
Signal processing and Numerical methods

Detection of Exoplanets

SUMMARY.

This METEOR provides a training to detection methods for exoplanets.
General tools and concepts are studied and applied, from the viewpoint
of statistical detection theory and of astronomical instruments. State-
of-the-art and forthcoming detection programs are reviewed. The stud-
ied exoplanet detection techniques are direct imaging, radial velocities
and transits. Applications data are from ground-based instruments like
SPHERE and space missions like KEPLER.

OBJECTIVES

• One main objective of this ME-
TEOR is to train the students
to learn in autonomy, to identify
what can help them to progress,
to identify and correct their er-
rors, to define a project related
to a problem of their interest and
to solve it.

• The students will learn various
skills in detection. They will learn
to set-up statistical models, to
follow systematic approaches to
build statistical tests, to charac-
terize the tests’ performances in
terms of significance level and of
detection power.

• The students will learn a set of
dedicated numerical techniques
to implement these tests and
will improve their coding skills
(Python).

• The students will get a fair
background about state-of-the-
art and forthcoming techniques
for detecting exoplanets from
ground and from space.

PREREQUISITES

Preparatory MAUCA courses (not
mandatory):

• Statistical methods

• General Astrophysics

• Numerical methods

• Signal & Image processing

Interested students are encouraged to
contact the supervisor and previous stu-
dents who have followed this METEOR
(or the METEOR exoplanet detection,
with the same supervisor) to have an
idea of how the METEOR works.

THEORY

by D. Mary

With more than 5000 exoplanets
known to date (June 2022), exoplanet
detection is an extremely active field of
research. Two methods, Radial Veloc-
ities (RV) and transits, have brought
together more than 90% of these dis-
coveries. This METEOR thus primar-
ily focuses on these two methods but
detection by direct imaging will also
be studied. Students will learn in de-
tail the principles, the respective ad-
vantages and limitations of these tech-
niques.
Like all exoplanet detection techniques,
RV and transit detection algorithms
rely on a model of the data. This model
encapsulates information on the signa-
ture that one wishes to detect (e.g.,
quasiperiodic signals for RV, U-shaped
signatures for transits) and the per-
turbations that affect the data (e.g.,
photon noise, noise from the detectors,
from the stellar atmosphere...). These
perturbations always involve random
phenomena. Hence, the data model on
which the detection test is built is al-
ways a statistical model, which involves
parameters related both to noise and to
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the planetary signature.
In this framework, current detection al-
gorithms can advantageously be un-
derstood and analyzed in the gen-
eral framework of statistical detection
theory. Most transit detection algo-
rithms fall in the category of Matched-
Filter detection, and most RV detec-
tion methods are based on periodogram
analyses. Detection theory provides As-
tronomers with an arsenal of systematic
methods and concepts to analyze and
quantify their performances, and of new
concepts like the False Discovery Rate
in multiple testing. For these reasons,
the theoretical part of this METEOR
will heavily build on statistics and nu-
merical methods.

Students will investigate a series of
statistical tools that they will be able to
use in many other contexts during their
career – these general tools are in fact
routinely used in various other fields like
climatology, genetics, econometrics or
telecoms. So, even if exoplanet detec-
tion techniques do exploit physical pa-
rameters (like orbital and stellar param-
eters) that will indeed be studied during
this METEOR, it should be clear that
the heart of this theoretical part is truly
statistical (this is why this METEOR is
not, for instance, in Planetology).

APPLICATIONS

by D. Mary

• During the METEOR, the stu-
dents will select and present one
recent paper of the literature that
deals with one exoplanet detec-
tion technique seen during the
theoretical part (radial velocities,
transits, direct imaging).

• With the help of the supervisor,
students will define a small re-
search project according to their
personal interest. Following the
students’ interests, the detection
techniques learned in the the-
oretical part will be applied in
this project to real data such as
SPHERE for imaging, HARPS for
RV and Kepler for transits.

• The METEOR provides an inten-
sive training to Python for the
numerical exercises of the Theo-
retical part and the project.

MAIN PROGRESSION STEPS

• During the whole duration of the
METEOR, each student has a
personal channel on Discord al-
lowing easy connection with the
supervisor outside the scheduled
meeting slots. A general channel
serves also as a forum for general
infos/questions/hints.

• First half of the period (possibly
more): the students learn theory.
They are requested to work on
the lecture notes on their own,
with regular discussions planned
with the supervisors to answer
their questions. They do the the-
oretical and numerical exercises
proposed in the lecture notes
document and they post them on
the fly on their personal channel.

• @ mid METEOR, the students
identify a topic of the lecture they
are mostly interest in, select and
present one paper in Astrophysics
that uses this technique. The stu-
dents choose the topics of their
project and the astrophysical ap-
plication and data set. They also
define interesting scientific ques-
tions related to the selected top-
ics and data, and the main objec-
tives of their projects.The super-
visor helps the student to ensure
that the project’s objectives are
reachable and the questions rele-
vant.

• Second half of the period : the
students work on their research
project.

• Last week : last results and prepa-
ration of the final oral presenta-
tion.

EVALUATION

• Regular quizz, and two writ-
ten exams (2h, typically during
weeks 2 and 4) on the theoreti-
cal part. The average of the three
marks provides the mark "The-
ory" (30% of the total mark).

• Permanent evaluation of the
numerical project (mark called
"P") according to the first ob-
jective (autonomy !).

• Permanent evaluation of the nu-
merical exercises posted on line
(mark "E").

• Oral presentation of a selected
paper of the literature (mark
"O"). Cross evaluation by the
other students according to the
same criteria grid that will be
used by the jury for the presenta-
tions in the end of the METEOR.

• The final mark for the "Project
part" is 0.25 × O + 0.25 × E +
0.5× P .

• Final evaluation during the global
oral presentation(40% of the to-
tal mark).

BIBLIOGRAPHY & RESSOURCES

• On-line lecture notes, slides„
homeworks, criteria evaluation
grid, data, solution codes.

• M. Perryman, The exoplanet
handbook, Cambridge Univ.
Press, 2011.

• T.H. Li , Time series with mixed
spectra, CRC Press, 2013.

• S.M. Kay, Detection Theory,
Prentice Hall, 2009

• Exoplanets

CONTACT

T +33492076384 (D. Mary)
B david.mary@oca.eu
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