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MAUCA – METEOR in Planetary sciences ExoMars and the Molecular Traces of the Origins of Life

ExoMars and the Molecular Traces of the Origins of
Life
SUMMARY.
A decade ago, ESA’s Rosetta mission had made spectators
from all over the world dream: In 2014, the Rosetta mission
tried to pose the little robot Philae on the nucleus of comet
67P/Churyumov-Gerasimenko. The Rosetta Space Probe
collected information about the composition of the comet
nucleus during its spectacular approach to the sun. Our gas
chromatograph coupled to a mass spectrometer was on board
and delivered precious data. Since 2008 our research group
has been actively involved in an international team for the
design and construction of the ExoMars mission of the Eu-
ropean Space Agency (ESA). In particular, we are implied
in the scientific team of the Mars Organic Molecule Ana-
lyzer (MOMA) instrument. Our work is particularly linked
to the chirality of molecules that we intend to identify on
the surface and sub-surface of Mars after landing planned for
2028/2029. The technique again will be a gas chromatograph
coupled to a mass spectrometer. The lecture will briefly sum-
marize the main successes of the cometary Rosetta mission
and then focus on the ongoing development and evolution of
ESA’s ExoMars mission.

OBJECTIVES
Students will learn how to design

scientific instruments for space mis-
sions, how to accompany space mis-
sions with the help of laboratory exper-
iments and how to treat space mission
data. Gas chromatography, mass spec-
trometry and circular dichroism spec-
troscopy will be teached along with
enantiomers, chirality, and concepts
and theory of stereochemistry. History
and evolution of planet Mars will be
treated.

PREREQUISITES
A bachelor degree in physics, astro-

physics or chemistry.

THEORY
by Uwe Meierhenrich

The aim of this Meteor is to bet-
ter understand the molecular compo-
sition of the surface and subsurface of
planet Mars. We are particularly inter-
ested in the concept of molecular chi-
rality. Chirality and stereochemistry
of molecules under investigation will be
teached; they contain important hints
on their formation pathway and chem-
ical evolution.

APPLICATIONS
by Uwe Meierhenrich

Based on current knowledge on the

mineralogical and chemical composi-
tion of surface of planet Mars, stu-
dents will experimentally and system-
atically investigate different samples of
Mars analogues available in the labora-
tory. Gas chromatography coupled to
mass spectrometry will be experimen-
tally used to resolve enantiomers and
to investigate the phenomena of chiral-
ity and stereochemistry. The identifi-
cation of organic species in these mass
spectra will be envisaged. The Mars
Organic Molecule Analyzer (MOMA)
instrument onboard ExoMars that we
developed in an international partner-
ship lead by the Max Planck Institute
for Solar System Research, is an iden-
tical gas chromatograph using four sta-
tionary phases coupled with a mass
spectrometer ion trap type. Data will
be interpreted in view of the ExoMars
mission and landing on Mars scheduled
for 2028.

MAIN PROGRESSION STEPS

• Week 1: Courses Mars and ExoMars

• Week 2: Courses Chirality
• Week 3: Courses GC-MS
• Week 4: Exercices
• Weeks 5-7: Project

EVALUATION

• Theory grade [30%] including the-
oretical understanding of lectures,
critical spirit in discussions, and sci-
entific thoughts and insight during
exchange.

• Practice grade [30%] based on
laboratory experiments, technical
skills, initiative, progress of the
project, data analyses.

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• JL Vago, UJ Meierhenrich et al.
Habitability on early Mars and the
search for biosignatures with the
ExoMars Rover. Astrobiology 17
(2017), 471-510.

• ExoMars website

CONTACT
T +33 489 150146
B Uwe.Meierhenrich@unice.fr

2024-2025 1/1 U. Meierhenrich

I.1. ROSETTA AND EXOMARS CHAPTER I. PLANETARY SCIENCES
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MAUCA – METEOR in Planetary sciences Planet-Disk-Interactions

Planet-Disk-Interactions
SUMMARY.
Planets form in protoplanetary disks around young stars, like
the one around HL-Tau imaged by ALMA shown on the adja-
cent picture. Such disks are mainly made of gas, with ∼ 1%
dust, from which planets grow. As a consequence, planets
must interact with the gas while they form. Actually, the
structures seen on the image may be due to planets in for-
mation. In turn, the perturbed disk acts on the planets,
which leads to a modification of their orbits : they migrate !
Migration is a key ingredient in planet formation, which
shapes the final solar and extrasolar systems. In this ME-
TEOR, we will explore the theory and the various applica-
tions of planet-disk interactions.

OBJECTIVES

• Get a global picture of planetary for-
mation, the physics of protoplane-
tary disks, the dynamics of planet-
disk interactions (restricted three-
body problem, notion of torque,
pressure wave propagation).

• Use a complex hydrodynamics code.
Run simulations on the observatory
local cluster. Analyse the results
of these simulations using python
scripts that can be adapted. De-
velop a critical mind about these re-
sults to decide the set-up of the next
simulations in the frame of the cho-
sen project.

PREREQUISITES

X S1. Numerical methods
X S2. Dynamics & Planetology
X S2. General mechanics

Note: these lectures are not absolutely
mandatory, but their good understand-
ing would be of considerable help for
this METEOR.

THEORY
by A. Crida

Physics of gas disks around stars:
vertical hydrostatic equilibrium, equi-
librium rotation velocity. Dust be-
haviour: sedimentation, radial drift.
Planet formation: streaming instabil-
ity, stone accretion, gaz accretion, for-
mation of satellites. Planetary migra-
tion: Lindblad and corotation torques,
gap opening. Applications to the solar
system, and other systems.

by H. Méheut

Fluid dynamics to model the gas
of protoplanetary disks, Euler equa-
tions that will be solved by the
code FARGOCA, perturbative ap-
proach and wave propagation in astro-
physical disks.

by E. Lega

Calssical numerical methods for the
integration of Navier-Stokes equations
and for the N-body problem (finite dif-
ference, Runge-Kutta) and their use
in the code FARGOCA. The code is
specifically designed for the study of
protoplanetary disks and for planets-
disk interactions. Learn how to use the
code and to run simulations on the lo-
cal cluster.

APPLICATIONS

by A. Crida, E. Lega, H. Méheut

• Common project: Make a numer-
ical simulation with our code FAR-
GOCA, of a protoplanetary disk
with an embedded terrestrial planet.
Produce a gas density map and no-
tice the spiral wake. Compare the
numerical simulation with the theo-
retical spiral curve. Explore the pa-
rameter space to test the theory (or
the code).

Gas density map from a numerical
simulation with a giant planet on a fixed,
circular orbit. A spiral wake (white) and
a deep gap (black) are clearly visible, due

to planet-disk interactions.

• Personnal project: Choose
among the following possible per-
sonnal studies.

– Mean motion resonance of sev-
eral planets in convergent mi-
gration

– Fourier decomposition of the
spiral and link with mean mo-
tion resonances with the planet

– (In)stability of a disk cavity
and planet trap

– Energy equation and role of the
corotation torque

– Effect of the indirect term on
the stability of the disc and the
dynamics of the planet

MAIN PROGRESSION STEPS

2024-2025 1/2 A. Crida, E. Lega, H. Méheut

I.2. PLANET-DISK INTERACTIONS CHAPTER I. PLANETARY SCIENCES
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MAUCA – METEOR in Planetary sciences Planet-Disk-Interactions

• Weeks 1–2: Theory lectures
• Week 3: Learn to use FARGOCA,

study of the spiral wake + written
exam

• Weeks 4–7: Personal projects
• Week 7: preparation of the defense

EVALUATION

• Theory grade [30%]

– Production of the student’s own
lecture on Fluid mechanics with
H. Méheut.

– Written exam. Theoretical ques-
tions, exercices based on the ex-
amples seen in lectures by A.
Crida and E. Lega.

• Practice grade [30%]
Evaluation based on the students
attitude and progresses during the
practical work.

Criteria are curiosity, autonomy,
achievements, ease with the nu-
merical tools, understanding of the
physics and the numerics, general
scientific attitude and critical mind.

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• Crida (2023)
• Baruteau et al. (2014) (video)

CONTACT
T +33.4.92.00.30.52
B crida@oca.eu

2024-2025 2/2 A. Crida, E. Lega, H. Méheut
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MAUCA – METEOR in Planetary sciences Interior structures of solar system bodies: from Artemis to Juice

Interior structures of solar system bodies: from
Artemis to Juice

SUMMARY.
The interior structure of solar system bodies are key informa-
tion for understanding the formation and evolution of these
bodies. In this METERO, we are focusing on using radio sci-
ence data and tidal deformation for deciphering the internal
structure of planetary bodies such as Mars or Mercury but
also icy satellites such as Ganymede in the Jupiter system.
The choice of these bodies of interests is not just random but
it correspond to main targets which will be visited by space
missions in which Observatoire de la Côte d’Azur team is
involved such as Insight for Mars, Artémis for the Moon,
Bepi-Colombo for Mercury, Envision and Veritas for Venus
and Juice for the Jupiter system.

$ make package

OBJECTIVES
The objectives of the METEOR is

to learn how we understand the inte-
rior structures of planetary bodies (in-
cluding natural satellites) only in using
remote observations (no in-situ mea-
surements). The student will learn the
mechanisms behind the tides, how the
tides deform bodies and how the body
deformations induced by tides depend
on its internal structure. The student
will be introduced to spacecraft navi-
gation and will understand how to use
a spacecraft orbiting a body for deter-
mining its mass and shape and how
these informations can be related to
the tidal deformations. He will finally
use numerical simulations for simulat-
ing how using radio tracking observa-
tions we can constraint the density,
thickness and viscosity of the different
layers of a planetary body.

PREREQUISITES

X S1. Data Sciences
X S1. Numerical methods
X S2. Dynamics & Planetology
X S2. Statistics
X S2. General mechanics

THEORY
by Anthony Mémin

In this METEOR, we will see the
theoretical aspects related to the de-
formation of planetary body, including
basic rheology laws and energy dissipa-
tion. These will tell us how the internal
structure can induce different possible
deformations. (Course A)

by Agnès Fienga

We will also see how to compute
and constraint the orbit of a space-
craft using tracking data (doppler and
range) and we will see how to de-
termine the deformation of a plane-
tary body using spacecraft orbitogra-
phy. (Course B)

APPLICATIONS
by Anthony Mémin

In using the software ALMA3, the
student will simulate different defor-
mations induced by different possible
internal structures, from a planetary
satellite such as the moon, to earth-like
planet such as Venus to icy satellite like
Ganymede. (project A)

by Agnès Fienga

In using the software rebound, the
student will simulate tracking data of
a spacecraft orbiting a planetary body
(Moon, Mercury, Venus, Ganymede)
and he/she will simulate how well the
tidal deformation of these bodies can
be constrained from the tracking data.
(project B) He/she will be then able to
determine which orbital configuration
can give stringent constraint on the dif-
ferent parameters of the internal struc-
tures (ie salinity of the Ganymede sub-
surface ocean). (project C)

MAIN PROGRESSION STEPS
The student can chose the objects

of interest among Venus, Mercury and
Ganymede and the associated missions
(ENvision, BepiColombo and JUICE)

• Part 1: courses A/B and project A

an B
• Part 2: project C

EVALUATION

• Theory grade [30%]
This evaluation will be presentation
of an article either one the Course A
either on the Course B. The global
understanding and the critical spirit
will be evaluated.

• Practice grade [30%]

– projects A and B (30%): thought-
process and results

– Project C (70%): initiative,
progress, analysis

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• Review on JUICE mission

• BepiColombo and Mercury inter-
nal structure

• Example of icy satellites internal
structure modelings

• Envision: From Earth to Venus

CONTACT
T +33.4.83618545
B agnes.fiengal@oca.eu

2024-2025 1/1 Agnès Fienga

I.3. JUICE - JUPITER ICY MOONS EXPLORER CHAPTER I. PLANETARY SCIENCES
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MAUCA – METEOR in Planetary sciences
Asteroid Polarimetry:

Observations and Data Analysis

Asteroid Polarimetry:
Observations and Data Analysis

SUMMARY.

