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MICADO: the ELT first light instrument

* MICADO will provide imaging, astrometry, slit spectroscopy,

coronography
* Stand-alone phase with just SCAO during initial operations — on

Nasmyth A.

MICADO ‘stand-alone’
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MICADO: the ELT first light instrument

* MICADO will provide imaging, astrometry, slit spectroscopy,
coronography

* Stand-alone phase with just SCAO during initial operations — on
Nasmyth A.

* Long term operation with MORFEO (LGS-MCAO, & keeping SCAOQO) —
on Nasmyth B.
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MICADO Timeline

Phase A 2008-2009

Phase B had to wait for ELT approval

 Green light given for major procurements & long lead items
* FDR completed on 2024, July 30

- ELT/MICADO First light expected in 2029-2030

Manufacturing
‘full steam ahead’

Green light for most
manufacturing
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MICADO: the ELT first light instrument

Wavelength 0.8-2.4 ym

Field-of-view 50.5" x 50.5" (4 mas pixels); 18" x 18" (1.5 mas pixels)
Filters IYJHK broad band + medium and narrow band filters
Relative astrometry 50 pas (10 pas goal)

Contrast requirement 1x10™4at 100 mas; 1x10°at 500 mas
Spectral resolution < 20,000

Simultaneous spectral range 1.45-2.46 ym; 0.84-1.48 um

Slit width » 16 mas

3 arcsec



MICADO: Spatial Resolution in context

HST at 2 um, JWST/VLT at 5 um

/ ~160 mas

JWST/VLT at 2.2 um,

Galactic Center ELTat 12 um
Cen A / ~65 mas

Virgo Cluster

, ALMA C8 230 GHz,
Cosmic Noon A—

HST at 500 nm
~40 mas

VLT at 500 nm,
ELT at 2.2 um
~12 mas

ELT at 1 um
~6 mas

Sturm et al. (2024)



MICADO: Spatial Resolution in context

- "MICADO

Simioni et al. to be submitted



MICADO: Unveiling the universe with
high resolution

EXOPLANET CHARACTERIZATION

Direct imaging and spectroscopy of giant exoplanets and brown
dwarfs in formation, probing their atmospheres and composition.

FORMATION OF GALAXIES

Resolving individual stars in nearby galaxies, studying their
assembly history, and observing distant galaxies at high redshift to
understand their early formation.
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Resolved Stellar Populations Distant Primordial Galaxies (High-2)

The ELT (Extremely Large Telescope) with its MICADO (Multi-AO Imaging
Camera for Deep Observations) instrument will provide unprecedented angular
resolution and sensitivity, transforming our understanding of the cosmos.

-

GALACTIC CENTER & SUPERMASSIVE BLACK HOLES

Tracking stars orbiting the Galactic Center's black hole, testing
general relativity, and studying stellar populations in crowded regions.

-
Ld

Time-lapse

L

STELLAR CLUSTERS & CROWDED FIELDS

Studying dense stellar environments, measuring proper motions and
astrometry of stars to understand cluster dynamics and evolution.
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Proper Motions & Astrometry




MICADO: Unveiling the universe with
high resolution

-

GALACTIC CENTER & SUPERMASSIVE BLACK HOLES

Tracking stars orbiting the Galactic Center's black hole, testing

EXOPLANET CHARACTERIZATION
general relativity, and studylng stellar populatlons in crowded regions.

Direct imaging and spectroscopy of giant exoplanets and brown
dwarfs in formation, probing their atmospheres and composition.

Ld

STELLAR CLUSTERS & CROWDED FIELDS

Studying dense stellar environments, measuring proper motions and
astrometry of stars to understand cluster dynamics and evolution.

\\\

7 FORMATION OF GALAXIES

ésolving individual stars in nearby galaxies, studying their “\
embly history, and observing distant galaxies at high redshift to \\
understand their early formation.
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: : : . The ELT (Extremely Large Telescope) with its MICADO (Multi-AO Imaging
ResOhgd Stellar Populations Distant Primordial Galaxies (#Gh-2) Camera for Deep Observations) instrument will provide unprecedented angular
N resolution and sensitivity, transforming our understanding of the cosmos.

