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Abstract
The Ariel mission will execute an ambitious survey to measure transit and / or sec-
ondary eclipse spectra of the atmospheres of about 1000 exoplanets. I outline here 
some possible scientific applications of the exquisite Ariel Core Survey data, beyond 
the science for which they are primarily designed.
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1 Introduction

Along with thermal IR spectroscopy, Ariel will produce exquisite optical and near-
IR photometric data, with multi-band photometry at 1 Hz sampling. For a generic 
target the total noise in each of VISPhot, FGS1 and FGS2 instruments is less than 
50 ppm √hr [39, 49]. With photometric data of this quality, Ariel is sensitive to the 
intrinsic variability of even very quiet stars. This short paper outlines a variety of 
science which might be executed with the ground-breaking data included in Ariel’s 
Core Survey. A very short summary of some of these potential extended use appli-
cations of the Ariel Core Survey data is included in Tinetti et al. [49]; further exam-
ples and more detailed discussions can also be found in Szabó et al. [46], Borsato 
et al. [7], and Garai (2020).

This paper extends the work of Szabó et  al. [46], Borsato et  al. [7], and Garai 
[18] and focusses on some straightforward applications to stellar astrophysics along 
with some more speculative potential applications. Section 2 focusses on advances 
that can be made through the application of Ariel’s Core Survey data to stellar astro-
physics. Since almost everything we can infer about a transiting exoplanet is derived 
relative to the properties of the host star, these gains will indirectly advance exo-
planetary science as is obvious in the material discussed in Section 2.1. Section 3 
discusses serendipitous discoveries about planets and other orbiting bodies which 
might be anticipated in the Ariel Core survey data. The science discussed herein is 
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outside the core Ariel science case, and includes some speculative applications. The 
paper concludes with a short summary in Section 4.

2  Applications of Ariel Core Survey Data in stellar astrophysics

The overwhelming majority of the photons collected by Ariel will be emitted from 
the host stars without any measurable influence from the exoplanets which Ariel 
aims to study. Consequently, it is unsurprising that the Ariel Core Survey data 
has significant potential to drive progress in our understanding of the outer lay-
ers of stars. We summarise here a few of the areas where we might anticipate such 
progress.

2.1  Refining the radii of PLATO terrestrial exoplanet discoveries

In high quality photometry of transits of giant planets, the shape of ingress and 
egress constrains the impact parameter, b (see e.g. [19]). Conversely, for small plan-
ets ingress and egress occur quickly irrespective of b. Morris et al. [37] show that 
consequently PLATO’s terrestrial planet radius determinations may be generally 
limited to around 3.6 % precision. This corresponds to an 11 % uncertainty in planet 
volume and hence bulk density. Furthermore, this does not include contributions to 
the uncertainty budget arising from instrumental effects or correlated noise due to 
stellar super- and mesogranulation. The 3.6 % limit on planetary radius precision 
arises from stellar oscillations and granulation coupled with degeneracies between 
planet radius, RP, and b, arising from limb darkening effects. This uncertainty floor 
was derived using Solar data near the Solar Minimum, and can thus be considered a 
firm lower limit on the noise floor attainable for PLATO radius determinations for a 
true Earth analogue. The corresponding directly measured quantity  D½, where D is 
transit depth, has 0.73 % precision.

Ariel’s precise multicolour photometry, particularly the longer wavelength bands 
provided by FGS2 and NIRSpec spectrophotometry, can lift the degeneracy between 
RP and b. This is because (i) limb darkening is less important at longer wavelengths 
(see e.g. [19]), and (ii) simultaneous fits in multiple bands ameliorates the degen-
eracy between impact parameter and limb darkening. Ariel transit observations of 
PLATO small planet discoveries can straightforwardly accomplish this directly for 
any individual planets observed.

2.2  Limb‑darkening coefficients as a function of stellar parameters

Ariel may further contribute more generally through well-constrained empirical 
limb-darkening coefficients for host stars of the full Ariel planet transit survey (cf. 
Dravins et al. [15], Szábo et al. [46]). These may allow limb darkening coefficients 
to be more accurately assigned by matching stellar characteristics. Limb-darkening 
coefficients can be calculated ab intio from stellar atmosphere models, for example 
Claret [11] performs this work for the Transiting Exoplanet Survey Satellite (TESS) 
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pass band. Claret [11] give coefficients for a multi-dimensional grid of models span-
ning the range of effective temperatures, gravities, metallicities anticipated in the 
TESS sample of 200,000 stars. The confrontation of the limb darkening coefficients 
predicted by the model atmosphere calculations with the TESS empirical light 
curves will provide tests of the model atmospheres. It is clear, however, that Ariel’s 
multicolour data will effectively fix the impact parameter and lead to a new level of 
stringency in these tests.