Polarimetry is not the first observational technique coming to
a Master student spirit. Moreover associated to the word as-
teroid it becomes more and more exotic. Nevertheless many
information such as size, mineralogical type, surface physical
structure can be obtained from the study through a polarime-
ter of Sun light reflected by an asteroid.
C2PU is involved since many years in such a research topic
and has recently provide the largest data base on polarimet-
ric data for asteroids (Bendjoya et al. 2022). Recently C2PU
has began a new international collaboration (Finland, Ge-
many, Ireland and Italy) with a brand new polarimeter now
installed (2023) at the Cassegrain focus of 1m telescope Omi-
cron which performances open a major step forward in the
characterization of fainter asteroids.
This METEOR will offer to the student(s) the opportunity to
participate to campaigns of observation (if schedule @ C2PU
permits), data reduction , data analysis and data mining to
derive major physical information on asteroids.

OBJECTIVES

• link polarization of reflected light to
asteroid physical parameters

• understand the functioning of a po-
larimeter and all of its components

• perform polarimetric observations
on sky

• reduce polarimetric data

• derive Stokes parameters from raw
images

• analyze data

• build the relevant so called
Pr=f(phase angle) curves from
which albedo, diameter, mineralogi-
cal features... can be derived

• cross-match polarimetric catalogs
with other asteroid physical param-
eter catalogs and make statistical
analysis for sub group of asteroids.

PREREQUISITES
The fundamental courses

linked/coming in support to this ME-
TEOR are Electromgnetism (Licence
lectures) and

X S1. Meteor C2PU

THEORY
by Ph. Bendjoya

Polarization of reflected light,
stokes parameters, physical parame-
ters of asteroids, NEOs, dynamical
families, asteroid mineralogy.

APPLICATIONS
by Ph.Bendjoya

After an introduction to polarime-
try and polarimeter as well as their
interest in asteroid studies, students
will perform polarimetric observations
at C2PU (if the polarimeter commis-
sioning coincides with the METEOR
or will use archive data from C2PU
polarimetry), will reduce data, extract
stokes parameters, build the Pr = f(α)
curves,develop some scripts (Python)
and will exploit different databases.

MAIN PROGRESSION STEPS

• First third period : theoretical
courses (lectures, articles)

• Second third of the period : obser-
vation and reduction

• Third third of the period : exploita-
tion of databases

• Last week : preparation of the final
oral presentation.

EVALUATION

• Theory grade [30%]

– Presentation of an article (30%):
critical spirit

• Practice grade [30%]

– Project (70%): initiative,
progress, analysis

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES
Any reference or web page that stu-

dents can read to have a better idea of
the topic.

• Bendjoya et al. 2022

CONTACT
T +33.4.xx.xx.xx.xx
B bendjoya@oca.eu

2024-2025 1/1 Ph. Bendjoya

I.4. POLARIMETRY OF ASTEROIDS CHAPTER I. PLANETARY SCIENCES
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MAUCA – METEOR in Planetary sciences Atmospheres of exoplanets and stars

Atmospheres of exoplanets and stars
SUMMARY.
The largest information content from astrophysical objects
comes from their spectra. Particularly, stellar and exoplanet
spectra allow us to measure stellar and exoplanet atmo-
spheres’ thermal, chemical and dynamical properties.
We will first learn the fundamental physical processes that
shape stellar and planetary atmospheres’ temperature and
chemical structure. Then we will learn how spectra are
formed in planetary atmospheres and how their observations
can be used to determine physical and chemical state of the
atmospheres.
The METEOR will be divided into coursework, homework,
practical and project. At the end the students will be able to
use numerical codes to produce stellar and planetary spectra
that can be directly compared to ground- and space-based
observations.

OBJECTIVES

• Undersand the thermal strucutre,
the chemical properties and the for-
mation of spectra in stellar and
planetary atmospheres.

• Use numerical codes to calculate
the thermal structure and spectra
of stellar and planetary atmospheres
and compare them to space-based
(JWST) and ground-based (VLT)
telescope observations.

PREREQUISITES

X S2. Stellar physics
X S2. Dynamics & Planetology

THEORY
by Vivien Parmentier, Andrea

Chiavassa, Julia Seidel

• Radiative/convective equilibrium

• Equilibrium and disequilibrium
chemistry

• Opacity

• Formation of emission and trans-
mission spectra for exoplanets
and stars

• Confounding factors (stellar con-
tamination, 3D effects, instru-
mental effects)

APPLICATIONS
Then the students will pick a

project with a focus on exoplanet or
stellar spectra.

by Vivien Parmentier
Estimate the chemical abundance

and thermal structure of an exoplanet
based on its observed spectrum by the
James Webb Space Telescope using a
1D radiative/convective code.

by Julia Seidel
Extraction and study of the at-

mospheric signal of the sodium line
fro high-spectral observation from the
HARPS spectrograph

by Andrea Chiavassa
Interpretation of stellar spectra

with a grid of state-of-the-art 3D stel-
lar models.

MAIN PROGRESSION STEPS

• Tier 1: Theory of atmospheres:
radiative transfer, hydrodynamics,
chemistry.

• Tier 2: Formation of emission and
transmission spectra and tools to
observe them.

• Tier 3: project

EVALUATION

• Theory grade [30%]

– Written exam on coursework

• Practice grade [30%]

– Presentation of an article relevant
for the project (30%)

– Project (70%): initiative,
progress, analysis

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• WASP-18b JWST observation
• TOI-1518b Gemini/MAROON-X

observation

CONTACT
T +33.4.xx.xx.xx.xx
B vivien.parmentier@oca.eu

2026-2027 1/1 Vivien Parmentier, Andrea Chiavassa and Julia Seidel

I.5. ATMOSPHERES OF EXOPLANETS AND STARS CHAPTER I. PLANETARY SCIENCES
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MAUCA – METEOR in Stellar physics
PLAnetary DYnamics and Stellar Evolution

PLADYSE

PLAnetary DYnamics and Stellar Evolution
PLADYSE

SUMMARY.

Stellar evolution for star with mass between 1 an 8 solar
masses is, at the end of the Main Sequence, a period of dras-
tic transformations both for the star itself but also for the
circumstellar environment. The travel from the Red Giant
(RG) phase to the White Dwarf (WD) ultimate one (through
AGB, post AGB and planetary nebulae (PN) stages) is a fast
and violent transformation during which up to 1 solar mass
of the star can be expelled in 10 000 years and the star lu-
minosity can increase of several order of magnitude. The cir-
cumstellar environment is hence deeply modified during these
phases. The dynamics of planets and small bodies around the
central star will be deeply modified by these events and many
non gravitational perturbations have to be considered in the
dynamical equations. The student will develop numerical
integrators to describe and study the pertubated dynamics
of planets and small bodies during the late phases of stellar
evolution.

OBJECTIVES
Students will be able to

• model gravitational forces in N body
problem

• model non-gravitational forces in N
body problems

• use SSE (Single Star Evolution)
code for stellar evolution

• couple gravitational code and SSE
to study small body dynamic with
respect with stellar evolution

PREREQUISITES

X S1. Data Sciences
X S1. Numerical methods
X S2. Stellar physics
X S2. Dynamics & Planetology

THEORY
by Ph. Bendjoya

Restricted three body problem. !
N body problem (N small).
Non gravitational forces : friction,
wake , mass loss, Yarkovsky...
numerical ODE integration,
Rebound + ReboundX
SSE code use

APPLICATIONS
by Ph. Bendjoya

Analytical derivation of equations
of motion of gravitational and non
gravitational perturbation interactions

Numerical coding of 2 body problem,
restricted 3 body problem, general N
body problem,
Numercial coding of non grvitaional
perturbation.
Coupling stellar evolution in previous
simulation

(Photo : Pixabay/Terranaut) JWST’s
Glimpse into the Future: Predicting

Solar System’s Fate through
Exoplanet Observations

MAIN PROGRESSION STEPS

• First half of the period : theoreti-
cal courses : Revision 2 body and
restricted 3 body problem.

• First half of the period in parallel:
Numerical exercises. Introduction of
different non gravitational forces

• Second half of the period : numeri-
cal project: application on student’s

chosen problem. Critical analysis of
the simulations

• Last week : preparation of the final
oral presentation.

EVALUATION

• Theory grade [30%]

– base calculus from lectures

• Practice grade [30%]

– Exercices (30%): thought-process
and results

– Project (70%): initiative,
progress, analysis

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• Solar System Dynamics, Carl
D. Murray, and S. F. Der-
mott,Cambridge University Press
(Book)

• SSE
• SSE
• Rebound
• Reboundx

CONTACT
T +33.4.xx.xx.xx.xx
B meteor-mail@oca.eu

2024-2025 1/1 Your name

II.1. PLANETARY DYNAMICS AND STELLAR EVOLUTIONCHAPTER II. STELLAR AND GALACTIC PHYSICS
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MAUCA – METEOR in Stellar physics Astrophysics of Gaseous and Dusty Nebulae

Astrophysics of Gaseous and Dusty Nebulae
SUMMARY.
Gaesous nebulae and dusty environments play an important
role in astrophysics. H II regions and Planetary Nebulae,
ionized by hot stars, can provide informations related
to stellar formation and evolution, in connection to the
chemical evolution of galaxies. In addition, dust formation
can hamper the derivation of physical properties of such
objects.

Keywords: Stellar physics and evolution - Diffuse medium -
HII/HI regions - Dust and gas in circumstellar envelopes

OBJECTIVES

• This METEOR aims at making the
students familiar with the physical
study of gaseous and dusty envi-
ronments from theoretical and high-
resolution observational points of
view.

• The theory of ionization and ther-
mal equilibria associated to radia-
tive transfer in nebulae will be pre-
sented. Practical projects based
on high-resolution images of cir-
cumstellar environments and col-
lected with ESO/VLT instruments
will also be proposed.

PREREQUISITES

X S1. General astrophysics
X S2. Stellar physics

THEORY
by Patrick de Laverny

All stars are formed from interstel-
lar material and synthetize new chem-
ical elements during their life. These
newly formed elements can then be in-
jected back to the interstellar medium
during the ultimate phases of stellar
evolution. Understanding star forma-
tion and the final stages of their evo-
lution is thus a key to understand
the chemical evolution of the Universe.
During their ejection phases, stars can
be surrounded by circumstellar mate-
rial (ionized or neutral gas and dust).
As all the informations we can ob-
tain from these objects come from their
emerging light, we need to study how
photons interact with gas and dust.

This first part will allow to under-
stand the different types of gaseous

nebulae, to study the physics of gas ion-
isation by hot photons, to understand
the formation of emission spectra for
these objects and how we can deter-
mine physical properties and chemical
abundances.

by Eric Lagadec
Dust particles play also an impor-

tant role in circumstellar envelopes of
evolved stars. The students will also
become familiar with dust radiative
transfer, to study the interaction of
light with circumstellar dust particles.

The dusty circumstellar envelope of
L2 Pup.

APPLICATIONS
by Eric Lagadec

The students will then get their
hands on state of the art data and mod-
eling codes. They will be taught how to
analyse data taken with the Very Large
Telescope (VLT) in Chile with instru-
ments like VISIR and SPHERE. They
will learn how to derive the morpholog-
ical, physical and chemical properties
of circumstellar environments. This
will be done by using the dust radiative

transfer code DUSTY and optical and
infrared diffraction limited images us-
ing extreme adaptive optics. They will
thus learn how to measure physical pa-
rameters of the circumstellar environ-
ment via modeling of the observations,
thus directly applying the theoretical
knowledge they acquired before.

MAIN PROGRESSION STEPS

• Tiers 1 & 2: courses A & B and
exercices

• Tier 3: personnal project

EVALUATION

• Theory grade [30%]

– Written exam (70%): theoretical
questions from lectures

– Presentation of an article (30%):
critical spirit and answer to ques-
tions

• Practice grade [30%]

– Exercices (30%): thought-process
and results

– Project (70%): initiative,
progress, analysis

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• Astrophysics of Gaseous Nebulae
and Active Galactic Nuclei, D.E.
Osterbrock & G.J. Ferland

CONTACT
T +33.4.92.00.31.07
B laverny@oca.eu
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MAUCA – METEOR in Cosmology Galactic Archaeology and the Gaia mission

Galactic Archaeology and the Gaia mission
SUMMARY.
Galactic Archaeology consists in deciphering the Milky Way
formation and evolution history through the study of the
stars composing its different Galactic populations. Such
studies are now possible on large scales thanks to devoted
Galactic ground-based and space surveys, as the ESA Gaia
mission. This METEOR will particularly focus on the
Gaia spectroscopic survey that collects tens of millions of
stellar spectra of any type. Thanks to such unique data, our
Galaxy is mapped spatially, kinematically and chemically.

