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TRANSITING EXOPLANETS WITH THE MID-INFRARED INSTRUMENT ON THE
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Abstract.  The long-awaited James Webb Space Telescope (JWST) was finally launched on the 25t
of December 2021. Equipped with its four instruments NIRISS, NIRCam, NIRSpec and MIRI it is now
ready to unveil the mysteries of the infrared. The demands for observations are plural but a significant
part is dedicated to exoplanet observations either through direct or indirect observations. In particular, the
instrument that covers the longer wavelengths is the Mid-Infrared Instrument (MIRI) that has been and will
be used in the future for the observations of transiting exoplanets in Low Resolution Spectroscopy (LRS).
MIRI is indeed the most suited instrument to observe the thermal emission of hot rocky or sub-Neptune
planets, therefore bringing the exoplanetary science field to another level. One way of understanding the
MIRI spectroscopic data is to test our ability to reproduce both its signal and noise level. To do so, we
created realistic simulations of the MIRI LRS time-series observations of transiting exoplanets. We therefore
both simulated and analysed the MIRI LRS commissioning data of the transiting exoplanet L.168-9b. We
showed that comparisons between simulations refined by the newest commissioning data products (July
2022) and real data revealed major differences such as the absolute flux level and the size of the error bars.
We therefore adapted our simulations to perfectly fit the data. This whole process allowed us not only to
deeply understand the performances of the instrument but also to reproduce and predict its behaviour.
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1 Introduction

The James Webb Space Telescope (JWST) Mid-InfraRed Instrument (MIRI) with its Low-Resolution Spec-
trometer (LRS) (Kendrew et al.|[2015]) will carry out primary and secondary transit spectroscopy of exoplanet
atmospheres with an unprecedented sensitivity, in an almost uncharted wavelength range (from 5 to 28.5 um).
Among the 67 programs of transiting exoplanet observation proposed for Early Release Science (ERS), Guar-
anteed Time Observation (GTO) and Guest Observations (GO), 15 of them have or will be observed with the
MIRI instrument including 9 with the LRS mode. These proposals with MIRI LRS are mainly focused on
small planets. As a matter of fact, MIRI is the most suited instrument to observe the thermal emission of hot
rocky or sub-Neptune planets. The scientific impact of these observations is very high as no atmosphere has
ever been probed around rocky temperate exoplanets. As a consequence, having a deep understanding of the
MIRI LRS data is crucial as systematics may account for 1 to 2 % of the absolute flux, and have the same
order of magnitude as the atmospheric features that we are meant to detect in our observations. We summa-
rize in Section [2| the simulation chain we created based initially on the MIRI LRS calibration data products
(CDPs) provided by the Jet Propulsion Laboratory ground testing campaign (between 2015 and 2021). Then
we explain in Section [3| how we adapted those simulations using the space-based commissioning data products
(https://jwst-crds.stsci.edu/)). Then, we discuss the use of these simulations to understand and repro-
duce the absolute flux level and noise level of the MIRI LRS commissioning first ever exoplanet time-series
observation, the transiting exoplanet L168-9b.
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2 Simulations

To create time-series of MIRI LRS spectra we follow the 4 stages described bellow. First, we create the star-
planet emission time-series of 1D spectra in pJy with the exonoodle package (Martin-Lagarde et al. |2020)).
Then, we use MIRISim (Klaassen et al.|2020) to convert the astrophysical signal into a detector output signal
in digital number (DN) by considering both the telescope optical path and the MIRI instrument transmission
coefficients. At this stage, we also simulate the detector behaviour and we add noise to account for the effect
of the dark current, the read-out noise or the e~ /DN gain value. Some non-linearities known as the first-frame
effect or the reset anomaly are added to the simulations and also affect the signal level but only within a
non-destructive read-out (Ressler et al.|2015). MIRISim applies those noises on each integration independently.
Transiting exoplanet observations require another specific simulation stage. Indeed, the search for very faint
flux variations requires to consider faint detector persistence effects that may have an impact on atmospheric
characterisation. In that respect, to include such features into the simulations, we have created the MIRISim-TS0
tool that adds low frequency detector persistence effects to the time-series of spectra. Once our simulations are
complete, we proceed with the data reduction step by applying noise corrections and calibration stages.

3 Adapting simulations to real data: the case of L168-9b

3.1 The MIRI LRS commissioning target

JWST observed L168-9b as part of the commissioning of the MIRI LRS slitless instrumental mode, under the
program ID 1033. The aim of the program was to test the spectro-photometric stability in slitless mode over a
long observation, which is particularly well suited for the time-series observations of bright-exoplanet host stars.
LL168-9b is a warm Super-Earth initially discovered by |Astudillo-Defru et al.| (2020) in 2020, it has a radius of
R, = 1.39Rg, a mass of M), = 4.6Mg and orbits a bright M1V dwarfs star located 25 pc away. It was selected
to meet the objectives of program 1033 because of its low probability to show strong atmospheric features which
is convenient to test the stability of the MIRI LRS slitless mode for time-series observations. The outcomes of
this program will be presented in details in [Bouwman et al.| (2022, in prep.).

