,, becoming larger with
increasing wavelength. For the purpose of constraining the effec-
tive temperature of a planet, wavelength regions < 6 um are
more important than > 17 pm.

4.4. Limitations

The results discussed in this paper are simulated, necessarily
restricting the realism of the obtained noise estimations. The
LIFE simulator includes all major astrophysical noise terms
(e.g., zodiacal and exozodiacal dust, stellar leakage), which are
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always included in the simulations and accounted for in the final
results. Quanz et al. (2022b) and Dannert et al. (2022) studied
the noise terms and their contributions in depth. They found that
stellar leakage noise dominates in the short wavelength range,
while at longer wavelengths the zodiacal dust becomes the main
noise source. This is due to the fact that in the Solar System the
zodiacal dust is an important source of MIR emission, well in
the wavelength range of the LIFE interferometer (Quanz et al.
2022b).

The LIFE simulator currently only includes the treatment of
exozodiacal dust (see Appendix A) for the photon noise from
habitable zone dust. It does not yet include a treatment of poten-
tial dust structures in the terrestrial planet region, that could
cause confusion and hence mimic or hide the signal from a
planet, neither does it include potential signals from hot dust
closer to the star which is observed around a fraction of stars
(Defrere et al. 2010; Vican & Schneider 2014; Kral et al. 2017,
Absil et al. 2021). It will thus be important to incorporate a
more elaborate treatment of exozodis to probe the potential for
observing these systems with LIFE.

Furthermore, detector related noise and thermal background
from the aperture mirrors and/or instrument optics are not
included in the simulations yet. This is partly due to the fact
that the instrument does not physically exist and the initiative
is still considering different detectors and combiner architec-
tures (Dannert et al. 2022; Hansen & Ireland 2022; Hansen et al.
2023). In this paper we dealt with this problem as in Quanz et al.
(2022b), assuming that the instrumental noise contributes to the
total noise less or equal to the astrophysical noise terms and that
the total noise can be calculated using:

Tror = \/(O-im‘z)z + (O-axtro)za (3)

where o, and o4 are the instrumental and astrophysical
noise terms respectively. By then choosing a S/N > 7, corre-
sponding to a S/N,4, = 5, as the detection threshold, we hope to
compensate for the lack of the instrumental noise term. A noise
model is currently under implementation in LIFEsim. As of now,
LIFEsim assumes that the shot noise (e.g., stellar leakage) will
dominate over the instrumental noise (Dannert et al. 2022). Our
results highlight the importance of shorter wavelength regimes
for the LIFE mission, thus we need better modeling in these
regimes where instrumental noise may dominate.

Especially for the more distant systems in our study, the inner
region of the habitable zone tends to present at very small angu-
lar separations from the host star (e.g., the inner edge of the
habitable zone around a 0.4 M, star in n Chamaeleontis is at
1.2 mas). With the nulling baseline limited to 100 m this leads to
these regions being well inside the typical Inner Working Angle
(IWA), which is defined as the angular separation where the
interferometric transmission drops to below 50% (IWAigum =
5.2 mas). For these targets, LIFEsim correctly accounts for the
low transmission. Close-in targets remain nonetheless detectable
in photon count statistics because of their large midinfrared lumi-
nosity Ly, ~ T* induced by their high effective temperatures.
However, for distinguishing between the planetary and stellar
signal, signal extraction in nulling interferometry relies on the
modulation of the planetary signal by movement of the col-
lector array (see Dannert et al. 2022). In the assumed setup,
the signals of planets well within the IWA receive a relatively
low number of modulations per array rotation, which in turn
can complicate signal extraction, especially in the presence of
low frequency instability noise (Lay 2004, 2006). This can be
mitigated by allowing for longer nulling baselines. We plan to
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explicitly address this in future work by running detailed signal
extraction on distant forming terrestrial exoplanets.

