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ABSTRACT

Transmission spectroscopy provides a powerful probe of exoplanet atmospheres, enabling constraints on their compositions and structures. Recent advances in instrumentation and observational techniques have enabled detections of molecules in the
atmospheres of exoplanets as small as Neptune as well as provided constraints on
cloud properties for Earth-sized and super-Earth exoplanets. However, these precise
observations have also revealed that the heterogeneous nature of stellar photospheres
presents a significant challenge to high-precision transit depth determinations. This
owes to a fundamental limitation of the transmission spectroscopy technique, which
is that transiting exoplanet atmospheres are illuminated by a spatially resolved
region of the stellar photosphere, the spectrum of which we cannot directly measure. Any di↵erence between the out-of-transit disk-averaged emergent spectrum
of the star—our necessary reference by which we measure transit depths—and the
average emergent spectrum of the transit chord—the true light source for the transmission measurement—will imprint on the observed transmission spectrum. This
phenomenon is what I term the transit light source e↵ect.
In this thesis, I present my work to understand the transit light source e↵ect in
F to M dwarf systems and constrain stellar contamination signals in transmission
spectra from two M dwarf systems. I first describe a modeling e↵ort to constrain
spot and faculae covering fractions and the concomitant stellar contamination spectra on M dwarfs. I find that large covering fractions of active regions are possible for
typically active M dwarfs, and therefore stellar contamination signals can be likewise large and even overwhelm planetary atmospheric features produced by small
transiting planets. This is indeed what I find in two observational studies of transiting M dwarf systems: the M4.5V GJ 1214 system and the M8V TRAPPIST-1
system. I then expand the analysis to F5V to K9V spectral types, investigating stel-
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lar contamination signals with a model similar to that presented for M dwarfs. I find
that stellar contamination signals are much weaker for typical F to K dwarfs than
for M dwarfs, though signals are detectable in high-precision transmission spectra,
and active G and K dwarfs, in particular, can impart relatively large transit depth
changes. Finally, I summarize the findings of this thesis and conclude with a look
toward future prospects for disentangling stellar and planetary signals in exoplanet
transmission spectra.
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CHAPTER 1
Introduction

The fault, dear Brutus, is not in our stars,
But in ourselves, that we are underlings.
William Shakespeare, Julius Caesar

All difficulties are but easy when they are known.
William Shakespeare, Measure for Measure

The last decades have witnessed a revolution in the study of exoplanets. Since
the discovery of the first exoplanet orbiting a main-sequence star (Mayor and Queloz,
1995), the population of known exoplanets has exploded into many thousands.
While exoplanet detections result from a diversity of techniques, including radial velocity, direct imaging, and microlensing, this revolution has been fueled in large part
by detections of transiting exoplanets, which periodically pass in front of their host
stars, producing temporary dimming events. Ground-based transit surveys, such as
HATNet (Bakos et al., 2002), WASP (Street et al., 2003), and KELT (Pepper et al.,
2007), have detected hundreds of transiting exoplanets, the Kepler /K2 missions
(Borucki et al., 2010) have detected thousands, and the recently launched Transiting Exoplanet Survey Satellite (TESS ) mission (Ricker et al., 2015) is projected
to discover more than ten thousand (Barclay et al., 2018)—a truly unprecedented
bounty of worlds to study.
Besides their sheer numbers, transiting exoplanets are important because they
a↵ord us a wealth of information. Transit light curves can be used to determine
the planet-to-star radius ratio (Rp /Rs ) and the exoplanet’s orbital geometry. These
parameters allow for direct determinations of the exoplanet’s mass and radius and
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in turn place constraints on its bulk composition. The demographics of the exoplanet population revealed by large surveys like Kepler challenge theories of planet
formation and evolution, pointing to an increased importance of migration processes
(Ford, 2014) and photoevaporation (Fulton et al., 2017).
Arguably the most exciting and unique science enabled by transiting exoplanets
is the study of their atmospheres through transmission spectroscopy (Seager and
Sasselov, 2000; Brown, 2001; Hubbard et al., 2001), the multiwavelength study of
transits. Since the first detection of an exoplanet atmosphere (Charbonneau et al.,
2002), scores of exoplanetary atmospheres have been probed with this technique.
This work has revealed 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., 2014a; Sing et al.,
2016).
At the same time, increasingly precise observations have underscored the e↵ect
of host star photospheres on transmission spectra. Essentially, this owes to the fact
that stellar photospheres are not homogeneous but instead display heterogeneities
associated with magnetic active regions. Active regions that are occulted by the
transiting exoplanet produce time-resolved bumps in the light curve (e.g., Pont
et al., 2013), therefore altering the observed transit depths if not properly taken into
account. On the other hand, unocculted heterogeneities alter observed transit depths
in a more pernicious manner by introducing a di↵erence between the spectrum of
the transit light chord—the light source for the transmission measurement—and
the integrated stellar disk (e.g., Pont et al., 2008; Berta et al., 2011; Sing et al.,
2011b), which is necessarily used as a reference for determining the transit depth.
Mounting evidence shows the e↵ects of stellar heterogeneity on transit observations
(e.g., McCullough et al., 2014; Oshagh et al., 2014; Llama and Shkolnik, 2015);
therefore, looking toward the future, disentangling stellar and planetary signals in
exoplanet transmission spectra emerges as a significant challenge.
This thesis aims to shed light on the transit light source e↵ect—the imprint-
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ing of spectral features on transmission spectra due to the heterogeneity of stellar
photospheres—and in doing so, improve our understanding of the e↵ects of stellar
activity on transit observations. As such, it bridges two primary astrophysical topics: transmission spectroscopy of exoplanet atmospheres and stellar photospheric
heterogeneity. These subjects are introduced in Section 1.1 and 1.2, respectively.
Following these introductions, Section 1.3 outlines the components of this thesis.
1.1

Transmission Spectroscopy of Exoplanet Atmospheres

1.1.1

Overview of the Technique

Transiting exoplanets are distinguished from the wider population of exoplanets by
their favorable orbital geometry: once per orbit, they pass directly in front of their
host stars from our point of view (Figure 1.1). During such a transit event, the
shadow of the exoplanet temporarily decreases the amount of light that we receive
from the host star. In the absence of limb darkening, this flux decrement is given
by the square of ratio of the planetary radius Rp and stellar radius Rs ,
D=

✓

Rp
Rs

◆2

,

(1.1)

a quantity commonly referred to as the transit depth. The true flux decrement
is a complicated function of the limb darkening profile of the stellar disk and the
exoplanet’s impact parameter b—which in turn depends on the inclination i and
eccentricity e of the orbit and the system scale or ratio of the semimajor axis to
the stellar radius a/Rs (Mandel and Agol, 2002)—all of which must be taken into
account when deriving D from the transit light curve.
The upshot of this complex dependence on orbital geometry is that model fits
to transit light curves constrain many orbital parameters. In particular, constraints
on i are useful because they break a common degeneracy in radial velocity measurements of exoplanet orbits, enabling measurements—rather than simply lower
limits—of exoplanets’ masses. Combined with radius measurements from transit
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Figure 3. Unique constraints on the atmospheric properties based on observables in the transmission spectrum. The transmission spectrum of an atmosphere with n
relevant absorbers contains n + 4 independent pieces of information that constrain the n mixing ratios of these absorbers, up to two mixing ratios of the two spectrally
inactive components H2 +He and N2 , the planetary radius at a reference pressure level, RP ,10 , and the surface/cloud-top pressure. The left panel illustrates conceptually
the individual observables in the transmission spectrum that carry the n+4 pieces of information for an example with n = 3 absorbers. For well-mixed atmospheres,
the three observables “slope of the Rayleigh signature,” “shapes of individual features,” and “relative transit depths in features of same molecule” are redundant
and provide only one independent piece of information. Note that to uniquely constrain any of the n + 4 atmospheric properties on the far right, all n + 4 pieces of
information need to be available, unless additional assumptions are made.
(A color version of this figure is available in the online journal.)

Figure 1.2: Example of a model exoplanet transmission spectrum and the constraints
it a↵ords. From Benneke and Seager (2012).
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which simplifies to

2Rp nH H + (nH H)2
D=
.
Rs2
Considering that nH ' 1 and H ⌧ Rp , this can be further simplified to
D'

2Rp nH H
.
Rs2

(1.4)

(1.5)

For a hot Jupiter orbiting a Sun-like star (D = 0.01, T = 1200 K, µ = 2 amu,
g = 250 cm/s2 ), the scale of a feature covering two scale heights (nH = 2) is

D⇠

10 4 . The same feature for Earth-like planet orbiting a Sun-like star (D = 8 ⇥ 10 5 ,
T = 270 K, µ = 28 amu, g = 980 cm/s2 ) has a scale of

D ⇠ 10 6 .

State-of-the-art observations can reach a precision on transit depth measurements of 30 ppm (Kreidberg et al., 2014a), enabling routine observations of atmospheric features in hot Jupiters (e.g., Sing et al., 2016) but leaving transmission
spectra of Earth-Sun analog systems out of reach for the foreseeable future. However, since

D scales inversely with the square of the stellar radius, larger transmis-

sion signals are possible for systems with smaller host stars. Considering that M9
dwarfs have radii of Rs = 0.08R , scaling from the calculation for the Earth-Sun
analog system shows that transmission signals for temperate rocky planets orbiting
the coolest main sequence stars can be as large as

D ⇠ 150 ppm—well within the

capabilities of modern instrumentation. This small-star advantage has prompted a
considerable focus on observations of systems with later-spectral-type host stars in
the transmission spectroscopy literature to date.
1.1.2

Observational Insights

Starting with the first detection of an exoplanet atmosphere (Charbonneau et al.,
2002), transmission spectra have provided a wealth of information on the compositions and structures of exoplanet atmospheres. Early models predicted that the
strong atomic lines of H and He and the strongly pressure-broadened resonance
doublets of the alkali metals Na and K would produce prominent absorption features during transits of giant exoplanets, assuming their atmospheres are similar
to those of brown dwarfs (Seager and Sasselov, 2000; Brown, 2001; Hubbard et al.,
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2001). Subsequently, detections have been made of atmospheres with Na i absorption (Charbonneau et al., 2002), K i absorption (Sing et al., 2011a, 2015), and both
Na i and K i absorption (Sing et al., 2012). Excess absorption at Lyman ↵ during
transit points to an extended halo of atomic H surrounding HD 209458b that is
eroding at a rate of ⇠ 1010 g/s (Vidal-Madjar et al., 2003). More recently, Spake

et al. (2018) detected excess absorption at the He i 10,830 Å triplet during a transit
of WASP-107b, suggesting that this highly irradiated super-Neptune is losing mass
through its extended atmosphere at a rate of 1010 to 3 ⇥ 1011 g/s—or 0.1–0.4% of
its planetary mass every billion years.

Water absorption in exoplanet atmospheres is another early prediction of models that is now routinely observed.

After the first pioneering detections with

Spitzer /IRAC during the Spitzer cold mission (Tinetti et al., 2007), HST /WFC3
has become the workhorse instrument for this science. Using the G141 grism, which
provides 1.1—1.7 µm spectra that cover a strong water absorption band at 1.4 µm
(Figure 1.3), water absorption has been measured in the atmospheres of more than
a dozen giant exoplanets (Deming et al., 2013; Huitson et al., 2013; Mandell et al.,
2013; McCullough et al., 2014; Wakeford et al., 2013, 2016; Kreidberg et al., 2014b,
2015; Evans et al., 2016). Given their large signals, most observations to date have
focused on hot Jupiters. However, more recent studies have pushed the envelope of
the studied parameter space to lower masses, resulting in detections of water in the
atmospheres of the Neptune-mass exoplanets HAT-P-11b (Fraine et al., 2014) and
HAT-P-26b (Wakeford et al., 2017).
In addition to water absorption, opacity from TiO/VO has been identified as
an important factor in exoplanet atmospheres. In ultra-hot (T > 2200 K) Jupiters,
TiO/VO absorption has been predicted to lead to stratospheres (i.e., inversions
in temperature-pressure profiles), leading to anomalously bright daysides that feature molecular bands in emission as observed through secondary eclipse observations (Fortney et al., 2008). Studying an archetypal ultra-hot Jupiter, WASP-121b,
Evans et al. (2016) found that its transmission spectrum demonstrates evidence
for TiO/VO absorption. Follow-up thermal emission observations of WASP-121b

September 10

Deming et al.
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Figure 1.3: HST /WFC3 transmission spectrum of the archetypal hot Jupiter
HD 209458b, showing an increase in transit depth at 1.4 µm indicative of water
absorption in the planetary atmosphere. Adapted from Deming et al. (2013).
later confirmed that it does indeed show molecular bands in emission and therefore
possess a hot stratosphere (Evans et al., 2017).
In the body of work on exoplanet transmission spectra, clouds and hazes have
emerged as significant contributors that shape the observed spectra. In fact, even
in the first detection of an exoplanet atmosphere, Charbonneau et al. (2002) found
that the strength of the Na i absorption feature was weaker than model predic-

tions. They argued this could be attributed to several possibilities, including a low
ry transmission spectra.
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high-metallicity (and thus small-scale-height) atmosphere or high-altitude clouds or
hazes (Bean et al., 2010; Berta et al., 2012). In an extensive follow-up e↵ort, Kreidberg et al. (2014a) found that the exceedingly flat near-infrared (NIR) spectrum
of GJ 1214b—which shows no spectral features greater than 30 ppm—points to
high-altitude opacity from clouds or hazes that preclude measurements of its deep
atmosphere.
Beyond detailed studies of interesting individual planets, further insights are
possible with comparative studies of larger samples of transmission spectra. Sing
et al. (2016) studied a comparative sample of transmission spectra from 10 hot
Jupiters, which demonstrate a range of amplitudes of water absorption at 1.4 µm
as observed with HST/WFC3. They concluded that the di↵ering water amplitudes
result from a range of clear to cloudy atmospheres—not from primordial abundance
di↵erences—and found that the di↵erent atmosphere types can be distinguished
by the di↵erence between the apparent size of the planet at optical and infrared
wavelengths (Figure 1.4). Crossfield and Kreidberg (2017) applied a similar analysis
to a sample of six warm Neptunes. They identified trends in the amplitude of the
1.4 µm absorption feature with planetary equilibrium temperature and planetary
radius, which could suggest that cool atmospheres possess more clouds or hazes or,
alternatively, that smaller planets in this radius range tend to have higher-metallicity
atmospheres.
The Arizona-CfA-Católica-Carnegie Exoplanet Spectroscopy Survey (ACCESS)
is building upon the results of comparative surveys like these by providing a large,
comparative sample of optical transmission spectra. These spectra probe strong
atomic absorbers and cloud properties (Heng, 2016), providing crucial inputs to interpretations of NIR molecular absorption features. Furthermore, recent advances
in observational and data analysis strategies have enabled transmission spectra with
HST /STIS-like precisions to be collected from ground-based 6- and 8-m-class telescopes at a cost lower than that of space-based observations (Jordán et al., 2013;
Nikolov et al., 2016, 2018; Sedaghati et al., 2017). In this thesis, I present an optical
spectrum of the sub-Neptune GJ 1214b, the first result from a large, comparative
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2K ⇥ 4K 15 µm E2V CCDs. Given their di↵ering plate scales, the f /2 detector
takes advantage of the full 270 -diameter field of the f /2 camera, though the field

is vignetted beyond the central 240 , while the f /4 detector utilizes a smaller but
fully illuminated 15.4 ⇥ 15.4 arcmin field delivered by the f /4 camera. The f /2 and
f /4 cameras o↵er a suite of grisms and gratings, respectively, and each utilizes an

identical set of filters. Together, the two cameras of IMACS enable a wide array
of observations at wavelengths of 3650–10000 Å, including wide-field imaging and
spectroscopy at spectral resolutions of 20 < R < 20000. In addition, IMACS has
four accessory modules, including an integral field unit, a multi-object echelle mode,
a full-field tunable filter, and an image-slicing reformator.
In particular, IMACS’s multi-object spectroscopy mode makes it one of the premier instruments for optical transmission spectroscopy of exoplanets. In this mode,
which is available for both cameras, users design custom multi-slit masks that can
be used to collect spectra simultaneously from many stars over a wide field of view.
This capability is essential for ground-based transmission spectroscopy, which must
contend with time-varying changes in Earth’s atmosphere in addition to instrumental systematics in order to isolate and study changes in flux at the 10

