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Abstract. MICADO is a general-purpose near-infrared spectro-imager that will, among others, observe
exoplanets, aiming to understand their physics, formation, and evolution. This instrument will follow up the
current discoveries to allow an unprecedented characterization of architecture, orbits, circumplanetary disks
and moons formation, detection of molecules, and atmospheric studies. This will become feasible by using
the gain in angular resolution to resolve chemical species in the atmospheres of young Jupiter-like exoplanets
and even more mature planets. The ELT will be a highly oversubscribed instrument, which makes it evident
that synergies with current and future facilities will be fundamental. Only the best-suited, well-justified,
game-changer targets will be observed. During the first stage of this ongoing project, we constrain that
the main limitations for performing exoplanet-related science will arise from the host star speckles field
contamination. We aim to characterize the speckle noise for the long-slit spectroscopic mode in contrast,
projected separation, and wavelength dependency, among others. In this context, we are developing a data
reduction and analysis strategy, which we present here.
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1 Introduction

MICADO will be one of the first-generation instruments at the Extremely Large Telescope (ELT) currently under
construction by ESO. It is designed to be a versatile instrument promising to push science in various topics.
Among its many applications, it will play a key role in unveiling the mysteries surrounding planetary-mass
companions’ formation, evolution, and physical properties. MICADO has exceptional capabilities, including
astrometry, high contrast, spatial, and spectral resolution. Its spectroscopic mode is particularly captivating for
the exoplanet community. It opens up possibilities for an in-depth understanding of young planets by studying
their atmospheric chemistry, cloud dynamics, and physical properties, for example, the rotational period. As we
look ahead, we aim to establish a meticulous data reduction methodology to be prepared when the time arrives
to answer some of the fundamental questions we seek to address by targeting the most suitable exoplanets. In
this document, we characterize the observing mode in section 2. We present our simulation framework for the
spectroscopic mode of MICADO and describe our preliminary results in section 3 and to conclude, our closing
remarks are in section 4.

2 Observing mode

MICADO provides two slits. The short slit will have a length of 3arcsec and a width of 15mas, while the
long slit length will be 15arcsec with a corresponding width of 20mas. There will be three different modes
allowing simultaneous spectroscopy in the following bands: 1Y, J, and HK. In this work, we use the long slit
spectroscopic mode with the HK filter, which has a pixel scale of ~4mas and a spectral resolution of ~ 20 000.
For further details regarding the MICADO instrument and its components, we recommend referring to the ESO
official webpagd|
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MICADO has been designed in a particular way where the slit, located in the mask and aperture wheel,
is before the air dispersion corrector (ADC). In practice, this means that for this particular operating mode,
the ADC will be unavailable, and there will be a shift of the center of the point spread function (PSF) over
wavelength (see equation 4 of [Filippenko| [1982). Given the slit’s thin width (~20mas), to assure that all
wavelengths of our science object will land inside the slit, the slit must stay aligned to the parallactic angle
during observations. This will ensure that the atmospheric dispersion will be projected in the same direction as
the slit length, and therefore, no information will be lost at short or long wavelength. Currently, two operational
modes for spectroscopic observations can be considered considering the parallactic angle variation constraint:
field tracking and pupil tracking.

1. Field tracking: This mode will use the de-rotator module of MICADO to rotate the slit to follow the
parallactic angle variation between each exposure. In this mode, the diffraction effects from the spiders
rotate over time while the field (center of the star and planet position) remains static with respect to
the slit and the detector. This stabilization of the field keeping the planet well centered inside the slit is
precised to about ~3 mas every 15 minutes.

2. Pupil tracking: In this mode, the field rotates, and the spiders are fixed on the detector. The field
selector (FS) within the SCAO system will compensate for the sky’s rotation to keep the planet centered
in the slit while the star is rotating. The precision will be about ~6 mas every hour with no mandatory
overheads.

