Experimental Astronomy (2025) 60:19
https://doi.org/10.1007/510686-025-10032-w

RESEARCH |

®

Check for
updates

Exploring synergies between Twinkle and Ariel: a pilot
study

Andrea Bocchieri'? - Luke Booth? - Lorenzo V. Mugnai'**>

Received: 5 July 2024 / Accepted: 29 September 2025
©The Author(s) 2025

Abstract

Launching in 2027 and 2029, respectively, Twinkle and Ariel will conduct the first
large-scale homogeneous spectroscopic surveys of the atmospheres of hundreds of
diverse exoplanets around a range of host star types for statistical understanding.
This will fundamentally transition the field to an era of population-level characteri-
sation. In this pilot study, we aim to explore possible synergies between Twinkle
and Ariel to determine for instance whether prior Twinkle observations can sub-
stantially inform the target selection and observing strategy of Ariel. This study
primarily aims to encourage further investigation by both consortium communities
by showing what a potential scientific synergy would look like on a promising sci-
entific case that requires further exploration. For this aim, we select a small subset
of ‘cool’ planets that are also particularly well-suited to be observed by Twinkle
and therefore Ariel. By using representative noise estimates for both missions, we
compute the number of visits required for an observation. Then, we simulate and
retrieve transmission spectra of each target, assuming gaseous, Ha/He-dominated
atmospheres and various atmospheric models to test different scenarios. For all
candidates, we find that atmospheric parameters are generally retrieved well within
1-o to input values, with Ariel typically achieving tighter constraints. We also find
that retrieved values may depend on the tier when Ariel can achieve Tier 3 in a
single visit, due to the information loss that may occur in binning. We demonstrate
that for a small subset of cool gaseous planets, exploitable synergies exist between
Twinkle and Ariel observations and Twinkle may very well provide a vantage point
to plan Ariel observations. The true extent of the potential synergies, far beyond
our considered sample, will be determined by the final target lists. Once Twinkle
is operational and its performance is known, it could reliably inform Ariel’s target
prioritization and Ariel’s capabilities which are already well-established can help
define optimal targets and observational approaches for Twinkle. Therefore, further
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exploration of potential synergies is highly warranted especially after Twinkle is
operational and Ariel’s launch date approaches.

Keywords Methods - Data analysis - Planets and satellites - Atmospheres -
Surveys - Techniques - Spectroscopic

1 Introduction

First detected in the early and mid-1990s, exoplanets are now known to be common-
place and a ubiquitous outcome of star formation, with current estimates suggesting
that on average a star hosts at least one planet [1, 2]. With over 5400 confirmed detec-
tions around host stars that vary from giants to dwarfs, binaries to stellar remnants,
the field of exoplanet science is continually growing. Many thousands of candidate
planets await validation via follow-up observations and statistical methods, whilst
new ground- and space-based observatories such as PLATO [3], extremely large tele-
scopes (E-ELT [4, 5], TMT [6] and others), Ariel [7], Twinkle [8, 9], and concepts
such as LIFE [10] show a continued investment in the field.

Though significant advances in understanding have been made over the last
two decades, there are still many open questions on the formation and evolution
of exoplanets and the nature of atmospheric processes. To help resolve these ques-
tions, thorough stellar characterization and precisely measured planetary radius and
masses are necessary. By far the most prevalent detection method to date is the transit
method, and as such, current data inventories are strongly biased towards planets with
radius measurements. Whilst ~ 25% of known planets have measured masses, only a
small subset of transiting planets (< 20%) have masses measured with a precision of
< 20% of the reported value.! The ability to combine both radius and mass values has
been leveraged to obtain initial mean bulk density measurements, which can provide
broad constraints on global structure and composition. These have been used to sug-
gest physical interpretations for observed phenomena such as the Kepler radius val-
ley (a.k.a. Fulton Gap) [11] and the hot Neptune desert [12—14], although it is widely
accepted that atmospheric data are required to begin breaking degeneracies [15].

At present, the number of planets with atmospheric data from spectroscopy is low,
accounting for <4% of the known population. The ~150 unique planets® with atmo-
spheric spectra sparsely sample a wide parameter space in radius and temperature,
with the bulk of these datasets coming from ground-based programmes, the Hubble
Space Telescope (HST), Spitzer and, more recently, James Webb Space Telescope
(JWST) observations. JWST has enabled the study of individual planet atmospheres
in great depth, both below the radius valley (e.g., 55 Cnc e [16], WASP-47 ¢ [17],
LHS 3844 b [18], LHS 1140 b [19], LP791-18 d [20]) and above it (e.g., K2-18 b
[21], TOI-270 d [22], GJ 3470 b [23], WASP-107 b [24], WASP-39 b [25], WASP-
43 b [26]). Its early achievements include definitive evidence of photochemistry on

"'based on calculations made using the NASA Exoplanet Archive composite parameters database (accessed
2023.11.23)

2 http://research.iac.es/proyecto/exoatmospheres/table.php
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a hot Jupiter, and more recently the first detection of a secondary atmosphere on a
rocky world. These results and more will continue to shape this rapidly evolving
field. However, JWST is not dedicated to observing exoplanets and therefore it is not
well-suited to large-scale systematic surveys. The lessons learned from JWST are
invaluable for the upcoming dedicated missions that will perform the first spectro-
scopic surveys of exoplanets: Twinkle and Ariel. Key advantages of these missions
is their wide, continuous spectral coverage in the visible to mid-infrared, obtained
in a single shot. Thus, these missions will produce homogeneous data across their
respective observing samples of 100s of exoplanetary targets, extending comparative
planetology beyond the Solar System and reveal underlying trends in the observed
population.

To optimize the scientific output and prepare the data exploitation for these two
missions, significant work has been devoted to atmospheric studies [8, 27-29] of
simulated exoplanetary populations. Potential synergies are widely recognized and
here we discuss a preliminary attempt at leveraging the capabilities of both missions
to characterise the atmospheres of a small test sample.