From a target perspective, all our simulations use idealized
blackbodies to simulate protoplanets of different emission tem-
peratures. This is a substantial simplification, as atmospheres of
varying compositions and emission temperatures differ greatly
in their spectra. However, at high temperatures and pressures in
the regime studied here, current climate simulations predict the
emission to start behaving as a blackbody again (Boukrouche
et al. 2021; Lichtenberg et al. 2021; Chaverot et al. 2022; Selsis
et al. 2023). This is, to some extent, rooted in the missing labo-
ratory data on high temperature opacities (Fortney et al. 2019).
Given the current uncertainties regarding high temperature and
high pressure atmospheres over a wide composition array, our
approach yields initial insights into the potential for observa-
tion. This limitation also touches on the principal degeneracy
in Sect. 3.4 between planetary emission temperature and sur-
face. Typically, both are particularly degenerate with each other
at short wavelengths. However, in the midinfrared this degen-
eracy can be broken because deeper regions of the atmosphere
can be accessed (e.g., Wordsworth & Kreidberg 2022; Konrad
et al. 2023). Therefore, we plan to significantly extend the cur-
rent study, which focused on the detection of hot protoplanets,
by simulating magma ocean atmospheres with more realistic
climate models (e.g., Wordsworth et al. 2018; Janssen et al.
2023), to capture their anticipated diversity (Suer et al. 2023;
Lichtenberg & Miguel 2024; Kempton et al. 2023; Kempton &
Knutson 2024) and assess the level of detail that can be retrieved.

5. Conclusions

In this paper, we investigated the range and required integration
times for the detection of hot terrestrial protoplanets with the
LIFE mission concept. We considered different parameters for
the potential protoplanets and host stars, focusing on the planet’s
and star’s temperature and radii. Additionally, we studied the
detection capabilities of LIFE for protoplanets around M-dwarfs
and evaluated the performance of different instrumental scenar-
ios of LIFE and their potential for discriminating the emission
temperature of a given protoplanet. Our main findings can be
summarized as follows:

— The detection range for finding terrestrial protoplanets with
LIFE extends far beyond the direct Solar neighborhood,
potentially reaching distances up to a hundred pc. A num-
ber of potentially interesting young stellar associations sit
at distances ranging from 20 up to 95 pc. The Large Inter-
ferometer For Exoplanets can detect an Earth-sized magma
ocean planet with integration times of minutes to hours at
these distances;

— Detecting protoplanets with LIFE is generally easier for
M-dwarf host stars. The simulations mostly showed better
results (higher S/N and lower integration times) within this
spectral type domain at distances below ~70 pc, compared
to G stars.

— The angular resolution of the instrument negatively affects
the detectable orbital distance of terrestrial protoplanets past
the direct Solar neighborhood for M star targets. However,
the anticipated performances of all considered LIFE sce-
narios still allow for detection within the terrestrial planet
forming zone, in particular during the pre-luminous main
sequence phase of M-dwarfs, which increases the likeli-
hood of runaway greenhouse phases and thus magma ocean
atmospheres;
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— The performance of different instrumental design choices
was evaluated and we found the PESSIMISTIC scenario to
be more distinct from the other two analyzed scenarios. Our
results indicate that the wavelength range being restricted
in the shortwave affects the instrument’s performance just
as much, if not even more, than the aperture diameter. The
shorter wavelength range is important when observing hot-
ter planets because of the increase in shortwave emission at
these temperatures;

— Because of this, discriminating the emission temperature of
hot protoplanets with LIFE works better at shorter wave-
lengths. The resulting statistical difference between the
observed planets passed the 5o detection threshold only
at <6 um. Nonetheless, when integrating over the whole
spectrum, the resulting distinction will be greater than 50

— The main limitations of our study are related to (i) the
expected non-blackbody nature of protoplanet atmospheres,
(ii) the limits to the inner working angle of LIFE for far-away
systems, and (iii) the lack of an instrumental noise model.
These limitations will be addressed in future work.

In summary, the LIFE mission concept is capable of detect-
ing and characterizing bright cooling protoplanets up to 100 pc.
While these distances are not considered in the main target range
for LIFE’s core tasks, our results encourage observing targets in
distinct young stellar associations at far greater distances from
the Solar System. Typically, LIFE requires integration times of
only minutes to a few hours for initial detection of protoplanet
candidates. Characterizing terrestrial protoplanets would greatly
contribute to our understanding of atmospheric formation on ter-
restrial planets, and provide detailed insight into the physical and
chemical processes that occur during the transition from primary
to secondary atmospheres, elucidating the conditions available
for prebiotic chemistry on young worlds.

Data availability

The computer code to reproduce the results of this paper is
openly available at https://github.com/FormingWorlds/
LIFE_MagmaOceanDetection.
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Appendix A: Exozodi dust limits

We performed further simulations to study the effect of exozo-
diacal dust on LIFE’s instrument to a greater extent. These plots
are complementary to the ones presented in Sect. 3.5 to present
a more complete study on the matter.

