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Abstract

Thanks to the space missions CoRoT and Kepler, asteroseismology has successfully probed stellar
interiors, especially of solar-like stars and red giants. Such a success has not been achieved yet for
non-evolved intermediate-mass and massive stars, as the oscillation spectra of pulsating stars in this
mass range exhibit complex patterns that are not well understood. Rapid rotation, a very common
feature of these stars, is an identified source of complexity.

Our proposal aims at building a joint effort between modellers and observers, based on existing
seismic data for fast rotators, in order to address major difficulties in understanding and studying
stars with rapid rotation.

Substantial progress has recently been achieved both in theory and observations. The space
missions CoRoT and Kepler have provided seismic data with unprecedented quality for classical
pulsators such as 6 Scuti stars, y Doradus or SPB (slow pulsating B-type) stars. It allowed us to
accurately determine the frequencies of hundreds of oscillation modes in these stars. The mode
identification, i.e. associating each frequency with a mode, is a prerequisite for any further seismic
inference. This identification needs theoretical support. In the last years, new theoretical approaches
as well as new 2D codes taking into account the centrifugal deformation have been developed to
model the internal structure of rotating stars and to compute their oscillation spectra.

We are now close to a convergence between theory and observation. Indeed a first breakthrough has
been made with the detection of regular patterns that were predicted by the models.

Our team will gather observers who have analysed CoRoT and Kepler data of classical pulsators,
and modellers who have developped new 2D codes and theoretical seismic tools. The team will
involve up to 15 researchers, including young scientists, from Belgium, France, Hungary, and
Spain. We plan to organize two team workshops at Bern ISSI at the end of 2017 and about one year
later.

We aim at providing new seismic diagnosis, especially for stellar rotation so as to obtain new
interpretations of CoRoT and Kepler observations of § Scuti stars, y Doradus or SPB stars. This
work will also help the seismic analyses of future space missions such as TESS and PLATO.

Scientific Rationale

Motivation

Various astrophysical domains (stellar population, galaxy evolution, interstellar enrichment...) rely
on our accurate understanding of stellar structure and evolution. Evolution of massive and
intermediate-mass stars are of primary importance in this context. Massive stars are a key element



of galaxy evolution as they modify their environment through radiation and winds and supernovae
explosions. They are also the progenitors of gamma ray bursts, neutron stars and black holes.
Intermediate-mass stars have an internal structure similar to massive stars and are thus perfect
laboratories to study essential physical processes that are generally missing in classical stellar
models, like rotation, magnetic field, turbulent mixing or atomic diffusion. As of today, models of
intermediate-mass and massive stars can be confronted to the classical surface spectroscopic
observables (effective temperature, gravity and chemical abundance) and more recently to
interferometric observations' (radius, oblatness, gravity darkening...). Direct probing of their
internal structures and dynamics with asteroseismology would constitute a huge step toward a
complete picture of their evolution.

Context

During the past decade, stellar physics has experienced a true revolution thank to the development
of asteroseismology. Such a revolution has been possible with the appearance of ultra-precise space-
based photometric missions, namely CoRoT? and Kepler®. Unprecedented constraints have been
imposed on the internal properties (internal rotation, convective core extent...) of stars while global
parameters (radius, masses) are given with unprecedented accuracy. These results mainly concern
solar-type stars or red giants, i.e. stars with a convective envelope that stochastically excites
oscillation modes. These successes have been possible because their oscillation spectra are rather
simple and well-understood, thus easy to interpret. Unfortunately, this is generally not the case for
more massive main-sequence pulsating stars, which often exhibit more complex patterns.
Interpreting these oscillation spectra is indeed a long-standing issue of stellar seismology. Except
for a few cases, it has not yet been possible to obtain a reliable mode identification, i.e. to associate
each frequency with a mode, which is a prerequisite for any further seismic inference.

Two main reasons explain this complexity. (1) Contrary to solar-type pulsators, the intrinsic
amplitude of the modes of classical pulsators spans many orders of magnitude. Whereas oscillation
spectra obtained from Earth are sparse in most cases, CoRoT and Kepler provided high-quality data
with extremely low noise level and unprecedented high spectral resolution (thanks to continuous
month- or year-long observations) giving much more complete sets of modes. Unfortunately we
haven't got yet a theory able to predict mode amplitudes, which would help in labelling the
numerous observed modes. The amplitudes are governed by non-linear mechanisms that have not
been successfully modelled yet. (2) Massive and intermediate-mass stars are rapidly rotating in
most cases.* Fast rotation is known to add complexity in the spectrum by modifying or suppressing
regularities that are present in slow rotators. Significant advances in computing and modelling the
structure of rapidly rotating stars and their oscillation spectra have been made in recent years.>”’

State of the art

New numerical codes, namely the TOP? and ACOR? codes, have been successfully built to compute
oscillation modes in rotating stars fully taking into account the effects of the rotation on the
oscillations. Progresses have been made to understand both the acoustic (or pressure = p) modes
and the low-frequency modes known as gravity (=g) and gravito-inertial modes. It enabled us to

determine the range of validity of the perturbative methods®*°

and to explore how the structure of
the spectrum changes with the star rotation''"%. One of the striking results was to show that regular

frequency patterns also exist in the p-mode spectrum of rapidly rotating stars. In slowly rotating



solar-type stars, regular spacings like the so-called large and small separations or the rotational
splittings provide fundamental seismic constraints on the star (mean density, internal composition
gradient, internal rotation), even before any direct modelling of individual frequencies. Thus, the
possibility to detect similar seismic indices in the spectra of typical classical main-sequence
pulsators is crucial. Further computations have shown that an equivalent of the large separation and
twice the rotation rate are indeed potentially detectable although our incapacity to predict mode
amplitudes generally prevents to draw firm conclusions.'* Meanwhile, an asymptotic theory based
on acoustic ray dynamics' enabled us to relate these seismic indices to the physical property of the
star.'® In particular, at large rotation rates, the large frequency separation remains closely related to
the star's mean density. Similar works may be done for g modes that present regularities in their
period. The pattern of g modes in non-rotating stars is evenly spaced. Rotation deeply modifies this
spacing, resulting in a new pattern, directly dependent on the rotation rate. A theory of gravity ray
dynamics has been recently developed” and new asymptotic developments have been proposed.'®
Beyond the perturbative methods that are known to be weak for g-mode pulsators, complete 2D
computations allow us to better test the limit of the extensively used and so-called traditional
approximation.'