The paper is structured as follows; Section 1 outlines the technical specifications
of the Twinkle and Ariel missions and discusses the scientific motivation for this
study. In Section 2, target selection methods are outlined and a brief review of the
literature is included for each selected planet. We also detail the forward model cre-
ation, the noise models employed, and the self-retrievals performed on each of the
simulated spectra. We include our findings in Section 3, then discuss their implica-
tions and opportunities arising from them in Section 4. Finally, we conclude and
summarise this pilot study in Section 5.

1.1 Ariel

Ariel [7, 30] is a pioneering ESA space mission that will revolutionize our under-
standing of exoplanets by surveying their atmospheres and compositions with spec-
troscopy. As part of ESA’s Cosmic Vision programme, Ariel will launch in 2029 and
operate from the L2 point, where it will perform a chemical survey of about 1000
warm and hot exoplanets over a wide range of sizes, masses, temperatures, and host
star properties. Ariel is designed to measure atmospheric signals from planets with
better than 20—100 ppm post-processing stability relative to the host star, depending
on the target brightness, for a single transit observation. Ariel will exploit its unique
capability to cover the entire 0.5 to 7.8-um spectral range in one shot, capturing the
peak emission of these planets and detecting many important molecular species [31].

The Ariel payload [32] consists of a Telescope Assembly incorporating an off-axis
Cassegrain telescope with a 1-m class primary mirror [33] that feeds two instru-
ments: the Fine Guidance System (FGS) [34] and the Ariel InfraRed Spectrom-
eter (AIRS) [35]. FGS provides three photometric channels (VIS-Phot, 0.5-0.6 u
m; FGS1, 0.6-0.80 um; FGS2, 0.80-1.1 um) and a low-resolution Near-InfraRed
Spectrometer (NIRSpec, 1.1-1.95 um and R > 15). AIRS is a broad-band, low-to-
medium-resolution near-infrared spectrometer operating between 1.95 ym and 7.8
m, with two independent channels (CHO, 1.95-3.9 um and R > 100; CHI, 3.9-7.8
pm and R > 30). Both instruments use Teledyne’s HXRG Mercury-Cadmium-Tel-
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Table 1 Tiers definition in the Spectrometer ~ Wavelength Tier 1 Tier 2 Tier 3
Ariel observing strategy channel range
NIRSpec 1.1 -1.95 pm R~1 R~10 R~20
AIRS CHO 1.95-3.9 um R~3 R~50 R~
100
AIRS CH1 39-7.8 um R~1 R~10 R~30

luride (MCT) detectors that have high quantum efficiency and low noise. The AIRS
detectors are the only items that require active cooling via an active Ne JT cooler.
The payload design has been optimized using lessons learned from previous space
missions to achieve high photometric stability and spectral accuracy while mitigat-
ing systematic errors or allowing their removal post-processing [36]. Therefore, the
Ariel payload design reaches photon noise limited performances on all targets of the
mission [37].

After each observation, the resulting spectrum from each spectrometer is binned
during data analysis to optimize the signal-to-noise ratio (S/N). Therefore, by imple-
menting different binning options, the mission adopts a four-tier observation strategy
to optimize the science return. We refer to [38, their Section 3.3] for the definition of
each tier. We report these definitions in Table 1 for convenience.

This optimized instrumental setup and observation strategy will enable Ariel to
address fundamental questions such as: “What are exoplanets made of?”, “How do
they form and evolve?”” and “What are the physical processes shaping planetary atmo-
spheres?” [27, 28, 39]. By studying a large and diverse sample of exoplanets, Ariel
will also reveal statistical trends and correlations among their properties, shedding
light on their origin and evolution [38]. The data acquired by Ariel will be processed
by dedicated pipelines that will extract the spectra of the exoplanet atmospheres from
the transit or eclipse signals [40]. The data products will be made available to the sci-
entific community through a public archive hosted by ESA [41]. Ariel’s data policy
is that Tier 1 data will be made available to the community immediately, after due
quality controls; for tiers 2 and 3, after a short proprietary time period of 6 months.

1.2 Twinkle

Expected to launch in late 2027 and operate from a Low-Earth Orbit (LEO) at an
altitude of 1200 km with an orbital period of ~ 105 minutes, the Twinkle Space Tele-
scope [8] is a commercial venture by Blue Skies Space Ltd. (BSSL). Set to study both
solar-system and extra-solar objects, the mission is expected to characterize the atmo-
spheres of 10s to 100s of exoplanets during its nominal three-year exoplanet survey,
providing the first large-scale, homogeneous, exoplanet spectroscopic survey.

The spacecraft consists of a 0.45-m diameter primary mirror with an actively
cooled inner sanctum, in which a spectrometer with two channels is housed. CHO
0.5-2.4 ym and CHI 2.4-4.5 pm, that will reach peak spectral resolving powers of
R =70 and R = 50, respectively [9, 42]. These channels will operate simultane-

3 http://bssl.space/twinkle/
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ously, providing continuous coverage between 0.5-4.5 um and expanding on the
wavelength coverage of HST/WFC3 by just over a factor of 4.

The mission’s Sun-synchronous polar orbital configuration allows for the obser-
vation of targets between +40° of the ecliptic, whilst the use of reliable, established
heritage components enables reduced costs relative to traditional mission pathways.
Consequently, Twinkle represents an alternate roadmap for space-based research mis-
sions. Another main difference with Twinkle is that its mission philosophy is not
requirement-driven but is heavily dependent on the as-built performance which will
be predicted through modelling and assessed in-flight. So, while this requires Twin-
kle to be more flexible in its observation plan, which will be revised if necessary once
its in-flight performance is checked, it also enables the mission to speed up schedule
and lower costs. Twinkle’s accelerated design and launch programme (<10 years
from conception to launch) will allow it to be operational approximately 2.5 years
before Ariel. Twinkle’s data release policy is set to feature public release of any data
included in publications released in the time period during the primary mission, with
a full public release of all data obtained during the primary mission to occur within 6
months of this end date (approx Q1 2031).