Figure A.1 shows the resulting S/N contour plots for shorter
integration times in the scenario from Fig. 12 (c¢), namely a 1500
K planet orbiting a Sun-like star at 1 AU. While Fig. A.4 shows
shorter integration times for the planet orbiting an M-dwarf at
0.13 AU, from Fig. 12 (d). Figures A.2-A.3 show the resulting
S/N contour plots for the situations displayed respectively in Fig.
12 (a) and (b), with longer integration times. Namely a 700 K
planet orbiting both a Sun-like star at 1 AU in Fig. A.2 and an M-
dwarf at 0.13 AU in Fig. A.3. The integration times considered
are 30, 50, 70, and 100 hours.

G star

For a planet orbiting a Sun-like star detection at the farthest asso-
ciation remains a possibility at thousands of zodis for 5 hours of
observation time, as per Fig. A.1 (a). For one hour, Fig. A.1 (b),
only S Pictoris remains detectable at a thousand zodis. Nonethe-
less, TW Hydrae is still detectable for levels of exozodiacal
dust of several hundreds. From Fig. A.2 it becomes clear that
exozodiacal dust poses a challenge for protoplanets with moder-
ate emission temperatures. 8 Pictoris becomes detectable at 10°
zodis after 50 hours, but TW Hydrae is only detected after 100
hours of integration time.

1500K Planet; 5 hours; 1 AU
s

log1o (Exozodiacal Dust [zodi])

20 60 70 110
Distance [pc]

(a)
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Fig. A.1: Contour plots of S/N for a 1500 K planet orbiting a Sun-like
star at 1 AU for (a) 5 and (b) 1 hour of integration time
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Fig. A.2: Contour plots of S/N for a 700 K planet orbiting a Sun-like
star at 1AU for (a) 30, (b) 50, (c) 70, and (d) 100 hours of integration
time
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M-dwarf

The situation for a planet orbiting an M-dwarf star at 0.13 is con-
siderably better than its G-star counterpart. Figure A.3 shows
that down to one hour of integration time, a planet in the farthest
association 7 Chamaeleontis is detectable for tens of thousands
of zodis. Results from Fig. A.4 show that both 8 Pictoris and
TW Hydrae lie in the detectable region consistently for tens of
thousands of zodis, as they were already with 10 hours of inte-
gration time. A planet in 7 Chamaeleontis becomes detectable
for a thousand zodis after 100 hours of integration time.
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Fig. A.3: Contour plots of S/N for a 1500 K planet orbiting an M-dwarf
star at 0.13AU for (a) 5 and (b) 1 hours of integration time
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Fig. A.4: Contour plots of S/N for a 700 K planet orbiting an M-dwarf
star at 0.13AU for (a) 30, (b) 50, (c) 70, and (d) 100 hours of integration
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Appendix B: Optimistic throughput

Throughout the simulations in this paper, we kept the pho-
ton throughput parameter of the simulator fixed at five percent
(see Table 1). This is a relatively pessimistic estimation for
the instrument. Therefore it is worth exploring the instrument’s
performance in constraining the radiating temperature of the
observed planet with an optimistic photon throughput of 20%.
The following figures are reproductions of Figs. 8-10 respec-
tively. The only difference is the throughput value in the setup
of the instrument.

x 100
[ T T T T T T
3 1-0
4T — 700K ]
[ —— 400K
3 L Simulation | ]

Photon Flux [ph m—3s~ ]
(3]
T
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Fig. B.1: Reproduction of Fig. 8 with optimistic 20% photon throughput.
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Fig. B.2: Reproduction of Fig. 9 with optimistic 20% photon
throughput.

The chances with higher throughput are considerably more
optimistic than in Sect. 3.4. In both Fig. B.1 and Fig. B.2 the
photon flux of the planet being compared (blue line) reaches
the 1-0 uncertainty (shaded) area at longer wavelengths than in
their corresponding figures (Figs. 8-9). In the paper, we have
already highlighted the importance of shorter wavelengths when
observing magma ocean protoplanets with high temperatures
(21000K). While longer wavelengths still contain a lot of uncer-
tainty (wide shaded area), the uncertainty is restricted in the
shorter wavelength regions. These results show how a greater
photon throughput allows for a greater statistical difference
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Fig. B.3: Reproduction of Fig. 10 with optimistic 20% photon
throughput.

between the considered fluxes (see Fig. B.3) at shorter wave-
lengths. The peak of the curves in Fig. B.3 reach triple the sigma
values for the brighter planet case (1000-700K) than in Fig. 10
and double for the dimmer (400-700K) case. Furthermore, both
curves pass the 5o threshold at longer wavelengths. This means
that increasing the photon throughput increases the range of
wavelengths useful for constraining radiating temperatures of
observed planets.

Similar to these situations, we anticipate all other results
presented in the paper to display analogous improvements in
detection capability with a more optimistic throughput.
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