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Abstract:

Asteroseismology is the only observational tool in astronomy that can probe the interiors of stars,
and is a benchmark method for deriving fundamental properties of stars and exoplanets. Over
the coming decade, space-based and ground-based observations will provide a several order of
magnitude increase of solar-like oscillators, as well as a dramatic increase in the number and
quality of classical pulsator observations, providing unprecedented possibilities to study stellar
physics and galactic stellar populations. In this white paper, we describe key science questions and
necessary facilities to continue the asteroseismology revolution into the 2020’s.



1 Asteroseismology in the 2020’s

Asteroseismology — the study of stellar oscillations — is one of the most powerful tools to probe the
interiors of stars across the H-R diagram (Figure [I)). The field has undergone a revolution over the
past decade driven by space-based photometry provided by CoRoT (Baglin et al., 2006) and Kepler
(Borucki et al., 2010). In particular, the detection of oscillations in thousands of low-mass stars
has led to major breakthroughs in stellar astrophysics, such as the discovery of rapidly rotating
cores in subgiants and red giants, as well as the systematic measurement of stellar masses, radii
and ages (see /Chaplin & Miglio, 2013)). Asteroseismology has also become the “gold standard” for
calibrating more indirect methods to determine stellar parameters such as surface gravity (log g)
from spectroscopy (Petigura et al., |2017) and stellar granulation (Bastien et al., 2013} Kallinger
etal.,2016;|Bugnet et al., 2018}; Pande et al., 2018)), and age from rotation periods (gyrochronology,
e.g.van Saders et al., 2016) or magnetic activity (Metcalfe & Egeland, 2019).

The asteroseismology revolution is set to continue over the coming decade. The recently
launched NASA TESS Mission (Ricker et al.l 2014) is expected to detect oscillations in thousands
of main-sequence and subgiant stars (Schofield et al., 2019), an order of magnitude increase over
Kepler. Light curves from TESS full-frame images are expected to yield hundreds of thousands
of oscillating red giants over the coming years. Further into the next decade, H-band light curves
by the WFIRST microlensing survey are expected to yield over one million oscillating red giants
in the galactic bulge (Gould et al., 2015), while the the European-led PLATO mission will yield
detections in nearly 100,000 dwarfs and subgiants, as well as potentially millions of red giants
(Rauer et al., 2014; Miglio et al.,[2017; Mosser et al., [2019).

Combined, the sample of solar-like oscillators is expected to increase by several orders of
magnitude over the coming decade (Figure [I)), providing unprecedented datasets for stellar astro-
physics, exoplanet science, and galactic astronomy. In this white paper we discuss key science
questions and challenges for asteroseismology in the 2020’s.

2 Stellar Physics

Stellar evolution theory forms one of the backbones of modern astronomy. Guided by measure-
ments of fundamental stellar properties from observations, stellar models affect a wide range of
fields in astrophysics by underpinning stellar population synthesis models that are used to study
galaxy evolution and cosmology. On a smaller scale, properties of exoplanets critically depend on
the characteristics of host stars, which frequently dominate the error budget (Huber, 2018).
Despite significant advances, many problems in stellar physics remain unsolved. Uncertainties
in the description of convective core overshooting leads to different main-sequence lifetimes for
stars more massive than the Sun, while the general treatment of convective energy transport leads
to different predictions of radii for lower mass stars. For red giants, major uncertainties include
interior angular momentum transport and mass loss, leading to systematic errors in ages of up 50%
(Casagrande et al., 2014a) and significantly affecting the late stages of stellar evolution.
Asteroseismology is a unique tool to address open problems in stellar modeling. Oscillation
frequencies are sensitive to the interior sound speed profile, placing constraints on stellar structure
such as the depth of the convective envelopes (Mazumdar et al., 2014]), the presence of convective
cores (Silva Aguirre et al., 2013), magnetic fields (Fuller et al., 2015; Stello et al., 2016)), physical
processes such as interior angular momentum transport (Beck et al., 2012; |Deheuvels et al.,|[2014),
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Figure 1: Left: Pulsating stars across the HR diagram (from P. Papics, based on a figure by
J. Christensen-Dalsgaard). Right: Yield of solar-like oscillators discovered by space-based tele-
scopes, separated into dwarfs and subgiants (which require faster than 30 minute sampling) and red
giants. The several orders of magnitude yield increase in the 2020’s will provide unprecedented
opportunities for stellar physics, exoplanet science and galactic astronomy.

and fundamental stellar properties such as masses and ages (Metcalfe et al., 2012; |Creevey et al.,
2017). While our discussion here primarily concerns stochastically-excited solar-like stars, many
of these processes can also be probed in classical pulsators throughout the H-R diagram such as
Miras, Cepheids, RR Lyrae and Delta Scuti stars (Molnar, 2018}, Kolenberg & Kinemuchi, [2018)),
providing an unparalleled window into not only internal stellar physics, but also galactic astronomy
and — through their contributions to understanding the distance ladder — to cosmology (Figure|I)).

