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ABSTRACT

The Ariel space mission will characterize spectroscopically the atmospheres of a large and diverse sample of
hundreds of exoplanets. Targets will be chosen to cover a wide range of masses, densities, equilibrium tempera-
tures, and host stellar types to study the physical mechanisms behind the observed diversity in the population
of known exoplanets. With a 1-m class telescope, Ariel will detect the atmospheric signatures from the small,
< 100 ppm, modulation induced by exoplanets on the bright host-star signals, using transit, eclipse, and phase
curve spectroscopy. Three photometric and three spectroscopic channels, with Nyquist sampled focal planes,
simultaneously cover the 0.5-7.8 micron region of the electromagnetic spectrum, to maximize observing efficiency
and to reduce systematics of astrophysical and instrumental origin. This contribution reviews the predicted Ariel
performance as well as the design solutions implemented that will allow Ariel to reach the required sensitivity
and control of systematics.
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1. INTRODUCTION

Planets are ubiquitous in our Galaxy, with more than 5,000 exoplanets detected over the past two decades
from space- and ground-based observations. Discoveries with TESS, Cheops, and soon with Plato are increasing
the sample size, allowing robust exploration into the mechanisms of formation and evolution likely driving the
observed diversity in terms of size, mass, composition, and orbital parameters. From rocky Earth-like planets to
large gas giants, many of these celestial bodies are found in close proximity to their host stars. This diversity,
unseen in our Solar System, highlights the need for a comprehensive understanding of the underlying physical
and chemical processes. This requires a detailed and statistically significant spectroscopic survey of exoplanetary
atmospheres to reveal the chemical composition and the thermodynamic properties of their atmospheres.

Ariel (Atmospheric Remote-sensing Infrared Exoplanet Large-survey)® aims to spectroscopically characterize
the atmospheres of a large and diverse sample of exoplanets, enabling comparative studies of their physics and
chemistry. By observing transits, eclipses, and phase curves, this ESA-led space mission will detect atmospheric
signatures from the small (< 100 ppm) spectral modulations induced by exoplanets on the bright host-star
signals.

The mission utilizes a 1-meter class Cassegrain telescope to cover the visible to infrared spectral range (0.5-7.8
nm) with high sensitivity. The payload comprises two instruments: the Fine Guidance System (FGS) and the
Ariel Infra-Red Spectrometer (AIRS). FGS includes three photometers (VISPhot, 0.50-0.60 pm; FGS-1, 0.60-0.80
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nm; FGS-2, 0.80-1.10 pm) and one spectrometer (NIRSpec, 1.10-1.95 nm, R> 15). AIRS has two spectrometers
(AIRS-ChO, 1.95-3.90 pm, R> 100; ATRS-Chl, 3.90-7.80 pm, R> 30). These instruments simultaneously observe
the same transit event across all channels, ensuring high observational efficiency and reducing systematics.

Ariel’s orbit around the Sun-Earth Lagrange point L2 provides a photometrically and thermally stable
environment for the telescope and instruments. The mission’s primary requirement is to achieve sufficient
photometric stability to measure atmospheric signals with a precision of 10-100 ppm relative to the stellar flux
over timescales relevant to transit and eclipse observations.

The design of the Ariel payload incorporates lessons learned from previous exoplanetary atmosphere measure-
ments conducted by missions such as Spitzer and HST, as well as from ground-based instruments. Key features
enabling Ariel’s stable performance include simultaneous multi-wavelength observations, continuous monitoring
of transit events, and a payload design that mitigates or allows for the removal of systematics in data analysis.

The most significant disturbances of astrophysical and instrumental origin are listed in Table 1, along with
the strategies employed to mitigate their impact on detection and photometric stability.

Table 1. Summary of noise sources and systematic errors (from 2).

Uncertainty type Source Mitigation strategy

Dark current

. ) Choice of low-noise, cryogenic detectors
Detector noise Readout noise » CLYO8

Gain instability Temperature controlled focal
planes, calibration, data-analysis.

Emission from telescope, Negligible due to cryogenic temper-
all optical elements and atures.
enclosures

Thermal noise

Temperature fluctuations  Negligible by design.

Target photon noise Fundamental noise limit, choice of
Astrophysical noise telescope aperture size.

Photon noise from Zodia- Negligible over Ariel bands
cal light

Target star activity Multi-wavelength stellar monitor-
ing, post-processing detrending

AOCS stability, detector High AOCS stability and post-
intra/inter pixel response  processing detrending

Pointing jitter

Slit losses Choice of slit-less prism spectrome-
ters

2. PERFORMANCE MODELLING

The Ariel performance is estimated using a family of radiometric and time-domain software simulators developed
by the Ariel Mission Consortium (AMC).

ArielRad,® a radiometric simulator, addresses the challenges in optimizing the Ariel payload design and
ensures compliance with the science requirements. Based on ExoRad2.0,* a generic radiometric simulator for
point source photometry and spectroscopy, ArielRad uses a parametric description of the instrument design,
the target, and the observing parameters to estimate optical efficiency and the magnitude of the signal at the
focal planes. It further estimates noise, breaking it down into its components (photon noise, detector noise, etc.)
based on a noise model described in the next section.
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ExoSim2°*, a generic time-domain simulator of spectro-photometric observations of transiting exoplanets de-
veloped by the AMC, can simulate an entire Ariel observation as a function of time using a parametric description
of the payload. This enables detailed performance studies during all mission phases. The simulated observations
consist of photometric and spectral images vs. time, sampled in NDR up-the-ramp. It is a particularly powerful
tool to study the details of systematics that can introduce time-correlated nuisances. ExoSim2 expands upon
the capabilities of ExoSim® and EchoSim.”