Twinkle’s similar spectral resolution and overlapping wavelength coverage to
Ariel will make it a useful precursor to inform the final Ariel target list as the data
obtained during the primary mission will be published early-on during Ariel’s in-
flight mission life. It is noteworthy that Ariel’s spectral range extends further in the
infrared, however Twinkle’s visible spectrometer provides higher resolution data
than Ariel’s three photometers between 0.5 and 1.1 micron. This wavelength range
is predominantly useful for the characterization of the host star activity, scattering
slopes and optical features of hot exoplanets, and phase curves of the same. A thor-
ough study of how this higher-resolution data in the visible is of use for Twinkle and
how that could provide complementary information for Ariel observations and their
interpretation is currently outside the scope of the present work, which focuses on
just six sub-1000 K planets.

Table 2 provides a synoptic comparison of both missions, including additional
details, for convenience. Note that some of Twinkle’s performance specifications are
currently N/A as the mission relies heavily on as-built performance.

1.3 Science case

The investigation of cool and temperate gaseous exoplanets presents an intriguing
scientific opportunity to advance planet formation, evolution and migration theories
through improved constraints on atmospheric metallicity across distinct planetary
populations, particularly in the context of utilizing both the Twinkle and Ariel mis-
sions. These planets are not proposed to be systematically investigated with Ariel,
while Twinkle has a dedicated survey for cool gaseous planets (Twinkle group paper
(in prep); [43]), making it even more compelling to explore their characterization
using Twinkle and how it can inform future Ariel observations.

One key advantage offered by Twinkle and subsequently Ariel is their broad, con-
tinuous spectral coverage, which is essential for resolving degeneracies in atmo-
spheric composition and thermodynamics [e.g., 44, 45]. While instruments like HST/
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Table 2 Comparison of twinkle and Ariel space telescope instruments as required specifications

Parameter

Twinkle

Ariel

Notes

Mission Overview
Primary Science Goal

Scheduled Launch Date

Mission Duration
Orbit

Observing strategy

Instrument Specifications
Telescope Collecting Area

Wavelength Coverage

Spectral Resolution

Straylight

Detector Performance®
Detector Type

Pixel size

Quantum Efficiency
Read Noise

Dark Current

Full Well Capacity

Stability Requirements
Detector Temperature

Gain Noise

Jitter noise
Stability post-processing

Observational Capabilities

Field of Regard

SNR Goal
Targets (Expected)
Figure of Merit

Nyquist sampled signals
Data & Operations
Observing Efficiency

Data Availability

Exoplanet & Solar
System object studies

Q32027

3 (+3.5) years

Sun-synchronous, LEO
(~1200 km)

N/A
0.45m
0.5-4.5 um

20<R<70 (0.5-2.4 pm)
20<R<50 (2.4-4.5 pm)

N/A

Teledyne H2RG (MCT)
18 pm

>60%

20e™

5 e~ /s/pixel

~ 80 ke~

<90 K

N/A

N/A
N/A

Within £40° of
ecliptic

>5

10s to 100s exoplanets
N/A

N/A

~75% (conservative
estimate)

Publicly available after
conclusion of initial

3 year mission.

Chemical survey of exo-
planet atmospheres

Q42029

4 (+2) years
L2

4-Tiers
0.64 m
0.5-7.8 um

R > 15(1.1-1.95 pm)
R > 100 (1.95-3.9 pm)
R > 30 (3.9-7.8 um)
<1%

Teledyne HxXRG MCT
18 pm

>60%

20e™

5 e~ /s/pixel

100 ke~ (FGS), 85-50
ke~ (AIRS)

65 K (FGS), 42K
(AIRS)

40 ppm / Vh

20 ppm (const. > 1 hr)
20-100 ppm

Whole sky in 6 months

>7 in AIRS (each tier)
~1000 exoplanets
0.165 m? (NIRSpec),
0.132 m? (AIRS)

v

~85%

Tier 1: immediate; Tier 2
and 3: 6 months; Tier 4:
1 year

Ariel focused on
statistical sample.

~2 year gap between
missions.

Extended mission in ()

Different thermal
environments.

See Table 1

Ariel has larger light
collecting area.

Ariel extends further
into mid-IR.
Twinkle has higher
resolution in the 0.5-
1.1 pm range.

Varies by channel.
[CDS/pixel].

AIRS requires active
Ne JT cooling.

‘Worst-case.

Depends on the tar-
get’s brightness.

Ariel has 4 tiers.
[Ate; QE transm.].
(>2 pix. for FWHM)

Twinkle limited by
Earth occultation.

# More information in the public domain at https:/www.teledyne-si.com/en-us/Products-and-Services_
/Documents/Infrared%20and%20Visible%20FPAs/TSI-0855%20H2RG%20Brochure-25Feb2022.pdf
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WEFC3 are primarily sensitive to water (H,O) and methane (CH,) features in the
near-infrared, the recent launch of JWST, with its 6.5-m primary mirror and spec-
tral coverage from 0.6 to 28.5 um, has opened uncharted territory in atmospheric
characterization. This was evidenced by recent inferences of CO5 and SO; in the
atmosphere of the hot Jupiter WASP-39b [46—49], and the 5-¢ detection of CH, in
K2-18 b [21], the latter of which appears to solve the long-standing “missing methane
problem” [50-52]. However, JWST is a multi-purpose observatory and, although it
allocates a considerable amount of observing time to exoplanet observations, con-
ducting systematic and unbiased surveys of exoplanet atmospheres is not a principal
focus. In contrast, although less sensitive, Twinkle and Ariel will enable a systematic
characterization of exoplanet atmospheres methodically, with each survey capable of
producing a large and homogencous dataset across extended wavelengths, sufficient
to detect many major expected molecular species such as H,O, CO2, CH4, NHs,
HCN, H,S, TiO, and VO [e.g., 31, 53]. This comprehensive approach will help us
gain further insight into the true nature of exoplanets.

Understanding the properties of cool gaseous exoplanets (those with equilibrium
temperatures below 1000 K) is crucial for refining our understanding of atmospheric
metallicity and extending existing trends found in the literature. By identifying and
exploiting potential synergies between Twinkle and Ariel, we can optimize the sci-
entific return, with insights gained from Tiinkle observations able to provide valu-
able support for proposing targeted observations with Ariel. While a few sub-700 K
planets are part of a possible realization of the Ariel Mission Reference Sample [38],
observing these colder objects requires a significant amount of mission time. There-
fore, it is essential to construct a well-justified scientific case that integrates the obser-
vational capabilities of Ariel with potential preliminary observations conducted by
Twinkle. Therefore, we focus specifically on cool gaseous exoplanets [e.g., 54], but
stress that other planetary classes may also benefit from such a coordinated approach.