A critical ingredient for asteroseismology are independent constraints on fundamental stellar
properties to break parameter degeneracies (Cunha et al.,|2007)). For example, helium abundance,
stellar mass and radius are strongly correlated based on the measurements of oscillation frequen-
cies alone (Silva Aguirre et al., [2017). Furthermore, effective temperatures are required to place
stars onto a model grid. The solution to overcome this challenge is long-baseline interferometry,
which allows measurements of stellar angular diameters. Combined with parallaxes and bolomet-
ric fluxes, interferometry allows the only nearly-model-independent measurements of stellar radii
(Boyajian et al., 2013)), including effects of rotation (Maestro et al.,[2013};|Jones et al.,|2016). Such
fundamental radius constraints are not possible with Gaia parallaxes alone.

So far, the overlap between asteroseismology and interferometry has been limited to a handful
of the brightest stars observed by Kepler (Huber et al., 2012;|White et al., 2013), which will dramat-
ically change with the brighter stars observed by TESS and PLATO. Maintaining and expanding
the leading US capabilities in optical long-baseline interferometry, such as the Center for
High Angular Resolution (CHARA) Array (ten Brummelaar et al., 2005), the Navy Precision
Optical Interferometer (NPOI, Armstrong et al., 2013) and Magdalena Ridge Observatory
Interferometer (MROI, |Creech-Eakman et al., 2010), will thus be critical to capitalize on the
potential of asteroseismology to probe stellar physics in the upcoming decade. Indeed, TESS
has already started to deliver detections in bright oscillating exoplanet host stars, which will be
within reach of next generation interferometric instruments (Figure [2).
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Figure 2: Power spectrum (panel a) and phase-folded transit light curve (panel b) of the bright
subgiant TOI-197 (V' = 8.1), the first exoplanet host with solar-like oscillations detected by TESS.
Stars like TOI-197 will be within reach of next-generation interferometric instruments, providing
unprecedented constraints on the star and its orbiting planet. From |[Huber et al.| (2019).

The combination of bolometric fluxes with angular diameters also allows the fundamental mea-
surement of effective temperatures. Bolometric fluxes inferred by combining broadband photome-
try with model atmospheres (SED fitting) are often plagued by systematic errors from photometric
zeropoints (Mann et al., 2015), and space-based measurements are rare. As a result, effective
temperature scales are still plagued by systematic errors (e.g. Casagrande et al., 2014b), limiting
our capacity for precision stellar astrophysics in the era of space-based photometry (Huber, 2016).
Spectrophotometry from SPHEREX, combined with Gaia and interferometry, will establish a
definite effective temperature scale for stars across the H-R diagram, a critical bottleneck in
stellar physics. Combined, fundamental measurements of stellar temperature, radii and oscillation
frequencies will provide unprecedented advances in our understanding of stellar physics over the
coming decade, and refine the fundamental physics underlying our models of stars that are widely
applied to frontier efforts in both extragalactic and exoplanet science.

3 Galactic Archeology using Oscillating Red Giants

The study of the chemo-dynamical history of stellar populations in our galaxy (galactic archeology)
is one of the most rapidly evolving fields in stellar astrophysics. Driven by large spectroscopic
surveys such as RAVE, Gaia-ESO, SDSS/APOGEE, LAMOST, and GALAH and kinematics from
Gaia, galactic archeology is starting to yield spectacular insights into stellar populations in our
galaxy (e.g. Hayden et al., 2015; Silva Aguirre et al., 2018}, |Bland-Hawthorn et al., [2019).

A particularly powerful synergy is the combination of chemical abundances from spectroscopy
with stellar masses from asteroseismology, allowing the determination of ages for red giant stars
which serve as powerful probes of galactic stellar populations (Miglio et al., 2013). Indeed, the sys-
tematic combination of spectroscopic surveys with asteroseismology for the Kepler field through
the APOKASC collabration (Pinsonneault et al., 2018) has led to intriguing discoveries such as
a population of young stars with enhanced o abundances (Martig et al., [2015), and derived cal-
ibrations have enabled the systematic determination of ages for hundreds of thousands of stars
throughout the galaxy (Ness et al., 2016; |Ho et al., 2017).

