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Abstract
To investigate the feasibility of ancillary target observations with ESA’s ARIEL

mission, we compiled a list of potentially interesting young stars: FUors, systems
harbouring extreme debris discs and a larger sample of young stellar objects showing
strong near/mid-infrared excess. These objects can be observed as additional targets
in the waiting times between the scheduled exoplanet transit and occultation obser-
vations. After analyzing the schedule for ARIEL an algorithm was constructed to find
the optimal target to be observed in each gap. The selection was mainly based on
the slew and stabilization time needed to observe the selected YSO, but it also incor-
porated the scientific importance of the targets and whether they have already been
sufficiently measured. After acquiring an adequately large sample of simulation data,
it was concluded that approximately 99.2% of the available – at least one hour long
– gaps could be used effectively. With an average slewing and stabilization time of
about 16.7 minutes between scheduled exoplanet transits and ancillary targets, this
corresponds to an additional 2881 ± 56 hours of active data gathering. When this
additional time is used to observe our selected 200 ancillary targets, a typical signal-
to-noise ratio of ∼ 104 can be achieved along the whole spectral window covered by
ARIEL.

Keywords Methods: observational · Techniques: spectroscopic · Stars: early type ·
Protoplanetary disks

� Cs. Kiss
pkisscs@konkoly.hu

Extended author information available on the last page of the article.

Published online: 21 June 2021

Experimental Astronomy (2022) 53:759–771

http://crossmark.crossref.org/dialog/?doi=10.1007/s10686-021-09742-8&domain=pdf
http://orcid.org/0000-0002-8722-6875
mailto: pkisscs@konkoly.hu


1 Introduction

ARIEL is ESA’s M4 mission which will carry out a revolutionary infrared spectro-
scopic survey of transiting exoplanets [26]. The main goal of the mission is to observe
exoplanetary systems at the time of planetary transits and eclipses. The fact that these
events occur at specific times is the main constraint for ARIEL mission planning.
The long- term mission planning of ARIEL optimizes the observation schedule con-
sidering these transit constraints, target completeness and slewing constraints as well
[19, 20]. According to the simulations with this optimization, the efficiency of obser-
vations of exoplanets (the primary science targets) reaches 92%, notably above the
requirements. The remaining effective observation time is spent on calibration, slew-
ing, and other housekeeping activities. Due to the fixed times of the observations,
however, gaps or waiting periods remain between the actual active periods. Schedul-
ing simulations [19] estimate 19%, 21%, 23%, and 27% of the total time to be
waiting time in the 0.5-1.0, 0.5-2.0, 0.5-3.0, and 0.5-4.0-year periods of the mission,
respectively, for observations of the mission reference sample (MRS). Allowing extra
observations (i.e. observing more transits than the minimum requested for each target
to increase signal-to-noise) would decrease the waiting times to ∼16% of the total
time for the whole 3.5-year-long mission (0.5-4.0 yr), which is still a very substantial
amount, in total ∼4900 h. According to recent scheduling results [20], approximately
1780 of these gaps would be longer than an hour, corresponding to about 3400 hours
of waiting time. With efficient scheduling and target selection these waiting times
could be filled with valuable observations of ancillary targets and could maximize
ARIEL’s scientific impact.

The unique mid-infrared instrumentation of ARIEL is ideal to study a wide range
of stellar phenomena which are difficult to observe from the ground and one has
to rely on rarely available space telescope data to characterise these objects through
their near and mid-infrared spectra. Many of these targets are directly related to the
primary science goals of ARIEL, taking a snapshot of the evolution of the plane-
tary system at a stage earlier than the scheduled ARIEL exoplanet transit or eclipse
observations.

2 The significance of observations of the early stages of stellar
evolution with ARIEL

Low-mass stars are formed via the gravitational contraction of dense interstellar cores
[14]. The new-born stars are surrounded by a circumstellar disc of gas and dust,
which feeds the growing protostar via mass accretion, and where eventually the
planets of the system form [30]. The protoplanetary discs usually disperse by the age
of 10 million years, and in the debris disc left behind collisions occur between the
planetesimals, leading to dust production [31].

