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Abstract: Transiting exoplanets offer a unique opportunity to study the atmospheres of terrestrial
worlds in other systems in the coming decade. By absorbing and scattering starlight, exoplanet
atmospheres produce spectroscopic transit depth variations that allow us to probe their physical
structures and chemical compositions. These same variations, however, can be introduced by the
photospheric heterogeneity of the host star (i.e., the transit light source effect). Recent modeling
efforts and increasingly precise observations are revealing that our understanding of transmission
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spectra of the smallest transiting exoplanets will likely be limited by our knowledge of host star
photospheres.

Here we outline promising scientific opportunities for the next decade that can provide useful
constraints on stellar photospheres and inform interpretations of transmission spectra of the small-
est (R < 4 R�) exoplanets. We identify and discuss four primary opportunities: (1) refining stellar
magnetic active region properties through exoplanet crossing events; (2) spectral decomposition
of active exoplanet host stars; (3) joint retrievals of stellar photospheric and planetary atmospheric
properties with studies of transmission spectra; and (4) continued visual transmission spectroscopy
studies to complement longer-wavelength studies from JWST .

In this context, we make four recommendations to the Astro2020 Decadal Survey Committee:
(1) identify the transit light source (TLS) effect as a challenge to precise exoplanet transmission
spectroscopy and an opportunity ripe for scientific advancement in the coming decade; (2) include
characterization of host star photospheric heterogeneity as part of a comprehensive research strat-
egy for studying transiting exoplanets; (3) support the construction of ground-based extremely
large telescopes (ELTs); (4) support multi-disciplinary research teams that bring together the he-
liophysics, stellar physics, and exoplanet communities to further exploit transiting exoplanets as
spatial probes of stellar photospheres; and (5) support visual transmission spectroscopy efforts as
complements to longer-wavelength observational campaigns with JWST .
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1 The Transit Light Source Effect

The last two decades have witnessed an explosion of theoretical and observational advances in
the study of exoplanet atmospheres. In large part, these advances have been enabled by exoplanet
transmission spectroscopy, the multiwavelength study of exoplanet transit depths This technique
probes the thin upper atmospheres of distant worlds and provides unprecedented insights into their
physical structures and chemical compositions. Observations of transiting exoplanets have char-
acterized atomic and molecular absorption (e.g., Charbonneau et al., 2002; Deming et al., 2013),
scattering processes in upper atmospheres (e.g., Lecavelier Des Etangs et al., 2008; Pont et al.,
2013), and the importance of clouds and hazes in shaping transmission spectra (e.g., Kreidberg
et al., 2014; Sing et al., 2016). The next decade promises even greater advancements in the char-
acterization of giant exoplanets and a revolution in studies of terrestrial exoplanet atmospheres.
TESS and focused ground-based transit surveys, such as MEarth (Nutzman & Charbonneau, 2008),
SPECULOOS (Delrez et al., 2018), and Project EDEN1, will discover small planets amenable for
atmospheric characterization; JWST and ground-based extremely large telescopes (ELTs) will de-
liver the collecting area, spectral coverage, and spectral resolution required to detect biomarkers
through transmission spectroscopy (Cowan et al., 2015; Schwieterman et al., 2018). If life beyond
Earth is ubiquitous, we will—for the first time in human history—be able to potentially detect it
(Seager, 2014), provided we can disentangle exoplanet atmospheric signatures from the intrinsic
“noise” of their host stars.

This caveat owes to recent modeling efforts and increasingly precise observations that have
underscored the impact of stellar photospheric heterogeneity on precise transmission spectra. In
particular, stellar magnetic active regions in the form of cool spots and hot faculae, present both
within and outside the transit chord, introduce strong signals that can alter the observed trans-
mission spectrum of an exoplanet (e.g., Sing et al., 2011; Pont et al., 2013; Oshagh et al., 2014;
McCullough et al., 2014; Rackham et al., 2017). Since we cannot directly measure the emergent
spectrum of the spatially resolved photospheric region that illuminates an exoplanet atmosphere
during a transit, we must instead adopt the spectrum of the out-of-transit stellar disk as our refer-
ence. Any difference between the disk-averaged spectrum and the spectrum of the transit chord—
the actual light source for the measurement—will be imprinted on the transmission spectrum that
we observe. The importance of this phenomenon, known as the transit light source (TLS) effect
(Rackham et al., 2018, 2019, Figure 1), was emphasized by the National Academies of Science,
Engineering, and Medicine in its Exoplanet Science Strategy Consensus Study Report (NASEM,
2018), which found that ”[u]nderstanding of exoplanets is limited by measurements of the proper-
ties of the parent stars, including [their]...emergent spectrum and variability” (p. S-5).

A detailed discussion of the TLS effect, its astrophysical origin, and its impact on exoplanet
characterization has been provided by Apai et al. (2018). That analysis identified three key ques-
tions that will be essential to address in order to develop a robust method of correcting transmission
spectra for the TLS effect, which we paraphrase as: (1) How do starspot and facula properties (size
distribution, temperature distribution, and spatial distribution) vary with spectral type and stellar
activity level? (2) What model components are required to describe TLS spectral signals due to
stellar heterogeneity? (3) What observations are required by stellar heterogeneity models to cal-
culate and predict TLS spectral signals for a given epoch? This white paper focuses on the science
opportunities in the coming decade to address these questions and mitigate the impact of stellar
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Figure 1: Schematic of the transit light source effect. Inhomogeneities in a stellar photosphere
introduce a spectral difference between the light that illuminates the exoplanet atmosphere during
a transit and the disk-integrated stellar spectrum, which provides the reference for measuring transit
depths. This spectral mismatch produces apparent transit depth variations that can mimic or mask
exoplanetary atmospheric features. From Rackham et al. (2018).

photospheric heterogeneity on exoplanet transmission spectroscopy. In the broader context of host
star characterization, this white paper complements separate, complementary papers on outstand-
ing questions and opportunities for host star characterization generally (Hinkel, 2019a) and stellar
abundances (Hinkel, 2019b).

2 Science Opportunities

While certainly not an exhaustive list, we identify four promising observational and data-analysis
techniques that can be further developed or exploited in the next ten years to advance our under-
standing of the photospheres of exoplanet host stars. These are detailed in the following sections.

2.1 Refining active region properties through exoplanet crossing events

Attempts to constrain the TLS effect are limited by our incomplete understanding of the proper-
ties of stellar magnetic active regions. In particular, uncertainties in the typical sizes, emergent
spectra, and spatial distributions of active regions drive the uncertainties in forward-modeling ap-
proaches to forecast TLS signals for typical exoplanet host stars (Rackham et al., 2018, 2019).
Fortunately, transiting exoplanets provide a spatial probe of stellar photospheres that can be lever-
aged to extract these properties. Transiting exoplanets may occult magnetic active regions in the
stellar photosphere, producing notable deviations in light curves from models of transits of uni-
form photospheres (Figure 2). The timing, duration, and amplitude of these active region crossing
events respectively encode the position, size, and contrast of active regions in the stellar photo-
sphere. In the past decade, this technique has enabled studies of the magnetic active regions in
exemplar systems, such as HD 189733 (Sing et al., 2011; Pont et al., 2013), HAT-P-11 (Béky
et al., 2014; Morris et al., 2017), and WASP-19 (Mancini et al., 2013; Espinoza et al., 2019). In the
next decade, future work can use the large datasets provided by Kepler and TESS and new analysis
tools, such as SPOTROD (Béky et al., 2014), StarSim (Herrero et al., 2016), and PyTransSpot
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