2 Methods

In this pilot study exploring a possible Twinkle-Ariel synergy, we simulate atmo-
spheric transmission spectra for both missions for a small selection of targets with
sub-1000 K equilibrium temperatures, as described in Section 2.1. We employed dif-
ferent atmospheric models to simulate the high-resolution forward model spectra to
investigate the representativity of results under a variety of chemical and thermody-
namic conditions. This is described in Section 2.3, where we also explain how we
produced the transmission spectra ‘as observed’ by Twinkle and Ariel. Finally, in
Section 2.4, we present the methodology utilized to perform spectral retrievals for
each target and atmospheric model, as well as the metrics used to present the results.

2.1 Target selection
Both Twinkle and Ariel will observe hundreds of exoplanetary spectra of suitable

targets for transmission spectroscopy and their target lists are expected to partially
overlap. Rather than extending our selection of targets to all planets that are in both
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missions’ candidate target lists, in this pilot study, we investigate only six planets
according to pre-defined criteria. We select planets with equilibrium temperatures
of < 1000 K from the proposed Twinkle cool gaseous planet survey (Twinkle group
paper (in prep), [43]) that can achieve an expected S/N on the spectrum sufficient
for detailed characterization within a few visits. The planetary and stellar parameters
used throughout this study are sourced from the 2019 realization of the Ariel Mission
Reference Sample [38] and are reported in Table 3. A “visit” is defined here as the
time spent by the telescope on a given target during the transit event (lasting the time
between the first and last contact, T14) and the baseline before and after the transit
lasting 1.5 Ty4 which is adequate for the light curve fit and the transit depth estima-
tion. This gives a total visit duration of 2.5 T14. From this, we define an “observation”
as the combined set of visits required to achieve the appropriate S/N threshold.

Specifically, we use the methodology outlined in [37] to calculate the S/N, thus
assuming that the noise between visits in a given observation is uncorrelated. The
noise estimates for an observation are obtained by rescaling the noise estimated for
a single visit by the square root of the number of visits required to meet the specified
S/N threshold. In the S/N calculation, we consider the median noise over each spec-
troscopic channel; the signal is computed assuming their observable atmospheres
extend to 5 scale heights for a Hy/He-dominated atmosphere. As in [37], we require
a S/N of at least 7 in one of the spectroscopic channels when spectra are binned on
the spectral grid of Twinkle and Ariel in Tier 3 (see Table 1). Clearly, for Twinkle,
this condition is fulfilled first in CHO for all planets in the sample, as can be readily
seen from visual inspection of Fig. 1 (see later). For Ariel, we consider only the AIRS
channels for this criterion. The S/N condition is met first in AIRS-CHO for all planets
bar GJ 3470 b and GJ 436 b. Note that meeting the requisite S/N in Tier 3 ensures that
it is also met in Tier 2 of the Ariel mission. In this work, we only consider Tier 2 and
3, as Tier 1 is not designed for the same quantitative atmospheric characterization.

We require the S/N threshold to be reached in less than 10 visits for both missions.
Although this criteria is arbitrary and is mainly set to constrain the resulting sample
size, it retains physical motivation, corresponding to a reasonable portion of a space-
mission lifetime and whilst being below the largest number of co-added transits from
a single instrument in presently published transmission spectra [55, 56]. Notably,
for Twinkle we impose a conservative estimate of 75% efficiency on the observation
(see later), to account for the loss of signal during Earth-occultation events caused by
Twinkle’s low-Earth-orbit. Due to the higher sensitivity of Ariel, the resulting target
selection is mostly Twinkle-driven.

In the following paragraphs, we briefly describe each selected target. Table 3 sum-
marizes their properties in terms of stellar and fundamental planetary parameters.
The table also contains the expected number of required visits for each planet for
both missions and the median S/N achieved in the brightest spectroscopic channel.

GJ 436 b A well-studied, archetypical warm Neptune, GJ 436 b has a 2.64-day orbit
around an M2.5-dwarf. Extensively studied from the ground with high-resolution
cross-correlation spectroscopy, optical and NIR spectral datapoints from HST/STIS,
HST/WFC3 and Spitzer [57, 58], multiple atmospheric species including CO, CO,,
CH, and H,, have been detected in its atmosphere [59]. This, combined with signifi-
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_ GJ 3470 b GJ 436 b
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&
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Wavelength [pm] Wavelength [pm]
—— Twinkle Ariel-Tier2 —— Ariel-Tier3

Fig. 1 Expected noise estimates for a transit observation (an observation is the combined set of visits
required to achieve the S/N threshold, see text) conducted with Twinkle (blue) and Ariel (orange: Tier
2; green: Tier 3). The data are binned to the corresponding spectral grids on the horizontal axis

cant atmospheric escape driven by XUV irradiation inferred from the detection of
hydrogen Lyman-alpha makes GJ 436 b an intriguing target for future atmospheric
study.

GJ 3470 b Discovered in 2012 orbiting an M1.5 dwarf [60], GJ 3470 b is a short-
period, warm Neptune. Recent claims by a citizen science group have claimed detec-
tion of multiple large planetary companions on exterior orbits, however these claims
are currently debated [61]. Bulk-density calculations suggest a large H/He dominated
atmosphere, the presence of which was confirmed, along with H, using HST and
Spitzer observations conducted using STIS, WFC3 and IRAC spanning 0.55to 4.5 u
m [62]. More recently using Lyman-alpha and helium I triplet lines, atmospheric out-
flow and escape have been inferred [63, 64], shedding further light on atmospheric
dynamics in planets at the edges of the hot-Neptune desert.