Keywords: Near field cosmology - The Milky Way as a spiral
galaxy. Stellar populations and local environment

OBJECTIVES

• The students will have a global view
of the Milky Way formation and evo-
lution history, thanks to lectures on
Galactic stellar populations. In par-
ticular, they will study how kine-
matics and chemical information al-
low for the exploration of the Milky
Way and its history. The main
recent results obtained on Galactic
Archaeology and based on the Gaia
survey will also be described.

• Practical applications of Galactic
data analysis will be performed by
the students, focussing on observa-
tions collected with Gaia.

PREREQUISITES

X S1. General astrophysics
X S2. Stellar physics

THEORY
by Alejandra Recio-Blanco

Galactic Archaeology aims to re-
construct the history of the Milky Way
by analyzing stars, just as the his-
tory of life was deduced by examining
rocks. Stars record their past in their
ages, chemical compositions and kine-
matics and can thus provide unprece-
dented constraints on the early phases
of galaxy formation back to redshifts
greater than two (a look-back time of
about 10 billion years). How did our
galaxy form? What is its place and
ours in the cosmic evolution? We will
also deeply discuss how these questions
could be addressed through many on-
going and planned spectroscopic sur-
veys of the Milky Way, culminating
in the Gaia mission, which have been

revolutionizing our knowledge about
Galactic stellar populations during the
last two decades.

by Patrick de Laverny
We will focus on the analysis of stel-

lar spectra and stellar parameteriza-
tion, including reviews on stellar evolu-
tion. Then, we will study how to kine-
matically characterize stars belonging
to the Milky Way and how to identify
the different stellar populations of the
Galaxy.

by Pedro Alonso Palicio
The Galactic chemical evolution

will be studied, including lectures on
stellar nucleosynthesis, chemical yields
and chemical evolution models. The
origin and chemo-dynamical properties
of Galactic populations, as revealed
by current surveys, will be also intro-
duced.

The ESA Gaia mission mapping the
Milky Way

APPLICATIONS
Practical studies on Galactic stars

characterisation based on Gaia astro-
metric, photometric and spectroscopic
data will be proposed. The main top-
ics covered will be: (i) Statistical anal-
ysis of large samples of stellar chemo-
dynamical properties, (ii) Derivation of

Galactic chemical gradients and metal-
licity distributions and (iii) Modelling
of the Galactic Chemistry.

MAIN PROGRESSION STEPS

• Tiers 1 & 2: courses A/B/C and
exercices

• Tier 3: personnal project

EVALUATION

• Theory grade [30%]

– Written exam (70%): theoretical
questions from lectures

– Presentation of an article (30%):
critical spirit and answer to ques-
tions

• Practice grade [30%]

– Exercices (30%): thought-process
and results

– Project (70%): initiative,
progress, analysis

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• The ESA/Gaia website and archive
• The Milky Way, Combes & Lequeux,

2016
• The origin of the Galaxy and Lo-

cal Group, Bland-Hawthorn, Free-
man & Matteucci, 2013, Springer

CONTACT
T +33.4.92.00.31.07
B laverny@oca.eu
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MAUCA – METEOR in Stellar physics Stellar Pulsation and Evolution Polar and Space Missions

Stellar Pulsation and Evolution Polar and Space
Missions

SUMMARY.
Stellar Pulsation and Evolution –SPE– based on Polar and
Space Missions, gives rise to two interesting stellar physics
fields, (1) the theory of the pulsation and evolution of
various stellar classes accross Hertzsprung–Russell diagram
towards an understanding of the origin of the Universe, and
(2) the observation and data analysis techniques, such as
Astrometry, Photometry and Spectroscopy from Polar and
Space Telescopes. The theoretical topics are shared among
stellar interiors and atmosphere structure, stellar energy
and transport mechanisms, and mechanisms of the pulsation
and the hydrodynamical phenomena induced by shock
waves. Whereas, the application themes are founded on
frequency detections, mode identification, stellar parameters
determination, and time–series data interpretation from
light and Radial Velociy Curves.

OBJECTIVES

• This Meteor provides students with
the knowledge and research ability
for a career in Astronomy towards
an improving the research develope-
ment for new generations.

• The students learn how to relate
stellar models to observable quanti-
ties by use of observation and the-
oretical methods, and they will be
able to deal with the Stellar Evolu-
tion and Structure challenges.

PREREQUISITES
Uncomment the Fundamental

Courses that are required for your
METEOR.

X S1. Fourier Optics
X S1. Data Sciences
X S1. Numerical methods
X S2. Stellar physics

THEORY
by Merieme Chadid

The theoretical goal is to provide
a background in stellar physics spe-
cially in pulsation and evolution. Af-
ter a recapitulation of the observational
properties of stars, the physical con-
ditions in stellar interiors and atmo-
sphere are taught, in particular the
usual conservation equations of stars in
general. Then, nuclear sources of the

stellar radiation and the energy trans-
port are studied with driving mecha-
nisms of the pulsation and hydrody-
namical phenomena induced by shock
waves. The stellar evolution is studied
by the use of the simple analytical mod-
els, and the equations of stellar pulsa-
tion is derived for radial and non radial
pulsations.

APPLICATIONS
by Merieme Chadid

The application field is based on
mode detections, frequency analy-
sis and stellar parameters determina-
tion by the use of ground–based ob-
servations, time–serie Antarctica ob-
servations (PAIX) and Space Tele-
scopes (CoRoT, KEPLER, GAIA and
PLATO). The student will learn and
experiment the observation techniques
by use of Polar and Space Telescopes
with various optical instruments.

Use the following code to insert a
figure

PAIX Polar Antarctica Telescope
@Chadid

MAIN PROGRESSION STEPS
The students will progressively get

deeper insight on the main properties
of stars by first deriving simple models
and by further performing experiments
with observing runs and data analysis
algorithms.

EVALUATION
Oral presentation (50%) and a

global mark from the supervisor (50%)
to evolute the student on the Objec-
tives described above.

BIBLIOGRAPHY & RESOURCES

• Communiqué de presse
• Asteroseismology C. Aerts, J. Chris-

tensen and Kurtz 2010
• HDR Stellar Pulsation and Evolu-

tion, M. Chadid 2014
• An introduction to stellar astro-

physics, F. Leblanc Willey 2010
• Stellar Structure and Evolution R.

Kippenhahn and A. Weigert 2012

CONTACT
T +33.4.92.00.30.04
B chadid@unice.fr
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MAUCA – METEOR in Stellar physics Infrared spectroscopy in the Galactic Center

Infrared spectroscopy in the Galactic Center
The Center of our Milky Way is the only nucleus of a
Galaxy which we can study in detail as we can resolve
there individually the stellar populations. Together
with the existence of the supermassive black hole
of Sgr*, this part of our Galaxy is one of the most
extreme environment where star formation can happen.
Crowding, heavy interstellar reddening obliges to
work in the infared. Recently, many developments in
infrared spectroscopy has been obtained. With the
upcoming KMOS large survey at ESO starting in ten
thousand of objects will be observed. This METEOR
proposes to analyse these spectra and derive stellar
parameters as well as alpha-abundances

In this METEOR, the focus will be on the analysis of KMOS
spectra which will be be obtained this summer 2026 at the
VLT (ESO, Chile) within a large accepted ESO program last-
ing at least three years. The goal of this large survey is to get
the largest spectroscopic dataset so far in the Galactic Center
region. Courses about infrared spectroscopy and data reduc-
tion will be tought and during the practical work, the newest
data from the ESO KMOS large survey (VLT/Chile) will be
analysed.

OBJECTIVES

• The student will learn the complex
structure of the Galactic center, its
stellar populations and the basic
theoretical aspects of the formation
of the Galactic Centeer

• A specific focus will be done to the
two main structires in the Galactic
Center: the nuclear star cluster and
the nuclear stellar disc.

• The student will learn to use in-
frared spectroscopy as a powerful
tool to study the dust obscured
population in the Center of our
Galaxy and run the stellar param-
eter pipeline.

PREREQUISITES

X S1. Data Sciences
X S2. Stellar physics
X S2. Statistics

THEORY
by Mathias Schultheis

The nucleus of the Milky Way is
the most extreme environment in our
Galaxy. It is hosting a massive star
cluster of 30 million solar masses coex-
isting with a supermassive black hole
of 4 million solar masses. This central
star cluster is a typical representative
of a very common class of objects called
nuclear star clusters (NSCs), the dens-
est stellar systems in the universe we

know of. Given their position at the
center of the potential well of a galaxy
and their coexistence with black holes,
nuclear star clusters potentially play a
key role in the formation and certainly
in the growth of the central supermas-
sive black holes. In addition, a course
on galactic Archeology as a powerful
tool to trace the chemical evolution his-
tory of the Milky Way will be given.

APPLICATIONS
by Mathias Schultheis & Georges

Kordopatis
The student will work a stellar re-

duction pipeline STARKIT allowing to
fit simultaneously the observed spec-
trum with a grid of synthetic spectra
for cool M giants. An important role
is the prior assumption for Starkit as
well as the choice of the masked re-
gions. A comparison sample of high-
resolution spectra (R = 45.000) will be
used to do a detailed comparison.

A typical KMOS spectrum in the
center of the Milky Way in the
K-band at around 2.2 micron.

MAIN PROGRESSION STEPS

• Tier 1: Courses about the Galactic
Center and infared spectroscopy and
exercices

• Tier 2: project
• Tier 3: project

EVALUATION

• Theory grade [30%]
– Oral exam (50%): questions

about the Galactic Center and in-
frared spectroscopy

– Presentation of an article (50%):
critical spirit

• Practice grade [30%]
– Exercices (30%): thought-process

and results
– Project (70%): initiative,

progress, analysis

• Defense grade [40%]
– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES
Two review papers about these top-

ics:

• Schultheis2025
• Neumayer2020

CONTACT
T +33.6.24.85.49.79
B mathias.Schultheis@oca.eu
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MAUCA – METEOR in Cosmology Relativistic Gravitation and Astrophysics

Relativistic Gravitation and Astrophysics
SUMMARY.
Geometric gravity theories: General Relativity (GR) and al-
ternatives ...

... their tools and methods ...

... and applications to astrophysics and cosmol-
ogy.

OBJECTIVES
Improving your knowledge in GR

and in some related astrophysical ap-
plications.

It mainly consists in the acquisition of
the skills required in geometric grav-
ity and relativistic astrophysics. This
includes mastering the mathematical
tools required to be conversant in these
fields. Special attention will be payed
to exact GR solutions.

PREREQUISITES

X S2. Gravity & relativity

CARE: it is of first importance the
student not to be scared by the formal
issues involved in this course (tensor
calculous, Riemannian geometry, ...).

THEORY
by Bertrand Chauvineau

• Mathematics

Tensor calculous
Riemannian geometries: metrics,
geodesic curves, covariant derivatives,
curvature.
Advanced topics (Killing vectors, ...).

• Gravitation theories

GR, scalar-tensor gravity, ...
Lagrangian formalism, matter descrip-
tion, stress tensor.
Linearized theory, gravitational waves.
Conservation laws.
Exact solutions: Schwarzschild,
Reissner-Nordström, de Sitter (&

Schwarzschild-de Sitter), Robertson-
Walker, Kasner, axial symmetry, Kerr,
...

• Relativistic Astrophysics

Perfect fluids in astrophysics, examples
of relativistic stars.
Black holes and their environment (dy-
namics, optics).
Gravitational radiation.
Backgrounds on cosmology.

APPLICATIONS
by Bertrand Chauvineau

For the "project part" of the ME-
TEOR, the student will choose a part
of the lectures, or a specific topic re-
lated to them, and make a presentation
that shows his mastering of its differ-
ent aspects, including technical issues.