>

Proper Mouons & Astrometry




The path to high resolution: Adaptive
Optics

The Challenge: The Solution: The Requirement:
Atmospheric Turbulence Adaptive Optics (AO) Detailed PSF Knowledge

AQ's Task: Maximize Angular Resolution

MICADO: SCAO Performance (First Light)

"‘ « WFS magnitude range: 7<R < 16
« Works on extended objects (up to ~1" diameter)
« 25" off-axis from SCAO guide star

We need a detailed

’ MORFEOQ: MCAO Performance
I

starlight, blurring images. A « Much larger sky coverage (>50%)
- Targets based on astrophysical criteria




Why do we need a PSF model ?

stellar photometry/astrometry
e get precise flux and position

model extended sources light profiles
* measure/detect structural parameters of galaxies or sub-structures

remove/identify point-like sources from images
 mask out bright stars
e remove contribution of foreground stars in extragalactic observations
e exoplanets
* QSO host
 SNe / extragal. Globular clusters
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Why do we need a PSF model ?

stellar photometry/astrometry

get precise flux and position

model extended sources light profiles

measure/detect structural parameters of galaxies or sub-structures

remove/identify point-like sources from images

mask out bright stars
remove contribution of foreground stars in extragalactic observations
exoplanets

QSO host
SNe / extragal. Globular clusters

MICADO will adopt the “Pure PSF Reconstruction” methoad

Blind derivation, in post processing, of the PSF of a given observation
Based on telemetry
No science data used: no need for point sources in the scientific FoV

Both on- and off-axis PSFs can be reconstructed
Veran et al. (1997), Wagner et al. (2018), Wagner et al. (2023), Arcidiacono et al. (2022); Simioni et al. (2022)



Why pure PSF? A void of reference stars

Credit to: M. Gullieuszik

For 35-40% of extragalactic targets, a
MICADO science frame is void of point
sources suitable for standard PSF
characterization (e.g. empirical or semi-

empirical).
[An Astrophysical Context for PSF Reconstruction (ESO doc. Ric. Davies)]

- GOODS field South ~180 sqg.arcmin [l,b=
2236, -b4.4]: ~220 stars (Js23mag) = 1.2

star/sg. arcmin

. J<32mag — 3.5 star/sq. arcmin (3x; with
most of sources populating the faint end

of the mass function)
[TRILEGAL simulation, http://stev.oapd.inaf.it/cgi-bin/trilegal]



http://stev.oapd.inaf.it/cgi-bin/trilegal

The PSF-Reconstruction Service is a
deliverable of MICADO Consortium.

Goal: reconstruct the PSF of MICADO, both for

SCAO and MCAOQO, only using AO and non-AO

i, (NCPA) telemetry data (independently from the
| - science data).

Post-processing analysis.

PSF-R service will support state-of-the-art
scientific analysis of MICADO/MORFEQO
: Imaging and spectroscopic data.



The PSF-Reconstruction Service is a
deliverable of MICADO Consortium.

Goal: reconstruct the PSF of MICADO, both for
SCAO and MCAOQO, only using AO and non-AO
(NCPA) telemetry data (independently from the
science data).

Post-processing analysis.

PSF-R service will support state-of-the-art
scientific analysis of MICADO/MORFEQO
&‘ Imaging and spectroscopic data.
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The PSF-Reconstruction Service is a
deliverable of MICADO Consortium.

Goal: reconstruct the PSF of MICADO, both for
SCAO and MCAOQO, only using AO and non-AO
(NCPA) telemetry data (independently from the
¥ science data).

Post-processing analysis.

PSF-R service will support state-of-the-art
l scientific analysis of MICADO/MORFEQO

Imaging and spectroscopic data.
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WORK PACKAGE LIST

All WPs are active Partner Active

PSF-R systems engineering and management INAF Grazian

v
PSF-R data flow architecture and software NOVA/A* v’ V-Kleijn

Wagner
PSF-R SCAO algorithm A*

SCAO simulations for PSF-R | Clenet
PSF-R MCAO algorithm Wagner

MCAO simulations for PSF-R | v' Arcidiacono

Non-AO PSF-R algorithms and calibrations v’ Kuncarayakti
PSF-R user software v’ Pedichini

PSF-R scientific evaluation v’ Gullieuszik
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SOUL+LUCI PSF reconstruction -
nighttime

Simioni et al. (2022) Parameter . . DIFF. [%]
~NIGHTTIME
SR 2 b IR7;
FWHM|mas]| 45.75 4.4

EE core 4 45 4.0
Rsp[mas] 3292 50.8: 39



SOUL+LUCI PSF reconstruction -

nighttime

Simioni et al. (2022)

SCAO on axis

Parameter OBS. DIFF. [% |

NIGHTTIME

SR 0.58 ) 1.7

FWHM|[mas]| 43.80 45.75 4.4

EE core 0.43 45 4.0

Rsp[mas] 3292 50.8: 39

ERIS commissioning and Technical Time Requests

data...

Grazian, Simioni et al. In prep.

SCAO off axis + Different filters + Different turbulence conditions



as a scientific evaluation of PSF
reconstruction

Morphological parameters of z~2
galaxies:

uncertainty in the PSF reconstruction
<-> uncertainty in scientific
measurements

Control: obtained using the observed PSF (the same used to
produce the simulated observations) as input for GALFIT.