@ Springer



Experimental Astronomy (2025) 60:19 Page 11 of 29 19

K2-141 ¢ A warm, short-period, sub-Jovian planet first detected in 2018 around a
K4-dwarf, K2-141 c has a poorly constrained radius due to its grazing transit con-
figuration [65]. Not-detected in the radial-velocity search conducted with HARPS-N,
so far it has only been possible to place an upper limit on the mass of K2-141 ¢ [65].
Consequently, there have been no spectroscopic observations to date, and the planet
will remain a challenging target until an improved mass measurement can be made.
It further remains a challenging target due to its grazing transit configuration, which
increases the difficulty of obtaining precise and accurate transmission spectroscopy
measurements. We retain this planet in our sample, assuming a non-grazing configu-
ration in our radiometric estimates, and therefore the results shown in this work for
this planet are not necessarily representative.

WASP-69 b A Jovian-sized planet with a Saturn-like mass, WASP-69 b was discov-
ered in 2014 transiting a K5-dwarf with a short, 3.868-day orbital period [66]. With
a host of atmospheric species detected simultaneously from ground-based high-reso-
lution spectroscopy [67] and a water detection from a 2016 HST/WFC3 transmission
spectrum [68], this planet is readily amenable to future atmospheric characterisation.

WASP-80 b A similar planet to WASP-69 b, with a Jovian-like radius (0.952 Mj)
and Saturn-like mass, WASP-80 b orbits a K-dwarf with an orbital period of 3.068
days [69]. Combined HST STIS and WFC3 spectra, supplemented by Spitzer IRAC
spectro-photometric datapoints at 3.6 um and 4.5 um, revealed a strong absorp-
tion feature at 1.4 ym and evidence for Rayleigh scattering in the optical. From
this, the presence of H,0O and haze particles in the atmosphere of WASP-80 b were
inferred [69], with three further molecules, CH,, HCN and NH; being detected at high
significance using ground-based high-resolution cross-correlation spectroscopy [70].

WASP-107 b Discovered in 2017, WASP-107 b is an inflated near-Jovian-radius
planet with a Neptunian-like mass, orbiting a K-dwarf star on a 5.721-day orbit [71].
The high significance detection of H,O from a 2017 HST/WFC3 spectrum and resul-
tant modelling conducted indicates a solar to low-super-solar atmospheric metallicity
composition, with potential hints of methane depletion from the subsolar C/O ratio
[72].

2.2 Noise estimates

To simulate spectra ‘as observed’ with Twinkle and Ariel, we use radiometric esti-
mates of the total noise on an observation, obtained for Twinkle from the radiometric
tool, TwinkleRad [9] [via B. Edwards, private communication] and for Ariel using
the online radiometric noise simulator,* ArielRad® [37]. Both simulators are adapted
from the generic point source radiometric model ExoRad2 [73] using the Ariel and
Twinkle payload configurations, ensuring that our simulation framework is consis-
tent. Alongside the payload configuration, ExoRad2 takes as input the description

4Found on https://exodb.space/ with access currently restricted to 4riel Consortium members.
5The software versions used are ExoRad2 v2.1.111, ArielRad-payloads v0.0.17, and ArielRad v2.4.26.
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of the target point source and foregrounds (e.g., zodiacal emission) and estimates
the total optical efficiency, by combining the optical elements and the foregrounds.
Then, ExoRad2 computes the radiometric performance estimates for each photomet-
ric channel and spectral bin, including the measured signal from the target and cor-
responding photon noise, as well as additional noise sources (e.g., read noise, dark
current noise). In the case of Ariel, ArielRad includes margins for correlated and
time-dependent noise sources (e.g., pointing jitter, obtained from external estimate
with the time-domain simulator ExoSim?2 [74] adapted to Ariel). For reference, these
are listed in Table 2 under “Stability Requirements”. In any case, Ariel’s performance
is photon noise-limited across all planets in our sample and the read noise is only rel-
evant in the red-most part of AIRS-CH1. With regards to Twinkle, the detailed noise
budget is still considered proprietary and therefore we are only able to comment on
the total noise budget summarized in Fig. 1, see later for details.

To account for the loss of data caused by LEO Earth-occultation events during
scheduled Twinkle observations, we assume an observing efficiency of 75% and res-
cale the noise estimates by the number of observations required to achieve the desired
S/N at the full spectral resolution of the instrument. The observing efficiency chosen
here represents a conservative estimate (priv. communication) of the increased noise
from systematic sources that we are not modelling in this paper. Ongoing work by
the Blue Skies Space team on combining the knowledge of the systematic and radio-
metric effects will allow this effective loss of observing efficiency to be quantified
in a later publication. We note that whilst Twinkle will intersect the South Atlantic
Anomaly (SAA) during these LEO Earth-occultation events, the spacecraft platform
has shown past reliable performance and features multiple-redundancy systems,
allowing data collected to be used. This will be verified during the commissioning
phase. In contrast, Ariel’s L2 orbit allows continuous observation of the target in a
thermally and photometrically stable condition. Importantly, Ariel’s four times larger
light collecting area than Twinkle means that it will require fewer visits than Twinkle
to achieve the desired S/N threshold of > 7 for most targets.

The numbers of transits required to achieve the S/N threshold are listed in Table 3
and “sensitivity curves” for every planet and configuration (Twinkle, and Ariel in
Tier 2 and Tier 3) are presented in Fig. 1. These curves represent the computed noise
on the transit depth measurement vs wavelength obtained in one observation (defined
as the combined set of “visits”). Later, we attach these noise estimates to the com-
puted binned forward model transmission spectra on the respective wavelength grids
of both missions (see Fig. 3).

We note here that for Ariel, there are three targets; K2-141 ¢, WASP-69 b, and
WASP-107 b, for which a single observation is enough to achieve the desired S/N in
Tier 3 and therefore in Tier 2. Having the same number of observations but differ-
ent spectral grids provides an interesting opportunity to compare results across tiers.
When the S/N requirement is met for a higher tier with the same number of transits as
a lower tier, binning to the lower tier might alter resulting inferences on planetary and
atmospheric properties. Consequently, this study may also shed light on the informa-
tion loss occurring when using too-conservative binning.
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2.3 Forward models

To generate the synthetic, high-resolution atmospheric transmission spectra of the
planets, we utilized the TauREx 3 atmospheric retrieval framework [75]. We pro-
duced four sets of models that differ in atmospheric chemistry, temperature-pressure
(T-P) profiles, or the presence of clouds. Using different models enables us to explore
various scenarios for the atmospheres, the knowledge of which was largely limited at
the time of submission of this publication. Recent observations of cool gaseous plan-
ets by JWST have begun to shed more light on this population, but are still limited to
a few keystone planets (e.g., K2-18 b, [21]; TOI-270 d, [22, 76]; WASP-107 b, [24,
77, 78]), with occasionally differing inferences.