4

level. To

that end, ground-based transit observations gather spectra from an exoplanet host
star and suitable reference stars simultaneously, using the reference stars as a control
sample to identify and remove common time-varying signals from the target light
curve. Custom masks can also be designed with non-standard, wide slits (> 10”),
which are necessary to minimize slit losses for these precision measurements. Detailed multi-slit design considerations for transmission spectroscopy with IMACS
are given in Section 3.2.2.
1.2

Stellar Photospheric Heterogeneity

All transmission spectroscopy observations must contend with the fact that stars
are an imperfect light source for precision measurements. This owes to the fact
that during a transit, an exoplanet atmosphere is illuminated by a spatially resolved
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region of the stellar photosphere, for which we cannot directly measure the spectrum.
By necessity, transit observations adopt the out-of-transit spectrum of the star as the
reference against which we search for in-transit spectral changes due to the exoplanet
atmosphere. However, any spectral mismatch between the emergent spectrum of
the transit chord—the true light source for the transmission measurement—and
that of the integrated stellar disk—the assumed light source—will be imprinted on
the observed transmission spectrum. This encoding of stellar spectral features in
transmission spectra is what I term the transit light source e↵ect.
It is in this context that stellar photospheric heterogeneity enters as an important
consideration for exoplanet transmission spectroscopy. While stars with convective
outer layers (mid-F and later) show spatial inhomogeneities in the form of bright,
upwelling granules and cooler intergranular lanes, the most important form of stellar photospheric heterogeneity is that imparted by magnetic active regions. Both
dark spots and bright faculae1 a↵ect exoplanet transmission spectra. In the following, I provide brief discussions of the origin of these magnetic active regions, their
properties, and their e↵ects on transit observations.
1.2.1

Magnetic Active Regions

Spots and faculae are magnetic phenomena found in the photospheres of stars with
outer convective layers. They are driven by magnetic fields that originate in the complex interplay between the convecting, electrically conducting plasma that makes up
the convective envelope and the di↵erential rotation of the star itself (Ruzmaikin,
2001). When magnetic flux tubes rise through the convective envelope and emerge
above the photosphere, they create a pair of dark features with suppressed convection and opposite magnetic polarities (Parker, 1955; Babcock, 1961). On the Sun
(Figure 1.5), the smallest flux tubes (⇠ 150 km) manifest as bright faculae, while
slightly larger ones (⇠ 1000 km) produce pores that appear dark at disk center and
as bright faculae near the limb, where the viewing geometry reveals the bright walls
1

I use the term faculae as a catch-all to describe bright magnetic active regions, including

faculae, plages, and magnetic bright points.
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Figure 1.5: The Sun as seen by the MDI instrument on the Solar and Heliospheric
Observatory. Large sunspots are apparent across the disk; brightening from faculae
is most apparent near the limb (Credit: NASA/SOHO).
of the flux tube (Spruit, 1976). A similar projection e↵ect produces facular brightening on the centerward sides of granules, leading to the extended network of faculae
observed across the solar disk (Keller et al., 2004; Lites et al., 2004). Large bundles
of flux tubes coalesce to produce dark spots (Zwaan, 1978), which tend to recur at
the same locations, resulting in large clusters of active regions that typically persist
for three to six solar rotations (⇠70–150 days, Gaizauskas et al., 1983).
The sizes and contrasts of spots on other stars can be probed by a variety of
techniques, though each have their limitations. Light curve modeling of rotational
brightness variations can be used to identify spotted stars (e.g., Budding, 1977;
Vogt, 1981; Dorren, 1987), though the contrasts and covering fractions of the spots
are fully degenerate in single-band light curves. Multi-band light curve modeling
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Figure 1.6: Observed spot temperature as a function of photosphere temperature
Figure 7: Spot temperature contrast with respect to the photospheric temperature in active giants
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techniques and identified a trend of larger contrasts for hotter stars (Figure 1.6). A
linear fit to the data plotted in her Table 5, excluding the outliers of EK Dra and
the solar penumbra, gives
Tspot = 0.418 ⇥ Tphot + 1620 K,

(1.6)

in which both the spot temperature Tspot and photosphere temperature Tphot are
given in Kelvin. This relation suggests a range of typical spot temperature contrasts
from about 2000 K in G0 stars to 200 K in M4 stars. Spot filling factors, on the
other hand, range anywhere from ⇠1% for the Sun (Shapiro et al., 2014) to as high
as ⇠80% for active and young stars (Gully-Santiago et al., 2017). Doppler imaging

reveals spots at all latitudes (Strassmeier, 2009) and light curve analyses show that
cool stars and slowly rotating stars tend to have larger and more long-lived spots
(Giles et al., 2017).
By contrast, the parameters of faculae—even on the Sun—are far less well understood. On the Sun, which displays a well-known 11-year solar activity cycle
(Maunder, 1904), facula covering fractions range from ⇠0.36% at solar minimum

(when the spot covering fraction is smallest) to 3% at solar maximum (when the
spot covering fraction is largest) (Shapiro et al., 2014). Changes in facular coverage cause the total solar irradiance to increase at solar maximum (Fröhlich, 2002;
Walton et al., 2003), even though the Sun is at its most spotted. Faculae dominate
the brightness variations of the Sun over the solar activity cycle for all viewing angles; for out-of-ecliptic viewing angles (i < 45 ), they would dominate the rotational
brightness variations of the Sun as well (Shapiro et al., 2016). This owes to the fact
that faculae do not display a clear latitudinal dependence on the Sun, but instead
can be found in association with spots at low latitudes or alone in polar regions
(Makarov and Makarova, 1996).
The limited knowledge that we have of faculae on other stars suggests overall
similar parameters and e↵ects. Magnetohydrodynamics modeling shows that faculae
display a complex dependence on disk position on magnetic field strength (Norris
et al., 2017). As on the Sun, faculae seem to dominate long-term brightness varia-
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tions on Sun-like stars in the Kepler sample, as long as they have rotation periods
comparable to or longer than the Sun’s (Montet et al., 2017). Light curve modeling of young active dwarfs suggests that the facula-to-spot areal ratio decreases for
stars more active than the Sun (Gondoin, 2008), a result in agreement with how
this ratio evolves on the Sun between solar minima and maxima. While the facula
covering fraction is larger at solar maximum than at solar minimum, it increases less
dramatically than the spot covering fraction over the solar activity cycle (Shapiro
et al., 2014), leading to a decrease in the facula-to-spot areal ratio when the Sun is
most active.
1.2.2

Impacts on Transit Observations

While stellar magnetic activity is a large and interesting field of study in its own
right, this thesis primarily deals with active regions in the context of their impacts
on transit observations. Active regions both inside and outside the transit chord
impact observations of transiting exoplanets by introducing a di↵erence between the
actual light source for the measurement and the necessary reference light source.
The impact of active regions within the transit chord is relatively straightforward
to identify and take into account, as they produce time-resolved features in light
curves that encode the size and contrast of the active regions (Béky et al., 2014),
enabling corrections for their impact (e.g., Espinoza et al., 2018).2 The impact of
active regions outside the transit chord—which cannot be directly detected in transit
observations—remains far more problematic and is the focus of this thesis.
We can gain some intuition about the e↵ect of unocculted heterogeneities by
returning to the derivation of the flux decrement. Equation 1.1 shows that the flux
decrement is given by the square of the planet-to-star radius ratio. However, in a
more thorough analysis, we see that even when still neglecting limb darkening, the
2

Although large populations of small or low-contrast active regions within the transit chord

could be troublesome, since they can bias transit depths while not producing detectable timeresolved crossing events (Mallonn et al., 2018).
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observed flux decrement or transit depth Dobs depends on more parameters:
Dobs =

1

Fin
Fout

=

⇡Rp2 Sp
.
⇡Rs2 Ss

(1.7)

In this expression, the out-of-transit flux Fout is given by the area of the projected
stellar disk ⇡Rs2 multiplied by the emergent stellar spectrum per unit area Ss , while
the di↵erence between that quantity and the in-transit flux is given by the area
of the projected planetary disk ⇡Rp2 multiplied by the emergent spectrum per unit
area blocked by the planet Sp . The implicit wavelength-dependence of the spectra
is suppressed for clarity. In the case that Sp = Ss , this expression simplifies to
Equation 1.1. In the case that the planetary disk occults a region with a spectrum
typical of the photosphere Sphot , while a distinct emergent spectrum of an unocculted
heterogeneity Shet is present elsewhere on the disk, Dobs becomes
Dobs =

1

Fin
Fout

=

⇡Rs2 [(1

⇡Rp2 Sphot
,
fhet )Sphot + fhet Shet ]

(1.8)

in which fhet is the fraction of the disk represented by Shet . Dividing by Sphot and
simplifying terms gives
Dobs =

1

1
fhet (1

Shet
)
Sphot

D,

(1.9)

in which I have also substituted the square of the radius ratio for the nominal
transit depth using Equation 1.1 (see also McCullough et al., 2014). In the limit
that fhet = 0, Dobs = D. Similarly, if Shet = Sphot , Dobs = D. When fhet > 0,
observed transit depths will be larger than D when the heterogeneity is dimmer
than the transit chord (Shet < Sphot )—i.e., in the case of unocculted spots—and
they will be smaller when the heterogeneity is brighter (Shet > Sphot )—i.e., in the
case of unocculted faculae.
1.3

Thesis Outline

In this thesis, I present my work on understanding the extent to which stellar heterogeneity a↵ects exoplanet transmission spectra and constraining stellar contamination signals in transit observations of two M-dwarf systems. Chapter 2 details my
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work on modeling active regions on typical M dwarfs and predicting their e↵ects on
transmission spectra. Chapter 3 describes an analysis of the optical transmission
spectrum of the transiting sub-Neptune GJ 1214b, which I find to be significantly
a↵ected by stellar heterogeneity. Chapter 4 presents the NIR transmission spectra of
TRAPPIST-1 b–g, six roughly Earth-sized exoplanets transiting an ultracool dwarf.
In the analysis that I led as part of this work (Section 4.6), I find that the combined
spectrum of these planets is shaped by a common stellar signal, possibly pointing
to an unocculted polar spot on TRAPPIST-1. Chapter 5 expands on the modeling
work presented in Chapter 2, extending it to spectral types F5V to K9V. Finally,
Chapter 6 summarizes the conclusions from these studies and discusses prospects
for future work.
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CHAPTER 2
The Transit Light Source E↵ect: False Spectral Features and Incorrect Densities
for M-dwarf Transiting Planets†

Transmission spectra are di↵erential measurements that utilize stellar illumination
to probe transiting exoplanet atmospheres. Any spectral di↵erence between the illuminating light source and the disk-integrated stellar spectrum due to starspots
and faculae will be imprinted in the observed transmission spectrum. However, few
constraints exist for the extent of photospheric heterogeneities in M dwarfs. Here
we model spot and faculae covering fractions consistent with observed photometric variabilities for M dwarfs and the associated 0.3–5.5 µm stellar contamination
spectra. We find that large ranges of spot and faculae covering fractions are consistent with observations and corrections assuming a linear relation between variability
amplitude and covering fractions generally underestimate the stellar contamination.
Using realistic estimates for spot and faculae covering fractions, we find stellar contamination can be more than 10⇥ larger than transit depth changes expected for
atmospheric features in rocky exoplanets. We also find that stellar spectral contamination can lead to systematic errors in radius and therefore in the derived density of
small planets. In the case of the TRAPPIST-1 system, we show that TRAPPIST-1’s
rotational variability is consistent with spot covering fractions fspot = 8+18
7 % and
faculae covering fractions ffac = 54+16
46 %. The associated stellar contamination signals alter transit depths of the TRAPPIST-1 planets at wavelengths of interest for
planetary atmospheric species by roughly 1–15 ⇥ the strength of planetary features,

significantly complicating JWST follow-up observations of this system. Similarly,
we find that stellar contamination can lead to underestimates of bulk densities of
the TRAPPIST-1 planets of

(⇢) =

3+38 %, thus leading to overestimates of their

volatile contents.
†

This chapter has been published previously as Rackham et al. (2018).
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2.1

Introduction

Transmission spectroscopy, the multiwavelength study of transits that reveals the
apparent size of the exoplanet as a function of wavelength (e.g., Seager and Sasselov,
2000; Brown, 2001), provides the best opportunity to study the atmospheres of small
and cool exoplanets in the coming decades. During a transit, exoplanets appear
larger at some wavelengths due to absorption or scattering of starlight by their
atmospheres. The scale of the signal depends inversely on the square of the stellar
radius (Miller-Ricci et al., 2009), prompting a focus on studying exoplanets around
M-dwarf stars.
A rapidly growing number of exciting M-dwarf exoplanet systems hosting superEarth and Earth-mass planets have been discovered to date, including GJ 1132b
(Berta-Thompson et al., 2015), LHS 1140b (Dittmann et al., 2017), and the
TRAPPIST-1 system (Gillon et al., 2016, 2017; Luger et al., 2017), an ultracool
dwarf only 12 pc away hosting a system of seven transiting Earth-sized planets.
The low densities of the TRAPPIST-1 planets may indicate high volatile contents,
and as many as three of them may have surface temperatures temperate enough
for long-lived liquid water to exist (Gillon et al., 2017). Frequent flaring (Vida
et al., 2017) and strong XUV radiation from the host star (Wheatley et al., 2017),
however, can lead to significant water loss for these planets (Bolmont et al., 2017),
and 3D climate modeling suggests TRAPPIST-1e provides the best opportunity for
present-day surface water and an Earth-like temperature in the system (Wolf, 2017).
While M-dwarf exoplanets provide an excellent opportunity to study small and
cool exoplanets (Barstow and Irwin, 2016a), they also represent a significant challenge. Spots with covering fractions as low as 1% on M dwarfs introduce radial
velocity jitter that can mask the presence of habitable-zone Earth-sized exoplanets (Andersen and Korhonen, 2015). Variability monitoring suggests 1–3% of M
dwarfs have spot covering fractions of 10% or more (Goulding et al., 2012). In addition to radial velocity jitter, unocculted spots also introduce errors in wavelengthdependent planetary radii recovered from transit observations (e.g., Pont et al.,
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The Transit Light Source Effect
Pre-transit Stellar Disk is the
Assumed Light Source