MAIN PROGRESSION STEPS

• Whole period
theoretical courses and exercises

(about 60h, planified on 3/4 ses-
sions a week).
Reading of some review and/or
pedagogical papers.

• Last 2/3 weeks
Some specific points (courses and
exercices, more specifically re-
lated to the project).
Focus on a specific topic and
preparation of the oral presenta-
tion (project part).

EVALUATION

• Theory grade [30%] Written
exam.

• Practice grade [30%] Student’s
investment during the whole period.

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

2024-2025 1/2 Bertrand Chauvineau
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MAUCA – METEOR in Cosmology Relativistic Gravitation and Astrophysics

BIBLIOGRAPHY & RESOURCES

Any GR book/online course designed
for undergraduate and/or graduate
students is welcome.

More specifically, let me suggest
(plenty of books ... Dozens new books
every year! Hard to choose ...):

C.W. Misner, K.S. Thorne, J.A.
Wheeler, "Gravitation" (San Fran-
cisco, Freeman, 1973).
> THE reference in the field, even if a
bit old. Different levels of reading. An
about 1000 pages book!

R.M. Wald, "General Relativity" (The
University of Chicago Press, 1984).
> In two parts: 1. Fundamentals
(about 150 pages), 2. advanced topics
(about 300 pages).

H. Stephani, "General Relativity"
(Cambridge University Press).
> Different editions. I like the second
one (1990).

L. Landau, E. Lifchitz, "Field theory"
(Mir Editions, 1970).
> Of course, the 2cd volume of their
renowned course of physics! The sec-
ond part (of this 2cd volume) is devoted
to GR.

S. Weinberg, "Gravitation and Cos-
mology" (John Wiley & Sons, 1972).
> Another (old) reference book.
Maybe easier to understand than
Wald’s book for the introduction to
tensors.

H.C. Ohanian, "Gravitation and space-
time" (W. W. Norton & Company,
1976).
> Basics + a bit more.

E. Schrödinger, "Spacetime structure"
(Cambridge University Press, 1950).
> I like so much this little book !!!
(By the way, he is THE Erwin S., the
guy you know as one of the creators
of the quantum theory.) He introduces
the concepts from nothing, all seems
very natural. However, he first defines
affinely connected spaces (ie the theory
of spaces endowed by an affine connex-
ion), and only later introduces metrics.
So maybe not the most directly useful
for your need ... and clearly, astro-
physics is not his concern: not a single
word about the Schwarzschild metric,
black holes, planetary motions and so
on. Just interested in field equations
... but so splendidly! Just amazing !!!

All of these books present relativity
and gravitation from scratch, some-
time going up to an advanced level.
They all first thing (or after a short
introduction, as I do in my lectures)

present the required formalism. Many
of these books are not recent, but are
still references nevertheless.

Let me also suggest some french books:

P. Tourrenc, "Relativité et gravita-
tion" (Armand Colin, 1997).
> A very pedagogical book.

H. Andrillat, "Introduction à l’étude
des cosmologies" (Armand Colin,
1970).
> A very pedagogical introduction to
GR, cosmology (in those times ... but
ok for understanding the basics never-
theless) and to tensor calculous. (Henri
Andrillat introduced GR in the French
university teaching. With specific at-
tention to pedagogy, as I said ...)

D. Gialis, F.-X. Désert, "Relativité
Générale et Astrophysique" (EDP Sci-
ences, 2015).
> mainly compilations of exercises,
with corrections.

A. Barrau, J. Grain, "Relativité
Générale" (Dunod, 2016).
> mainly compilations of exercises,
with corrections.

CONTACT
T +33.4.92.00.
B chauvineau@oca.eu
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MAUCA – METEOR in Cosmology Formation and Evolution of Galaxies

Formation and Evolution of Galaxies
SUMMARY.

This METEOR deals with extragalactic astronomy and
presents our current knowledge on the formation and evo-
lution of galaxies, both from the observational and theoret-
ical points of view. The intrinsic and statistical properties
of galaxies as well as their evolution in time are reviewed
taking into account the most recent observational data sets.
Detection and measurement issues, especially of (very) high-
redshift objects, are addressed on this occasion. Key ideas
on the hierarchical growth of structures within a ΛCDM cos-
mology are given and physical processes involved in the for-
mation/evolution of galaxies are explained. All these topics
prepare the student for state-of-the-art research in that do-
main.
By reproducing some results by his own during the pratical
part, the student will first gain practice in finding, download-
ing and manipulating data for the project he chose and sec-
ond will learn basics in data/image analysis, error statistics,
estimation theory and data modeling. The three proposed
projects cover i) the determination of the galaxy morphology-
density relationship, ii) the computation of the red-sequence
of galaxies within clusters of galaxies, iii) the non-parametric
shape estimators for distant galaxies.

OBJECTIVES

• Students will know about our cur-
rent knowledge about the forma-
tion and evolution of galaxies within
an evolving universe dominated by
dark components, about the key
observational facts, signatures, and
the main physical processes at play.
Student will be able to measure
galaxy shapes in parametric and non
parametric ways, estimate star for-
mation rates, compute luminosity
densities, derive optical depths and
ionisation fractions, model absorp-
tion or emission lines, etc.

• Students will be able to under-
stand the scientific content of pa-
pers dealing with this topic, iden-
tify the main questions and hy-
potheses, compare applied meth-
ods, check conclusions against re-
sults from other similar papers. Stu-
dents will also be trained by prat-
ice in selecting, finding, download-
ing relevant data for their research
using on-line databases and other
electronic ressources, as well as in
data analysis, estimation theory and
model fitting.

PREREQUISITES

X S2. Large-scale Universe

X S2. Statistics

THEORY
by E. Slezak

The study of galaxy formation and
evolution is an active and rich research
area in astrophysics. It aims to pro-
vide us with a clear understanding on
how the properties of each individ-
ual galaxies result from their forma-
tion mechanisms and the various phys-
ical processes playing a role during
their evolution. Many factors indeed
contribute to the morphological, dy-
namical and chemical development of
a galaxy during its hierarchical build-
up from smaller entities and gas in-
fall evidenced by theoretical simula-
tions. This investigation implies first to
characterize in great detail the intrin-
sic properties (luminosity, morphology,
color, activity, etc.) of galaxies over a
large range in lookback times in rela-
tion to their environment (field, group,
cluster). One also need to measure
over cosmic time the statistical prop-
erties of the galaxy population as a
whole in order to link these forma-
tion and evolution processes to the un-
derlying evolving cosmological density
field and get answers to key questions.
For instance, what is the global star-
formation history of the Universe or the

relationship between the mass assem-
bly of the galaxies, the interaction and
merger rates, the build-up of the stel-
lar content and the feedback processes
(from stars to supermassive black hole
growth) ?
In order to provide the background of
the observations and physics required
for understanding the formation and
evolution of the galaxy populations in
an Universe dominated by dark mat-
ter/energy, the syllabus covers the fol-
lowing topics : i) the galaxy prop-
erties, including morphologies, lumi-
nosities, spectra and dynamics with
the fundamental correlations ; ii) the
luminosity/size/colour/metallicity dis-
tributions of the galaxies and the na-
ture of the environment dependence ;
iii) galaxy interactions and mergers,
with the related starbursts, structural
transformations and kinematics signa-
tures ; iv) the luminosity and mass
assembly of galaxies, along with the
methods used to identify high-redshift
galaxies, the early stages of galaxy evo-
lution and the mapping of the star-
formation history ; v) the phenomenol-
ogy of Lyman-α absorbers and the
physics of the Lyman-α line ; vi) the
phenomenology, physics and evolution
of central black holes, active galaxy nu-
clei and quasars with their links to the
evolution of galaxies.

2024-2025 1/3 Eric Slezak
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MAUCA – METEOR in Cosmology Formation and Evolution of Galaxies

APPLICATIONS

by E.Slezak

Different applications can be cho-
sen by the attendees.

Application 1

Galaxies have different morphologies,
colours, luminosities, and masses. It
appears that the mix of the differ-
ent morphological types do depend on
the local environment conditions, with
spheroidal-like objects like elliptical
galaxies mostly found in high-density
regions while disky objects like spiral
galaxies dominate the population in
the field regions. This result, which
can be quantified in different ways, is
thought to be a consequence of dif-
ferent physical processes acting onto
galaxies and shows that the evolution
of these galaxies is at least partly due
to interactions with neighbours, the
intergalactic medium or both.
In this applicative part, one will have to
reproduce and study this result. To do
so, one will first be provided with : i)
more details on the physical processes
at play in high density regions like
mergers and ram-pressure stripping ;
ii) a description of model fitting tech-
niques and useful algorithms/softwares
if necessary. Then, by making use
of on-line databases, one will have to
download data for different fields, ei-
ther primary images or catalogues of
galaxies depending on the skills of the
attendee, and extract/obtain/compute
the information required for the project
accordingly, that is a proxy for the mor-
phological type of each galaxy within
the various fields and an estimate of
the local number density of galaxies at
each location. Finally, the dependence
of the chosen proxy with the density
of galaxies will be computed, discussed
and compared to recent similar studies.

(Ma
& Ebeling 2011)

Application 2 :

Galaxies with different morphologi-
cal types have different colours and
masses due to different merger histories
and past/current star formation rates.
This diversity is clearly exhibited in
a colour-magnitude diagram which en-
ables one to identify the so-called red
sequence of passive elliptical galaxies,
the blue cloud of spiral galaxies actively
forming new stars, and the green valley
of quenched spirals in between. Since
elliptical galaxies are a tracer of over-
dense regions of galaxies, namely clus-
ters of galaxies, such a red sequence
is used to detect dynamically relaxed
clusters of galaxies, characterize them
and identify their galaxy members.
In this applicative part, one will study
the demographics of the galaxies for
different fields with or without known
(super)clusters of galaxies, at low and
high redshifts. To do so, one will
first be provided with more theoreti-
cal information about quenching mech-
anisms and AGN feedback processes.
Then, colour-magnitude diagrams will
be built for the different fields under
study by downloading the relevant data
using on-line databases. The transi-
tion between starforming galaxies and
quiescent ones will be mapped and the
red sequence(s) used to identify exist-
ing clusters with their galaxy members
in the various fields. (Automatic) de-
tection issues of this red sequence will
be addressed at this step. Finally, a
modeling of these red sequences will
be performed and the variation of the
slope parameter with the redshift dis-
cussed in terms of mass assembly and
star formation efficiency.

(Gavazzi+2010)

Application 3 :

Galaxy structural analyses provide
unique information about the for-
mation processes that change galaxy
structures over time. Parametric fit-
ting using bulge/disk decomposition
and a Sersic function to measure galaxy
sizes and surface brightness profiles is
extensively used for local galaxies. Non
parametric methods, based for instance
on the concentration, asymmetry and
clumpiness (CAS) system, appear well-
suited for analyzing the major features
of more distant objects lacking spa-
tial resolution and therefore for deriv-
ing galaxy evolution over cosmic time.
Such an approach is currently tested to
get reliable morphologies for the forth-
coming Euclid mission.
In this applicative part, one will classi-
fiy realistic galaxies simulated for Eu-
clid using a generative model and test
the ability of the CAS system to dis-
criminate among morphologies. To do
so, one will first get a deeper insight
into the assumptions, limitations and
biases of the different methods used
nowadays to quantify galaxy structural
components and learn about generative
adversarial (neural) networks. Ques-
tions related to noise issues, PSF blur-
ring, reproducibility and parameter de-
generacies will be addressed as well
the benefit of using priors when mod-
eling embedded physical components
(eg. bulge, disk, bar, spiral arms).
Then, one will implement the CAS
measurements and perform the classi-
fication of a list of galaxies sampling
the whole morphological range includ-
ing peculiar (disturbed) cases. Finally,
efficiency and completeness of this ap-
proach will be computed thanks to the
truth table, and results discussed in
terms of single/mutiple components,
bright/faint features, regular/irregular
shapes.