The protoplanetary discs around pre-main sequence stars consist largely of gas,
with ∼1% dust. This material is significantly processed during the different stages
of star formation. The higher density and lower temperature in the disc mid-
plane result in the formation of ice mantles on the surface of the silicate par-
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ticles. These mantles increase to the stickiness of the particles, leading to grain
growth.

The change in density and temperature in the disc midplane can result in the
creation of various complex molecules (e.g. [8]). The higher temperature in the vicin-
ity of the protostar will also drive chemical reactions, leading to the formation of
organic molecules. Exploring the chemical inventory of the circumstellar environ-
ment – mainly the disc material, but also in the envelope – is vital to understand the
initial conditions for planet formation and predict the composition of new planets.
The mid-infrared regime, where ARIEL will work, is ideal to detect the spectroscopic
signatures of the molecular content of the circumstellar discs [21, 26], covering the
different stages of star formation, from Class 0 to Class II (see also Section 4).

Space-borne instruments are particularly well suited for such observations as
they are not confined to the atmospheric windows but could cover the whole
near- and mid-infrared spectral domain. Mid-infrared spectroscopic observations
of young stars have been performed by ESA’s Infrared Space Observatory, with
NASA’s Spitzer Space Telescope, and JAXA’s Akari satellite, and also by the PHT-S
spectrograph of the Infrared Space Observtory [9–12].

During their early, pre-main sequence phase, young stellar objects (YSOs) are
highly variable, and their variability becomes less and less violent with age. Opti-
cal variability has been a long-known defining characteristic of young stars, but the
growing amount of multiepoch infrared data shows that these systems also exhibit
flux density variations at infrared wavelengths. While the optical variability is caused
either by hot or cold stellar spots, or by extinction changes along the line of sight,
mid-infrared variability partly reflects changes in the thermal emission of the disc as
a response to its varying irradiation by the central star [25]. Monitoring the variability
of YSOs over months or years is therefore an extremely useful diagnostic tool.

A group of pre-main sequence stars is the class of FU Orionis- (FUor) or EX
Lupi- (EXor) type young eruptive stars [2]. Their luminosity bursts have a very strong
impact on the circumstellar disc. During the large outburst of EX Lup, changes in the
mineralogy of solids and in the molecular abundances were observed [1, 4]. Theo-
retical models of the chemical effects of outbursts on the circumstellar environment
(the birthplace of the planetary systems) were developed by [23] and by [17]. Studies
predict changes in some molecular abundances, suggesting that FUor and EXor-type
outbursts may play an important role in setting the chemical initial conditions for
planet-formation [27–29].

Systems harbouring an extreme debris disc (EDDs) represent a special, unusually
dust-rich subclass of warm debris discs [15, 16]. The fractional luminosity (that is the
fraction of the stellar luminosity absorbed and re-radiated by the debris dust) of EDDs
is higher than 0.01, and their dust temperatures are typically higher than 300 K. Inter-
estingly, mid-IR photometric monitoring of these objects demonstrated that most of
them show significant variability on monthly to yearly timescales. Contrary to typ-
ical debris systems, the peculiar dust content of these discs and the observed rapid
variations cannot be explained by the steady state collisional evolution of a planetes-
imal belt (a massive analogue of our asteroid belt). Instead, their observed properties
point to a recent, episodic increase in dust production in the inner 1-2 au region that
is thought to be attributed to the final accumulation phase of terrestrial planets [16].
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Observations of these subgroups of young stars with near- and mid-infrared spec-
troscopy, a task that ARIEL can perform, is a key to understanding the first steps and
initial conditions of planet formation.

3 Scheduling simulations

Planning the observations of transits and eclipses of about 1000 exoplanets is a com-
plicated problem given the large number of possible combinations and the stringent
time constraint on such events. ARIEL will solve this problem using an automatic
scheduler based on artificial intelligence algorithms (see [20], for further details),
which aim to optimize the mission planning, maximizing both the number of sur-
veyed targets, and the total time used for scientific observations. This scheduling
algorithm produces a timeline of tasks by taking into account the list of exoplanets to
be observed, the mission constraints and the operations that should be planned. Due
to the time constraints of exoplanet transit and occultations, part of the time is lost in
gaps of unused time between observations. Typically, these gaps last up to few hours
and accumulate to about 4500 hours.