Spectral Difference due to
Different Spot/Faculae
Contributions Contaminates
Transit Spectrum

Observed Transit Spectrum
True Planetary Spectrum

Actual Light Source is the Chord
Defined by the Planet’s Projection

Figure 2.1: Schematic of the transit light source e↵ect. During a transit, exoplanet
atmospheres are illuminated by the portion of a stellar photosphere immediately
behind the exoplanet from the point of view of the observed. Changes in transit
depth must be measured relative to the spectrum of this light source. However,
the light source is generally assumed to be the disk-integrated spectrum of the star.
Any di↵erences between the assumed and actual light sources will lead to apparent
variations in transit depth.
2008). Given the dependence of density calculations on measurements of exoplanet
radii (⇢ / R 3 ), any errors in radius determination are amplified by a factor of 3 in

the estimate of the exoplanet bulk density and can lead to significant consequences
for the development of accurate exoplanet models.
Unocculted spots are one manifestation of a generic issue with transit observations that we term the “transit light source e↵ect” (Figure 2.1): any transmission
spectroscopic measurement relies on measuring the di↵erence between the incident
and transmitted light to identify the absorbers present in the media studied (e.g.,
Seager and Sasselov, 2000). The level of accuracy with which the incident spectrum
is known will directly determine the level of accuracy with which the transmitted
light is understood. In the transiting exoplanet case, the incident light is measured
by observing the disk-integrated stellar spectrum before the transit (e.g., Brown,
2001), the assumption being that the disk-integrated spectrum is identical to the
light incident on the planetary atmosphere. However, this is only an approximation:
the planet is not occulting the entire stellar disk but only a small region within the
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transit chord at a given time. Thus, the light source for the transmission measurement is a small time-varying annulus within the stellar disk defined by the planet’s
projection, the spectrum of which may di↵er significantly from the disk-averaged
spectrum. Such di↵erences are expected due to the fact that stellar atmospheres are
rarely perfectly homogeneous, as illustrated by spatially resolved observations of the
Sun (e.g., Llama and Shkolnik, 2015, 2016). Cool stellar spots (umbra and penumbra), hot faculae, and even latitudinal temperature gradients will result in a spectral
mismatch, even if some of these will not be evident in broadband photometric light
curves.
The Sun displays a clear latitudinal dependence of active regions that gives rise
to the so-called butterfly diagram (Maunder, 1922; Babcock, 1961; Mandal et al.,
2017). Transiting exoplanets have been proposed to be tools to probe the latitudinal
and temporal distributions of active regions in other stars (Dittmann et al., 2009;
Llama et al., 2012). High-resolution transit observations can be used to spatially
resolve the emergent stellar spectrum along the transit path of the planet (Cauley
et al., 2017; Dravins et al., 2017a,b). Morris et al. (2017) recently utilized the
highly misaligned exoplanet HAT-P-11b to probe the starspot radii and latitudinal
distribution of its K4 dwarf host star and found that, much like the Sun, spots on
HAT-P-11 emerge preferentially at two low latitudes. In general, however, orbital
planes of transiting exoplanets tend to be more aligned with stellar rotation axes
than that of HAT-P-11b, displaying obliquities of . 20 (Winn et al., 2017). To
complicate matters further, unlike the Sun and HAT-P-11, M dwarfs may exhibit
spots at all latitudes (Barnes et al., 2001). Thus, stellar latitudes sampled by transit
chords may not provide a representative picture of photospheric active regions.
Correcting transmission spectra for photospheric heterogeneities within the transit chord, such as spots (e.g., Pont et al., 2013; Llama and Shkolnik, 2015) and faculae (Oshagh et al., 2014), is possible, provided they are large enough to produce an
observable change in the light curve during the transit. Modulations in the shape of
the transit light curve can be used to constrain the temperature (Sing et al., 2011b)
and size (Béky et al., 2014) of the occulted photospheric feature, which determine
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its contribution to the transmission spectrum, or more simply, time points including the crossing event may be excluded from the transit fit (e.g., Pont et al., 2008;
Carter et al., 2011; Narita et al., 2013).
Unocculted heterogeneities, however, represent a more pathological manifestation of the transit light source e↵ect because they do not produce temporal changes
in the observed light curve. Previous attempts to correct for unocculted photospheric features have largely relied on photometric monitoring of the exoplanet host
star to ascertain the extent of photospheric heterogeneities present (Pont et al.,
2008, 2013; Berta et al., 2011; Désert et al., 2011; Sing et al., 2011b; Knutson et al.,
2012; Narita et al., 2013; Nascimbeni et al., 2015; Zellem et al., 2015). This approach is limited in two respects: (1) rotational variability monitoring traces only
the nonaxisymmetric component of the stellar heterogeneity (Jackson and Je↵ries,
2012), i.e., any persistent, underlying level of heterogeneity will not be detectable
with variability monitoring; and (2) the source of the variability is commonly assumed to be a single giant spot, the size of which scales linearly with the variability
amplitude, an assumption that provides only a lower limit on the extent of active
regions.
Zellem et al. (2017) presented a novel method to remove relative changes in the
stellar contribution to individual transits utilizing the out-of-transit data flanking
each transit observation. The strength of this approach lies in that it does not
require additional measurements to provide a relative correction for di↵erences in
spot and faculae covering fractions between observations. However, as with other
variability-based techniques, this approach cannot correct for any persistent level
of spots or faculae that may be present in all observations and can strongly alter
transmission spectra (McCullough et al., 2014; Rackham et al., 2017).
Useful constraints on spot and faculae covering fractions are hindered by observational and theoretical limits on our knowledge of stellar photospheres. On the
Sun, the disk passage of sunspots can produce relative declines in the solar total irradiance in the range of ⇠0.1%–0.3% (e.g., Kopp et al., 2005). By contrast,

field mid-to-late M dwarfs (M < 0.35 M ) with detectable rotation periods display
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rotational modulations with semi-amplitudes of 0.5–1.0% (Newton et al., 2016), corresponding to peak-to-trough variability full amplitudes of 1–2%. Thus, variability
amplitudes in M dwarfs are roughly an order of magnitude larger than in the Sun.
Despite the clear importance of constraining spot and faculae covering fractions
for exoplanet host stars, a systematic attempt to connect observed variabilities to
covering fractions and thus stellar contamination signals is absent in the literature
on transmission spectroscopy.
In this work, we employ a forward-modeling approach to explore the range of
spot covering fractions consistent with observed photometric variabilities for field
M-dwarf stars and their associated e↵ects on visual and near-infrared (0.3–5.5 µm)
planetary transmission spectra. In Section 2.2, we detail our model for placing constraints on spot and faculae covering fractions and their associated stellar contamination spectra. Section 2.3 provides the modeling results. We place our results in
the context of observational attempts to constrain stellar heterogeneity and examine
their impact on transmission spectra and density estimates of M-dwarf exoplanets
in Section 2.4, including a focused discussion of the TRAPPIST-1 system. Finally,
we summarize our conclusions in Section 2.5.
2.2
2.2.1

Methods
Synthetic Stellar Spectra

We employed the PHOENIX (Husser et al., 2013) and DRIFT-PHOENIX (Witte
et al., 2011) stellar spectral model grids to generate spectra for the immaculate
photospheres, spots, and faculae of main-sequence M dwarfs with spectral types
from M0V to M9V. Both model grids are based on the stellar atmosphere code
PHOENIX (Hauschildt and Baron, 1999), with the DRIFT-PHOENIX model grids
including additional physics describing the formation and condensation of mineral
dust clouds (Woitke and Helling, 2003, 2004; Helling and Woitke, 2006; Helling
et al., 2008a,b; Witte et al., 2009) that is applicable to late-M dwarfs and brown
dwarfs. We considered models with solar metallicity ([Fe/H] = 0.0) and no ↵-element
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enrichment ([↵/Fe] = 0.0). We linearly interpolated between spectra in the grids
to produce 0.3–5.5 µm model spectra for the surface gravities and temperatures we
required.
The implicit assumption with this approach is that the emergent spectrum from
distinct components of a stellar photosphere, such as the immaculate photosphere,
spots, and faculae, can be approximated by models of disk-integrated stellar spectra
of di↵erent temperatures. This approximation is commonly used in transit spectroscopy studies to constrain the contribution of unocculted photospheric heterogeneities to exoplanet transmission spectra (Pont et al., 2008, 2013; Sing et al.,
2011b, 2016; Huitson et al., 2013; Jordán et al., 2013; Fraine et al., 2014; Rackham
et al., 2017). However, this simplification neglects the dependence of the spectra
of photospheric heterogeneities on magnetic field strength and limb distance, both
of which modulate the emergent spectra of magnetic surface features (Norris et al.,
2017). Nonetheless, we adopt the simplifying assumption of parameterizing component spectra by temperature and note that future e↵orts may benefit from the
increased realism of 3D magnetohydrodynamics models.
Table 2.1 lists our adopted stellar parameters. For each spectral type, we calculated the surface gravity g from the stellar masses and radii summarized by Kaltenegger and Traub (2009) and adopted the stellar e↵ective temperature from that same
work as the photosphere temperature Tphot .

Following Afram and Berdyugina

(2015), we adopted the relation Tspot = 0.86 ⇥ Tphot , in which Tspot is the spot
temperature. We adopted the scaling relation Tfac = Tphot + 100 K (Gondoin, 2008)

for the facula temperature. Although there are uncertainties in the scaling relations
of starspots and faculae, we do not expect our general results to be sensitive to
the adopted relations. The temperature ranges of the spectral grids allowed us to
simulate photosphere, spot, and facula spectra for spectral types M0V–M5V with
the PHOENIX model grid and M5V–M9V with the DRIFT-PHOENIX model grid.
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Table 2.1. Adopted Stellar Parameters

Sp. Type

Tphot (K)

Tspot (K)

Tfac (K)

log g (cgs)

M0V

3800

3268

3900

4.7

M1V

3600

3096

3700

4.7

M2V

3400

2924

3500

4.8

M3V

3250

2795

3350

4.9

M4V

3100

2666

3200

5.3

M5V

2800

2408

2900

5.4

M6V

2600

2236

2700

5.6

M7V

2500

2150

2600

5.6

M8V

2400

2064

2500

5.7

M9V

2300

1978

2400

5.6

Note. — The photosphere temperature Tphot , spot temperature Tspot , facula temperature Tfac , and surface gravity log g
we adopt for each M-dwarf spectral type are listed.
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2.2.2

Spot Covering Fraction and Variability Amplitude Relation

We explored the range of spot covering fractions consistent with an observed 1%
I -band variability full amplitude for each spectral type. We modeled the stellar
photosphere using a rectangular grid with a resolution of 180 ⇥ 360 pixels. We

initialized the model with an immaculate photosphere, setting the value of each
resolution element to the flux of the photosphere spectrum integrated over Bessel
I -band response1 . Likewise, when adding spots or faculae to the model, we utilized
the integrated I -band fluxes of their respective spectra.
We considered four cases of stellar heterogeneities by varying two parameters:
spot size and the presence or absence of faculae. In terms of spot size, we examined
cases with smaller and larger spots, which we deem the “solar-like spots” and “giant spots” cases. In the solar-like spots case, each spot had a radius of Rspot = 2 ,
covering 400 ppm of the projected hemisphere and representing a large spot group
on the Sun (Mandal et al., 2017). In the giant spots case, each spot had a radius
of Rspot = 7 , covering 5000 ppm of the projected hemisphere and corresponding
roughly to the largest spots detectable on active M dwarfs through molecular spectropolarimetry (Berdyugina, 2011). For cases with faculae, we included faculae at
a facula-to-spot area ratio of 10:1, following observations of the active Sun (Shapiro
et al., 2014). Thus, the stellar heterogeneity cases we considered were the following: solar-like spots, giant spots, solar-like spots with faculae, and giant spots with
faculae.
For each spectral type and stellar heterogeneity case, we examined the dependence of the variability on the spot covering fraction through an iterative process. In
each iteration, we added a spot to the model photosphere at a randomly selected set
of coordinates,2 recorded the spot covering fraction, and generated a phase curve.
1

http://www.aip.de/en/research/facilities/stella/instruments/data/

johnson-ubvri-filter-curves
2
We assumed no latitudinal dependence for the spot distribution. This assumption is good for
active M-dwarf stars (Barnes et al., 2001; Barnes and Collier Cameron, 2001a), but may not hold
for earlier spectral types (Morris et al., 2017). We will examine the additional complication of
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Figure 2.2: Example of a model stellar photosphere and variability amplitude determination. The left panel shows one hemisphere of an example model photosphere
with giant spots and facular regions after applying a double cosine weighting kernel.
The right panel displays the phase curve produced by summing the hemispheric
flux over one complete rotation of the model. The vertical dashed line illustrates
the variability full amplitude A, defined as the di↵erence between the maximum and
minimum normalized flux, which is ⇠ 4% in this case.
In cases including faculae, we added half of the facular area at positions adjacent
to the spot and half in a roughly circular area at another randomly selected set of
coordinates. We allowed spots to overwrite faculae but not vice versa in successive
iterations to ensure the spot covering fraction increased monotonically. We generated a phase curve by applying a double cosine weighting kernel to one hemisphere of
the rectangular grid (180 ⇥ 180 pixels), summing the flux, and repeating the process

for all 360 x-coordinates (“latitudes”) in the model (Figure 2.2). We recorded the
variability full amplitude A as the di↵erence between the minimum and maximum
normalized flux in the phase curve at each iteration. This approach assumes the
stellar rotation axis is aligned well with the plane of the sky. As the presence of
transits ensures that the planetary orbital plane is nearly edge-on, and obliquities
between the stellar rotation axis and planetary orbital plane are generally . 20
(Winn et al., 2017), this assumption is good for most transiting exoplanet systems.
latitudinal dependence of photospheric features in a future paper.
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Following this procedure, we iteratively added spots to the immaculate photosphere
until reaching 50% spot coverage.
We repeated this procedure 100 times for a given set of stellar parameters and
heterogeneity case to examine the central tendency and dispersion in modeling results. In each trial, we recorded the minimum spot covering fraction that produced
a variability full amplitude of 1% (A = 0.01). Using the results of the 100 trials, we
calculated the mean spot covering fraction fspot,mean corresponding to A = 0.01 and
its standard deviation. We defined the spot covering fractions 1 below and above
the mean as fspot,min and fspot,max , respectively.
As spots were allowed to overwrite faculae in our model but not vice versa, the
facula-to-spot area ratio drifted from its original 10:1 value as spots were added
to the model. Thus, a distribution of faculae covering fractions existed for each
spot covering fraction of interest. Accordingly, to quantify the central tendency and
dispersion in results for models including faculae, we calculated the mean and standard deviation of faculae covering fractions in the 100 trials for each spot covering
fraction of interest. We defined ffac,mean as the mean faculae covering fraction corresponding to fspot,mean , ffac,min as the mean faculae covering fraction corresponding to
fspot,min minus one standard deviation of that distribution, and ffac,max as the mean
faculae covering fraction corresponding to fspot,max plus one standard deviation of
that distribution.
2.2.3