3 Simulations setups and preliminary analysis

Many efforts are being carried out by different groups with the scope of realistically simulating MICADO
detector defects and noise sources. One of the main Python packages being developed is ScopeSIMﬂ In this
context, our current work is focused on constraining the limitations arising from our specific science case, where
we aim to observe faint exoplanets close to bright stars. In a further stage, we plan to plug our simulations into
ScopeSIM and, this way, account for all the instrument-related noise sources over the physical limitations.

To generate realistic datacubes where the point spread function (PSF) scales over wavelength, we use our
internal Python code, MISTHIC, authored by Elsa Huby and Pierre Baudoz. The flux unit for a simulated
PSF with MISTHIC is defined so that for each wavelength, the integrated cube slice value is constant, meaning
that the total number of photons incident on the telescope is our fixed quantity. Therefore, we normalized each
wavelength by the integration over both spatial dimensions and the final unit is proportional to the photon
number. To test our simulations with a realistic science scene, we recreated the HR 8799 system. This is a
known system with four directly imaged companions that have between 5 and 10 times the mass of Jupiter
(Marois et al. 201%. We simulated the planetary system ephemerids on June 22nd, 2023, using the webpage
WherelsThePlane

As shown in Figure [} we first simulate the field of view, then position the slit and extract a corresponding
4D-datacube. The datacube is a function of the slit length and width, wavelength, and exposure time. For
the simulation, we defined an integration time of 30s per exposure and created 120 exposures. Integrating the
planet over time results in the arc-shape projection in panel iii/ of Figure [1, which we show to visualize the
rotation of the field with respect to the diffraction patterns of the spiders. A snapshot of the datacube at a
fixed wavelength and integrated over the slit width is shown in panel iv/ of Figure

For the star and planet e, we multiplied the simulated PSF over wavelength by a representative spectrum.
For HR 8799 e we used an Exo-REM spectrum at T.rr = 1100K, log(g) = 4dex, [M/H] = 0 and a solar C/O
ratio of 0.55, with an intrinsic wavelength resolution of ~30000 (Charnay et al.[2018]) interpolated to a final
resolution of 20000. For HR 8799 A, the star, we used a Kurucz spectra at T.y; = 7500K, log(g) = 4.5 dex,
[M/H] = -0.5 (Castelli et al.[1997) with a low intrinsic wavelength resolution of ~1000 interpolated to a final
resolution of 20000. We added both spectra considering the speckle field and multiplying the planet intensity
by 5.3x 1075, the relative difference in flux to the host star at the K band (Bonnefoy et al.|2016)).

To visualize the spectroscopic dimension of the cubes, in the top panel of Figure [2] we extracted a spectrum
from the 4D-datacube, integrated over slit width and 13 mas length (spaxel of 20mas x 13 mas), at time zero
and located at slit length = 0.013 arcsec. We use arbitrary flux units for the moment. To start constraining

tScopeSIM documentation: https://scopesim.readthedocs.io/en/latest/index.html
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https://scopesim.readthedocs.io/en/latest/index.html
http://whereistheplanet.com

P. Palma-Bifani et al.: MICADO spectroscopic mode for exoplanet characterization 241

% o
HR8799¢c / " “AK v/ CcC-map '

0.8

HR 8 e

0.2

T 0.0
30 600 30 60

Time (min) Time (min)