On the observational side, parallel to these theoretical aspects, we recently achieved breakthroughs
in the interpretation of both § Scuti p-mode spectra, and SPB and y Dor g-mode spectra. The
analysis of CoRoT and Kepler & Scuti stars indeed revealed the presence of periodic patterns in the
p-mode frequency spectra.’>* These patterns were found to be compatible with the expected large
separation for these stars. A solid confirmation came from the scaling relation found between the
observed large separation and the mean density computed for a sample of well-known stars
(including binary stars) of different rotations.”® Regular patterns have also been discovered in g-
mode period among Kepler y Dor and SPB stars. First detections of regular period spacing have
been done in slowly rotating y Dor stars,” and patterns are now found also in moderate and fast
rotators.”®* By basing the interpretation on the traditional approximation, it has been possible to
infer constraints on rotation®*** and internal processes such as mixing® in these stars making them
valuable laboratories for testing massive and intermediate-mass star models.

The proposed project

Our project aims at building a joint effort gathering modellers and observers to propose and/or
validate analysis and interpretation tools, in the light of the recent theoretical developments.
CoRoT and Kepler observations of 6 Scuti, y Dor, and SPB stars will be interpreted on this basis.
The project may be decomposed in several tasks carried out by different teams.

Team #1 will focus on p modes and § Scuti stars. The first objective will be to detect and interpret
the regular spacings that may occur. The question of the robustness and reliability of detections is
crucial as well as a correct determination of their nature and origin (large spacing, rotation...). The
possibility of finer mode identification (e.g. defining the nature of modes, as chaotic modes, island
modes,...) will be discussed.

Team #2 will focus on g modes spectra. It concerns the y Doradus stars and the more massive SPB
stars. Several questions raised by these two categories of stars are the similar and may be treated
together, since there are intrinsically linked to the g-mode properties. Nevertheless two sub-teams
will be in charge of the analysis of the two kind of stars. In the light of last observations, the team



will first focus on seismic rotation measurements. We will determine our capability in measuring
reliable internal differential rotation, specify the range of validity of the traditional approximation
and consider the opportunity to go beyond with more complete theories. Other internal properties
brought by the period spacings, such as core size and mixing, will be also analyzed.

A last work that should be initiated by the project in a third team (gathering also people from team
#1 and #2) is the way of using 2D models to perform direct seismic analysis. A direct brute force
approach turned out to be inefficient and too time consuming. Brainstorming sessions will be held
during the workshops on what should be a correct and fruitful strategy involving 2D models.

Project Schedule

We plan to organise two ISSI workshops for the whole group. We expect to hold the first ISSI
workshop during autumn 2017. The first goal of this workshop will be to identify the current
weaknesses of the interpretation and analysis tools, to correctly identify the needs of observers and
to propose some modelling strategies. We will then split into teams #1 and #2 to apply what is
already existing and identify key points that would need theoretical progresses and new
developments. It will form the baseline of the objectives for the teams that will continue to work
together during the following year. A second workshop will take place no more than one year later.
It will be the opportunity to present the recent works of the teams and finalize works in progress.

Expected Outputs

*  We expect to publish several papers to refereed academic journals. At least one paper on
regularities in § Scuti stars (team #1) and another on the seismic inference of rotation in g-
mode pulsators (team #2). A paper on the limit of traditional approximation should also be
submitted. The thoughts and recommendations of the team #3 will be summarized in a
report.

* The project and its results will be presented in the next asteroseismology international
conferences. We shall first introduce the project during the next Kepler asteroseismic
science consoritum (KASC) workshop in July at Birmingham and present our results during
the following one in 2018.

* The approaches, methods and models developed by the team will also help the seismic
analyses of future space missions such as TESS® and PLATO.*
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We will invite one or two young scientists, specialists of this topic, especially T. Van Reeth (KU

Leuven, Belgium) through the ISSI Young Scientist scheme.

ISSI at Bern is the preferred implementation site

A few members of the SOFAR Team have already been involved in previous ISSI working groups,
such as the AsteroFLAG team, or Georgy's team. The on-site support and facilities are very
impressing and provide a perfect work frame. ISSI offers the possibility to scientists from different
laboratories to focus during one uninterrupted week on a scientific topic, far from any institutional
pressure and distraction. One-week dedicated time has been proved to be very fruitful to progress
on projects of the type proposed by our team.

Requested facilities

We will require a meeting room capable of holding 15 scientists, which corresponds to the full
SoFAR team including young scientists, with Internet access and data projection facilities. It would
also be advantageous to have access to another small room, to allow two splinter meetings of
working teams. We would like access to a local printer. Group members will bring their own
laptops.

Requested financial support

We request a total of 20 man-weeks of financial support to cover accommodation and per diem
costs for 10 participants at each of the two proposed SoFAR meetings. It will thus support up to two
scientists per institution. Travel costs for the team leader should not exceed 500€ for each meeting.

Travels for participants and accommodation and per diem costs for the 3 extra participants will be
covered by our own institutional funds and grants.
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