The timeline provided by the simulations [20] contains the start and end time of
the gaps as well as the coordinates of the preceding and subsequent exoplanet transits.
This way the slewing and stabilization time required for the ancillary observation
can be estimated. Since shorter gaps will mainly be used for calibration purposes and
reaction wheel dumping, only the gaps longer than one hour have been considered in
our analysis. The total number of these gaps depends on the actual launch time, but
it averages at about 3400 hours in the 0.5-4.0-year mission duration.

4 Selection of potential ancillary targets

Provided that the ARIEL mission will have around 3400 hours worth of useful – min-
imum 1 hour long – gaps over it’s 3.5 year long operation, an ancillary target list of
200 targets was constructed by combining three main sources of stellar information:
an available list of known FUors [5], a list of known EDDs and a pre-compiled list
of YSOs.

The full list of EDDs contains 42 objects, and in all cases the central objects are F-
K type stars located within 400 pc. Of these disc systems 10 were previously known,
discovered mainly by the Spitzer Space Telescope. The other 32 objects are new
discoveries that we identified using a combined data set based on the AllWISE mid-
infrared photometric [6] and Gaia DR2 astrometric [7] catalogs. All EDDs exhibit
excess emission already at 4.6 μm, most of them even at 3.4 μm [18].

The available list of FUors and EDDs were used in their entirety due to their
short length. To compile the YSO candidate list we used the probabilistic catalog
of Gaia+AllWISE YSOs by [13]. Only those candidates which had at least a 90%
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probability of being a YSO were used. Based on the WISE flux densities we estimate
that in our YSO sample ∼40% of the targets are Class 0 or Class I objects, and ∼60%
of the targets are Class II objects or transitional discs [13], indicating a larger number
of objects that could be observed at later evolutionary phases.

We also considered the distance of the candidates and kept only those with an
estimated distance smaller than 1 kpc, based on the values calculated in [3]. For each
object we then computed the healpixel (using nside = 16) in which they are found and
selected the brightest candidate (measured in the 2MASS Ks band) in that specific
healpixel.

The final sample had 1552 objects in total. For the present feasibility study this
was then reduced by considering their visibility, scientific importance and location,
as discussed below.

In order to determine which targets would be sufficiently bright, a SED com-
parison with the brightest and faintest stars (HD219134 and GJ1214) that ARIEL

can observe was made [22]. Assuming a 5% uncertainty in the used spectral data,
a scientifically more unique target (FUor or EDD) was selected if it fell between
the appropriate intensity interval for at least 40% of the observable region. A sci-
entifically less unique target was selected if it was sufficiently bright in 50% of the
measurable region. It was found that due to the unusual SED profile of young stel-
lar objects the targets selected were generally better visible on longer wavelengths
(mid-infrared region), which is fortunately the more desired region for these objects
anyway.

Based on the brightness analysis 18 FUors and 7 EDDs were selected. After the
25 scientifically more relevant targets had been added to the list, the remaining 175
YSOs were selected based on their position in the sky. This way a relatively even
distribution of targets was achieved. In this selection process we assumed that ARIEL

would be targeting every coordinate in the sky with equal probability, which is in fact
incorrect, as the orbit of the Earth around the Sun determines which regions of the
sky are visible and which are not at a specific date, meaning that targets closer to the
ecliptic are only visible for about 40-50% of the time [22] and objects closer to the
ecliptic poles have an intrinsically higher chance for selection. One may compensate
for this effect by giving higher weight for selection of objects closer to the ecliptic,
but we did not apply this in our selection process.

FUors also require a different approach when it comes to observation and schedul-
ing. Due to their unique outbursts, their brightness can change over a few months
meaning continuous monitoring would be required to maximize the scientific impact
of the ancillary sciences done with ARIEL. Based on the previous brightness analy-
sis a 1.5 hours long measurement was assigned to each of these targets biannually
throughout our simulation.