The scientific rationale behind choosing four different models is to test whether
Ariel and Twinkle can give consistent results in a controlled experiment where the
spectra exhibit different spectral shapes. We could envisage an alternative approach
involving a single, detailed forward atmospheric model retrieved with different mod-
els with Twinkle and Ariel to investigate, e.g., whether the differences in the retrievals
between the two missions are consistent as a function of the model used. However,
this falls beyond the scope of this pilot paper, and would also be misleading in light
of the large model space that thoroughly testing this would require [79] as well as our
limited knowledge about any potential systematics on Twinkle’s side.

All our atmospheric models implement primordial (Hz/He) gaseous atmospheres
with collision-induced absorption (CIA) and Rayleigh scattering. Models 1 and 2
add traces of molecules typically found at high abundances under equilibrium chem-
istry in <1000 K atmospheres: CH4, H2O, NH3, CO-, and CO. These were injected
with isochemical abundances (constant with altitude) of 100 ppm. In comparison to
model 1, which assumes an isothermal atmosphere, model 2 employs a Guillot TP
profile [80]. Models 3 and 4 revert to the assumption of an isothermal atmosphere,
but differ from Model 1 by assuming chemical equilibrium (implemented via ACE
chemistry) [81, 82], where molecular opacities and volume mixing ratios (VMRs)
depend solely on pressure, temperature, C/O ratio, and metallicity. Model 3 imple-
ments a clear atmosphere, while model 4 includes grey opaque clouds with an arbi-
trarily chosen top pressure of 0.05 bar. These clouds have two main effects: (i) they
attenuate the spectral signature of the molecular absorbers, and (ii) they introduce
a degeneracy with the planetary radius [45], which is defined as the surface below
which the atmosphere becomes opaque at all wavelengths. Table 4 summarizes the

Table 4 The atmospheric models assumed for each planet. We list molecules with cross-sections available
in TauREx 3 and included in the analysis

T-P profile Atmospheric Layers Chemistry Molecules Clouds
Model 1 Isothermal 100 Constant  H,O, CH,, NH;, CO,, CO No
Model 2 Guillot 100 Constant  Same molecules as above No
OH, H,0, H,0,, O,, HNO;, HCN
Model 3 Isothermal 100 ACE CN, NH, NH;, H,CO, CO, CO,, No
CH, CH;, CH,, C,H,, C,H,, NO
Model 4 Isothermal 100 ACE Same molecules as above Yes
[5000 Pa]
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Table 5 List of opacity contri- Opacity Reference(s)

but.ions used in this work and Ha -y (83, 84]

their references ;
Hs-He [85]
OH [86]
H20 [87]
H202 [88]
O3 [89]
HNO3 [90]
HCN [91]
CN [92]
NH [93]
NH;3 [94]
H2CO [95]
Cco [96]
CO2 [97]
CH [98]
CHgs [99]
CH4 [100]
CaHa [101]
CoHy [102]
NO [103]

atmospheric models, while Table 5 provides a comprehensive list of the opacities and
CIA used in this study.

Each high-resolution forward model spectrum obtained with TauREx 3 was binned
to the spectral grid of 4riel in both Tier 2 and Tier 3 modes and Twinkle’s nominal
spectral grid, with corresponding expected errorbars for each bin being attached.
Here, errorbars were calculated as described in Section 2.2. We chose not to scatter
the data according to the noise, because we aim to compare retrievals between Ariel
and Twinkle, investigating possible biases and inherent correlations between param-
eters: scattering the data would defeat this purpose, introducing susceptibilities to the
random noise realizations. Moreover, assuming that there exists sufficient stability
and redundancy in the information content, we expect that the retrieved mean values
would not exhibit significant differences compared to using scattered spectra [27,
104, 105].

2.4 Retrievals

To investigate the combined effects of binning and wavelength coverage and explore
whether prior Tiinkle observations are likely to yield informative results for Ariel,
we perform self-retrievals on the forward-modelled spectra described in Section 2.3,
that is, we assume the same atmospheric models in the fitting procedure for each
corresponding model. Here we again utilise TauREx 3.° The free parameters of the
retrievals depend on the model and are summarized in Table 6, along with the priors
assumed in the retrieval:

®TauRex version 3.1.4-alpha
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Table6 Fit parameters and their  parameters Units Priors Scale Model
Prior's for retrievals conducted Rp R, £10% lincar 1.2.3.4
in this work
CHy VMR 10-9; 10-1 log 1,2
CO2 VMR 10-9; 101 log 1,2
H20 VMR 10-9; 101 log 1,2
NH3 VMR 10-9; 101 log 1,2
CO VMR 10-9; 101 log 1,2
T K 300; 2000 linear 1,3,4
Tirr K +50% linear 2
Zace scalar default default 3,4
C/Oace scalar default default 3,4
Pclouds Pa default default 4

o Model 1. We fit the planet’s radius, the isothermal atmospheric temperature, and
each of the molecular mixing ratios. We use broad logarithmic uniform priors
ranging from 10~ to 10~ for the latter.

e Model 2. We fit the same parameters as in model 1, replacing the isothermal
temperature with the effective temperature characterizing the irradiation inten-
sity [80].

o Model 3. We fit the planet’s radius, the isothermal atmospheric temperature, the
ACE metallicity (Zacg), and the ACE C/O ratio.

e Model 4. We fit the same parameters as in model 4, and in addition, we fit the grey
cloud pressure level.

We set the evidence tolerance to 0.5 and sample the parameter space through 1500
live points using the MultiNest algorithm’ [106, 107].

3 Results
3.1 Fixed chemistry models

For retrievals conducted on both constant-with-altitude chemistry forward models (1
and 2), we find that planetary and atmospheric parameters are well-retrieved. In all
cases, bar CO as discussed below, the truth value for each parameter is encompassed
within the 1-0 retrieval confidence intervals (defined as spanning the 16th to 84th
quartiles). This is shown for model 1 in Fig. 2, with model 2 results showing simi-
lar behaviour. We make all summary results, along with individual corner plots and
retrieved spectra available for the interested reader [108].

