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Abstract

The structure and dynamics of the energy-generating core of the Sun and other stars remain
poorly constrained, and poorly understood, in spite of their fundamental role in determining the
overall structure and evolution of stars.

The detection of solar normal modes of pressure oscillations (p modes) permitted the
development of helioseismology, which has allowed us to accurately describe the internal
structure and dynamics of the solar outer radiative and convective zones. The recent tentative
detection of buoyancy or gravity modes (g modes) in the Sun as well as the impact of the
detection of mixed (p and g) modes in low-mass evolved stars have rejuvenated the quest for
understanding the central zone of the stars: the stellar core.

The aim of this series of workshops is to understand the impact of the inferences about the
structure and dynamics of stellar cores for solar and stellar evolution, of the solar g-mode
detection on spatially resolved inversions of the Sun’s core rotation and subsequently for the
detection potential of other data sets of solar and stellar g modes. All of these should have an
important, direct impact on our understanding of solar and stellar structure and evolution.
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Scientific rationale of the project and its timeliness

Since the beginnings of global helioseismology in the late 1970s, the search for g modes has been
a major quest. The detection of g modes is key to the understanding of the internal structure and
dynamics of the solar core (Christensen-Dalsgaard, 2002a), as much as the p modes are key to
that of the structure of the outer radiative and convective zones (Christensen-Dalsgaard, 2002b).

The quest for solar g modes was a major driver in the design of very precise and sensitive
instrumentation harboured by spacecraft such as the Solar and Heliospheric Observatory'.
Aboard SoHO, there are three instruments dedicated to helioseismology all aiming at detecting
gmodes. A few years after the launch of SOHO at the end of 1995, it was realized that g modes
would not be easily detected with these instruments. In 1997, a consortium of helioseismologists,
belonging to the SOHO consortia and to ground-based networks, was formed with the ambitious,
yet simple, goal of “detecting g modes”. Under the auspices of ISSI, the consortium met several
times in Bern, and delivered a review paper on solar g modes (Appourchaux et al., 2010). In that
paper, there were several claims of g-mode detections of which none has yet been confirmed. In
the same paper, many different techniques for g-mode detection were developed, but did not lead
to undisputed g-mode detection.

Recently, Fossat et al. (2017) claimed to have detected solar g modes using a novel technique
based on measuring the travel time of a packet of p modes. The detection suggests a rapid
rotation of the solar core, about 3.8 faster than that of the radiative envelope, which confirms the
faster core rotation rate previously inferred by Garcia et al. (2007) analysing the g-mode
asymptotic properties. Mixed modes with g-mode character were successfully applied to study
the properties of the core in red giants (Bedding et al. 2011).

Despite the lack of confirmation of solar g-mode detection between 2007 and 2017, mixed
modes, which share the dual character of being both g modes (deep inside the star) and p modes
(in the stellar envelope), have been clearly detected in other stars with observations from the
CoRoT and Kepler missions (Bedding et al., 2011; Deheuvels and Michel, 2011; Beck et al.,
2011; Deheuvels et al., 2012). The detection of such mixed modes in red giants has enabled us to
understand better how our stellar models might reproduce the evolution of these stars (Hekker
and Christensen-Dalsgaard, 2017) as well as to better understand the rotation of the core of these
giants (Mosser et al., 2012; Gehan et al., 2018). Similar work has been done for a few subgiants:
Deheuvels et al. (2014) were able to infer that the core rotation rate of 6 subgiants or early red
giants is between 3 and 20 times faster than their envelope rotation. Pure g modes still remain to
be detected in these stars but these results demonstrate the powerful insights that a successful
detection of g modes would provide for Sun-like stars.

Another way to probe the physics in the core of the stars is to detect neutrinos generated by the
nuclear reactions there. The detection of solar neutrinos has helped a great deal to understand the
reactions taking place at the heart of the Sun. Recently, Bellini et al. (2014) managed to directly
measure the p-p neutrinos providing new constraints for the Standard Solar Model (SSM,
Serenelli, 2016). Additional constraints from the lower solar metal abundances determined by
Asplund et al. (2009) and Caffau et al. (2011) still result in large discrepancies with the
helioseismic inferences of the solar sound speed (Serenelli, 2016). A potential solution to this
disagreement may lie in the increase of Fe opacities recently obtained by Bailey et al. (2015) that
could justify the lower solar abundance (Serenelli, 2016). Inversions for the solar metallicity

! Solar and Heliospheric Observatory (SoHO): a mission of international collaboration between the European Space Agency (ESA) and the
National Aeronautics and Space Administration (NASA)
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from helioseismic data favour a model with lower metallicity (Buldgen et al., 2017). The major
discrepancy of the SSM with the helioseismic data is located at the base of the convection zone
where iron is responsible for 25% of the opacity, which highlights even more the increasing need
for accurate opacities in the solar models. Testing of stellar opacities using asteroseismic data is
potentially a unique opportunity for understanding solar opacities (Ball, 2016).