Fig. 1. HR 8799 system simulation using MYSTHIC. i/ The field view is centered on the star, where planets c, d, and
e are inside the field of view. ii/ Zoom-in view centered on planet e, where the star speckles are observable. iii/ Same
view as in ii/, but the planet is integrated over time for visualization, creating the image’s bright arc shape due to the
Field rotation. The slit is marked in blue at time position 0. iv/ Time versus slit length cut of our simulated datacube.
The third dimension is wavelength, but for simplification, it is not shown in this diagram. The planet is visible as a faint
horizontal line centered on the slit (slit length zero). The star speckles are brighter than the planet and cross over time
in a diagonal. The slit for exposure zero is sketched for visualization purposes. v/ Cross-correlation map of the simulated
datacube with a planetary spectrum. The intensity shows the agreement probability between the data for each pixel
and the template used. The purple horizontal stripe shows the planet whose spectrum is intrinsically different from the
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Fig. 2. Spectroscopic information of MICADO. Top panel: The pixel spectrum is extracted at 0.013 arcsec on the slit
length dimension and at the first exposure (dark blue colored). The wavy behavior of the spectrum is due to the star
speckles that contaminate the planet signal. The light blue colored spectrum is the A spectrum, flattened by applying
a Gaussian filter with 0 = 10. Bottom panel. It is the same as the top panel but for the injected planetary Exo-REM
spectrum, which we use as template too, without star speckles contamination.

our detection and characterization capabilities by using this observing mode in MICADO, we implemented
the cross-correlation (CC) method. Cross-correlation is a powerful tool for detecting molecular species and
conducting planetary characterizations even when observations remain contaminated by the host star’s residuals
(Hoeijmakers et al.||2018)) and is defined as:

_ Z(Aﬂat ‘ Bﬂat)
\/Z(A%at) ’ Z(Bgat)

In this equation, ’A’ represents the spectrum for each given pixel of the datacube, while B’ denotes the

cc (3.1)
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template we compare to. The datacube signal and the template are flattened using a Gaussian filter with ¢ =
10 filtering most of the spectrum features lower than R = 2000. As a first approach to evaluate this technique,
we used the same injected planet e ExoREM spectrum for the cross-correlation. The overall CC signal in %
units is shown in panel v/ of Figure[l] The central strip is the planet signal with a significance of ~100 %, and
the star speckles impact remains insignificant.

4 Closing remarks

Having validated the efficacy of the cross-correlation method through the HR 8799e case, we will vary the
separation and relative planet-star contrast, investigating detection capabilities as functions of separation and
contrast and planet temperature. The scope is to understand the population of planets that we can target
and particularly characterize with MICADO at the ELT. To explore the whole field of view angle dependency,
we will systematically study the angle dependency from 0 to 180 degrees for all separations, corresponding
to a projection of half an arc per simulation. This approach will allow us to explore whether specific on-sky
angles could enhance observational efficiency. For MICADO, this is of high importance since the spiders of
the PSF, where the intensity of the speckles is higher, cross at specific angles (see panel i/ in Figure [1]). To
improve our simulations, we must introduce several effects. Firstly, we need to account for zenith dependency
to accurately reflect MICADO spectroscopic observations since, as stated before, the ADC module will not be
used. Secondly, the influence of the temporal variation of the atmospheric turbulence and residuals, a dominant
factor in ground-based astronomy, needs to be included, which in practice translates to the fact that speckles
will not be static over time, and each exposure will have a slightly different speckle field. In addition, we are
eager to explore how the characterization might evolve once we remove the star’s speckles. We are studying
routines to perform an adapted version of spectral deconvolution (Thatte et al.|[2007]).

Our ultimate objective is not merely detection but comprehensive characterization. Thus, our next milestone
involves the integration of a Bayesian methodology, enabling a systematic analysis of the atmospheric studies
of planetary mass companions using a grid of models and individual molecular templates. This will help us
identify the limits of contrast, separation, and angular position. Furthermore, it will enable us to quantify
the narrowing of error bars as we approach the more favorable observational conditions, marking a significant
stride toward precise exoplanet characterization (temperature, surface gravity, metallicity, chemical abundances,
isotopologues, clouds, radial and rotational velocities, spin-orbit alignment). Finally, with the overwhelming
interest and dedication of the scientific community to the development and utilization of MICADO, it is evident
that this instrument will be in high demand. Consequently, its usage should be carefully considered, avoiding
blind exploitation. Thus, evaluating MICADOQO’s potential within the broader framework of collaborations and
synergies with existing and forthcoming astronomical facilities becomes imperative.

We thank the MICADO and MORFEO consortia for supporting this project.
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