As can be seen in Fig. 2, CO is generally retrieved only with an upper limit on its
abundance, resulting in non-Gaussian marginalized posteriors and correspondingly
large retrieval confidence intervals, as highlighted in the lower-right panel of the fig-
ure. We attribute the retrieval of an upper limit rather than a well-bounded VMR to a
combination of: 1) few or no spectral datapoints close to the strongest CO absorption

7v3.11, Release April 2018
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Fig.2 O-C results for the retrieved parameters w.r.t. their ground truths in model 1, which consists of a
constant-with-altitude chemistry and isothermal T-P profile. Values for each planet are displayed as the
retrieved median value minus forward-model input value, with errorbars spanning 16th-84th quantiles
shown. The lower right panel shows CO posterior distributions for WASP-69 b (left) and WASP-107 b
(right), singled out from the rest of the sample for visual purposes. This showcases an example of dif-
ferent results between Ariel and Twinkle: in Twinkle’s case, only upper-limits can be obtained due to
the unconstrained posterior distribution for both planets, while Ariel is able to constrain the abundance

of CO within 1 dex only for WASP-107 b
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feature at 4.7 pm (as can be seen in Fig. 3) and i1) masking of short wavelength (1.6 1
m and 2.34 ym) CO absorption features by molecules with larger cross-sections. This
inability to constrain CO well is more prominent for Twinkle due to the wavelength
cut-off at 4.5 um and the larger errorbars on spectral datapoints in this region, which
are evidenced in Fig. 1. Additionally, we note that as Ariel has the capability of opti-
mizing the spectral grid during post-processing, constraints on CO may be improved
in specific cases.

Whilst retrieved parameters are more well-constrained by simulated Ariel obser-
vations than those by Twinkle, the relative difference in errorbar magnitude is typi-
cally no larger than a factor of 2 for all retrieved parameters (bar CO, as alluded to
above). We note that this matches our prior expectations and attribute it to the larger
mirror size of Ariel relative to Twinkle, as described in Section 2.2. Though simulated
Ariel observations are able to provide tighter constraints on VMRs, for all included

GJ 436 b WASP-80 b
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+ 0.00800 00315
. )
g.ooors 0.0310
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<
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1 2 3 4 5 6 7
WASP-107 b
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3 007 0.034
+ 0.06 0.032
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Fig. 3 Retrieved spectra (solid lines with shaded 1- and 2-o confidence intervals) obtained from fitting
the observed spectra (data points with errorbars) given each simulated instrument mode (blue: Twinkle,
orange: Ariel Tier 2, and green: Ariel Tier 3). The results for all planets in this study are shown,
in model 1: cloud-free atmosphere with constant-with-altitude chemistry and isothermal T-P profile.
Note: an arbitrary vertical offset between each spectrum is imposed for better visual representation
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molecules bar CO retrieval confidence intervals are < 1 dex. This combined with
the good agreement found between retrieved parameter values obtained from simu-
lated Twinkle and Ariel spectra, irrespective of observational tier, illustrates that the
additional coverage provided by Ariel at wavelengths longer than 4.5 pm does not
noticeably impact retrieved abundances in the studied cases and provides an excel-
lent preliminary motivation to use the inferences from the analysis of early spectra
taken by Twinkle (scheduled to launch before Ariel) to inform Ariel’s observation
plan.

3.2 Equilibrium chemistry models

For retrievals conducted on simulated spectra produced by both equilibrium chemis-
try forward models (3 and 4) we find that retrieved atmospheric metallicity, (retrieved
in log-space as log(Z2)), and C/O ratios encompass truth values well within their 1-o
confidence intervals, defined as above in Section 3.1. This is shown in Fig. 4 which
summarises our retrieval results for model 3, whilst Fig. 5 shows the nested sampling
corner plot with posterior distributions for WASP-69 b in this model regime. We
provide similar figures for model 4, and include retrieval spectra and corner plots for
each planet in our sample in the supplementary material [108].

As can be seen in Fig. 5, the 1-0 confidence intervals on all parameters are well-
constrained, with magnitudes < 0.25 dex for both log(Z) and C/O. In addition, as in
models 1 and 2, we again find that there is good agreement between Ariel and Twin-
kle. As such, when combined with the precision of the retrievals, our results suggest
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Fig. 4 O-C results for the retrieved parameters w.r.t. their ground truths in model 3, a cloud-free at-
mosphere under equilibrium chemistry. Values are displayed for each planet as retrieved median value
minus forward-model input value, with errorbars spanning 16th-84th quantiles ranges
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Fig.5 WASP-69 b corner plot for cloud-free, equilibrium chemistry atmospheric retrievals with an iso-
thermal T-P profile (model 3). Contour plots and posterior distributions are shown for each simulated
instrument mode (blue: Tiinkle, orange: Ariel Tier 2 and green: Ariel Tier 3), with black lines showing
forward-model input truth values

that under the conditions imposed for the underlying forward models, searching for
trends in metallicity (such as those of [109, 110] and [111]) against other planetary,
stellar, or system parameters will be feasible with both Arie/ and Twinkle. Further-
more, in instances where individual planets are not observed by both instruments, this
ability to reliably and accurately retrieve atmospheric metallicity may lead to a larger
observed population from which trends can be elucidated.

Model 4 differs from model 3 by the inclusion of a grey cloud deck at 5000 Pa. This
is well-retrieved alongside R, T}, log(Z) and the C/O ratio, with the truth values for
each parameter falling within the 1-o confidence intervals. Although retrieved C/O
and metallicity are minimally affected for the planets included in this study, where
clouds are present, confidence intervals can be up to a factor of ~2 larger for log(Z).
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We caution that for higher-altitude cloud decks, spectral features are expected to be
further truncated, which naturally impacts the ability to retrieve accurate molecular
abundances and thereby atmospheric metallicity and C/O. Consequently, the minimal
effect seen in our results on retrieved atmospheric metallicity and C/O ratio may not
hold true. However, since factors that govern the formation mechanism, location and
composition of clouds and hazes remain an active area of study, poorly constrained
by current observations, we leave investigation of these effects to further work that is
beyond the scope of this paper.