Model for Stellar Contamination Spectra

Using the spot and faculae covering fractions determined through our variability
modeling, we modeled the e↵ect of stellar heterogeneity on observations of visual
and near-infrared (0.3–5.5 µm) exoplanet transmission spectra. We utilized the
composite photosphere and atmospheric transmission (CPAT) model described in
Rackham et al. (2017) and the spectra described in Section 2.2.1. Recasting Equation (11) of Rackham et al. (2017) in terms of transit depths and simplifying terms,
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we find
D
in which D

,obs

,obs

=

D
1

fhet (1

F ,het
)
F ,phot

,

(2.1)

is the observed transit depth, D is the nominal transit depth (i.e.,

the square of the true wavelength-dependent planet-to-star radius ratio), F
the spectrum of the photosphere, F

,het

,phot

is

is the spectrum of a photospheric hetero-

geneity (i.e., spots or faculae), and fhet is the fraction of the projected stellar disk
covered by the heterogeneity (see also McCullough et al., 2014, Equation (1)). This
formalism assumes the transit chord can be described well by F

,phot ,

which is the

case for transits of an immaculate photosphere. It also applies to transit observations in which the amplitude of the spot- or faculae-crossing event is larger than the
observational uncertainty, thus enabling the parameters of the photospheric heterogeneity to be modeled (e.g., Sanchis-Ojeda and Winn, 2011; Huitson et al., 2013;
Pont et al., 2013; Tregloan-Reed et al., 2013; Scandariato et al., 2017) or the a↵ected
portion of the light curve to be removed from the analysis (e.g., Pont et al., 2008;
Carter et al., 2011; Narita et al., 2013).
The denominator on the right side of Equation (2.1) represents the signal imprinted on the observed transit depth by the stellar heterogeneity. It is a multiplicative change to the transit depth independent of the exoplanet transmission
spectrum. Therefore, by dividing Equation (2.1) by D , we can define the term
✏

,het

=

1
1

fhet (1

F ,het
)
F ,phot

,

(2.2)

which we refer to hereafter as the contamination spectrum. Approaching the problem in this way allows contamination spectra to be calculated for di↵erent stellar
parameters and applied to any exoplanetary transmission spectrum of interest.
Equation (2.2) holds when the stellar disk can be described by two spectral
components (i.e., immaculate photosphere and spots). In the case where spots and
faculae are present in the stellar disk, the expression becomes
✏

,s+f

=

1
1

fspot (1

F
F

,spot

)
,phot

ffac (1

F ,fac
)
F ,phot

,

(2.3)
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where ✏

,s+f

is the contamination spectrum produced by the combination of unoc-

culted spots and facular regions and the subscripts “spot” and “fac” refer to spots
and faculae, respectively.
2.3

Results

2.3.1

Spot Covering Fraction and Variability Amplitude Relation

We find that, for all M-dwarf spectral types, an observed variability full amplitude
corresponds to a typically wide range of spot covering fractions. Averaging over all
spectral types, Table 2.2 provides a summary of the key results by heterogeneity case,
including the spot and faculae covering fractions consistent with a 1% variability
full amplitude, the average transit depth change over the full wavelength range
studied, and the primary contributor (spots or faculae) to the stellar contamination
spectrum.
For a given variability, we find that the spot covering fraction depends strongly
on the spot size. Figure 2.3 illustrates the origin of this dependence using two examples of model photospheres with fspot = 3%. For a given spot covering fraction,
the number density of spots is lower in the giant spots case than the solar-like spots
case, leading to more concentrated surface heterogeneities and larger variability signals. A single spot, for example, will always lead to rotational variability, while the
variability signals from multiple spots positioned around the photosphere can add
destructively, leading to a lower observed variability full amplitude. The solar-like
spots case demonstrates this e↵ect. It includes the same spot covering fraction as
the giant spots case but produces a markedly lower level of variability. While chromospheric diagnostics may be used to distinguish active and quiet stars, variability
monitoring can only place a lower limit on the spot covering fraction. In e↵ect, the
rotational variability full amplitude reflects only the nonaxisymmetric component
of the stellar heterogeneity. The axisymmetric component, which can be larger than
the nonaxisymmetric one, does not contribute to the observed variability but will
a↵ect transmission spectra.
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Table 2.2. Summary of Variability Modeling Results by Heterogeneity Case
Model Parameter

Spot covering

Heterogeneity Case
Giant

Solar-like

Giant

Solar-like

Spots

Spots

Spots + Faculae

Spots + Faculae

0.9+1.3
0.4

12+23
6

0.5+0.8
0.1

14+16
7

-

-

4.6+7.4
1.4

63+525

0.4

5.0

-0.4

5.8

Spots

Spots

Faculae

Spots

fraction, fspot (%)
Faculae covering
fraction, ffac (%)
Average transit depth
change, ✏ (%)
Primary contributor
to contamination spectrum

Note. — Here we summarize key results from the four cases of stellar photosphere heterogeneities that we considered (see Section 2.2.2). For each heterogeneity case, we provide
the mean covering fractions of spots (and faculae, if possible) consistent with a 1% I -band
rotational variability across all spectral types considered. The error bars on these values
refer to the means of the fspot,min , fspot,max , ffac,min , and ffac,max parameters defined in
Section 2.2.2. Also included is the average transit depth change produced by all models
across the 0.3–5.5 µm wavelength range and a qualitative assessment of the photospheric
heterogeneity that dominates the contamination spectrum.
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Figure 2.3: Illustration of dependence of variability on spot size. The case of giant
(solar-like) spots is shown on the top (bottom) row. Both cases include 3% spot coverage. The stellar hemispheres corresponding to the minima (maxima) of the phase
curves are shown in the left (center) column. The right column shows the phase
curves for the two cases, and the phases of illustrated hemispheres are indicated.
Figure 2.4 shows the results of our variability amplitude modeling e↵orts for the
spots-only case. For each spectral type and spot size, the relationship between the
spot covering fraction and observed I -band variability full amplitude di↵ers notably
from a linear relation. Giant spots lead to overall larger variability full amplitudes
than solar-like spots do for the same spot covering fraction. With the exception
of variability full amplitudes  1% caused by giant spots, the linear relation is a

poor approximation of the actual variability relation and underestimates the spot
covering fraction. Instead, the variability full amplitude grows asymptotically as a
function of spot covering fraction.
The shaded regions in Figure 2.4 illustrate the dispersion in the model outcomes.
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Figure 2.4: Variability full amplitudes as a function of spot covering fraction for
the spots-only case. Results from PHOENIX and DRIFT-PHOENIX models are
shown in the left and right columns, respectively. Results using giant and solarlike spots are shown in the top and bottom rows, respectively. Note the di↵erence
in vertical scale in the upper and lower panels. Solid lines give the mean spot
covering fraction for each spectral type, and the shaded regions indicate the range
encompassing 68% of the model outcomes for the earliest spectral type in each
plot, which is comparable to the dispersion in model outcomes for all other spectral
types. Additionally, the expected relation if variability were a linear function of
spot covering fraction is shown by dash-dotted lines, given the I -band photosphere
and spot fluxes of the earliest spectral type. The horizontal dashed lines show
the TRAPPIST-1 variability full amplitude and the gray shaded regions highlight
the range of typical M-dwarf photometric modulations detected by Newton et al.
(2016). For each case, the variability grows asymptotically as a function of fspot
and the linear relation generally underestimates fspot . The dispersion in model
outcomes demonstrates that a range of spot covering fractions corresponds to a
given variability.
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In e↵ect, a given observed variability full amplitude corresponds to a range of spot
covering fractions, which widens further for larger variability full amplitudes. Additionally, the solar-like spots case allows for still wider ranges of spot covering
fractions. Table 2.3 provides the values of fspot,min , fspot,mean , and fspot,max (see Section 2.2.2) resulting from the set of 100 variability models we conducted for each
spectral type.
Following the apparent square root dependence of the variability full amplitude
A on the spot covering fraction, we fit via least squares a scaling relation of the form
0.5
A = C ⇥ fspot

(2.4)

to each set of models, in which C is a scaling coefficient that depends on both the
spot contrast and size. We find the relationship is approximated well by Equation 2.4
for all spots-only models. In Table 2.3, we provide the fitted values of C with an
uncertainty determined by the 68% dispersion in model outcomes (i.e., the shaded
regions in Figure 2.4).
Figure 2.5 shows the results of the variability modeling for the spots-and-faculae
case. In contrast to the spots-only case, the addition of faculae leads to larger I band variability full amplitudes and a plateau in the relation for small spot covering
fractions. As a result, a larger range of fspot corresponds to A = 0.01 than in
the spots-only case. Variability full amplitudes begin to grow asymptotically again
for fspot > 0.1 because the photospheres are nearly fully covered with faculae (due
to the 10:1 faculae-to-spot ratio) and additional faculae do not contribute to the
photospheric heterogeneity. Table 2.4 provides the range of fspot and ffac in the
spots-and-faculae case for each spectral type.
For both spots-only and spots-and-faculae models, the variability modeling results show that extrapolations assuming a linear relation between the observed
variability and spot covering fraction tend to underestimate the true spot covering fraction. Additionally, there is not a one-to-one relation between the observed
variability and the spot covering fraction; instead, each observed variability full
amplitude corresponds to a range of covering fractions.
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Table 2.3. Filling Factors and Scaling Coefficients Determined by Spots-only
Models
Sp. Type

Model Grid

fspot,min

fspot,mean

fspot,max

Ca

0.084 ± 0.030

Giant Spots
M0V

PHOENIX

0.007

0.011

0.026

M1V

PHOENIX

0.006

0.011

0.029

M2V

PHOENIX

0.006

0.011

0.028

M3V

PHOENIX

0.006

0.010

0.022

M4V

PHOENIX

0.005

0.008

0.019

M5V

PHOENIX

0.006

0.010

0.023

M5V

DRIFT-PHOENIX

0.005

0.008

0.019

M6V

DRIFT-PHOENIX

0.005

0.008

0.015

M7V

DRIFT-PHOENIX

0.006

0.008

0.023

M8V

DRIFT-PHOENIX

0.006

0.009

0.023

M9V

DRIFT-PHOENIX

0.005

0.009

0.021

0.092 ± 0.036
0.104 ± 0.041
0.100 ± 0.038
0.105 ± 0.043
0.092 ± 0.035
0.116 ± 0.041
0.106 ± 0.040
0.106 ± 0.040
0.106 ± 0.041
0.107 ± 0.042

Solar-like Spots
M0V

PHOENIX

0.10

0.20

0.50

M1V

PHOENIX

0.08

0.17

0.46

M2V

PHOENIX

0.07

0.12

0.42

M3V

PHOENIX

0.06

0.10

0.30

M4V

PHOENIX

0.05

0.11

0.30

M5V

PHOENIX

0.07

0.11

0.43

M5V

DRIFT-PHOENIX

0.05

0.09

0.25

M6V

DRIFT-PHOENIX

0.06

0.13

0.28

M7V

DRIFT-PHOENIX

0.06

0.11

0.30

M8V

DRIFT-PHOENIX

0.05

0.11

0.30

M9V

DRIFT-PHOENIX

0.06

0.10

0.28

a

0.022 ± 0.009
0.024 ± 0.009
0.027 ± 0.011
0.029 ± 0.010
0.028 ± 0.010
0.027 ± 0.010
0.032 ± 0.012
0.029 ± 0.010
0.030 ± 0.011
0.028 ± 0.011
0.028 ± 0.010

Scaling coefficient for square root scaling relation (Equation 2.4)

Note. — Section 2.2.2 provides the definitions of the spot covering fractions fspot,min ,
fspot,mean , and fspot,max .
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Table 2.4. Filling Factors Determined by Spots-and-Faculae models
Sp. Type

Model Grid

fspot,min

fspot,mean

M0V

PHOENIX

0.006

0.011

M1V

PHOENIX

0.005

M2V

PHOENIX

0.004

M3V

PHOENIX

M4V
M5V

fspot,max

ffac,min

ffac,mean

ffac,max

0.044

0.058

0.106

0.367

0.008

0.029

0.047

0.082

0.265

0.007

0.019

0.039

0.066

0.183

0.003

0.005

0.016

0.032

0.049

0.158

PHOENIX

0.003

0.004

0.009

0.029

0.042

0.096

PHOENIX

0.003

0.003

0.005

0.024

0.030

0.051

M5V

DRIFT-PHOENIX

0.003

0.003

0.004

0.023

0.029

0.046

M6V

DRIFT-PHOENIX

0.003

0.003

0.004

0.023

0.025

0.040

M7V

DRIFT-PHOENIX

0.003

0.003

0.004

0.023

0.025

0.038

M8V

DRIFT-PHOENIX

0.003

0.003

0.003

0.024

0.025

0.035

M9V

DRIFT-PHOENIX

0.003

0.003

0.003

0.024

0.026

0.037

M0V

PHOENIX

0.14

0.21

0.44

0.68

0.72

0.56

M1V

PHOENIX

0.16

0.23

0.34

0.69

0.72

0.65

M2V

PHOENIX

0.12

0.19

0.38

0.65

0.72

0.62

M3V

PHOENIX

0.10

0.15

0.26

0.58

0.69

0.71

M4V

PHOENIX

0.11

0.16

0.32

0.62

0.70

0.67

M5V

PHOENIX

0.06

0.16

0.33

0.45

0.70

0.66

M5V

DRIFT-PHOENIX

0.02

0.14

0.21

0.15

0.68

0.72

M6V

DRIFT-PHOENIX

0.01

0.06

0.25

0.09

0.44

0.71

M7V

DRIFT-PHOENIX

0.01

0.10

0.26

0.08

0.60

0.71

M8V

DRIFT-PHOENIX

0.01

0.10

0.26

0.08

0.58

0.71

M9V

DRIFT-PHOENIX

0.01

0.05

0.24

0.08

0.39

0.72

Giant Spots and Faculae

Solar-like Spots and Faculae

Note. — Section 2.2.2 provides the definitions of the spot covering fractions fspot,min , fspot,mean , and fspot,max
and the faculae covering fractions ffac,min , ffac,mean , and ffac,max .
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Figure 2.5: Variability full amplitudes as a function of spot covering fraction for
the spots-and-faculae case. Note the di↵erence in vertical scale in the upper and
lower panels. Figure elements are the same as those in Figure 2.4. In contrast
to the spots-only case, the addition of faculae in the variability modeling leads to
larger variability amplitudes and a relative plateau in the relation for spot covering
fractions fspot < 0.1.
2.3.2

Stellar Contamination Spectra

Figure 2.6 shows the contamination spectra produced by the spots-only models
for three representative spectral types. The shaded regions illustrate the range of
contamination spectra possible due to the range of spot covering fractions allowed.
Unocculted spots lead to an increase in transit depths across the full wavelength
range studied, with the largest increases at the shortest wavelengths. Variations in
transit depth due to di↵erences in the molecular opacities between the photosphere
and spots are also apparent. They are strongest for mid-M dwarfs and overlap with
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Figure 2.6: Stellar contamination spectra produced by spots-only models. Contamination spectra for early-, mid-, and late-M-dwarf spectral types are shown. Models
for giant (solar-like) spots are shown in the left (right) column. Solid lines give the
contamination spectrum for the mean spot covering fraction consistent with a 1%
variability full amplitude. The shaded regions illustrate the range of contamination
spectra produced by spot covering fractions consistent with that same variability
(see Table 2.3). Overlapping wavelength bands for key exoplanetary atmospheric
features are given.