(Conselice+2015)
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MAUCA – METEOR in Cosmology Formation and Evolution of Galaxies

MAIN PROGRESSION STEPS

• Tier 1: i) theoretical courses :
main properties and demographics
of the galaxy population in the local
Universe, key physical processes at
play in galaxy evolution within the
ΛCDM hierarchical model of struc-
ture formation (+ exercices) ; ii)
start of the homework bibliographi-
cal study and of the practical projet.

• Tier 2: i) theoretical courses :
structural parameters and evolution
in time of sizes, evolution of the
Hubble sequence, mergers, luminos-
ity functions (+ exercises / presen-
tation of a review paper) ; ii) home-
work is on-going, first results from
the practical projet.

• Tier 3: i) theoretical courses : evo-
lution of the cosmic star formation
rate density, the Lyman-α universe
and the reionisation epoch ; ii) bibli-
ographical study (report due), final
results and report for the practical
project.

• Last week: preparation of the final
oral defense.

EVALUATION

• Theory grade [30%]

– exercises (40%): math. demon-
strations, underlying physics,
consequences

– Presentation of a review paper
(60%): context, questions, meth-
ods, results, etc.

• Practice grade [30%]

– bibliographical study (50%):
completeness of the survey,
diversity of ressources, rela-
tionships with the theoreti-
cal/observational notions de-
scribed in the meteor, etc.

– Project (50%): initiative,
progress, analysis

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

CONTACT
T +33.4.92.00.31.24
B eric.slezakl@oca.eu
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MAUCA – METEOR in Cosmology Galaxy clusters as multiwavelength astrophysical laboratories

Galaxy clusters as multiwavelength astrophysical
laboratories

SUMMARY.
Galaxy clusters are the largest gravitationally collapsed
objects in the Universe, giving them a two-fold advantage
in being both valuable cosmological probes as well as
astrophysical laboratories. With current state-of-the-art
surveys such as the Euclid mission, we are now able to
detect and characterise more galaxy clusters than ever
before. As the building blocks of the Universe, studying
clusters allows us to understand how large scale structure
has formed and evolved over cosmic time. One key advan-
tage of clusters is their emission in multiple wavelengths,
allowing us to understand their properties and how best
to constrain them for cosmology. This METEOR will
focus on extracting properties of known clusters to study
the interplay between different wavelength observations,
which is critical to use them for both cosmology and un-
derstanding the environments in which they grow and evolve.

OBJECTIVES

• The student will gain a comprehen-
sive theoretical and observational
perspective on how clusters form
based on our understanding of large
scale structure. This will involve the
necessary cosmological background.
From the observational point of
view, the student will learn the key
observables from clusters, notably in
optical, X-ray, milimetre, radio and
gamma-ray wavelengths. They will
also learn about observational in-
ference, surveys, selection functions,
statistical methods.

• The student will learn how to anal-
yse observational datasets, such as
cluster catalogues from different sur-
veys. They will learn to run
and write characterisation pipelines
based on optical and SZ datasets.

PREREQUISITES

X S1. General Astrophysics
X S2. Large-scale Universe
X S2. Gravity & relativity

THEORY
by Sunayana Bhargava & Rémi Adam

The theory component of this
course will consist of two subsections.
The first will introduce the cosmo-
logical framework to understand the
context of galaxy cluster formation
and evolution, such as understanding

the Friedmann equations, spherical top
hat collapse model, structure forma-
tion and perturbation theory. The sec-
ond part will focus on the composi-
tion of clusters and their observables
in multiple wavelengths, as well as sur-
vey selection and statistics. We focus
on the complementary views offered by
optical observations of the galaxies and
milimetre observations of the hot gas to
study clusters.

APPLICATIONS
Practical studies on cluster char-

acterisation based on available public
data. The main topics covered will
be: (i) Analysis of nearby galaxy clus-
ter catalogues and SZ datasets to study
clusters ii) Plotting cluster galaxy den-
sity and SZ maps (ii) Comparison of
cluster mass proxies and properties
such as optical richness, red sequence,
centring distributions and gas proper-
ties.

Multiwavelength view of a cluster
showing SZ (blue), X-ray (red) and

lensing mass contours (white).

MAIN PROGRESSION STEPS

• Tier 1: courses A/B and exercices
• Tier 2: course C and project
• Tier 3: project

EVALUATION

• Theory grade [30%]

– Written exam (70%): theoretical
question, base calculus from lec-
tures

– Presentation of an article (30%):
critical spirit

• Practice grade [30%]

– Exercices (30%): thought-process
and results

– Project (70%): initiative,
progress, analysis

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• G. W. Pratt et al. (2019),
Space Sci Rev (2019) 215:25,
https://arxiv.org/abs/1902.10837

• Cosmology, Nicola Vittorio (2018)

CONTACT
T +33.4.92.00.30.26
B sunayana.bhargava@oca.eu
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MAUCA – METEOR in Cosmology
Star clusters:

a looking glass into galaxy evolution

Star clusters:
a looking glass into galaxy evolution

SUMMARY.

Prepare to unlock the secrets of galaxies! In this exciting
METEOR, we will embark on a thrilling path that will lead
us to young and fiery star clusters as well as their ancient
predecessors that formed just a few hundreds million years
after the Big Bang. Along this journey we will delve deep
into the heart of stars clusters, from stellar populations to
gas and dust. But we will not stop there! Armed with
some of the most advanced spectro-photometric models
and harnessing the exquisite power of Bayesian statistics,
we will explore these fascinating celestial objects and move
closer to understanding what they really tell us about the
formation and evolution of galaxies across the universe.

OBJECTIVES
Over this METEOR, our grand ob-

jective is to learn what extragalactic
star clusters teach us about the forma-
tion and evolution of galaxies. Com-
bining lectures and practical work, by
the end of the course we will be able to
assemble photometric spectral energy
distributions for clusters observed with
HST and JWST, apply modern model-
ing (and optionally Machine Learning)
techniques to derive ages, masses and
dust extinctions, and critically assess
the robustness of these measurements.
A particular emphasis is placed on
understanding and quantifying model-
ing uncertainties so that cluster de-
mographics can be compared across
different galactic environments within
nearby galaxies.

PREREQUISITES
None! Come as you are!

THEORY
by Janice Lee

Cluster-focused lectures: formation
and early evolution of star clusters in
galactic contexts; cluster initial mass
function; environmental dependence of
cluster formation efficiency; disruption
processes and survivability; observa-
tional identification and classification
of extragalactic clusters.

by Médéric Boquien
Modeling lectures: model ingredi-

ents (stellar population synthesis, neb-
ular emission, extinction laws); fit-
ting methods (χ2, Bayesian inference);
model degeneracies and how to miti-
gate them; interpreting posterior dis-
tributions and reporting uncertainties.

APPLICATIONS
by Médéric Boquien & Janice Lee

During this course, we will con-
struct comprehensive panchromatic
models and apply them to cutting-edge
star clusters observations taken from
the largest census to-date by the out-
standing PHANGS HST and JWST
Treasury surveys. Through the lens of
Bayesian statistics, we will quantify the
star clusters’ physical properties. Sub-
sequently, we will rigorously compare
our findings with those of published
studies, conducting a meticulous anal-
ysis to discern insights into the physical
processes governing star cluster evolu-
tion and their consequence on galaxy
formation and evolution.
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Here we see a panchromatic star clus-
ter model in action. It includes stars,
ionized gas, and dust and is fitted
to the multi-wavelength emission ob-
served with both HST and JWST. Such
models that we will build over the
course of this METEOR will allow us to
measure some of the fundamental phys-
ical properties of star clusters, such as
their age and their stellar mass, which
are essential for constraining galaxy

evolution models. Figure adapted from
Henny et al. (2025).

MAIN PROGRESSION STEPS
The first two weeks of the course

will be dedicated to providing a
comprehensive theoretical overview of
panchromatic galaxy modeling, cou-
pled with an introduction to the range
of projects available, which will be se-
lected by the end of the second week.
The following weeks will be focused
on the project implementation and
presentations of complementary topics
around galaxy cluster modeling. The
course will culminate on the prepara-
tion of the oral presentations during
the final week.

EVALUATION
The first component of the evalua-

tion will comprise five short oral pre-
sentations that will complement theo-
retical lectures, revolving around the
main physical components of galaxies
and Bayesian techniques (30%). The
second part of the evaluation will be
based on the written document that
will dig into one of the topics seen dur-
ing the class (30%). Final oral presen-
tation (40%).

BIBLIOGRAPHY & RESOURCES

• Boquien et al. (2019)
• Lee et al. (2022)
• Lee et al. (2023)
• Henny et al. (2025)

CONTACT
T +33 4 92 00 30 62
B mederic.boquien@oca.eu
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MAUCA – METEOR in Stellar physics LISA data analysis

LISA data analysis
SUMMARY.
This METEOR will be dedicated to data analysis for the
Laser Interferometer Space Antenna (LISA) – a space-based
gravitational-wave detector that is planned to be launched
in the mid-2030s.

We will study methods for LISA data analysis, focusing
on techniques for signal detection and Bayesian parameter
estimation. We will explore approaches ranging from
classical Markov chain Monte Carlo (MCMC) methods to
modern machine-learning techniques.

The theoretical part of the course will include a brief
introduction to the construction of gravitational-wave
waveforms for LISA as solutions to the field equations of
general relativity. It will also cover probability theory and
signal processing, as well as provide an overview of machine-
learning techniques, including common neural-network
architectures and modern generative modelling approaches.

The practical part will involve implementing the algorithms
required for LISA data analysis.

OBJECTIVES

• The student will learn the basics of
solving the equations of general rel-
ativity and gain an understanding of
Bayesian parameter estimation.

• The student will acquire skills in
implementing parameter estimation
using MCMC methods and gener-
ative modelling (sometimes called
simulation-based inference).

PREREQUISITES

X S1. Data Sciences
X S1. Numerical methods
X S2. Gravity & relativity
X S2. Statistics

THEORY
by Natalia Korsakova

We will learn to derive gravitational
waveforms as solutions to the Einstein
field equations. We will study different
approaches to solving Bayes’ theorem
and understand the similarities and dif-
ferences between these methods.

APPLICATIONS
by Natalia Korsakova

We will implement some of the ba-
sic detection and parameter estimation
algorithms and understand the chal-
lenges involved in LISA data analy-
sis. In the project, we will attempt to

tackle some of the unsolved problems
in LISA data analysis.

Typical gravitational wave signals
that will be observed by LISA.

MAIN PROGRESSION STEPS

• Week 1: lectures on the introduction
to gravitational waves and practical
demonstrations

• Week 2: lectures on probability the-
ory and exercises

• Week 3: lectures on machine learn-
ing and project starts

• Week 4: lectures on generative mod-
elling and project

• Weeks 5–7: project

EVALUATION

• Theory grade [30%]

– Oral exam (70%): theoretical
question, base calculus from lec-
tures

– Presentation of an article (30%):
critical spirit

• Practice grade [30%]

– Project: initiative, progress,
analysis, thought-process

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• Schutz, A first course in general rel-
ativity

• Bishop, Deep learning
• LISA red book

CONTACT
B natalia.korsakova@oca.eu
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MAUCA – METEOR in Signal High Performance Computing for Fluids

High Performance Computing for Fluids
SUMMARY.
Numerical simulations are an indispensable tool in studying
astrophysical problems. The development of new algorithms
and the increasing computational power of supercomputers
consisting nowadays of millions of computing units allow for
realistic simulations of complex environments. This meteor
provides the fundamental know-how that is behind these de-
manding simulations. The students will learn to code numer-
ical schemes for compressible fluids such as the interstellar
medium. For this, a modern algorithm called Discontinuous
Galerkin (DG) will be introduced. The students turn theory
into practice and implement short but challenging applica-
tions.

OBJECTIVES

• Studying numerical schemes em-
ployed in modern codes to simulate
gases include finite difference (FD),
finite volume (FV), discontinuous
Galerkin (DG) methods. The stu-
dents will understand the main
differences between numerical
methods.

• C++ is a computing language that
is not only used in scientific com-
puting but also in many other per-
formance critical applications. It
allows user friendly abstractions
while keeping optimal performance.
The students will learn modern
C++ through practice.