With these recent developments and their implications for the structure and dynamics of solar and
stellar cores, now is the time for advancing the field of stellar evolution by analysing data from
space missions and from ground-based instruments in new ways. The primary goals of the team
are to answer the following questions:
* What does the inferred structure of the stellar and solar cores tell us about stellar
evolution?
* What is the potential to measure pure g modes in the Sun and Sun-like stars?
* How can the inversions within the core of the Sun and other stars be improved with
g modes?
In addition to answering these scientific questions, based on existing observational programs, the
team also aims to examine what kind of new approaches are required for confirming, and
advancing, solar and stellar g-mode detection? What is the best strategy to perform new
observations?

Expected output

Combining our expertise in stellar evolution, inversion techniques, and data analysis with new g-
mode detection methods this team has the potential to significantly advance our knowledge of
stellar evolution by placing constraints on the structure and dynamics of the cores of the Sun and
solar-like stars. Our results will be published in high-quality peer-reviewed journals.

It is the intention of the group to produce at least 3 papers as a result of this team activity, related
to 1) the structure and dynamics of the solar and stellar cores, ii) the use of new detection
techniques for g-mode discovery in the Sun and other stars with data from the SOHO and Kepler
missions, and iii) the impact of the solar g-mode detection on spatially resolved inversions of the
Sun’s core rotation.

Why does ISSI qualify as preferred implementation site?

Given the controversial nature of some of the topics and the opposing views that we hope to bring
together with this workshop, we feel that it is essential that this series of workshops be located in
a neutral location, free from the influences of any specific institution. It is also essential that the
workshop be located as far as practicable from the non-scientific duties of the participants. ISSI
thus provides an optimal location in terms of scientific spirit. The members of the international
collaboration are senior scientists having administrative institutional duties responsibilities that
would pre-empt any of the team members’ institutes from qualifying as a proper suitable location.
The lack of constraints will allow the participants to freely talk to each other when needed and
required. Face-to-face interaction is key to the success of these workshops. From this point of
view, ISSI provides the necessary environment for a stimulating and productive collaboration.

The members of the team have various fields of expertise from building instrumentation, data
analysis, data inversion and theoretical modelling. Each member usually has a capability of
spanning at least 2 of these areas of expertise. The variety of fields of expertise is an essential
part of the success of any workshop.
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The two proposed workshops are likely to be supplemented by additional workshops not funded
by ISSI. The workshops at ISSI will serve as a backbone for a larger collaboration involving the

rest of the community interested in the issues laid out in this proposal.

List of confirmed participants

B. Andersen Norwegian Space Centre, Norway

T. Appourchaux Institut d'Astrophysique Spatiale (IAS), Orsay, France
S. Basu Yale University, USA

K. Belkacem Observatoire de Paris-Meudon, France

A.-M. Broomhall University of Warwick, United Kingdom

T. Corbard Observatoire de la Cote d'Azur, France

J. Christensen-Dalsgaard
R.A. Garcia

Aarhus Universitet, Denmark
Commissariat a I'Energie Atomique et aux Energies alternatives
(CEA), France

Y. Lebreton Observatoire de Paris-Meudon and Université de Rennes, France
H. Schunker Max Planck Institute for Solar System Research, Germany
T. Sekii National Astronomical Observatory, Japan
M. Thompson National Center for Atmospheric Research, USA
List of experts
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J. Leibacher National Solar Observatory, USA

Schedule of the project

The workshops will preferably take place during university breaks, in order to allow the members
with faculty positions to attend. We shall hold two one-week meetings over a period of 18
months. The first meeting will be devoted to stellar models and inversion techniques
incorporating g-mode detections. A paper on the impact of g modes on solar core rotation
inferences will result, as well as allocating tasks for a paper on the structure and dynamics of
solar and stellar cores. The second meeting will be devoted to the detection of solar and stellar g
modes in the SOHO and Kepler data sets, and the impact of these findings on mode physics. A
paper on the use of new detection techniques for g-mode discovery in the Sun and Sun-like stars
will result. Of course, the group will also interact/work in between the ISSI sessions as required
to prepare the data, the coordination and the final talks. Monthly teleconference meetings will be
organized to keep track of progress.

Facilities requested

During the meeting, we would like access to the usual sorts of facilities: meeting room with a
projector, internet connections, occasional access to printers. We shall need a meeting room with
a beamer. It would be nice (but not essential) if the projector could be conveniently located and
controlled from any of our connected laptops. Internet access to NASA's Astronomical Data
Service is useful, as is access to peer-reviewed scientific journals such as Astronomy and
Astrophysics, Monthly Notices Royal Astronomical Society, Astrophysical Journal, Nature, and
Science; however, members’ access through VPN to their institutions’ subscriptions is always
possible.
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Financial support from ISSI and available funding sources.

For the two meetings, we request a total per-diem of 24 person-weeks (2 times 12 person-weeks,
with 5 days a week). The travel for the Team Leader should not be more than 2 k€. Team
members’ institutions will cover their travel costs.

Additional financial support will come from institutional funding that will cover additional
activities based at ISSI or elsewhere.
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