2.3  Stellar variability across the Herzsprung‑Russell diagram

At the precision of Ariel photometry, Sun-like stars are variable even at intervals 
with little magnetic activity. The Helioseismic and Magnetic Imager (HMI) instru-
ment aboard the Solar Dynamics Observatory (SDO) produces full disc optical con-
tinuum intensity images and Stokes parameters for the Solar photosphere at 45  s 
time resolution [45]. These light curves were used to produce high precision disc-
integrated light curves of the Solar optical continuum by Morris et al. [37]. These 
data show a ~100 ppm variability even for a day of low magnetic activity close to 
the Solar Minimum (see Fig. 5 of [37]). This variability arises from p-mode oscil-
lations, and stochastic variability arising from the basal level of magnetic activity 
which is present even in the quiet Sun, and temporal fluctuations in the convective 
granulation. This variability is much larger than the measurement errors on the Solar 
continuum intensity measured by HMI.

While Ariel’s photometric precision will not approach that of the HMI Solar con-
tinuum data, Ariel’s out of transit observations will produce multi-band photometric 
data capable of detecting the analogous variability for bright exoplanet host stars. 
Coadding VISphot, FGS1, and FGS2 data in 30 min bins, Ariel can achieve optical 
intensity light curves with ~35 ppm standard deviation for typical bright targets (cf. 
[49], Szábo et al. [46]). Numerical simulations suggest that the sizes of stellar pho-
tospheric granules scale inversely with stellar surface gravity. The granule size, and 
the granulation-induced stellar variability is thus expected to be largest for evolved 
stars [50]. Ariel’s diverse sample of planetary systems will allow this to be directly 
assessed for stars across the Hertzsprung-Russell (HR) diagram.

The interplay between convection and pulsation is complex, and has been com-
prehensively explored from analytical (e.g. Houdek and Dupret [24]) and numeri-
cal [50] points of view. PLATO will perform long baseline asteroseismology with 
exquisite frequency resolution, but Ariel will complement this with high quality, 
high precision multi-band light curves with short baseline and high cadence. For 
strictly periodic phenomena such as transits and asteroseismic oscillations, PLATO’s 
light curves will be unrivalled, but Ariel has the collecting area needed to directly 
reveal stochastic intensity variations in quiet stars. Intensity variations due to low-
amplitude granulation and magnetic temporal variability have only been observed in 
this detail so far for the Sun. Kepler light curves generally only approach a standard 
deviation of 100 ppm for the brightest targets and 30 min exposures [25]. At Ari-
el’s precision it may be possible to assess whether the presence of very short-period 
planets excite stellar pulsations. There is circumstantial evidence this may happen: 
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the hot Saturn DMPP-2 orbits a γ Doradus pulsator, but the star sits in a region of 
the Hertzsprung-Russell where only 2 % of objects pulsate [20]. Perhaps this subset 
are all host stars of hot planets. Ariel’s precise multiband data may reveal the excita-
tion of stellar pulsations by close-orbiting planets.

2.4  Stellar activity and stellar flares

Stellar activity is a key issue which must be dealt with in the extraction of Ariel’s 
spectra of planetary atmospheres. The strategies for this are discussed in Tinetti 
et al. [49], here we outline the benefits of Ariel observations to scientific issues con-
nected with stellar activity. From this perspective, transit spectroscopy is a powerful 
new technique for probing stellar surface inhomogeneities, i.e. effectively spatially 
resolving other stars [2, 15, 19, 27].