5 Simulation

To investigate the plausibility of observing auxiliary targets using the waiting times,
an algorithm was constructed using the received timelines [20]. At each available gap
the algorithm scans through the ancillary targets that are inside the field of view of the
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device, and assigns a value (μi) to each of them based on the additional slew time and
stabilization time required to make the observation, the scientific importance of the
target, and the time already spent observing the target. At each gap the algorithm then
selects the target that corresponds to the highest value and observes it. As the analysis
of targets becomes redundant after a certain number of hours spent measuring them,
a limit of 20 hours was set for the total amount of time spent on a YSO. After this
the target is marked as if it is no longer visible, even if it is inside the field of view of
ARIEL. These capped targets are only selected again, if no other objects are available.
This happens if all available targets can only be observed for a maximum of half
an hour after the slewing and stabilization. If no visible, capped or uncapped targets
are observable for at least 30 minutes the algorithm just disregards the possibility of
using the gap effectively.

It was found that it is more beneficial to monitor some targets – e.g. FUors –
throughout the mission time of ARIEL than to constantly observe them until the limit-
ing 20 hours of observation time is reached. The way it was achieved in the algorithm
is that the aforementioned assigned value (μi) of these targets was highly boosted
every 180 days until they were observed, while it was significantly decreased in
between. During the 3.5 years of simulated mission time the 18 targets selected for
monitoring were observed approximately 8.66 ± 1.53 times, while the average time
between two consecutive measurements peaked around 161.5 ± 7.6 days (also see
Fig. 1).

6 Results

To acquire statistically significant results the algorithm was run through 25 differ-
ent simulations corresponding to 25 potential timelines of ARIEL. It was found that
over its 3.5 years long operation the mission will have 1776.7 ± 35.9 gaps that are
longer than an hour, corresponding to about 3389.1 ± 68.8 hours of free time [20].
Our results show that 99.16% of these gaps could be used for auxiliary observations
corresponding to an additional 2880.7 ± 55.6 hours of active data gathering, with-
out the observational overheads. The average slewing and stabilization time of the

Fig. 1 The figure shows the distribution of time elapsed between two consecutive measurements of a
monitored target (left); and the number of observations of each target selected for monitoring (right)
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auxiliary target observations is 16.7 minutes (see also Fig. 2 left). Note that the slew-
ing calculation was performed by changing the local longitude and latitude separately
in the coordinate system of the spacecraft (with the main axis pointing in the direc-
tion of the Sun), which resulted in a small overestimate of the slewing time – i.e. a
small underestimate of the actual observing time spent on the ancillary target.

Overall it can be deduced that out of the 200 targets selected for analysis, 161 ± 5
are observed for at least 5 hours, and 119±4 are observed for at least 10 hours (Fig. 2,
right panel). The visibility and distribution of the targets are shown in Fig. 3.

7 Signal-to-noise estimates of YSO targets

Another important aspect of this feasibility study is to estimate the signal-to-noise
ratio achievable for a specific object during a single waiting time measurement, and
with multiple measurements considering the whole mission duration. In this analysis
we did not consider the monitoring targets, i.e. FUors and EDDs.

The spectral energy distribution of our YSO targets were estimated using the Gaia
DR2 G [7], 2MASS J, H, K, and WISE W1, W2, W3 magnitudes [6] by converting
them to flux densities (Jy) and interpolating to a fine grid of 102 bins in the 0.5–
7.8 μm wavelength range.

To get noise estimates, first we used a reference set of stars of spectral type A-M,
placed at distances of 10-300 pc, and obtained their ARIEL specific noise estimates
using ExoSim [24], for each spectral bin. This provides a reference frame of noise
values as a function of brightness in each spectral bin. We used these values to
obtain signal-to-noise estimates for our targets, based on the estimated actual bright-
ness. As the range of flux densities provided by the selected A-M-type stars was
wide enough it was possible to fully cover the brightness range of our YSOs. The
results are presented in Fig. 4. Note that the signal-to-noise depends on the actual
width of the spectral band; in our dataset we used Δλ ≈ 0.03 μm in the 1.95–3.9 μm
range (AIRS-CH0), and Δλ ≈ 0.20 μm in the 3.9–7.8 μm range (AIRS-CH1). Noise
estimates are also provided for three photometric bands centered at 0.55, 0.70 and
0.95 μm (VISPhot, FGS1, FGS2).