Ariel is diffraction-limited at wavelengths above 3 pm and operates as a light-bucket at shorter wavelengths.
It relies on geometric aberrations to ensure that shorter wavelength focal planes are critically sampled, including
the three photometers and NIRSpec. A common input of both the radiometric and time-domain simulators is
a detailed description of the optical wavefront that propagates from the payload input pupil to the six focal
planes. The point spread functions are estimated using PAOS, a generic Physical Optics Propagation tool
purpose-developed by the AMC for Ariel and publicly available!.

All input parameters characterizing the subsystems needed by the simulators to define the instrument prop-
erties are maintained in a version-controlled database. The database collects requirements, design current best
estimates, and measurements as they become available. This allows tracing the performance estimates as the
mission design and construction proceeds in its expected development.

3. RADIOMETRIC NOISE MODEL

The radiometric modeling of expected uncertainties is described in the equation below, which also accounts for
the disturbances listed in Table 1. It allows estimating the relative noise on the signal average S at the time
scale T'.

o X . + (gain)

Var(S) _ + g,(1+X) 1+’:"°Pt]z;zfjx3;ezﬂ*//\ X7 + (photon noise) 0
52 + Npix]ﬁg;rq]:f\}g;”"/ = + (dark current and readout noise)
+ Do + (stability term)

Here, the number of incoming photons per unit time at the focal planes in the photometric or spectral bin
with spectral width AX is No = Ageinopt ﬁF(A)A)\, where Ay is the telescope collecting area, n,p: is the optical
efficiency, F'(\) is the target spectral irradiance, and h and ¢ are the Planck constant and the speed of light in a
vacuum, respectively.

Other terms in the noise equation: g, is a photon noise boost that is equal to 1 when detectors are processed
using correlated double sampling;® k is the aperture correction; 7y, is the detector pixel quantum efficiency;
f =1/lexp(he/kT ) — 1] is the Bose-Einstein distribution for thermal radiation at the target star temperature
T.; €, is the solid angle subtended by the target star; Np;, is the number of pixels in the aperture used for
signal extraction; Ip is the detector dark current; o,.4 is the detector readout noise on each non-destructive read
(NDR); At is the detector exposure; py is a stability term modeling long time scale Brownian processes.

The first term models disturbances that have a multiplicative effect on signal detection. The gain variance o2
has units of time and models effects such as electronic gain variations and stellar activity. The photon noise term
has two components: the first is the photon shot noise term, and the second is the wave noise term accounting
for photon correlations.” The latter is negligible as the star solid angle 2, is small.

The most important parameters are the gain stability term allocated to be o ~ 40ppmvhour, and a
required 1/f noise knee at a timescale longer than 10 hours. These two parameters translate into a stability term
po = 20 ppm. This term is conservative, as Ariel is expected to perform better: there is currently no known source
of instability at the o ~ 40 ppm+/ hour level, nor at timescales longer than 10 hours. The payload is designed so
that all noise components are small or negligible relative to the photon noise of the target. Therefore, the term
X = 40% is used as an overall margin to account for unexpected measurement or data analysis instabilities.

*https://exosim2-public.readthedocs.io/
Thttps://paos.readthedocs.io/

Proc. of SPIE Vol. 13092 130921F-3



Noise Budget
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Figure 1. Noise budget for the three sizing planets with channel bands highlighted. The total noise is the sum in quadrature
of all noise sources, where the target photon noise has been scaled up by a factor of 1 + X. The noise floor is the sum
in quadrature of the true noise floor and jitter noise; it has no units as it does not integrate down with time. The Noise
floor is not included in the total noise.

3.1 Mission performance

The top-level science requirement is a mission design capable of observing a large and diverse sample of about
1,000 exoplanet atmospheres within the allocated mission lifetime. This includes observing exoplanets with
different spectral resolving power and signal-to-noise ratios. The mission follows a multi-tier observing approach
as described in [?,1] and is captured in possible observing programs as detailed in [10,11].

The noise budgets for three sizing stellar targets estimated from ArielRad simulations are presented in
Figure 1. GJ 1214 is a faint target star of spectral type M5V with a k-band magnitude of m; = 8.8. HD 219134,
a spectral type K3V star with my = 3.25, represents the brightest target observable by Ariel. HD 209458, a
GOV star with mj = 6.3, is about ten times fainter than HD 219134 and represents the average bright target
Ariel will observe.

The Ariel mission is compliant with the top-level science requirements provided that observations of targets
similar to GJ 1214 are limited only by the target photon noise. As shown in the figure, radiative backgrounds
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are negligible compared to the signal of the targets, and detection is always target photon noise limited. The
gain noise of og ~ 40 ppm+y/ hour, which dominates the noise budgets for targets as bright as or brighter than
HD 209458, has been allocated to be the largest compatible with science requirements.

Photometric uncertainties arising from the jitter of the telescope line-of-sight are evaluated with ExoSim2
and included in the noise floor term pg, as stated in the caption.

4. CONCLUSIONS

The Ariel mission is designed to meet its top-level science requirements by utilizing advanced radiometric and
time-domain simulators to optimize payload design and performance. Through meticulous modeling of various
noise components and leveraging a stable orbit around the Sun-Earth Lagrange point 1.2, Ariel ensures that the
observations are predominantly limited by target photon noise, even for faint targets like GJ 1214. The mission’s
approach of multi-tier observations and stringent noise control allows it to achieve the necessary photometric
precision, paving the way for groundbreaking studies of exoplanetary atmospheres.
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