56
many regions of interest for exoplanetary transmission features. We find that while
the spectral type determines the specific features present, the overall scale of the
contamination spectrum is largely independent of spectral type.
Spot size, however, has a strong e↵ect on the scale of the contamination spectra
for a given covering fraction. Considering the mean spot covering fractions consistent
with a 1% variability full amplitude, giant spots alter transit depths by an average of
0.4% across 0.3–5.5 µm wavelengths for M-dwarf spectral types. Given the allowed
range of spot covering fractions, however, the average change could be as low as 0.2%
or as high as 0.9%. Solar-like spots, by contrast, produce much larger changes to
transit depths due to the larger spot covering fractions present in this case. In this
case, the average change to transit depths at these wavelengths for the mean spot
covering fraction is 5.0% and could be as low as 2.6% or as high as 16%, considering
the allowed range of spot covering fractions.
Figure 2.7 shows contamination spectra produced by the spots-and-faculae variability models. In the giant spots case, the contamination spectra for all M-dwarf
spectral types are dominated in the 0.3–5.5 µm wavelength range by the facular contribution, which reduces transit depths at these wavelengths. Comparing Tables 2.3
and 2.4 shows that spot filling factors in all giant spots cases are very low, typically
. 1%, but they are on average 2.2⇥ smaller in the giant spots-and-faculae case than
in the giant spots-only case. Thus, a general finding is that the facular component
can dominate the visual and near-infrared contamination spectra for low spot covering fractions. On average, in the giant spots-and-faculae case, transit depths are
decreased by 0.4% across this wavelength range for M-dwarf spectral types. Given
the range of allowed spot and faculae covering fractions in these models, this average decrease could be as low as 0.3% or high as 0.9%. However, the contamination
spectra of all M-dwarf spectral types are more pronounced at shorter wavelengths,
producing a mean decrease in transit depth of 2.4% for 0.3–1 µm wavelengths. We
note this result is consistent with the visual transmission spectrum of GJ 1214b
(Rackham et al., 2017), which orbits a mid-M dwarf host star.
The case of solar-like spots and faculae presents a challenge to our original as-
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Figure 2.7: Stellar contamination spectra produced by spots-and-faculae models.
The figure elements are the same as those in Figure 2.6.
sumption of an immaculate transit chord. The facular coverages determined in these
models are typically > 50% and range as high as 72%. If these facular coverages were
indeed present, faculae would represent the dominant component of the stellar disk
and likely the transit chord as well, precluding attempts to mask faculae crossings in
light curves. Therefore, we assume in this case that the the faculae covering fraction
within the transit chord is roughly equivalent to that of the unocculted stellar disk,
and we calculate the contamination spectra shown in Figure 2.7 without the contribution from a faculae heterogeneity. Nonetheless, the range of faculae covering
fractions presented in Table 2.4, particularly for late-M dwarfs, shows that facular
coverages are largely unconstrained and thus a wide range of facular contributions
to stellar contamination spectra are possible for the solar-like spots case.
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Regardless of the precise contribution from faculae, the addition of faculae to
the heterogeneity model for the solar-like spots case generally increases the spot
covering fractions that are consistent with an I -band variability full amplitude of
1% (Table 2.4). On average, spot covering fractions in the solar-like spots-andfaculae case are 1.2⇥ larger than those in the case of solar-like spots only, leading
to an average increase in transit depth across M-dwarf spectral types of 5.8% in the
0.3–5.5 µm wavelength range.
2.4

Discussion

We find that, for a range of host star spectral types, heterogeneous stellar photospheres strongly alter transmission spectra. In the following sections, we compare
the spot and faculae covering fractions determined by our modeling e↵orts with
empirical results, discuss the e↵ect of stellar contamination on derived planetary
parameters, and examine the example of the TRAPPIST-1 system in detail.
2.4.1

Comparison with Empirical Results

Active region properties such as fractional areal coverage are difficult to ascertain in
spatially unresolved observations of stars. However, estimates can be made based on
the unique properties of chromospheric line formation in the specific case of M-dwarf
stars. In brief summary, the H↵ line appears only weakly in absorption in the cool
photospheres of M dwarfs. However, as demonstrated by Cram and Mullan (1979),
the onset of chromospheric heating first leads to an increase in absorption strength of
the line. With further nonradiative heating the line eventually attains a maximum
in absorption equivalent width. Enhanced heating causes H↵ to become collisionally
controlled and driven into emission as the defining observational characteristic of a
dMe star.
Based on this general behavior of H↵ line formation in M dwarfs, Giampapa
(1985) discussed how the observed equivalent width of H↵ absorption yields estimates of the minimum area coverage of active regions. Since it is a chromospheric
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feature, its observed strength will be a function of its intrinsic absorption in plage
and the total fractional area coverage of associated magnetically active facular regions. For specific M-dwarf (non-dMe) stars with measurements available at that
time, ranging in spectral type from M1.5 to M5.5, he deduced model-independent
filling factors of facular regions exceeding 10–26%. A more stringent inference of
minimum filling factor can be obtained from calculations of the maximum H↵ absorption equivalent width attained in M-dwarf model chromospheres. Based on
these computations (Cram and Mullan, 1979), Giampapa (1985) found a range in
the minimum active region filling factor of 31–67% in the case of non-dMe stars
characterized by (R

I)K = 0.9, corresponding to about Te↵ = 3500 K. There-

fore, the fractional area coverage of faculae of even relatively quiescent M dwarfs is
significant.
In the case of dMe stars, more intense chromospheric heating gives rise to H↵
emission which by itself does not lead to a direct estimate of facular area coverage. However, there is direct observational evidence for widespread, multi-kilogauss
magnetic fields outside of spots in active M dwarfs (i.e., dMe stars) at high filling
factors in excess of 50% based on the analysis of magnetically sensitive photospheric
features (Saar and Linsky, 1985; Reiners et al., 2009). Furthermore, the absence
of any reported rotational modulation of H↵ emission in dMe stars is consistent
with the occurrence of an azimuthally symmetric, spatially widespread presence of
facular regions on their surfaces.
In addition to active regions characterized by bright chromospheric emission or,
in the case of quiescent M dwarfs, chromospheric H↵ absorption, the occurrence of
periodic or quasi-periodic light curve modulations in photometric bandpasses, indicative of the presence of cool spots, has an extensive record of observations. In a
study of a compilation of extensive datasets, Newton et al. (2016, 2017) measured
photometric semi-amplitudes in the range of roughly 0.5–4% (Newton et al., 2017,
Figure 9). We can therefore infer minimum starspot filling factors fspot ⇠ 1–8% of
the visible stellar disk in the case of completely black spots. Estimates of starspot

temperatures provide a further refinement of the minimum spot filling factor. In an
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investigation of the magnetic properties of spots on the active, early-M dwarf AU
Mic (dM1e), Berdyugina (2011) utilized polarimetric observations of temperatureand magnetically sensitive diatomic molecules to find spot temperatures ⇠ 500–
700 K cooler than the surrounding photosphere, and with associated magnetic field

strengths as high as 5.3 kG. With an e↵ective temperature of 3775 K (Pagano et al.,
2000), the ratio of spot-to-stellar e↵ective temperature is in the range of 0.81–0.87.
In general, Afram and Berdyugina (2015) found for M dwarfs that spot models
tend to have a spot-to-photosphere temperature ratio of 0.86. Based on these measurements, for a semi-amplitude of ⇠2% with a range of Tspot /Te↵ of ⇠0.8–0.9, we
estimate spot filling factors in the range of ⇠7–12%. Given that the photometric

modulation depends on both contrast and departures from a longitudinally symmetric surface distribution of spots, this spot filling factor estimate should be regarded as
a minimum value, since the observed light-curve modulation could arise from departures from axial symmetry in an otherwise widespread and uniform distribution of
small spots. In fact, Jackson and Je↵ries (2013) demonstrated that small-amplitude
light-curve modulation can arise from the combined e↵ect of a random distribution
of small spots characterized by a uniform size (i.e., scale length) and a plausible
temperature contrast with the surrounding photosphere of 0.7. As an illustration,
their Monte Carlo simulations of light-curve amplitudes due to a large number of
randomly distributed spots with, say, a characteristic length scale of 3.5 degrees
yield a mean amplitude of 1% with a filling factor of ⇠30% (Jackson and Je↵ries,

2013, Figure 4) in qualitative agreement with our variability modeling. Thus, in
this context, we conclude that high filling factors of spots and faculae, such as those
determined in this work, are a plausible interpretation of the observed light-curve
modulations seen in M dwarfs.
2.4.2

Stellar Contamination Mimicking and Masking Exoplanetary Features

As shown in Figures 2.6 and 2.7, stellar heterogeneity can introduce significant
spectral features in visual and near-infrared transmission spectra. These deviations
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result from a di↵erence in flux between the immaculate photosphere and heterogeneities such as spots and faculae (Equation 2.3). Unocculted spots introduce
positive features in transmission spectra that may be mistaken for evidence of absorption or scattering in the exoplanet atmosphere. By contrast, unocculted faculae
introduce negative features, which can mask genuine spectral features originating in
the exoplanet atmosphere.
Figure 2.8 illustrates the e↵ect of stellar contamination at visual and nearinfrared wavelengths of interest for molecular features in exoplanetary atmospheres.
In general, stellar contamination increases transit depths and may mimic exoplanetary features, with the exception of the case of giant spots and faculae, in which the
contribution from faculae dominates and may mask exoplanetary features. Transit
depth changes are largest and therefore most problematic for: (1) solar-like spots
cases, (2) earlier spectral types, and (3) molecules with absorption bands at relatively short wavelengths, such as O2 .
As a comparison for scale, the dashed horizontal line in Figure 2.8 indicates
the 1.3% change in transit depth expected for a transiting Earth twin (atmospheric
mean molecular weight µ = 28.97 amu; equilibrium temperature Teq = 288 K) due
to an atmospheric feature covering five pressure scale heights. In the giant spots
cases, stellar contamination can alter transit depths at overlapping wavelengths by
a nonnegligible fraction of this amount, the e↵ect of which is to boost the apparent
size of features in the spots-only case and to weaken them in the giant spots-andfaculae case. Therefore, large unocculted spots can lead to a range of erroneous
interpretations of transmission spectra: molecular abundances may appear enhanced
or depleted, and the presence of a obscuring haze layer can be masked or mimicked.
By contrast, solar-like spots cases increase transit depths by much more than
an expected exoplanetary feature. For early spectral types, the increase in transit depth can be more than 10 times that expected for planetary features. Such
a strong feature could be easily identified as stellar in origin, though the scale of
the feature, combined with the wide range of stellar contributions possible, would
limit the accuracy of any determination of the underlying planetary feature. Later
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Figure 2.8: E↵ect of stellar contamination at wavelengths of planetary absorption
features. The change in transit depth integrated over wavelengths of interest for
molecular species is shown as a function of spectral type. From top to bottom,
the panels illustrate results for four cases: giant spots, solar-like spots, giant spots
and faculae, and solar-like spots and faculae. Points correspond to the mean stellar
contamination signal, and error bars correspond to the dispersion in the strength
of the signal illustrated by the shaded regions in Figures 2.6 and 2.7. Horizontal
dashed lines show the expected transit depth change for a feature covering five scale
heights in an Earth-like atmosphere, which is independent of stellar spectral type.
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spectral types present a more pathological circumstance, as the magnitude of the
transit depth change due to stellar contamination is comparable to that of a planetary atmospheric feature, allowing the signals to be easily mistaken. Therefore,
constraining spot sizes and, by extension, spot covering fractions will be essential
for investigations of atmospheric features in transmission spectra of low-mass exoplanets around late-M dwarfs, such as the TRAPPIST-1 system. We consider this
topic in more detail in Section 2.4.5 below.
2.4.3

Comparison to Observational Precisions

Thus far we have discussed the e↵ect of stellar heterogeneity on transmission spectra
in terms of relative transit depth changes. This approach is useful because the
multiplicative change in transit depth produced by unocculted spots and faculae can
be applied to any planetary transmission spectrum. However, it is also informative
to convert these relative transit depth changes to absolute ones that can be compared
to observational precisions a↵orded by current and near-future facilities.
To do this, we must adopt parameters for the transiting exoplanet. At a minimum, these are the planetary radius and the expected scale of a planetary atmospheric feature. We consider two end-member cases for this comparison: a hot
Neptune and an Earth twin. For the hot Neptune case, we adopt the parameters
of GJ 436b (Butler et al., 2004; Gillon et al., 2007), which is one of the largest
and hottest planets known to transit an M dwarf and represents a more readily observable exoplanet atmosphere. Its near-infrared transmission spectrum (Knutson
et al., 2014) displays a weighted mean transit depth of D = 0.70% and a 200 ppm
variation in transit depth (Knutson et al., 2014), which has been interpreted as an
H2 O absorption feature covering 0.46 ± 0.25 atmospheric scale heights (Crossfield
and Kreidberg, 2017). This feature produces a relative transit depth change of
✏p =

D
2.0 ⇥ 10
=
D
7.0 ⇥ 10

4
3

= 2.9%.