3.2 Building up simulations

To build our simulations and to be as realistic as possible we used exactly the same setups as in the real
observations of the commissioning program. We simulated the observation of a transit of L168-9 b following the
approach detailed in Section |2} As inputs for exonoodle we used a synthetic PHOENIX (Husser et al.[[2013)
stellar spectrum for L168-9 and a simulated atmospheric transmission spectrum (P. Tremblin) of an atmosphere
rich in COy and CO with metallicity x10000 for LL168-9 b. The planetary parameters were derived from the
literature (Astudillo-Defru et al.|2020; Patel & Espinoza)2022)). Only the reference timing that was re-computed
using the most recent TESS data.

One of the main goal of Commissioning was to provide in-flight calibrated data products to ensure the use
of an efficient data reduction pipeline. To create realistic simulations, we replaced the MIRISim calibration data
product provided by ground-based tests between 2015 and 2021 by the brand-new commissioning ones.

3.3 Processing the data

Not only did we processed the simulated data but we also re-processed the real data to offer another approach,
providing results that could be compared to the ones presented in [Bouwman et al| (2022, in prep.). L168-9b
was observed during 4 hours, with a transit duration of 2 hours. The resulting dataset was composed of 9371
spectra. For the sake of consistency, we used exactly the same tools and compared the outcomes at different
stages of the data reduction and analysis. The two main tools that we used were the STSCI jwst pipeline and
the Eureka! Python package version 0.3 (Bell et al.|2022)). This processing was divided in five stages shown in
Figure [I] for both simulated and real data:

e Stage 1: detector-level corrections and ramp-to-slope conversion
e Stage 2: no absolute flux calibration

e Stage 3: time varying background subtraction for each integration and 1D spectral extraction
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e Stage 4: creation of spectroscopic light-curves

e Stage 5: white light-curve and spectroscopic light-curve fitting with a transit model using batman (Krei-
dberg)|2015) and persistence effect detrending

4 Results and conclusion

Several fundamental differences between ground-based calibration and in-flight calibration have been revealed
thanks the simulations we made (Dyrek et al.||2022, in prep.). Some unexpected in-flight detector behaviour
have also been highlighted.

Even though the CDPs used in our simulations directly came from in-flight commissioning data, we had
significant lower error-bars in our simulations. The 1o error at 7 pum is 25 ppm in our simulated data whereas it
is up to 50 ppm in the real data. As the observations are photon-noise limited, the noise value in e~ at a detector
level only depends on the absolute flux level, the detector conversion gain in e~ /DN and the integration time.
We found that the simulated signal level in DN obtained by the absolute flux calibration data product provided
by commissioning was six times higher than the signal level of the data. By applying a conversion gain from 2.5
to 3.5 e~ /DN (Bouwman et al.|2022, in prep.|), we had a ratio respectively of 3 and 2 between simulated and
real data. Our investigation finally showed that applying the ground-based absolute flux calibration of 35.249
(MJy/sr)/(DN/s) at 7 pm and a detector gain varying between 2.5 and 3.5 e~ /DN, we were able to mimic both
the signal level and the noise in e™.

Before we received the first data from the commissioning MIRI LRS observations we expected the response
drift persistence effect to be the most pronounced one because of the low temperature of the detector (7 K).
However, we were surprised to observe that the time-series observations of L.168-9b show an exponential decay in
flux rather than a ramp for pixels (see Figure [1} stage 4, at the beginning of each time-series). This behaviour
is comparable to the idle recovery persistence effect, as a consequence of a multiple number of consecutive
detector resets performed before the observation. We therefore modified our simulations to include the idle
recovery effect in the MIRISim-TSO code.

The realistic simulations we created of the JWST MIRI LRS time-series observations revealed discrepancies
with the data and how we had to take them into account. Apart from the photon noise level, we concluded
that the noise level is abnormally higher at lower wavelengths (between 5 and 6 pm) [Bouwman et al| (2022, in
prep.). The cause of such a level of noise is currently being investigated.

As exoplanetary science represents now a significant proportion of the on-sky time of JWST (~ 25%) and
the demand for proposals being very strong and competitive, any time spent on a target with JWST becomes
extremely precious. In that context, the simulations we created will provide the community a robust tool to
reproduce exoplanet time-series observations as realistic as the MIRI LRS data in order to thoroughly prepare
propositions for observations.
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Fig. 1. Stages 3, 4 and 5 of the data reduction process. Comparison between L.168-9b time-series observation simulations
based on commissioning data products and the real data acquired with the MIRI LRS mode during commissioning. The
two first steps were performed by running the STSCI jwst pipeline to convert ramps to slopes and get rid of detector
systematics. The three next stages were done using the Eureka! Python package. Stage 3 shows the 1D spectrum
extraction between 5 and 12 pm (x-axis) for each integration (y-axis). The color bar shows the normalized flux level.
Stage 4 shows 10 spectroscopic light-curves and Stage 5 shows the white light-curve fit with an transit model using
batman and a persistence effect detrending. A spectroscopic light-curve fitting has also been performed. The simulations
have been computed using the commissioning absolute flux calibration. This explains the small error bars we obtained
compared to the real data.
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