• Today’s supercomputers are mas-
sive parallel. They contain fast-
interconnected nodes equipped with
several multi-core CPUs and accel-
erators such as graphics process-
ing units (GPU). The students
will learn how to use super-
computers by adapting theirs algo-
rithms for parallel computing.

PREREQUISITES

X S1. Numerical methods

THEORY
by Holger Homann

Numerical methods have to be fast
and precise. The students will under-
stand why the order of convergence
matters. Why high-order (compli-
cated) methods (such as discontinu-
ous Galerkin) are faster than low-order
(simple) methods. The students will
understand critical ingredients of nu-
merical schemes such as conservation,
Riemann problems and dissipation.

Fast codes run on fast hardware.
The students will learn the architec-
tural differences of modern computing
hardware. What does object-oriented
and data-oriented design mean? How
can we reconcile both to get the opti-
mal code?

APPLICATIONS
by Holger Homann

Astrophysical problems often in-
volve smooth flow and regions where
the formation and dynamics of shocks
is important. The students will un-
derstand main properties by studying
two one-dimensional model problems:
the Burgers equation and the isother-
mal gas equations.

The students will themselves imple-
ment from scratch a modern numeri-
cal scheme for such equations. A focus
can either be on the modern algorithms
(such as discontinuous Galerkin) or
on modern hardware (such as graphic
cards (GPUs)).

Today’s supercomputer consist of a
mixture of CPUs and GPUs

MAIN PROGRESSION STEPS

• Recalling finite difference and finite
volume methods

• Introduction to discontinuous
Galerkin methods

• Introduction to Riemann solvers
• Study of relevance of DG schemes

for astrophysical applications (study
of paper).

• Introduction of C++ for scientific
computing

• Project: Students choose a scientific
coding project among

– High-order discontinuous
Galerkin methods

– Comparison of Riemann
solvers

– Compressible gas simulations
– Parallelization for super-

computers

EVALUATION

• Theory grade [30%]
– Oral exam : theoretical questions

on numerical methods and pro-
gramming, base calculus from lec-
tures

• Practice grade [30%]
– Coding project: initiative,

progress, quality of code, au-
tonomy

• Defense grade [40%]
– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• Nair-Lauritzen-Levy(2011)
• Colella-Pucket(1994)
• Schaal-etal.(2015)

CONTACT
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MAUCA – METEOR in Industry Machine Learning for Stellar SEDs

Machine Learning for Stellar SEDs
SUMMARY.

Current space missions, benefiting from technological pro-
gresses, have raised the amount of collected data to unprece-
dented levels, and have highlighted a critical need for the de-
velopment of new tools capable of processing and analysing
big data from space. Artificial Intelligence (AI) is a powerful
tool that is becoming more common across a wide range of
fields, including astronomy and Earth observations. In this
module, the student will use AI techniques for the analysis
of stellar SEDs (spectral energy distribution) from the Gaia
All Sky Parameters for Stars(GASPS) service. This module
is provided by ACRI-ST, an SME of the space sector that
provides engineering and data services for space missions.

OBJECTIVES
The student will analyse spectral

energy distributin of stars in the
GASPS survey using AI. In particular,
the student will learn:

• AI techniques and understand their
advantages and limitations.

• Run an XGBooat machine learning
model and familiar with the GASPS
service.

PREREQUISITES

X S1. Data Sciences
X S1. Numerical methods
X S2. Statistics

It is recommended to have good
coding skills in python. Familiarity
with machine learning is also beneficial.

THEORY
by Jeronimo Bernard-Salas

The module will cover an intro-
duction to machine learning, the Gaia
mission, and GASPS which includes
data from different missions like Gaia,
WISE, 2MASS etc...

APPLICATIONS
by Nick Cox

The student will analysie GASPS
results in the context of supervised ma-
chine learning models. The project
covers different steps in a data science

workflow, from data retrieval, machine
learning inference, and data analysis
and interpretation.

An HR-diagram from stars of the
GASPS service.

MAIN PROGRESSION STEPS
There module is divided in three

main stages as described below:

• Week 1: Introduction to machine
learning, Gaia and GASPS.

• Week 2-5: Model deployment.
• Week 6-7: Model Inference, project

report and presentation.

EVALUATION

• Theory grade [30%]
– Written Report (70%): bibliogra-

phy, thematic and technical de-
scription

– Project Presentation (30%):
questions

• Practice grade [30%]

– Progress meetings (30%):
progress

– Project report and presentation
(70%): initiative, analysis, re-
sults

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES
The links below provide informa-

tion on basic machine learning and on
the methodology at the core of the
module.

• Machine learning in python
• Machine learning and data mining

for astronomy
• Machine learning based stellar clas-

sification with highly sparse pho-
tometry data.

Image credits: Title (NASA, ESA,
Hubble Legacy Archive, Utkarsh
Mishra). HR diagram: S.E. Cody
et al. (Open Research Europe, 2024)

CONTACT
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MAUCA – METEOR in Signal RFI masking recast as a supervised segmentation problem

RFI masking recast as a supervised segmentation
problem

SUMMARY.
Radio Frequency Interference (RFI) remains one of the main
limitations in modern radio astronomy, severely affecting the
detection of faint astrophysical signals such as Fast Radio
Bursts (FRBs) or pulsars. This project proposes to explore
and develop machine learning approaches for automatic RFI
detection and masking in high-dimensional radio telescope
data.
Students will investigate state-of-the-art deep learning tech-
niques.

OBJECTIVES

• Understand the astrophysical con-
text of transient radio sources: Fast
Radio Bursts (FRBs) and Pulsars.

• Gain a solid understanding of Radio
Frequency Interference (RFI): its
origins, its impact on radio telescope
data, and why automated masking is
critical at modern facilities such as
NenuFAR.

• Frame RFI mitigation as a super-
vised pixel-wise segmentation prob-
lem and understand how deep learn-
ing methods can address it.

• Develop hands-on proficiency in
building, training, and evaluating
segmentation neural networks using
modern tools (PyTorch Lightning,
MLFlow).

• Critically assess model performance
on real observational data and un-
derstand the gap between bench-
marks and deployment.

PREREQUISITES

X S1. Data Sciences
X S2. Statistics

THEORY
by Sara El Bouch

This module begins with a concise re-
view of machine learning fundamentals
(supervised vs. unsupervised learning,
loss functions, gradient descent, over-
fitting and regularization) before in-
troducing deep learning: convolutional
neural networks (CNNs), residual con-
nections, and encoder–decoder archi-
tectures. Particular attention is paid
to the segmentation task, assigning

a label to every pixel of an input, as the
core methodology for RFI masking.
The astrophysical motivation is woven
throughout: students are introduced
to the time–frequency representation of
radio telescope data (dynamic spectra),
the morphology of RFI signals, and the
characteristics of genuine astrophysical
pulses such as dispersed FRB and pul-
sar signals. This dual perspective pro-
vides the conceptual grounding needed
to design and interpret segmentation
models responsibly.

APPLICATIONS
by Sara El Bouch

• Practical work 1: Tooling:
Hands-on introduction to PyTorch
Lightning (training loops, callbacks,
checkpointing) and MLFlow (ex-
periment tracking, metric logging,
model registry). Students train a
simple classifier on a toy dataset to
build confidence with the workflow.

• Practical work 2: Segmenta-
tion baseline: Implementation of
a U-Net-style encoder–decoder from
scratch. Students explore architec-
tural choices (depth, skip connec-
tions) and experiment with differ-
ent loss functions on a labelled RFI
dataset.

• Project: RFI masking on Nenu-
FAR data: Students apply and re-
fine their segmentation pipeline on
real dynamic spectra from the Nen-
uFAR low-frequency array. The
project includes data preprocess-
ing (normalisation, augmentation),
training on labelled observations,
and qualitative and quantitative
evaluation of masks. Students are
expected to document their experi-
mental choices, analyse failure cases,
and propose improvements.

MAIN PROGRESSION STEPS

• Tier 1: Foundations of ML/AI
and radio astronomy con-
text: Lectures on supervised learn-
ing, CNNs, and the physics of
FRBs/Pulsars. Introduction to dy-
namic spectra and RFI phenomenol-
ogy.

• Tier 2: Segmentation theory
and tooling: Deep dive into
encoder–decoder architectures, loss
functions, and evaluation metrics.
Practical works 1 and 2.

• Tier 3: RFI masking project
on real data: End-to-end project
on NenuFAR observations, from raw
HDF5 data loading to mask genera-
tion and critical analysis.

EVALUATION

• Theory grade [30%]
– Written exam (70%): Covers

ML/AI fundamentals, CNN ar-
chitectures, segmentation losses,
and evaluation metrics.

– Article presentation (30%): Stu-
dents select and present a re-
search paper on RFI mitigation
or related ML for radio astron-
omy (e.g., FETCH, AOFlagger,
or a recent deep learning ap-
proach). Graded on clarity, crit-
ical analysis, and ability to con-
nect the paper to course material.

• Practice grade [30%]
– Practical works (30%): Assessed

on correctness of implementation,
quality of experimental protocol,
and written answers to guided
questions.

– Project (70%): Graded on ini-
tiative and originality of design
choices, rigour of evaluation on

2025-2026 1/2 Sara El Bouch
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MAUCA – METEOR in Signal RFI masking recast as a supervised segmentation problem

NenuFAR data, quality of anal-
ysis (including failure cases), and
clarity of the written report.

• Defense grade [40%]
– Oral and slides quality
– Context
– Project
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• FETCH Deep learning classifier for
FRB candidates

• Goodfellow, Bengio & Courville,
Deep Learning (MIT Press), Chap-
ters on CNNs and regularisation.

• Ronneberger et al. (2015), U-Net:
Convolutional Networks for Biomed-
ical Image Segmentation, MICCAI.

• Offringa et al. (2012), A morpholog-
ical algorithm for improved RFI de-

tection AOFlagger reference.

• NenuFAR documentation and open
data portal.

• PyTorch Lightning and MLFlow of-
ficial documentation.

CONTACT

B sara.el-bouch@oca.eu
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Chapter V

Astronomical optics & instrumentation
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Photonics for high angular resolution astronomy
SUMMARY.
The wide availability of adaptive optics (AO) and other tele-
scope beam stabilization techniques now make it possible to
design complex instruments like interferometric recom-
biners and spectrographs out of ultracompact integrated
optics. At the VLTI, several generations of instruments
(PIONIER, GRAVITY and now ASGARD) are taking ad-
vantage of this technology, to great effect. At Lagrange,
our group is using a laboratory setup to test and charac-
terize devices that can, through thermo-optical effects, ac-
tively control the electric field of light of astrophysical origin
without any moving parts. Next generation active spectro-
interferometers are on the horizon and offer very unique op-
portunities for exciting astrophysical use cases like the direct
detection and characterization of extrasolar planets.

OBJECTIVES

Students will be introduced to the
wonderful whimsical world of photon-
ics, a very active modern sub-field of
optics concerned with the emission,
transport and manipulation of light
at microscopic scales. Applied as its
name suggests, to astronomy, astro-
photonics, makes it possible to design
instruments that would otherwise be
incredibly complex to build. With now
ubiquitous access to AO and general
beam stabilization techniques (or the
possibility of space-borne observato-
ries), we can take advantage of single-
mode photonics, that is at the core of
an upcoming wave of instruments. The
students will gain practical exposure
to two use cases that take advantage of
this new modality: high-angular reso-
lution astronomy - that we will explore
through the lens of optical interferom-
etry - and spectroscopy.

The students will see (and experience
first hand) that the current R&D chal-
lenges lie (at least in the visible and
near-infrared) at the interface between
the telescope beams and the integrated
optics - the so-called injection stage -
and in the design of circuitry that can
efficiently cover a wide spectral range.

The context of the recent and
still ongoing commissioning of the
VLTI/ASGARD instrument suite is
a great opportunity to explore the po-
tential of a prospective integrated op-
tics high-contrast imaging recombiner
called SEIDR that would implement
our latest findings.

PREREQUISITES

X S1. Fourier Optics
X S1. Numerical methods
X S2. Imaging through turbulence

THEORY
by F. Martinache & N. Cvetojevic

The theoretical part of this METEOR will
cover:

• an introduction to the field of as-
trophotonics, including lectures
on the fundamental light guid-
ing principles, a description of
the manufacturing processes for
fibers and integrated optics chips,
and a review of active astronomi-
cal instruments that rely on pho-
tonics.