(2.5)

We adopt this observed relative transit depth change and the best-fit planetary
radius of GJ 436b (Rp = 3.95 R ; Gillon et al., 2007) for the hot Neptune case. The
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other end-member case we consider is that of a transiting Earth twin (Rp = 1.0 R ;
µ = 28.97 amu; Teq = 288 K), which produces a relative transit depth change of ✏p =
1.3% for a five-scale-height planetary feature and represents a larger observational
challenge.
For each of these planetary cases, we calculate transit depths D and absolute
transit depth changes due to planetary atmospheric features

Dp as a function

of M-dwarf spectral type using the stellar radii provided in Table 2.1. We also
calculate the mean absolute transit depth change due to stellar heterogeneity

Ds

at wavelengths of interest for H2 O absorption (as discussed in Section 2.4.2) for each
of the four heterogeneity cases we consider. The results are summarized in Tables 2.5
and 2.6 for the hot Neptune and Earth twin cases, respectively. Comparing these
values of

Dp and

Ds suggests that for hot Neptunes, variations in transit depth

due to the planetary atmosphere are roughly an order of magnitude larger than
those due to stellar heterogeneity for giant spots cases. However, stellar signals are
larger than planetary signals for all solar-like spots cases, with the largest di↵erence
between the signals for earlier spectral types. For Earth twins transiting M dwarfs,
in the case of giant spots, planetary signals are at least three times larger than
stellar ones for all M-dwarf spectral types. However, as with the hot Neptune case,
stellar signals due to solar-like spots are larger than planetary signals for all M-dwarf
spectral types.
The question remains, however, of how these planetary and stellar signals compare to observational precisions. The most precise transmission spectrum obtained
with HST /WFC3 to date contains a typical uncertainty of 30 ppm on the transit depth in each wavelength channel (Kreidberg et al., 2014a). This is similar to
the noise floors for James Webb Space Telescope (JWST ) instruments adopted by
Greene et al. (2016) for wavelength ranges of interest in this study: 20 ppm for
NIRISS SOSS ( = 1–2.5 µm) and 30 ppm for NIRCam grism ( = 2.5–5.0 µm).
We adopt 30 ppm as a fiducial noise floor for both HST and JWST observations.
Considering this detection threshold, our results suggest that planetary atmospheric
features are detectable for hot Neptunes orbiting M-dwarfs of all spectral types (Ta-
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Table 2.5. Transit Depths and Absolute Transit Depth Changes for a
Representative Hot Neptune by Spectral Type

Sp. Type

D

Dp

Ds by Heterogeneity Case
Solar-

Giant

Solar-like

Giant

like

Spots +

Spots +

Spots

Spots

Faculae

Faculae

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

M0V

3400

99

13

240

-11

260

M1V

5400

160

21

330

-18

450

M2V

6800

200

24

300

-21

460

M3V

8600

250

30

300

-21

480

M4V

19000

560

63

880

-44

1300

M5V

33000

950

100

1100

-85

1900

M6V

58000

1700

150

2700

-160

1200

M7V

91000

2600

240

3300

-240

3000

M8V

110000

3100

300

3600

-260

3200

M9V

200000

5900

550

6200

-450

2900

Note. — Listed are the planetary transit depth D, transit depth change
due to planetary atmospheric features

Dp , and, for the four heterogeneity

cases we consider, the transit depth change due to stellar heterogeneity
Ds (shown in bold for cases in which the stellar transit depth change is
larger than that due to planetary atmospheric features). The scale of the
stellar signal is smaller than that of a hot Neptune atmospheric feature for
all giant spots cases, but it is generally larger than the planetary signal for
cases with solar-like spots.
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Table 2.6. Transit Depths and Absolute Transit Depth Changes for a Transiting
Earth Twin by Spectral Type

Sp. Type

D

Dp

Ds by Heterogeneity Case
Solar-

Giant

Solar-like

Giant

like

Spots +

Spots +

Spots

Spots

Faculae

Faculae

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

M0V

220

2.8

0.8

15

-0.7

16

M1V

350

4.5

1.3

21

-1.2

29

M2V

430

5.6

1.6

19

-1.4

29

M3V

550

7.2

2.0

19

-1.4

31

M4V

1200

16

4.0

56

-2.8

82

M5V

2100

27

6.5

73

-5.4

120

M6V

3700

48

9.4

180

-10

76

M7V

5800

76

15

210

-15

190

M8V

6900

90

20

230

-17

210

M9V

13000

170

35

400

-29

190

Note. — Listed are the planetary transit depth D, transit depth change
due planetary atmospheric features

Dp , and, for the four heterogeneity

cases we consider, the transit depth change due to stellar heterogeneity
Ds (shown in bold for cases in which the stellar transit depth change is
larger than that due to planetary atmospheric features). The scale of the
stellar signal is smaller than that of an Earth twin atmospheric feature for
all giant spots cases, but it is larger than the planetary signal for all cases
with solar-like spots.
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ble 2.5). The e↵ects of unocculted giant spots and facular regions are detectable for
host stars with spectral types of roughly M3V and later, while in the more problematic case of solar-like spots, the e↵ects of unocculted spots and faculae are detectable
for all M-dwarf spectral types. In the case of a transiting Earth twin (Table 2.6), we
estimate that planetary atmosphere features are detectable for spectral types M6V
and later. The e↵ects of unocculted giant spots and facular regions may alter the
strength of these features by ⇠ 20% but will only independently reach the detection
threshold of 30 ppm for M9V host stars. However, in the case of solar-like spots,

we estimate that the e↵ects of unocculted spots and faculae may be apparent in
observations of spectral types as early as M3V or M4V.
In summary, we find that the most precise existing HST /WFC3 G141 transmission spectra as well as upcoming JWST transmission spectra of small planets around
M dwarfs can be significantly influenced by stellar contamination; any analysis of
such spectra should consider the possible range of systematic contamination due to
the transit light source e↵ect.
2.4.4

Systematic Errors in Density Measurements

As the fundamental e↵ect of starspots in this context is to influence the apparent radius of the planet relative that of its star, we also explore here the impact of starspots
on planet density measurements. Transiting planet surveys utilize visual and nearinfrared bandpasses for discovery e↵orts (e.g., Nutzman and Charbonneau, 2008;
Gillon et al., 2011; Jehin et al., 2011). With the exception of Kepler, which utilizes
a broad, unfiltered visual bandpass, these surveys typically favor redder wavelengths
such as I -band in order to minimize the contribution of stellar variability to measurements. The bulk density of an exoplanet calculated from discovery transits can
provide a clue as to their volatile content, making it one of the primary factors
a↵ecting whether a planet is selected for follow-up observations. Furthermore, the
unfiltered Kepler photometry often remains the most precise transit depth measurement for most small planets, and therefore its accuracy a↵ects inferences made
about individual planets as well as ensembles of planets.
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Our work here, however, shows that the stellar contributions can be larger than
previously suspected and may still contribute significantly even at red visual and
near-infrared wavelengths, given the large range of stellar heterogeneity levels that
may correspond to an observed rotational variability level. To determine the scale
of the contribution, we calculated the range of radius and, by extension, density
errors by integrating the contamination spectra presented in Section 2.3.2 over the
Bessel I -band filter bandpass, which is similar to bandpasses used by ground-based
transit surveys such as MEarth (Nutzman and Charbonneau, 2008) and TRAPPIST
(Gillon et al., 2011; Jehin et al., 2011), and the Kepler 3 and TESS (Ricker et al.,
2015; Sullivan et al., 2015) spectral responses.
The resulting systematic radius and density errors are shown in Figure 2.9. Positive radius errors, which indicate the apparent planetary radius is larger than the
true planetary radius, correspond to negative density errors, which indicate that the
apparent density is smaller than the true bulk density. We note that this systematic density error provides only a minimum estimate of the total error in planetary
bulk density, to which the observational uncertainty in radius and any error in mass
estimate must be also be added.
As with the investigation into false planetary absorption features, we find the
primary determinant of the systematic density error to be the spot size. Small spots
cases are the most problematic, with an average density error of 13% across all
spectral types and bandpasses that we considered and a maximum of 29% for M1
dwarfs in the Kepler bandpass. In the giant spots cases, by contrast, density errors
are 1% on average, and the largest are 3%. Aside from spot size, spectral type is
the second-largest determinant of the systematic error. Earlier M-dwarf spectral
types tend to produce density errors that are larger on average. Additionally, they
demonstrate a larger dispersion in possible errors, as indicated by the error bars,
given the wider range of spot and faculae covering fractions corresponding to an
observed variability (see Tables 2.3 and 2.4). Finally, we find that the systematic
errors are generally larger for bluer observational bandpasses, though the e↵ect of
3

https://archive.stsci.edu/kepler/fpc.html
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Figure 2.9: E↵ect of stellar contamination on planetary density calculation. The
systematic radius error is shown as a function of spectral type. The corresponding
density error is shown at right. Note the di↵erence in sign. The panels illustrate
results from four cases of heterogeneities as shown in Figure 2.8. Colors correspond
to the Kepler (blue), TESS (green), and I -band (orange) photometric bands. The
mean radius error is shown as a point, and error bars correspond to the dispersion
in the strength of the contamination signal (see Figures 2.6 and 2.7). The gray
shaded regions illustrate the relative di↵erence in radius between an entirely rocky
exoplanet and one with a significant volatile content for a range of masses between
0.125 and 32 Earth masses (see text).
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the bandpass is smaller than that of either the spot size or host star spectral type.
To place the systematic radius errors in context, the di↵erence in radius between
an entirely rocky composition and a planet with 25% H2 O by mass for planets
with masses between 0.125 and 32 Earth masses is 10-12% (Zeng et al., 2016, Table 2), illustrated by the shaded regions in Figure 2.9. In terms of an observational
comparison, we note that the 1 uncertainty on the radius of LHS 1140b is 7.0%
(Dittmann et al., 2017), giving it one of the best constrained densities of a subNeptune exoplanet to date. Therefore, while the e↵ect of unocculted giant spots
is easily hidden within observational uncertainties, unocculted solar-like spots can
introduce a systematic error in radius that is comparable to the total error combined
from the observational uncertainties in the radial velocity and transit photometry
measurements and can significantly alter interpretations of the volatile content of an
exoplanet. We note that this applies to M-dwarf planets that will be discovered by
TESS, for which we predict sunspot-like spots will lead, on average, to systematic
radii overestimates of 4.3% and density underestimates of 13%.
2.4.5

Application to TRAPPIST-1 System

We utilized the approach detailed in Section 2.2 to place constraints on spot and
faculae covering fractions for TRAPPIST-1 and their e↵ects on observations of the
TRAPPIST-1 planets. We opted to explore the case of the TRAPPIST-1 planets
because they currently represent the best examples of habitable-zone, possibly rocky
planets, and these planets are also likely to be primary targets for in-depth JWST
transit spectroscopy.
Spot and Faculae Covering Fractions
We adopted the stellar parameters for TRAPPIST-1 from Gillon et al. (2017), including stellar mass, radius, e↵ective temperature, and metallicity. With these parameters, we interpolated spectra covering 0.3–5.5 µm from the DRIFT-PHOENIX
model grid. We set the photosphere temperature to the e↵ective temperature and
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calculated the spot and faculae temperatures using the relations outlined in Section 2.2.1.
We integrated these spectra over the Bessel I -band response, similar to the I+z
bandpass utilized by the TRAPPIST survey (Gillon et al., 2016, 2017), to simulate
the contributions of these spectral components to photometric observations. From
visual inspection of Extended Data Figure 5 of Gillon et al. (2016), we estimate the
variability full amplitude of TRAPPIST-1 to be 1 %.
Long-baseline monitoring of TRAPPIST-1 using the Spitzer Space Telescope,
covering 35 transits, shows no definitive evidence of spot crossings (Gillon et al.,
2017). Likewise, no spot crossings are apparent in existing HST /WFC3 transit
observations of TRAPPIST-1b and TRAPPIST-1c covering 1.1–1.7 µm with the
G141 grism (de Wit et al., 2016), though the precision of G141 observations has
allowed for the detection of large spot-crossing events in other M-dwarf transit observations (Kreidberg et al., 2014a). Therefore, we assume that the presence of
very large spots like those detected through molecular spectropolarimetry on active
M dwarfs (Berdyugina, 2011), each covering 0.5% of the projected stellar disk and
comparable in size to the TRAPPIST-1 planets, is unlikely. Accordingly, we adopt
a spot size of 2 (400 ppm or 0.04% of the projected stellar disk), typical of large
spot groups on the Sun (Mandal et al., 2017). Given the radius of TRAPPIST-1
(R = 0.117 ± 0.0036; Gillon et al., 2017), this translates to spots with a radius of
Rspot = 1.63 ± 0.50 ⇥ 103 km.