REC: obtained using the reconstructed PSF as input for GALFIT.
DL.: diffraction limited PSF

NONE: no knowledge on the PSF Simioni et al. (2022)
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as a scientific evaluation of PSF
reconstruction

Morphological parameters of z~2
galaxies:

uncertainty in the PSF reconstruction
<-> uncertainty in scientific
measurements

Control: obtained using the observed PSF (the same used to
produce the simulated observations) as input for GALFIT.

REC: obtained using the reconstructed PSF as input for GALFIT.

DL: diffraction limited PSF

O -3

S CONTROL

NONE: no knowledge on the PSF Simioni et al. (2022)
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as a scientific evaluation of PSF
reconstruction

Morphological parameters of z~2
galaxies:

uncertainty in the PSF reconstruction
<-> uncertainty in scientific
measurements

Control: obtained using the observed PSF (the same used to
produce the simulated observations) as input for GALFIT.

REC: obtained using the reconstructed PSF as input for GALFIT.

DL: diffraction limited PSF

o coTo ‘

SconTrOIl REC. ‘

ST | NONE: no knowledge on the PSF Simioni et al. (2022)



A science case: clumps at z~2

at z-2 a high fraction of galaxies is

observed to host star-forming
clumps

iInvestigations to sub-kpc scales
are needed to grasp their nature
[e.g. Tamburello+2015]

at present the highest spatial
scale is achieved thanks to
gravitational lensing

MICADO+MORFEO can overcome
this limitation and study non-
lensed systems.



A science case: clumps at z~2

at z-2 a high fraction of galaxies is

observed to host star-forming
clumps

iInvestigations to sub-kpc scales
are needed to grasp their nature
[e.g. Tamburello+2015]

at present the highest spatial | o Cuoals
scale is achieved thanks to . Shi+16
gravitational lensing W12
MICADO+MORFEO can overcome | This work

this limitation and study non-
lensed systems.

Sok et al. (2022)



A science case: clumps at z~2

observability 3hr, K band

GOAL.: Evaluate the performance of MICADOELT in the case of SCAO
observations of clumpy galaxies at z=2.3 reaching scales of

<100 pc [e.g. Forster Schreiber+2018] adopting the formalism outlined in
Simioni+2022:

MICADO SR=12% MICADO SR=61%

Simioni et al. to be submitted

sky background dominated by thermal emissions —> even the bright,
central region of the hosting galaxy does not impact the observability



econtrol measure: performed with GALFIT on simulate observations using
the MICADO SCAQO 30” off-axis PSF

emeasure: performed using the reconstructed MICADO SCAO off-axis PSF
ethe reconstructed PSF allows to recover the properties of the clump:
10-20% error in Re

0.1-0.2 mag error in Muy



A science case: clumps at z~2

Simioni et al. to be submitted



A science case: clumps at z~2

Simioni et al. to be submitted

m.=30mag is reached in
optimal observing
conditions
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A science case: clumps at z~2

Simioni et al. to be submitted

m.=30mag is reached in
optimal observing
conditions
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A science case: clumps at z~2

Simioni et al. to be submitted

m.=30mag is reached in
optimal observing
conditions

53 80

~18
35

sizes can be characterized
up to R~20pc (0.5px)
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Simioni et al. to be submitted
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Simioni et al. to be submitted
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Simioni et al. to be submitted
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Clumps with MICADO+MORFEO:
number of targets

MICADO FoV: ~51x51 arcsec:

26 Expected star forming galaxies with
1.4<z<2.5 (Sommariva+2014) inside
MICADO FoV:

—16 SF gal. with m.<24 ABmag
—90 SF gal. with m.<27 ABmag

N deg? mag™!
o
o
S

60% of star forming gal. at z~2 are clumpy
(Shibuya+2016), per MICADO pointing it
results:

— 10 clumpy SF gal. with m.<24 ABmag
— 54 clumpy SF gal. with m.<27 ABmag
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The deepest view: MICADO+lensing
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- RO R, G Abeli2744, z=0.3



Paving the way for MICADO

30.38

|dentify 4 protocluster/cluster

structures using NIRISS

: . spectroscopy from Watson et al.
B | | (2025) in the Abell2744 field
sl AR i *15 - 20 NIRISS spectroscopic
: members, 30 -50 in total (per

;-3 system)

.40

. =339
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-30.42
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Golden-Marx et al. (in prep)

eidentifying and characterising galaxies that will be better resolved with
MICADO



Conclusions



Conclusions

MICADO, combined with adaptive optics and PSF reconstruction, will
deliver images with unprecedented resolution

INAF is a member of the MICADO consortium, with a major contribution
to the development of the PSF-R

Initial tests based on SCAOQO are very promising

MICADO will enable a wide range of science cases and is expected to
deliver major breakthroughs in galaxy morphology

With MICADQO, the study of morphology at cosmic noon will shift from
qualitative descriptions to quantitative physics