• an introduction to the field of op-
tical interferometry, starting with
a review of the properties of spa-
tial and temporal coherence of
light, the properties of interfer-
ence fringes, the imaging capabil-
ity of interferometers and high-
contrast imaging use cases.

• an in-depth look at the design
of several types interferometric
recombiners using integrated op-
tics: the ABCD recombiner, as
well as high-contrast recombin-
ers.

This theoretical section will conclude
with a discussion of the potential future
of fully photonic space borne telescope
designs.

APPLICATIONS
by F. Martinache

The students choosing this METEOR will
be able to take advantage of the PHO-
TONICS characterization test-bench

hosted at the Lagrange laboratory (see
Figure below) as well as the availability
of early commissioning data acquired
by the ASGARD/HEIMDALLR fringe
tracker at the focus of the VLTI.

PHOTONICS integrated device in lab

With practical expertise gained in
the characterization of the spec-
tral behavior of (a possibly ac-
tive) near-infrared 4-input beam re-
combiner, the students will be able
to examine the fringe-tracking per-
formance of ASGARD/HEIMDALLR
at VLTI, to model and predict
the high-contrast imaging potential
of a new envisioned module called
ASGARD/SEIDR (meaning “black-
magic”).

MAIN PROGRESSION STEPS

• Tier 1: First half of the period :
introduction and initial lab tour fol-
lowed by a series of 6 lectures on
photonics and interferometry (bib-
liography review presentation after
week #2 and a written exam after
the end of week #4)

• Tier 2: lab sessions, data-analysis
and modeling toward the completion
of student projects.

2026-2027 1/2 Frantz Martinache

V.2. PHOTONICS FOR HIGH ANGULAR RESOLUTION ASTRONOMYCHAPTER V. ASTRONOMICAL OPTICS & INSTRUMENTATION

34



MAUCA – METEOR in Instrumentation Photonics for high angular resolution astronomy

• Final week: preparation and re-
hearsal of the final oral presentation.

Depending on lab and staff availability,
the students will have the opportunity
to gain expertise in some operation as-
pects of the PHOTONICS test-bench.
Whether working in the lab, modeling
or analysing actual data, the students
will requested to keep a physical and/or
virtual lab book to keep track of their
experiments and the progress of their
understanding. The content of the lab
book will be used as part of the student
project evaluation.

EVALUATION

• Theory grade [30%]

– Reading assignments, critical re-
view of selected papers (30%)

– Written exam: critical essay as
well as answers to questions (70
%)

• Practice grade [30%]
– Lab work / lab book practices

(30%)
– Data analysis and/or modeling

work (30%)
– Written project report (40%)

• Defense grade [40%]
– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• Taras et al (2024)
• Martinache & Ireland (2018)
• Benisty et al (2009)
• F. Martinache lectures (YT, 2005)
• F. Martinache - kernel-nulling (YT,

2020)
• PHOTONICS project webpage

The PHOTONICS test-bench is fi-
nanced by the ANR program PEPR
Origins (ANR-22-EXOR-0005).

CONTACT
T +33(0)4 89 15 03 58
B frantz.martinache@oca.eu
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Cophasing Segmented Optics
SUMMARY.
Increasing the telescope diameter from a few meter class tele-
scopes towards tens of meters and beyond imposes segmen-
tation in order to keep the telescope mechanically and op-
tically feasible and minimize failure risks. Large-segmented
telescope projects from the ground or in space incorporate
a number of components or subsystems that are technically
challenging and have barely ever been operated on a routine
basis at an astronomical telescope. Deploying segmented op-
tics on large-scale structures turns active and adaptive optics
into co-phasing optics for aligning multiple optical paths in
real-time operation.Cophasing optics that correct for the mis-
alignment of individual segments of the primary segmented
mirror is a key optical process to reach exquisite image qual-
ity and stability: to bring the segmented telescope’s maxi-
mum performance close to the ideal single mirror case.

OBJECTIVES

Students following this METEOR
are expected to acquire knowledge
in both theoretical and practical co-
phasing optics and telescope optics
with segmented telescopes, including
laboratory experimentation, numeri-
cal modeling, and system dimension-
ing. They will focus on international
projects and benefit from intensive
training by research. Cophasing is the
process of controlling the individual
segments in a segmented mirror so that
the segments form a surface nearly as
good as if the segmented mirror was
made in a single unit (monolithic mir-
ror). Cophasing implies active control
of three degrees of freedom of each indi-
vidual segment mirror with high preci-
sion: translation along the optical axis
(piston) and rotation about two axes
perpendicular to the optical axis (tip-
tilt). Segments suffer from gravitation
force, wind blowing, and thermal and
pressure changes.
If the precise alignment of each seg-
ment is not achieved, the resolution of
the telescope degrades and could be the
same as if the telescope had a diameter
equal to the size of a single segment.
Cophasing optics strives to achieve a
segment’s alignment so that the tele-
scope gets a resolution commensurable
with that of a monolithic telescope of
the same diameter of the segmented
surface.Depending on the astrophysical
objective, cophasing must reach a pre-
cision better than λ/30 rms to a pre-
cision better than λ/10 rms (exoplanet
imaging).

PREREQUISITES

X S1. Fourier Optics
X S1. Numerical methods
X S2. Imaging through turbulence

THEORY
by P. Martinez

The theoretical part of this ME-
TEOR will provide insights into

• telescope optics: understanding
the relationship between the tele-
scope optical structure and image
diffraction characteristics,

• a global introduction to seg-
mented telescope projects, archi-
tectures, and impact on the im-
age quality,

• segmented telescopes needs and
requirements,

• the state-of-the-art of co-phasing
systems, including fundamental
limitations and systems techno-
logical maturity,

• specialized courses for co-phasing
loop control, systems dimension-
ing and numerical modeling,

• laboratory illustrations with the
SPEED testbed.

Specific care for the dichotomy oc-
curring between space and ground-
based observatories will be discussed.
In particular, a specific study of the
NASA/JWST co-phasing process will
be proposed in a dedicated chapter.

Because of the unique circum-
stances of the stable space envi-
ronment, co-phasing architecture on
JWST is different from large active
telescopes on the ground, where the

dominant factor requiring rapid correc-
tion for active and adaptive telescopes
on Earth is gravity-induced deforma-
tions. Space disturbances change much
more slowly than the durations of typ-
ical changes on the ground.

APPLICATIONS
by P. Martinez

The application part of this ME-
TEOR will provide specialized courses
including laboratory practice with the
SPEED testbed, numerical modeling
with generic and peculiar co-phasing
systems, and performance evaluation.
These courses will cover the area of
telescope architectures, co-phasing op-
tics and sensors.

The SPEED testbed offers a telescope
simulator with a primary mirror made

of 163 segments

In particular, this module will bene-
fit from numerical modeling training to
simulate part or a whole system and
will take advantage of privileged ac-
cess to the SPEED instrumental facil-
ity (Segmented Pupil Experiment for
Exoplanet Detection) at the Lagrange
laboratory. The SPEED project is

2024-2025 1/2 P. Martinez
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an optical platform for testing sys-
tems and subsystems for high-contrast
imaging (exoplanet imaging) with seg-
mented telescopes. The project is
supported by various partners (La-
grange, OCA, UNS, CNES, ESO, Air-
bus Defense and Space, Thales Ale-
nia Space, PACA, EU) and collabo-
rations: LESIA (Paris), Subaru Tele-
scope (Hawaii) and LAM (Marseille).

MAIN PROGRESSION STEPS

• First half of the period : theoreti-
cal courses (exam at middle or end
term, tbc).

• Second half of the period : student
projects, final report at end term.

• Last week: preparation of the final
oral presentation and term project
report.

The METEOR program is based on
various pedagogic structures:

• Focus lectures that are opening
lectures on a single and spe-
cific topic (e..g., the SPEED
testbed co-phasing sensors, the
ESO-ELT, the JWST),

• Computer practicum that are nu-
merical practical work (e.g., mag-

nitude & phase, 2D Fourier trans-
form, Zernike, PSF & MTF,
diffraction in segmented tele-
scopes, piston errors, interaction
and control matrix),

• Labs hands-on that are prac-
tical work in lab environment
(e.g., co-phasing sensors and cor-
rection, diffraction in segmented
telescopes),

• Reading assignments that are ac-
tive learning based on scientific
articles,

• and Mini-project, consisting of
the analysis of a research article
or answering an open question,
students are asked to understand
and reproduce the results of the
article or the scientific properties
raised by the question. Students
can tackle the problem using ei-
ther theoretical knowledge, nu-
merical modeling or lab experi-
ment.

EVALUATION

• Theory grade [30%]
– reading assignments (writ-

ten/oral questions, presentation
may be asked);

– homework assignments (oral pre-
sentation may be asked);

– a final exam (conceptual essay
and/or questions and quantita-
tive problems).

• Practice grade [30%]

– hands-on experience with the
hardware and software compo-
nents will be made possible;

– computer practicum that are nu-
merical practical work;

– project: initiative, progress, anal-
ysis, final report.

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• NASA JWST Facebook page
• European-ELT project
• SPEED project website

CONTACT
T +33 (0)4 92 07 63 39
B partrice.martinez@oca.eu
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Imaging Exoplanets
SUMMARY.
Understanding the formation, evolution and diversity of ex-
trasolar planets is one of the challenges of modern astro-
physics. Numerous discoveries have revealed the complex
nature of more than 5000 exoplanets, whose analysis of the
chemistry of the atmospheres is crucial to determine the con-
ditions for the appearance of life. The observation of exo-
Earths is a considerable technological challenge due to the
significant difference in flux between the host star and its
planet, located at a short angular separation (typically 1010

at least of a second of arc, in the visible and near-infrared do-
mains). Direct imaging and study, particularly of exo-Earths,
exoplanets similar to Earth, requires the development of in-
strumental concepts where active and passive optics play an
important role. This METEOR gives a broad overview of
the subsystems that are part of a coronagraphic instrument
for imaging exoplanetary systems.

OBJECTIVES
Planets beyond our solar system

are a hot topic of modern astronomy
through the development of the most
up-to-date instruments since 1995, the
date of the first detection (51 Pegasi-
b). Known exoplanets, numbering in
the thousands, have been detected us-
ing mainly indirect methods, but di-
rect imaging enlarges the discoveries
paradigm. Exoplanet direct imaging
is a snapshot of the planet(s) around
a central star. However, they are
much fainter than their parent star
and separated by small angles, so con-
ventional imaging systems are inad-
equate. This METEOR provides a
global introduction to the outstanding
exoplanet search problem, in particu-
lar, it presents the dedicated techno-
logical and instrumental requirements
for direct imaging.
A high-contrast imaging instrument for
observing exoplanets must

• suppress the bright star’s image
and diffraction pattern,

• suppress the star’s scattered light
from imperfections in the tele-
scope.

We expect students taking this ME-
TEOR to understand how exoplanets
can be imaged by controlling diffrac-
tion with coronagraphy and scattered
light with deformable mirrors. Stu-
dents following this METEOR are ex-
pected to acquire knowledge in both
theoretical and practical aspects re-
lated to exoplanet imaging, including

laboratory experimentation, numerical
modeling, and system dimensioning.

PREREQUISITES

X S1. Fourier Optics
X S1. Numerical methods
X S2. Imaging through turbulence

THEORY
by P. Martinez

In this part of the METEOR,
we discuss the theory behind stellar
diffraction patterns and the impact of
wavefront aberrations on the perfor-
mance of high-contrast imaging instru-
ments. In particular, we show how
they induce stellar speckles in the sci-
entific image. Using coronagraphy we
show how it is possible to control un-
wanted radiation to some extent. We
present instrumental and signal pro-
cessing techniques used for on-sky min-
imization of the speckle pattern (sens-
ing, controlling and suppressing speck-
les). The theory of wavefront control
and shaping is presented and the im-
portance of active and passive optical
elements such as deformable mirrors
and coronagraphs are studied.
Finally, a posteriori calibration of the
speckles in order to improve the per-
formance of coronagraphs is presented.
This part includes lectures, exercises,
discussions of examples, and literature
research.