The left panel of Figure 2.10 displays the results of our variability modeling

for both spots-only and spots and faculae cases. For both cases, we find that a
large range of spot covering fractions is consistent with the observed variability full
amplitude. We find fspot = 11+18
6 % for the spots-only case, in which the quoted
value is the mean spot covering fraction and the uncertainty refers to 68% dispersion in model results. For the spots and faculae case, we find fspot = 8+18
7 % and
ffac = 54+16
46 %. By contrast, under the assumption that the distribution of photospheric heterogeneities is fully asymmetric, in which case the variability amplitude
would scale linearly with the spot covering fraction with a slope determined by the
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Figure 2.10: Summary of the e↵ect of stellar heterogeneity in the TRAPPIST1 system. The left panel shows I -band variability full amplitudes as a function
of spot covering fraction for spots-only (teal) and spots and faculae (gray) cases.
Results from solar-like spots models are shown. The plot elements are the same as
those in Figure 2.4. The central panel shows the contamination spectra produced
by spot covering fractions consistent with the observed variability of TRAPPIST-1.
The plot elements are the same as those in Figure 2.6. The right panel shows the
relative transit depth change at wavelengths of interest for key molecular features in
exoplanet atmospheres. The shaded region illustrates the range of relative transit
depth changes of interest for atmospheric features from the TRAPPIST-1 planets,
assuming a five-scale-height feature in an Earth-like atmosphere.
spot and photosphere I -band fluxes, one would infer a spot covering fraction of
1.0%. We conclude that spot and faculae covering fractions for TRAPPIST-1 are
largely unconstrained by the observed photometric variability amplitude, though the
allowed range of fractions is typically much larger than one would infer by assuming
a linear relation between spot covering fraction and variability amplitude.
Stellar Contamination in Transmission Spectra
The visual and near-infrared contamination spectra produced by the wide range of
spots we infer for TRAPPIST-1 are shown in the center panel of Figure 2.10. The
stellar contamination is a multiplicative e↵ect and independent of the planetary
transmission spectrum (Equation 2.2). Thus, these relative transit depth changes are
applicable to observations of each exoplanet in the TRAPPIST-1 system. As with
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the solar-like spot models in Figure 2.7, contributions from unocculted faculae are
not included, given that faculae covering fractions in our models are typically > 50%
and are therefore likely to be distributed homogeneously throughout the stellar disk.
However, we calculate the contribution of unocculted spots using the spot covering
fractions determined by the spots and faculae models, which are generally smaller
than those from the spots-only models, to exploit the increased realism of the spots
and faculae models. The solid line shows the contamination spectrum corresponding
to the mean spot covering fraction, and the shaded region indicates the range of
spectra for the 68% confidence interval on fspot . Compared to the contamination
spectrum predicted by the fully asymmetric assumption, shown as a dash-dotted
line, we find the level of stellar contamination to be roughly an order of magnitude
larger.
Integrating over wavelengths of interest for key planetary molecular features, we
illustrate the practical impact on observations in the right panel of Figure 2.10. For
all molecules considered, we find the mean relative transit depth change to be comparable to or larger than that produced by an exoplanetary atmospheric feature.
The shaded region in this panel illustrates the range of feature scales for the six
innermost TRAPPIST-1 planets, calculated using the planetary parameters from
Gillon et al. (2017) and assuming an Earth-like atmospheric mean molecular weight
(µ = 28.97 amu). They range from 0.8% for TRAPPIST-1g to 2.5% for TRAPPIST1d. Given the transit depths of the TRAPPIST-1 planets, these correspond to absolute transit depth changes of 59 ppm (TRAPPIST-1g) to 168 ppm (TRAPPIST-1b).
Assuming the same 30 ppm detection threshold as in Section 2.4.3, atmospheric features with these scales are, in principle, detectable with both HST and JWST. In
contrast to the planetary atmospheric signal, mean molecular feature errors produced by unocculted spots range from 2.1% for CO to 4.3% for O2 . For the planet
with the shallowest transit depth in this set, TRAPPIST-1d (D = 0.367 ± 0.017 %;

Gillon et al., 2017), a 2.1% relative change in transit depth corresponds to an absolute transit depth change of 77 ppm, which illustrates that the range of uncertainties
we predict for all molecular features for the TRAPPIST-1 planets is above the fidu-
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Table 2.7. Revised Densities for the TRAPPIST-1 Planets
Planet

Density from

Revised Density

Gillon et al. (2017)

from This Work

(⇢

a
)

b

0.66 ± 0.56

c

1.17 ± 0.53

d

0.89 ± 0.60

e

0.80 ± 0.76

f

0.60 ± 0.17

g

0.94 ± 0.63
a⇢

= 5.51g cm

(⇢ )
0.68+0.67
0.58
1.21+0.68
0.57
0.92+0.73
0.63
0.83+0.90
0.79
0.62+0.23
0.19
0.97+0.77
0.66

3

Note. — No mass and therefore density estimate
for TRAPPIST-1h is available from Gillon et al.
(2017).

cial 30 ppm noise floor. In other words, we predict that stellar heterogeneity will
significantly impact the interpretation of high-precision TRAPPIST-1 transmission
spectra. Errors are most pronounced for molecules with absorption bands at shorter
wavelengths. Large uncertainties exist for each molecular feature error due to the
wide range of spot covering fractions and accompanying contamination spectra possible.
Finally, we calculated density errors for the TRAPPIST-1 planets due to stellar
contamination. Integrating the contamination spectra presented in the center panel
of Figure 2.10 over the Spitzer /IRAC 4.5-µm bandpass, we find an integrated systematic radius error of (Rp ) = 1.1+2.5
1.0 %, in which the quoted value is the mean and
the error refers to the 68% dispersion in modeling results. These values translate
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to density errors of

(⇢) =

3+38 %; in other words, overestimating the planetary

radius leads to an underestimate of the planetary density. Such a systematic error in density measurements could lead to overestimates of the volatile content
of the TRAPPIST-1 planets. We provide updated densities for the six innermost
TRAPPIST-1 planets in Table 2.7, adjusting the values reported by Gillon et al.
(2017) for the density error due to stellar contamination. Our analysis suggests that
stellar contamination may be partially responsible for the relatively low densities
reported for planets in this system. More generally, this e↵ect will be an important
consideration when selecting targets for characterization follow-up from among a
photometrically detected sample.
2.5

Conclusions

We have presented an examination of stellar contamination in visual and nearinfrared (0.3–5.5 µm) transmission spectra of M-dwarf exoplanets using model photospheres for M0–M9 dwarf stars with increasing levels of spots and faculae. Our
key findings are the following.
1. For a given spot covering fraction, larger spots will produce a larger observed
variability amplitude than that of smaller spots. Constraining the typical
spot size for exoplanet host stars is therefore crucial, since it will mediate the
relationship between spot covering fraction and observed variability amplitude.
2. The relationship between spot covering fraction and observed variability amplitude is nonlinear, scaling generally like a square-root relation (Equation (2.4))
with a coefficient 0.02 < C < 0.11 that depends on spot contrast and size.
As such, previous corrections that have assumed a linear relationship between
these variables likely underestimate the true spot covering fraction and, therefore, spectral contamination due to unocculted spots. We will explore this
further in an upcoming paper.
3. In contrast to the low levels of spot covering fractions (⇠1%) used in the
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literature, we show that a given variability amplitude corresponds to a wide
range of spot and faculae covering fractions. For example, assuming spot
sizes similar to those of sunspots, we find a typical variability amplitude may
correspond to spot covering fractions 0.14 > fspot > 0.44 and faculae covering
fractions 0.56 > ffac > 0.72 for M0 dwarfs and 0.01 > fspot > 0.24 and
0.08 > ffac > 0.72 for M9 dwarfs. These wide ranges correspond to a similarly
large uncertainty in the level of stellar contamination present in transmission
spectra.
4. In stars with very large spots, the stellar contamination signal in the 0.3–5.5
µm wavelength range can be dominated by the contribution from unocculted
faculae, thereby decreasing observed transit depths. However, for stars with
solar-like spots and the same observed variability, we find facular coverage
to be so widespread that faculae represent the dominant component of the
photosphere and are not likely to contribute to a heterogeneity signal.
5. Depending on spot size, we find the stellar contamination signal can be more
than 10⇥ larger than transit depth changes expected for atmospheric features
in rocky exoplanets. Stellar contamination is most problematic for (1) stars
with solar-like spots, (2) early-M-dwarf spectral types, and (3) molecules such
as O2 with absorption bands at relatively short wavelengths.
6. We show that the stellar contamination is not limited to visual wavelengths but
can also be very significant in the near-infrared bands, likely a↵ecting upcoming JWST spectroscopy of transiting exoplanets. In the case of a transiting
Earth twin, we find unocculted giant spots can alter the strength of planetary
absorption features in transmission spectra by ⇠ 20% and unocculted spots

and faculae can produce features greater than 30 ppm for spectral types M3V
and later.
7. We find that stellar spectral contamination across photometric bands due to
unocculted starspots with sizes comparable to large sunspot groups can lead
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to significant errors in radius and therefore density, which may in turn lead
to overestimates of planetary volatile content and introduce a stellar-type dependent bias in the density distribution of small planets. This result motivates a possible reassessment of mass-radius relationships derived from Kepler
data, as well as calls for caution when interpreting upcoming broadband TESS
photometry-based exoplanet density measurements.
8. In the case of the TRAPPIST-1 system, we find spot covering fractions
fspot = 8+18
7 % to be consistent with the variability reported by Gillon et al.
(2016) when considering variability due to both spots and faculae. The associated stellar contamination signals in the optical and near-infrared alter
transit depths at wavelengths of interest for planetary atmospheric species by
roughly 1–15 ⇥ the strength of the planetary feature, significantly complicating

JWST follow-up observations of this system. Similarly, stellar contamination
can cause bulk densities of the TRAPPIST-1 planets to be underestimated by
3+83 %, leading to overestimates of their volatile contents.
For TRAPPIST-1 and exciting M-dwarf exoplanet hosts in general, tighter constraints on spot and faculae covering fractions are crucial for correct interpretations
of high-precision visual and near-infrared transmission spectra from low-mass exoplanets. Stellar contamination is likely to be a limiting factor for detecting biosignatures in transmission spectra of habitable-zone planets around M dwarfs. Conversely, exoplanet transit observations in multiple bands can be utilized as a spatial
probe to infer the properties of stellar surface heterogeneities. This is particularly
critical to achieving an accurate picture of the evolution of exoplanet system properties from young, active systems to those with older, more quiescent stellar hosts.
In preparation for precise JWST observations probing for molecular features and
potential biosignatures such as oxygen, water, and methane from small exoplanets
orbiting M dwarfs, we encourage the community to work toward an equally precise understanding of the stellar photospheres providing the light source for transit
observations.
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CHAPTER 3
ACCESS I: An Optical Transmission Spectrum of GJ 1214b Reveals a
Heterogeneous Stellar Photosphere†

GJ 1214b is the most studied sub-Neptune exoplanet to date. Recent measurements
have shown its near-infrared transmission spectrum to be flat, pointing to a highaltitude opacity source in the exoplanet’s atmosphere, either equilibrium condensate
clouds or photochemical hazes. Many photometric observations have been reported
in the optical by di↵erent groups, though simultaneous measurements spanning
the entire optical regime are lacking. We present an optical transmission spectrum
(4,500–9,260 Å) of GJ 1214b in 14 bins measured with Magellan/IMACS repeatedly
over three transits. We measure a mean planet-to-star radius ratio of Rp /Rs =
0.1146 ± 0.0002 and mean uncertainty of

(Rp /Rs ) = 8.7 ⇥ 10

4

in the spectral

bins. The optical transit depths are shallower on average than observed in the nearinfrared. We present a model for jointly incorporating the e↵ects of a composite
photosphere and atmospheric transmission through the exoplanet’s limb (the CPAT
model), and use it to examine the cases of absorber and temperature heterogeneities
in the stellar photosphere. We find the optical and near-infrared measurements are
best explained by the combination of (1) photochemical haze in the exoplanetary
atmosphere with a mode particle size r = 0.1 µm and haze-forming efficiency fhaze =
10% and (2) faculae in the unocculted stellar disk with a temperature contrast
T = 354+46
46 K, assuming 3.2% surface coverage. The CPAT model can be used to
assess potential contributions of heterogeneous stellar photospheres to observations
of exoplanet transmission spectra, which will be important for searches for spectral
features in the optical.
†

This chapter has been published previously as Rackham et al. (2017).
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3.1

Introduction

Transmission spectroscopy, in which we study transiting planets at multiple wavelengths, provides a powerful tool for placing constraints on the nature of close-in
exoplanets. The apparent radius of a transiting exoplanet at a given wavelength
Rp ( ) is a function of its atmospheric mean molecular cross section ( ) and scale
height H =

kB T
,
µg

where kB is Boltzmann’s constant, T is the temperature, µ is

the atmospheric mean molecular mass, and g is the local gravitational acceleration.
Therefore, by examining how an exoplanet blocks the light from its host star at
multiple wavelengths, we directly probe both the chemical composition and physical structure of its atmosphere.
In the optical wavelength regime (⇠ 0.3–1.0 µm), this technique provides access
to strong atomic lines and molecular bands as well as cloud and haze processes,
revealing a diversity of exoplanet atmospheres (Sing et al., 2016). Detections have
been reported of Na i (Charbonneau et al., 2002; Redfield et al., 2008; Sing et al.,
2008, 2012, 2016; Jensen et al., 2011; Huitson et al., 2012; Zhou and Bayliss, 2012;
Nikolov et al., 2014), K i (Sing et al., 2011b, 2015), and H2 O (Stevenson et al., 2016)
in the atmospheres of hot Jupiters. Evans et al. (2016) have presented evidence
for TiO/VO in WASP-121b, while non-detections of TiO/VO in other hot, giant
exoplanets (Huitson et al., 2013; Sing et al., 2013) could point to breakdown by
stellar activity (Knutson et al., 2010) or the presence of a high-altitude opacity
source, either due to lofted cloud decks or photochemical hazes (Seager and Sasselov,
2000; Fortney, 2005; Howe and Burrows, 2012; Morley et al., 2013, 2015). In clear
atmospheres, measurements at shorter optical wavelengths directly probe the physics
of scattering processes (Seager and Sasselov, 2000; Hubbard et al., 2001; Lecavelier
Des Etangs et al., 2008), thereby allowing measurements of the atmospheric mean
molecular mass (Benneke and Seager, 2012). For low-mass transiting exoplanets,
this information can provide the key for distinguishing between rocky and gaseous
bulk compositions (Benneke and Seager, 2013).
GJ 1214b (Charbonneau et al., 2009) provides an excellent opportunity to study
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a low-mass planet with transmission spectroscopy. Orbiting an M4.5 dwarf only
14.55 parsecs away (Anglada-Escudé et al., 2013), the large transit depth of the
planet and apparent brightness of its host star make it very suitable for in-depth
study through transmission spectroscopy. Given its relatively small mass (6.3 M )
and large radius (2.8 R ; Anglada-Escudé et al., 2013), the low bulk density of
GJ 1214b requires that it contain a substantial gas component, though di↵erent
admixtures of rock, ice, and volatiles—owing to di↵erent formation histories—can
explain its bulk density equally well (Rogers and Seager, 2010). If GJ 1214b possessed a clear, hydrogen-dominated atmosphere with a ⇠150–200 km scale height,