4 Discussion

Cool gaseous planets are an underexplored class of objects with great potential to
expand our knowledge of atmospheric chemistry. Due to the inherently more chal-
lenging nature of observing cool planets, leveraging synergies between Ariel/ and
Twinkle would be highly beneficial to uniformly characterize this class of objects
and reveal possible trends. Whilst this pilot study does not factor in the presence of
systematics, which is expected from Twinkle’s low-Earth orbit, the use of conserva-
tive radiometric estimates (which include budgets for known instrumental effects
such as line-of-sight jitter and the efficiency budget; see Section 2.1) for Twinkle may
partially offset any negative impact. To the knowledge of the authors, any systematic
trends are expected to be similar to those present in HST/WFC3 observations, barring
the strong “hooks” and “ramps” from detector charge trapping / persistence, which
will be mitigated. Assuming a 75% loss across the Twinkle wavelength range might,
however, not be representative of in-flight conditions given that systematics could
be more prominent in certain wavelength ranges. Also, the assumption that post-
processing noise between transits is uncorrelated can only be assessed during flight.
Throughout Section 3 we demonstrate that for all planets in our Twinkle-driven
sample, median values of retrieval parameters are in excellent agreement across the
instruments and observing modes simulated. We additionally show that input values
used to generate the underlying model spectra are recovered within the 1-o confi-
dence intervals. This is found to be true across the variety of atmospheric models that
encompass two chemistry regimes: constant-with-altitude chemistry and equilibrium
chemistry; two temperature-pressure profiles: isothermal and Guillot-like and two
simple cloud scenarios: cloudless and deep grey clouds. Though this is a non-exhaus-
tive list of atmospheric models, our results indicate, for our sample, observations of
a given planet conducted by either Ariel or Twinkle will lead to consistent inferences
on atmospheric properties. To robustly confirm this, this work could be extended to
incorporate more complex T-P profiles, cloud physics and chemical networks.
Based on our findings, we posit that Twinkle could be an effective precursor to
Ariel by potentially 1) informing the decision-making process on the Ariel target
list, and 2) expanding the total inventory of atmospheric spectroscopic data beyond
what could be gained from independent operations. Both factors combined will be
key to optimizing the total scientific output and legacy of both missions. This is par-
ticularly true given the differing but complementary sky coverages offered by both
telescopes, with Twinkle set to observe targets within £40° of the ecliptic plane and
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Ariel having continuous viewing zones at the ecliptic poles in addition to full sky
coverage [112]. Consequently, where Twinkle is able to observe Ariel targets with
only a marginal performance deficit (as shown in this work) it opens up several pos-
sibilities to optimize scheduled observing time. For cool gaseous planets, this could
include the observation of similar targets outside Twinkle’s field of regard (FoR), or
more challenging targets within. Here, some proportion of this population within
Twinkle’s FoR may be more feasible to observe with Ariel, thanks to its larger mir-
ror size. Combining both aforementioned factors would enable the total inventory of
atmospheric spectroscopic data for <1000 K gaseous planets to be enlarged.

This ideology is further punctuated by the inevitable discovery of additional new
TESS planets prior to the launch of each respective mission, many of which will
orbit bright stars and are therefore highly amenable targets for transmission spectros-
copy. New TESS planets will include a substantial number in the cool gaseous planet
regime, with at least 15 such planets confirmed by TESS photometry and follow-up
of TESS mono- and duo-transit candidates [e.g., 113, 114, 115, 116, 117, 118, 119,
120] since the creation of the target lists that underpin this work (the 2019 realization
of the Ariel Mission Reference Sample [38]° and 2022 Twinkle cool gaseous planets
survey target list [43]). With an increasing number of planets amenable to transmis-
sion spectroscopy continuing to populate this regime, the exploitation of synergies to
maximise scientific output is imperative.

5 Conclusions

This pilot study is a first attempt at exploring potential synergies between Tiinkle and
Ariel in the coming years. To investigate this, we selected a subsample of cool gaseous
planets present in Twinkle’s current proposed target list [43] and a possible realization
of the Ariel Mission Reference Sample of [38], which can be characterized within
10 visits. Our resulting selection is a biased, Twinkle-driven sample of individual
planetary targets that both missions are capable of observing at sufficient signal-to-
noise. For each target within this work, we produce four synthetic spectra, spanning
a combination of two chemistry regimes, two temperature-pressure profiles and two
cloud scenarios. We bin these to spectra “as observed” by Ariel and Twinkle using
representative radiometric noise estimates and spectral grids. Our results showcase
the possibility of confidently retrieving the relevant atmospheric parameters, without
obvious biases. Within their 1-o confidence intervals, the retrieved median values
readily encompass the input values used to generate the underlying spectra. Further-
more, we find excellent agreement for a given parameter and planet across the two
telescopes simulated. Consequently, whilst Tiwinkle requires additional transits (and
therefore telescope time) to observe almost all targets, under the conditions imposed
by our study, for our sample the performance deficit between Twinkle and Ariel is suf-
ficiently small such that for all atmospheric properties, bar VMR(CO), inferred val-
ues are near-equivalent and only the associated uncertainties are improved by Ariel

8since updated to include new exoplanets discovered by TESS [112] and continuously kept up to date with

potential Ariel targets at https:/github.com/arielmission-space/Mission_Candidate Sample.
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observations. This motivates the suggestion that for planets present in the target lists
of both missions, total scientific output could be optimized by exploiting their syner-
gies. Conceivable methods include the use of Ariel to observe planetary atmospheres
that are unfeasible with Twinkle and the use of Twinkle’s prior observations to inform
Ariel’s observing schedule. Further optimization methods could also be conceived
and implemented by both consortia. We strongly encourage future studies to further
explore synergies that may exist between Ariel and Twinkle, as well as in conjunction
with other instrumentation (e.g., JWST and ground-based telescopes). Future stud-
ies could also investigate known systematic effects, as well as the ability to combine
data sets from the two space telescopes and what benefits could be gained from this.
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