The enormous increase in asteroseismic detections of red giants in the coming decade will
increase the reach of asteroseismology, and thus the need for spectroscopic follow-up observations.
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In the Kepler/K2 era, asteroseismic samples were small enough to obtain spectroscopic follow
through single-object spectrographs for dwarfs & subgiants (e.g. [Buchhave & Latham), 2015) or
existing multi-object spectrograph surveys such as SDSS-IV/APOGEE. Massively multiplexed,
large scale surveys such as SDSS-V and the Maunakea Spectroscopic Explorer (MSE) are
critical to obtain spectra of millions of stars for which we expect to obtain high-precision
space-based photometry over the coming decades (Figure3). Such surveys will not only benefit
asteroseismology, but also a large range of other stellar astrophysics investigations such as stellar
rotation, flares, the characterization of exoplanet host stars, and the detection and characterization
of a wide range of binary systems through multi-epoch spectroscopy (Bergemann et al., 2019).

4 Asteroseismology of Cool Dwarfs using Radial Velocities

Main sequence stars cooler than the Sun are ubiquitous in our galaxy, yet our understanding of their
structure and evolution remains one of the most challenging problems in stellar evolution theory.
In particular, stellar models systematically underestimate radii of K-M dwarfs at fixed temperature
by up to 20% compared to empirical radii from interferometry and eclipsing binaries (Kraus et al.,
2011} Boyajian et al., 2012). While theories such as convective suppression by close binaries or
magnetic fields can reduce the discrepancy (Feiden & Chaboyer, 2013), a universal explanation
remains elusive. This is particularly troublesome because these stars have become a primary focus
for exoplanet science: both the NASA TESS Mission and JWST aim to characterize potentially
habitable planets around cool dwarfs, as well as hotter planets around FGK stars.

Asteroseismology would provide a unique solution to these problems. However, owing to their
low luminosities, oscillation amplitudes in dwarfs cooler than the Sun are small and difficult to
detect, even with high-precision photometry from Kepler. To date, only a handful of stars cooler
than the Sun have detected oscillations, and none cooler than 5000 K (Figure [4).

A solution is to perform asteroseismology using radial velocities (RV), which are less affected
by stellar granulation noise than photometry (Harvey, [1988)) and thus allow higher S/N detections
in cool stars. Since there are no stellar noise sources on timescales shorter than oscillations, dedi-
cated ground-based observations using small telescopes such as the Stellar Observations Network
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Group (SONG, Grundahl et al., 2017) can build up sufficient S/N to detect oscillations in cool
dwarfs. Additionally, high-precision Doppler spectrographs on large telescopes such as the Keck
Planet Finder (KPF, (Gibson et al., [2016) allow high cadence RVs for a selected number of high
priority stars. Simulations demonstrate that a combination of SONG and KPF would allow the
systematic application of asteroseismology in stars cooler than the Sun (Figure 4). Establishing
ground-based radial-velocity networks for asteroseismology in the US through SONG nodes
and investments in fast, high-precision Doppler spectrographs on large telescopes will enable
the first extension of asteroseismology into the regime of cool dwarfs, tackling some of the
most severe problems in our understanding of stellar evolution.

5 Conclusions

Asteroseismology is the only observational tool in astronomy that can probe the interiors of stars,
and a benchmark method for deriving fundamental stellar properties. The field will continue to
flourish over the coming decade, and we anticipate the following key science questions and neces-
sary facilities to continue the asteroseismology revolution into the 2020’s:

e Space-Based Missions such as TESS and PLATO will provide asteroseismic data for thousands
of solar-type stars. To use these data to address critical issues in stellar interior physics such
as convection, rotation and magnetic fields, independent fundamental measurements of stellar
properties from optical long-baseline interferometry (CHARA, NPOI and MROI) are required.

e The reach of galactic archeology using oscillating red giants will dramatically increase over the
coming decade, thanks to the wide coverage of space-based missions such as TESS, PLATO
and WFIRST. Next-generation spectroscopic surveys such as SDSS-V and MSE are essential
to provide spectroscopy for the millions of stars with high-precision space-based photometry.

e Ground-based radial velocities will enable the systematic extension of asteroseismology to dwarfs
cooler than the Sun, which are plagued by systematic errors in stellar models. US participation
in ground-based networks such as SONG and investments in high-precision RV spectrographs
on large telescopes such as KPF will be critical to push asteroseismology into this new frontier.
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