APPLICATIONS
by P. Martinez

The application part of this ME-
TEOR will provide specialized courses
including laboratory practice with the

SPEED testbed, numerical modeling,
and performance evaluation. These
courses will cover the area of telescope
architectures, co-phasing optics and
sensors, diffraction suppression sys-
tems (coronagraphy) and wavefront
control (deformable mirrors). In par-
ticular, this module will benefit from
numerical modeling training to simu-
late part of an instrument for exoplanet
detection and will take advantage of
privileged access to the SPEED in-
strumental facility (Segmented Pupil
Experiment for Exoplanet Detection)
at the Lagrange laboratory.

Dark hole generated on the high
contrast imaging testbed (HCIT) at

JPL using wavefront control

The SPEED project is an opti-
cal platform for testing systems and
subsystems for high-contrast imag-
ing (exoplanet detection) with seg-
mented telescopes. The project is
supported by various partners (La-
grange, OCA, UNS, CNES, ESO, Air-
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bus Defense and Space, Thales Ale-
nia Space, PACA, EU) and collabo-
rations: LESIA (Paris), Subaru Tele-
scope (Hawaii) and LAM (Marseille).

MAIN PROGRESSION STEPS
he METEOR program is structured

in 7 modules:

• the challenges of exoplanet imag-
ing,

• diffraction in a telescope,

• telescope and wavefront errors,

• wavefront sensing and control,

• deformable mirrors: control and
suppress speckles,

• coronagraphy: control unwanted
radiation,

• and basics of data post-
processing & observing strate-
gies,

with the following progression steps:

• First half of the period : the-
oretical courses, numerical practical
works (exam at middle or end term,
tbc).

• Second half of the period :
Labs hands-on and practical works,
student project, final report at end
term.

• Last week : preparation of the final
oral presentation and term project
report.

The METEOR program is based on
various pedagogic structures:

• Focus lectures that are opening
lectures on a single and spe-
cific topic (e..g., ESO/SPHERE
instrument, NASA/JWST, high-
contrast lab. settings),

• Computer practicum that are nu-
merical practical work (e.g., mag-
nitude & phase, 2D Fourier trans-
form, Zernike, PSF & MTF,
diffraction in segmented tele-
scopes, whose telescope is this?,
from wavefront errors to speckles,
coronagraphy, deformable mir-
ror),

• Labs hands-on (upon availabil-
ity and mini-project selection)
that are practical work in lab en-
vironment (e.g., wavefront sen-
sors, coronagraphy, deformable
mirror),

• Reading assignments that are ac-
tive learning based on scientific
articles,

• and Mini-project (e.g., wave-
front sensor to correct for non-
common path aberrations, wave-
front sensor to co-phase a seg-
mented aperture, speckle tem-
poral stability in high-contrast
coronagraphic images, speckle
symmetry with high-contrast
coronagraphs, coronagraphy,
high-dynamic-range using a de-
formable mirror: dark-hole gen-
eration).

EVALUATION

• Theory grade [30%]

– reading assignments (writ-
ten/oral questions, presentation
may be asked);

– homework assignments (oral pre-
sentation may be asked);

– a final exam (conceptual essay
and/or questions and quantita-
tive problems).

• Practice grade [30%]

– hands-on experience with the
hardware and software compo-
nents will be made possible;

– computer practicum that are nu-
merical practical work;

– project: initiative, progress, anal-
ysis, final report.

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES

• Exoplanets explained
• Exoplanets.eu
• SPEED project website

CONTACT
T +33 (0)4 92 07 63 39
B partrice.martinez@oca.eu
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Ground to Space Laser Links for Space Applications
SUMMARY.
Have you ever dreamed of shooting lasers into space
for science? The aim of this METEOR is to provide a
comprehensive introduction to techniques for establishing
laser links between the ground and space targets. After
an introduction to the scientific context surrounding laser
links to space (Space Geodesy, Lunar Science, Fundamental
Physics), we’ll look in detail at the satellite laser ranging
technique. The course will detail the ground and space
technologies and physics required to establish highly precise
distance measurements (mm) between the ground and a
space target hundreds of thousands of km away. We will
also look at the emerging topics of classical and quantum
laser communications and space debris tracking. A part of
this METEOR will be carried out at the Calern observatory
for projects involving sky-based experimentation.

OBJECTIVES
Understand the general instrumen-

tation and physical concepts needed
to perform free space laser links (laser
ranging, optical communication,...) be-
tween Earth and an orbiting target. Be
able to design an experiment for laser
ranging or optical communication

• Knowledge: Lasers, telescope, de-
tectors, space target,...

• Skills: Optical calculation, data
analysis, extract information from
ground to space laser experiment
(target shape, attitude, link bud-
get,...)

• Project: Define and run your own
project, including observation, data
acquisition and processing

PREREQUISITES

X S1. Fourier Optics
X S1. Numerical methods
X S2. Imaging through turbulence

THEORY
by Julien Chabé

• Introduction to Space Geodesy
• Principle of Satellite Laser Rang-

ing and Time transfer
• Time and distance Metrology
• Laser propagation through the

atmosphere
• Laser Communication and Quan-

tum keys distribution to Space

APPLICATIONS
by Julien Chabé

• Evaluation of budget links for
laser experiments

• Error budget in laser ranging ex-
periment

• Observations with the MéO tele-
scope (Moon, geodetic satellite,
space debris)

• Data processing and analysis

The MéO telescope in action

MAIN PROGRESSION STEPS

• Week 1: MéO telescope visit - In-
troduction to Space Geodesy - Laser
Ranging

• Week 2: Laser and Gaussian Optics
- exercices

• Week 3: Laser through the atmo-
sphere - project

• Week 4: Metrology of time and
Time Transfer to Space - project

• Weeks 5–7: project

EVALUATION

• Theory grade [30%]

– Written exam (50%): theoretical
questions

– Case study (50%): exercice based
calculation

• Practice grade [30%]

– Project (60%): thought-process
and results

– Project report (40%): presenta-
tion of your results

• Defense grade [40%]

– Oral and slides quality
– Context
– Project / Personal work
– Answers to questions

BIBLIOGRAPHY & RESOURCES
During the METEOR free accomo-

dation to the Calern observatory is pro-
vided by OCA.

• Degnan, J. Millimeter Accuracy
Satellite Laser Ranging: A Review

• Learn to make a better Lunar Laser
Ranging Experiment than this

• Join us here

CONTACT
T +33.4.93.40.54.10
B chabe@oca.eu
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METEOR Astronomical Adaptive Optics (AAO)

SUMMARY.

Modern optical telescopes deploy adaptive op-
tics (AO) systems in order to reach the ex-
pected angular resolution in spite of atmo-
spheric turbulence. In that sense, this ME-
TEOR has fundamental connections with all
major facilities (8-m class telescopes, ELT
projects). After the necessary theoretical ba-
sics, numerical studies will be performed in
the framework of the instrument AOC (AO
at C2PU/Calern). Then, different custom-
made applications will be discussed, concern-
ing either the present optimisation of AOC
or much more advanced perspectives, via nu-
merical modelling and possibly on-sky observa-
tions.

OBJECTIVES

The expected expertise/skills ac-
quired during this METEOR are: knowl-
edge of the theoretical and practical ba-
sics of astronomical AO, including lab-
oratory experimentation, dimensioning
of an AO system, post-AO imaging,
and numerical detailed modelling of the
main types of AO systems for astron-
omy (standard AO, extreme AO, wide-
field AO).

PREREQUISITES

(1) Fourier optics ; (2) Imaging
through turbulence ; (3) Numerical
methods.

THEORY

by Marcel Carbillet &
Olivier Lai

The scope is to provide a global
introduction to AO for astronomy,
practice with AO systems dimension-
ing and numerical modelling, includ-
ing wavefront sensing, wavefront cor-
rection, loop control, detector charac-
teristics, performance evaluation, etc.

APPLICATIONS

by Olivier Lai & Marcel
Carbillet

The application part of this ME-
TEOR will first focus on detailed
numerical modelling and performance
evaluation of a standard AO system,
namely the AOC system in its stellar
mode. EXtreme AO (XAO), with ap-
plication to exoplanets detection, and
Ground-Layer AO (GLAO), for wide-
field astronomy will also be tackled.
Custom-made applications will then
be determined with the student(s), in
function also of the individual interests,
and will imply numerical modelling and
hopefully on-sky observations..

MAIN PROGRESSION STEPS

First part: theoretical courses. Sec-
ond part: applications. Last week :
preparation of the oral presentation.

EVALUATION

Theoretical part: a report on the di-
mensioning and numerical modelling of
a generic AO system.
Application part: a report on the
custom-made application chosen.

BIBLIOGRAPHY & RESSOURCES

Material for this METEOR.
Numerical modeling tool used (CAOS).

CONTACT

T +33 4 89 15 03 33 (M. Carbillet)
B marcel.carbillet@oca.eu

A MAUCA METEOR.
m http://mauca.unice.fr
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How to set up a Gravitational Wave Detector
SUMMARY.
Gravitational Wave Detectors are a powerful and unique
tool to study the mysteries of our Universe. Unlike optical
telescopes, they are able to directly detect merger between
two black holes, black hole and neutron stars, among other
sources. They work as Michelson interferometers which use
lasers to convert small length changes caused by a gravita-
tional wave to power changes which we can measure with a
photodetector. Currently these detectors are able to measure
length changes more than a thousand times smaller than the
diameter of a proton. To achieve this incredible sensitivity
they had to come up with complex designs and innovative
techniques to overcome quantum noise, thermal noise, seis-
mic noise, laser noise, among others. In this course you will
learn the challenges of Gravitational Wave Detectors and will
have the opportunity to set up a small Michelson interferom-
eter and measure its sensitivity curve and the displacement
of one of its mirrors. Hence, you will learn in theory and
practice the basic experimental techniques to set up a Grav-
itational Wave Detector! The theory and experimental part
of the course will be given at the Côte d’Azur Observatory
(Mount Gros site), and you will interact with researchers
that are active in the LIGO-Virgo-KAGRA collaboration,
and work on the group which built the lasers for the Virgo
detector.

OBJECTIVES

• Understand the theory of how a
Gravitational Wave Detector works,
and what are the noise sources
that limit their sensitivity, especially
laser noise

• Gain general knowledge of optics ex-
perimental techniques, interferome-
ter alignment, control loops

• Learn how to measure the sensitivity
of interferometers, and how to per-
form laser power stabilization

PREREQUISITES

X S1. Fourier Optics
X S1. Signal & Image processing
X S2. Gravitation & Cosmology
X S2. Quantum mechanics
X S2. Atmospheric turbulence, im-

age formation & adaptive optics

THEORY
by Margherita Turconi and Marina

Nery

• Introduction to gravitational waves

• Basic principles and sensitivities of
Gravitational Wave Detectors

• Noise sources in Gravitational Wave
Detectors: quantum noise, thermal
noise, seismic noise, laser noise

• Laser stabilization techniques

• Einstein Telescope and future plans
for Gravitational Wave Detectors

APPLICATIONS
by Margherita Turconi and Marina

Nery

Picture source:
https://en.wikipedia.org/wiki/Optical_table

After an introduction to lab practice,
students projects will include, for ex-
ample, some of the following activities:

• Characterization of a laser beam

• Set up and align a Michelson inter-
ferometer

• Implement a control loop to stabi-
lize and operate the interferometer
at the mid fringe

• Measure the interferometer displace-
ment sensitivity curve

• Identify and analyze noise sources

• Stabilize the power of the laser at
the input of the interferometer

MAIN PROGRESSION STEPS

• Theory courses and exercises: 3
weeks

• Lab work and analysis: 4 weeks

EVALUATION
Theoretical part 30%: exercises

that will be handed gradually during
the theoretical course. Application
part 30%: a full report of the exper-
iment covering measurements and its
analysis. Final defense 40%.

BIBLIOGRAPHY & RESOURCES

• https://www.ligo.caltech.edu/
• https://www.einsteintelescope-

emr.eu/en/

CONTACT
T +33.4.92.00.30.18
B marina.trad-nery@oca.eu
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