Fig. 2 These graphs show the general distribution of the slewing and stabilization time additionally
required to observe the auxiliary targets (left); and the number of targets as a function of the minimum
number of hours they have been observed for (right)
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Fig. 3 The distribution and the visibility of the selected 200 targets after the algorithm has analyzed their
potential for ancillary measurements. The colours indicate the hours spent observing the targets, as shown
with the colour codes on the right

For our selected YSO targets the typical signal-to-noise in the photometric bands
are of the order of 104 in the 0.5-2 μm range; ∼ 5 · 103 in the 2–4 μm range; and
∼ 104 in the 4–8 μm range in a single measurement. However, these signal-to-noise
values are expected to be about three times larger once all the measurements taken
over the course of the mission are combined.

Our results show that a typical YSO selected by our criteria can be observed with a
high signal-to-noise ratio even in a single measurement. This also means that multiple
monitoring observations are useful, and could detect even small-scale (1:1000) flux
density variations in the infrared, a unique tool in the characterisation of circumstellar
material evolution.

Fig. 4 Estimated signal-to-noise ratio of the YSO targets observed in the waiting times, using the sum of
all measurements during the mission (left) and in a single measurement with median length (right). The
blue curve corresponds to the median signal-to-noise ratio achieved for 175 targets, and the error bars
represent the standard deviation within this sample. Red and green curves correspond to the signal-to-noise
obtained for the brightest and faintest target, respectively. Note that not all spectral bins are shown
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The high YSO signal-to-noise seen in the near- and mid-infrared is due to the fact
that YSOs are much brighter than main sequence stars at these wavelengths as a result
of the presence of circumstellar material, if the visible range brightness is the same
otherwise. Accordingly, the worst signal-to-noise values are obtained for the visible
range photometric bands for YSOs are below or around 103.

8 Conclusion and further work

To examine the feasibility of ancillary science cases with ESA’s ARIEL mission, we
compiled a list of young stars, including FU Orionis-type variable stars, systems har-
bouring extreme debris discs and young stellar objects. Using the available exoplanet
transit and eclipse scheduling timelines [20] we constructed an algorithm to find the
optimal target to be observed in each – at least one-hour-long – gap. The selection
was mainly based on the target’s celestial distance from the location of the preceding
and subsequent scheduled exoplanet transits, but the scientific importance of the tar-
get and the overall time spent observing it was also taken into account. Some targets
required monitoring biannually rather than continuously; in these cases higher prior-
ity was assigned to the targets periodically. We found that 99.2% of the gaps can be
used effectively, corresponding to an additional 2880.7 ± 55.6 hours of active data
gathering.

This is on its own a very promising result, especially because throughout the sim-
ulations some non-negligible underestimates have been made using the non-linear
slewing and large overhead. The typical signal-to-noise ratio which could be reached
with the spectroscopic instruments (NIRSpec, AIRS-CH0, AIRS-CH1) are in the
order of 104. This suggests that a much larger sample of targets (of the order of 500-
600) could also be used for ancillary observations, and still keeping the achievable
signal-to-noise over 103 for combined measurements. Also, in the case of the bright-
est targets, waiting times shorter than one hour could as well be used which were
excluded from our present investigation.

As the additional active data gathering time was predicted by these simulations
using 25 different possible schedules for ARIEL, it is likely that the algorithm is
sufficiently flexible and robust to adapt to the changing target list of the mission
while conserving the level of efficiency presented in this paper.

The construction of a larger sample of targets and the correction and fine-tuning
of the algorithm will be the next steps in further developing ancillary science cases
for ESA’s ARIEL mission.
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20. Morales, J.C., Nakhjiri, N., Colomé, J., Ribas, I., Garcia, E., Moreno, D., Vilardell, F.: Ariel
scheduling using artificial intelligence. Exper. Astron., submitted (2020)

21. Pontoppidan, K.M., Blevins, S.M.: The chemistry of planet-forming regions is not interstellar. Faraday
Discuss. 168, 49–60 (2014). https://doi.org/10.1039/C3FD00141E

22. Puig, L., Pilbratt, G., Heske, A., Escudero, I., Crouzet, P.E., de Vogeleer, B., Symonds, K., Kohley,
R., Drossart, P., Eccleston, P., Hartogh, P., Leconte, J., Micela, G., Ollivier, M., Tinetti, G., Turrini,
D., Vandenbussche, B., Wolkenberg, P.: The phase A study of the ESA M4 mission candidate ARIEL.
Exp. Astron. 46(1), 211–239 (2018). https://doi.org/10.1007/s10686-018-9604-3
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