The Inouye Solar Telescope will provide high spatial and spectral resolution vis-
ible and near-IR spectropolarimetry of structures on the Sun, with wavelength cov-
erage to 5  μm with first generation instruments [14, 51]. These data will provide 
spectra, covering most or all of the Ariel wavelength range, of features including 
granulation, prominences, flares on a variety of scales, spicules, faculae, and star 
spots. This library of spatially resolved Solar spectra can be used as a basis for inter-
preting the stellar surface inhomogeneities revealed by Ariel’s core survey observa-
tions of exoplanet transits. Currently we simply do not know the structural details 
of inhomogeneities on the surfaces of stars other than the Sun, nor can we gener-
ally measure their spatially-resolved emission spectra. Where direct measurements 
of stellar surface features have been made, for example for magnetically active M 
dwarfs, there are generally significant differences in comparison to the Sun (e.g. [3, 
4, 44]). The active K4 V planet host HAT-P-11, however, has a starspot distribution 
in latitude similar to the Sun’s, though with some spots bigger than the largest seen 
on the Sun [36]. MHD modelling can make predictions for different chemical com-
positions and stellar parameters (e.g. [6, 50]) and these models are already used to 
predict, assess and ameliorate the effects of stellar surface features on radial veloci-
ties ([10]; see also [5]). Cegla et al. [9] point out that photometry is a key diagnostic, 
so ground-based high resolution spectroscopy simultaneous with Ariel photometry 
is likely to produce data able to challenge and drive significant advances in model-
ling stellar surface magnetoconvection.

As outlined in Tinetti et al. [49] it may prove necessary to discard, for the pur-
poses of planetary atmosphere spectroscopy, ARIEL observations which contain 
stellar flares. The broad-band contribution of stellar flares to the K band is very 
small, however stellar flares are inherently non-thermal phenomena, and much of 
their optical and IR emission is generally likely to be via Paschen, Brackett and 
Pfundt line emission from neutral hydrogen. Only one of these lines lies within the 
K band. In the instances where flaring activity is detected, for example in the short-
est-wavelength FGS1 band, the ARIEL IR data may reveal the associated tempo-
rally varying Paschen, Brackett and Pfundt line and continuum emission. These data 
can be interpreted to derive detailed physical properties of the stellar atmospheres, 
guided by high quality spectral atlases for solar flares.
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A minority of solar flares have anomalously low hydrogen line emission fluxes. 
These “white light” flares (WLFs) have emission which is dominated by the free-
bound continuum emission from recombining hydrogen ions [42]. WLFs are attrib-
uted to significant amounts of energy being deposited deeper than usual in the solar 
atmosphere [38]. Recent work concludes that this deposit of energy in the lower, 
rather than the upper, chromosphere can be explained more readily if the flare’s 
energy is carried by protons rather than electrons. Energetic electron beams can 
deposit energy in the lower chromosphere, but require rather exotic parameters to 
do so [41]. Ariel core survey data could potentially probe analogous physics for any 
exoplanet host stars caught flaring during the observations, through comparison of 
the optical light curves with IR spectroscopy covering the Paschen, Brackett and 
Pfundt lines.

Ariel’s core survey data suffering from stellar-flare contamination will extend our 
knowledge of the dynamical process operating in the chromospheres of other stars, 
building on e.g. Kowalski et al. [28, 29] and generalising inferences from the Sun to 
stars of a range of spectral types and luminosity classes. Ariel’s VISphot, FGS1 and 
FGS2 photometers can in principle be read out at cadences of up to 20 Hz, though 
the core survey data will have cadence limited at around 1 Hz [49]. Stellar flares are 
impulsive events powered by magnetic reconnection, and high precision photometry 
at higher cadences could open up new parameter space for discovery. Coupled with 
the ARIEL IR spectrophotometry and the rich contextual data from 21st Century 
Solar observations, Ariel Core Survey data may resolve uncertainties about the opti-
cally thin outer layers of stars across the HR diagram. Some of ARIEL’s core survey 
targets may exhibit magnetic star-planet interactions. These can perhaps be charac-
terised at unprecedented precision through ARIEL photometric data.

3  Applications of Ariel Core Survey data to exoplanets and other 
orbiting bodies

Ariel’s core science is the study of planetary atmospheres through transmission 
spectroscopy during exoplanet transits, emission spectra derived from secondary 
eclipses, and through the acquisition of exoplanet phase curves. The Core Survey 
data may, however, also provide information on other aspects of the exoplanetary 
systems observed.

3.1  Planet surface maps from secondary eclipses

ARIEL can build on Spitzer’s legacy of planet mapping using secondary eclipse 
and phase curve data. By the time Ariel is operational, there will probably be 
a number of rocky planets amenable to mapping; certainly the mapping of the 
planet LHS 3844b [30] can be repeated, and extended in wavelength coverage. 
Very precise high cadence light curves at eclipse ingress and egress can produce 
brightness maps of exoplanets [13, 34, 35]. This builds on decades of heritage 
of similar techniques applied to eclipsing binary systems, notably in cataclysmic 
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variable stars (e.g. [40]). It may even prove possible to detect signs of plate tec-
tonics on exoplanets. Active volcanoes on Io are bright at 2-5µ [12]. Eclipse maps 
from Ariel data may indicate the outlines of rocky exoplanets’ tectonic plates, just 
as the volcanoes on Earth trace terrestrial subduction zones [53].

3.2  Exomoons and exorings

Exomoons can cause both transit timing and transit duration variations through their 
gravitational interactions with the transiting planet they orbit [26]. As discussed in 
Borsato et al. [7], Ariel will make precise measurements of both. The exomoon itself 
can also be directly detected through its transit. The combination of these effects 
observed with ARIEL’s photometric and timing precision will produce data both 
sensitive to exomoons and powerfully able to determine the mass and size of any 
detected. Currently the best exomoon candidate, orbiting Kepler-1625 b, may be 
attributed to instrumental systematics [22, 31, 47, 48]. ARIEL’s suite of instruments 
are all capable of producing sensitive, high cadence data, and systematic effects 
in their light curves should be largely uncorrelated. This will help enormously in 
promptly resolving debates like that on Kepler-1625 b’s putative moon [46].

Heller [21] gives a comprehensive review of the methods which can reveal both 
exomoons and exorings. In the Solar System, rings are ubiquitous around giant plan-
ets, and have even been detected around an asteroid [8]. Rings are unlikely to pro-
duce dynamical effects on transit timing, but can be directly detected through the 
flux dips due to their own transit across the host star [52]. The light curves of transit-
ing ring systems might also exhibit forward-scattering (e.g. [1]). Ariel’s multi-band 
photometric capabilities will reveal any ring systems around core survey targets, and 
characterise those already identified by PLATO.

3.3  Exocomets

Exocomets were first found orbiting β Pic through their absorption in the Ca II H&K 
lines [16]. A recent survey of 117 main sequence stars [43] found signatures of 
absorption from gas possibly attributable to exocomets in about 25 % of the sample. 
The sample was biased to maximise such detections so this should not be interpreted 
as an occurrence rate. Nevertheless, it seems likely that Ariel’s core survey data on 
edge-on planet-hosting stars will catch some transits of exocomets. Solar System 
comets contain species with plentiful spectra lines in wavelength range covered by 
Ariel. For example, Lippi et al. [33] shows molecular line fluorescence efficiencies 
within the AIRS band, scaled by typical Solar System cometary molecular abun-
dances and terrestrial transmittance for six molecules found in Solar System comets. 
Clearly Ariel will not resolve the individual ro-vibrational transitions, but it seems 
probable that detection of the unresolved bands due to these and other cometary 
molecular species will be made serendipitously.
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3.4  Exotrojans

Trojan bodies, also known as co-orbital bodies, orbit at the L4 or L5 Lagrange 
points which lie respectively at points 60° ahead and behind of a planet. None 
have yet been found in exoplanetary systems [32], though they are present in the 
Solar System and predicted by theories of planetary system formation [23]. Ford 
and Holman [17] discussed identifying exotrojans through TTVs. Ariel’s pho-
tometric precision also offers prospects for direct detection through transits of 
~1000  km sized exotrojans, but the L4 and L5 points will only be covered for 
objects in Tier 4 (phase curves). The detection of Trojans accompanying a hot 
or warm giant planet would imply the planet had arrived in its present location 
via migration through a dissipative disc rather than via tidal circularisation of a 
highly eccentric orbit.

4  Summary and conclusions

To execute its core science goals on exoplanetary atmospheres, Ariel will amass 
photometry and spectrophotometry of unprecedented quality on ~1000 bright 
stars. These data will be a rich resource for the astrophysics of stellar photo-
spheres and chromospheres, and will almost certainly produce serendipitous 
breakthroughs in our knowledge of exoplanetary systems.
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