whether obtained through direct accretion from the protoplanetary nebula or secondary outgassing, absorption features in its transmission spectrum could vary as
a function of wavelength by as much as 0.3% of the host star’s flux (Miller-Ricci
and Fortney, 2010). Assuming a hydrogen-dominated and clear atmosphere, such a
planet should in principle produce absorption features detectable by current groundbased and space-based instrumentation.
Attempts to constrain the transmission spectrum of GJ 1214b, however, have
revealed a remarkably flat spectrum. Starting with the first results provided by
Bean et al. (2010), observations of GJ 1214b in the optical and near-infrared have
found a featureless spectrum (Bean et al., 2011; Crossfield et al., 2011; Désert et al.,
2011; Berta et al., 2012; Murgas et al., 2012; Colón and Gaidos, 2013; de Mooij
et al., 2013; Fraine et al., 2013; Teske et al., 2013; Cáceres et al., 2014; Gillon et al.,
2014; Wilson et al., 2014; Nascimbeni et al., 2015). Reported spectral features in
the near-infrared (Croll et al., 2011; de Mooij et al., 2012) have not been reproduced
by follow-up measurements in the same bandpasses (Narita et al., 2013). Recently,
Kreidberg et al. (2014a) reported the most precise measurements to date obtained
during 12 transits with HST/WFC3, which demonstrate a lack of observable features
from 1.1–1.7 µm that rules out cloud-free scenarios for both hydrogen-dominated
and high mean molecular mass atmospheres. While exquisite precisions exist for
GJ 1214b’s transmission spectrum in the near-infrared where its red host star is
very bright (H = 9.1), its transmission spectrum remains poorly constrained in
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the blue optical, where the host star is exceedingly faint (B = 16.4). The existing
optical measurements rely on wide-band photometry and have been compiled from
a variety of sources, complicating the detection of spectral features and making the
measurements more prone to systematics in the measurement of the transit depth.
Modeling e↵orts have found that a high-altitude, optically thick layer, whether
composed of photochemically produced hydrocarbon hazes (Howe and Burrows,
2012; Miller-Ricci Kempton et al., 2012; Morley et al., 2013, 2015) or equilibrium
condensate clouds (Morley et al., 2013, 2015), can account for the flat near-infrared
transmission spectrum by obscuring spectral features that originate lower in the
atmosphere. Such a layer could exist for both hydrogen-dominated and high mean
molecular mass atmospheres (Morley et al., 2013), so the presence of a high-altitude
opacity source does not by itself tell us about atmospheric composition. Interestingly, however, the only V -band (4,730–6,860 Å; centered at 5,500 Å) measurement
to date (Teske et al., 2013) points to a relatively shallow transit depth, which should
be precluded by an high-altitude, optically thick layer.
Here we present an optical transmission spectrum (4,500–9,260 Å) of GJ 1214b
measured with Magellan/IMACS over three transits, which represents the first transmission spectrum of this sub-Neptune measured simultaneously across the optical
wavelength range. We find the transit depths across this range are generally shallower than comparable values in the near-infrared. As no physical model of the exoplanet’s atmosphere can reproduce these measurements and the flat near-infrared
spectrum simultaneously, we investigate the contribution of a heterogeneous stellar
photosphere, including faculae and starspots, to the observed transmission spectrum.
We find unocculted faculae in the stellar photosphere to be most consistent with
the shallower transit depths we observe in the optical. In Section 3.2, we describe
the data collection. We detail the data reduction and our detrending procedure in
Sections 3.3 and 3.4, respectively, and present our results in Section 3.5. We discuss
the physical interpretation of the spectrum in Section 3.6, presenting a model for
incorporating the e↵ects of a composite photosphere and atmospheric transmission
through the exoplanet’s limb and applying it to the cases of absorber and temper-
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ature heterogeneities in the stellar photosphere. We summarize our findings and
their implications in Section 3.7.
3.2

Data Collection

The observations of GJ 1214b were collected as part of ACCESS, the ArizonaCfA-Cátolica Exoplanet Spectroscopy Survey. In this section we first give a brief
summary of ACCESS before describing the specific observations of GJ 1214b in
detail.
3.2.1

ACCESS

ACCESS is a collaborative project between the University of Arizona, the Harvard–
Smithsonian Center for Astrophysics, the Pontificia Universidad Católica de Chile,
and the Carnegie Institution for Science with the aim of measuring optical transmission spectra from a representative sample of transiting exoplanets. Our targets
include 30 planets with masses and radii between 6–450 M and 2.5–23 R , and
e↵ective temperatures (Te↵ ) between 600–2,800 K. ACCESS utilizes ground-based,
multi-object spectrographs (MOS) to simultaneously collect spectra from the exoplanet host star and many comparison stars in the same field of view, enabling corrections for systematic noise sources arising from the instrument or variable weather
conditions. Our survey design emphasizes repeated observations to ensure the reliability of our findings. We demonstrated the feasibility of this technique in a
pilot study on WASP-6b (Jordán et al., 2013), which precisely measured the optical transmission spectrum of that transiting hot Jupiter in a single transit with
Magellan/IMACS despite strongly variable transparency during part of the transit.
The resulting spectrum for WASP-6b was most consistent with scattering, a result
confirmed later by HST (Nikolov et al., 2015; Sing et al., 2016).
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3.2.2

Observational Design

We observed three transits of GJ 1214b with the Inamori-Magellan Areal Camera
and Spectrograph (IMACS), a versatile wide-field imager and spectrograph permanently mounted on the Magellan Baade Telescope. It includes two cameras, one at
each of the f /2 and f /4 foci, which can each be used in MOS mode with customdesigned slit masks. The f /2 camera covers a 270 diameter circular field and provides
spectra with resolving powers up to R ⇠ 1, 200. The f /4 provides higher resolution

spectra, up to R ⇠ 5, 000, over a smaller, 150 square field. The detector of each
camera is composed of eight 2K ⇥ 4K CCDs, forming an 8K ⇥ 8K mosaic (Dressler
et al., 2006).

For these observations we used in turn each of the IMACS cameras in MOS
mode. We observed two transits with the f /4 camera and one with the f /2 camera;
therefore we designed two masks, one for each of the cameras. In the mask design
we considered three criteria: (1) to include the widest spectral range for the target
and comparison stars; (2) to include as many comparison stars as possible; and (3)
to eliminate slit losses using extra-wide slits (500 for the f /4 mask and 1000 for the
f /2 mask). We also used larger lengths for the slits (1200 for the f /4 mask and 2200
for the f /2 mask) to sample the sky background adequately.
We selected comparison stars using multiple criteria. Starting from an initial list
of all stars in the UCAC4 catalog (Zacharias et al., 2013) in the same field of view
as the target, we eliminated all known binary stars. We then made magnitude cuts,
including only stars less than 0.5 mag brighter and 1 magnitude fainter than the
target in V band. Finally, we prioritized the remaining candidates by their distance
(D) from the target star in B V / J K -color space,
q
D = [(B V )c (B V )t ]2 + [(J K)c

(J

K)t ]2 ,

(3.1)

in which the subscripts c and t refer to the comparison and target stars, respectively,
with the closest stars in this parameter space receiving the highest priorities. This
ranking is especially important in the case of GJ 1214b because the host star is much
redder than other stars in its field. Using these rankings, we adjusted the pointing
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o↵set and rotation of the IMACS mask to maximize the wavelength coverage for
the target and a maximum number of comparison stars. Our final configurations
allowed us to cut slits for the target and 14 comparison stars on the f /4 mask and
24 comparison stars on the wider-field f /2 mask. Finally, we included 25 5 ⇥ 500

square slits in each mask matching the position of relatively faint stars in the field.
Those boxes are used to align the masks.
3.2.3

Observations

Details for the three transit observations are provided in Table 3.1. We carried out
all observations in spectroscopic mode with no filter. We utilized 2 ⇥ 2 binning to
reduce read-out times, and chose integration times to provide a maximum of roughly

25,000–30,000 counts in analog-to-digital units (ADU; gain = 0.56 e 1 /ADU for f /4
setup, 1.0 e 1 /ADU for f /2 setup) per resolution element on the target spectrum,
which was the brightest of the spectra. A sample spectrum for the target is shown in
Figure 3.1. For Transits 1 and 2, we used the 150 line/mm grating, which provided
usable coverage of 4,500–9,260 Å on the target spectrum with a chip gap from
7,054–7,254 Å (Figure 3.2). Given the wide slits used, the spectral resolution for
each exposure was set by the seeing (see Table 3.1), with the average being R ⇠ 240.
For Transit 3, we utilized the f /2 camera for two reasons: (1) combining results from

two di↵erent cameras provides an additional level of cross-validation for the resulting
transmission spectrum, and (2) the larger field of view for the f /2 camera allowed
us to obtain more comparison spectra from potentially better comparison stars.
We used the 300 line/mm grism (blazed at 17.5 degrees), which gave spectral
coverage of 4,500–9,260 Å on the target spectrum with a chip gap from 6,506–
6,596 Å (Figure 3.2). With 2 ⇥ 2 binning and variable seeing (0.5

1.000 ), the

spectral resolution for each exposure varied between R ⇠ 300–700, with an average
of R ⇠ 480.

f /2
grism + 17.5

300 line/mm

150 line/mm grat.

150 line/mm grat.

Disperser

1.21–1.88

1.21–1.62

1.21–1.62

Airmass

63

35–40

30–40

times (s)

Exposure

29

31

34

overhead (s)

Readout +

126

243c

235b

Frames

⇠0.5–1.000

⇠0.7–0.900

⇠0.6–0.800

Seeing

c

The last 40 frames displayed a systematic trend in the target’s light curve and were not included in the light curve analysis.

included in the light curve analysis.

The last 14 frames, which were taken during twilight, displayed a systematic trend due to imperfect sky subtraction and were not

05:57–09:10

f /4

f /4

Camera

b

2014 Apr 03

3

03:14–08:01

a

Dates and observation start / end times are given in UTC.

2013 May 22

2

06:18–10:26

Start/End

Obs.

a

2013 Apr 25

Date

1

Transit

Table 3.1. Observing Log for GJ 1214b Datasets from Magellan/IMACS
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Figure 3.1: Example of data showing a portion of the slit containing the spectrum
of GJ 1214. The spectral trace and the slit borders are shown as dashed lines. A
typical region used to measure the sky background is shown as vertical bars. This
sub-image is taken from the Transit 1 dataset.
In each night we collected bias frames, dark frames, and quartz lamp flat frames
with the science mask and the same setup used for the science observations. The bias
frames demonstrated that the bias levels are essentially constant across the detector,
so we adopted constant bias levels using the median of the overscan region on each
science frame. The dark frames showed the dark count to be negligible for the
exposure times used, so no dark subtraction was applied. We reduced the data with
and without flat field corrections, and found the detrended light curves of GJ 1214
with the f /4 setup (Transits 1 and 2) displayed more correlated noise when flatfielded. Flat-fielding the f /2 data (Transit 3), however, reduced the correlated noise
contribution to the final light curve. More precisely, applying a flat field correction
increased the variance of the flicker noise models (see Section 3.4) for Transits 1
and 2 by 4% and 22%, respectively, and decreased it for Transit 3 by 21%. For
the rest of this analysis, we used the non-flat-fielded spectra for Transits 1 and 2
(f /4 camera) and the flat-fielded spectra for Transit 3 (f /2 camera). To obtain a
wavelength solution, we took exposures of He, Ne, and Ar lamps before and after
the science observations using calibration masks identical to the science masks but
with 0.500 slits.
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Figure 3.2: Median spectra of GJ 1214 from Transits 1 (red), 2 (green), and 3 (blue).
We observed Transits 1 and 2 using the IMACS f /4 camera, and Transit 3 with the
f /2 camera. The exposure times we utilized account for the di↵erence in maximum
counts between Transits 1 and 2. The overall shape of the spectrum from Transit 3
di↵ers from that of Transits 1 and 2 due to the transmission profile of the IMACS
f /2 camera. Vertical lines indicate chip gaps.
3.3

Data Reduction

We reduced each dataset with a custom, Python-based pipeline following the procedure employed in an earlier analysis of WASP-6b (Jordán et al., 2013). Below, we
summarize the key steps in the reduction procedure.
3.3.1

Spectrum Tracing

Bias levels were estimated and removed for each integration using the median of
the overscan region of each chip. For each frame, the position of each spectrum
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was then traced by identifying the centroid of the spectrum’s spatial profile for each
resolution element (2 ⇥ 2 binned pixel) in the dispersion or spectral direction, and

robustly fitting a second order polynomial to the identified centroids (Figure 3.1),
taking into account chip gaps when necessary. The left and right slit borders were
identified using the SciPy1 implementation of a Prewitt filter, which approximates
the spatial gradient of images and produces maximal values at edges. In this case,
the Prewitt-filtered images display strong positive values at slit borders. Traces of
the slit borders were obtained by robustly fitting polynomials to the positions of the
maxima flanking the spectral trace in the Prewitt-filtered images.
3.3.2

Sky Subtraction

The sky spectrum was identified for each resolution element in the spectral direction
using the median of all resolution elements within the slit borders, excluding an
aperture centered on the spectral trace containing the stellar spectrum. The central
aperture sizes were selected to minimize the correlated noise contribution to the
final light curve. Central apertures of 20 (4.400 ), 24 (5.300 ), and 24 (9.600 ) resolution
elements were used for the Transits 1, 2, and 3 datasets, respectively. The sky
spectrum was subtracted from the signal within the central aperture, leaving only
the profile of the stellar spectrum. The final extracted spectrum was then obtained
by summing the spectrum profile within the central aperture in the spatial direction.
Optimal extraction (Marsh, 1989) did not give noticeable gains over the simple
extraction for our high signal-to-noise spectra.
3.3.3

Wavelength Calibration

Given the wide slits used, skylines recorded during the observations had too low of a
spectral resolution to be useful for wavelength calibration. Therefore, the arc lamps
taken before and after the science observations with the narrow-slit (0.500 ) calibration
mask were used to calibrate the extracted spectra. Lorentzian profiles were fitted
1

http://www.scipy.org/
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to each spectral line to determine their centroids in the dispersion direction. Using
these pixel positions and the known vacuum wavelengths, the wavelength solution for
each spectrum was found by an iterative process in which a sixth order polynomial
was fitted to the wavelengths as a function of pixel position, the data point with the
greatest deviation from the fit was removed, and the process was repeated until the
root mean square error value of the fit was less than 2000 m/s (⇠0.05 Å). Depending
on the wavelength coverage of the particular spectrum, between 50–60 spectral lines
were assigned a pixel position, and roughly 35–45 were utilized in the final fit.
The wavelength solution found with the arc lamps was used for the first science
spectrum of the night, and the remaining science spectra were cross-correlated with
the first to determine their respective wavelength shifts. As a function of time,
the positions of the spectra drifted slowly in the dispersion direction, so a third
order polynomial was fitted to the shifts identified via the cross-correlations, and the
“smoothed” wavelength shifts provided by this fit were used to interpolate all spectra
into a common wavelength grid using b-splines. This step removed wavelength shifts
of roughly 10 Å between spectra over the course of the night. To identify any residual
wavelengths shifts on the order of 1 Å, the Fourier transform of each spectrum was
multiplied by the Fourier transform of the median spectrum, and the peak of the
convolution function was used to identify the remaining wavelength shift required.
These steps ensured that all spectra from a single star were calibrated to the
same reference frame. As a final step, the spectra from all stars were calibrated to
the same physical reference frame by identifying shifts between the H-alpha absorption line minimum of the median spectra and the vacuum wavelength of H-alpha,
and then interpolating the spectra onto a common wavelength grid using b-splines.
For GJ 1214, in which the H-alpha line was not evident, the Na 8,200 Å doublet
minimum was used for this process instead.
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3.4

Data Detrending

After extracting and wavelength-calibrating the spectra, we generated sets of light
curves for GJ 1214 and the comparison stars to identify each transit and related
systematics. We first generated white light curves, integrating all the light between
4,500–9,260 Å in each spectrum. We also generated spectroscopically resolved light
curves using 14 bins with varying widths that allowed for similar precisions on the
light curve parameters between bins (see Section 3.4.2). All these light curves were
systematics-dominated. We developed the formalisms described in the following
sections to model out these systematics.
3.4.1

Signal Modeling Frameworks

We employed two modeling frameworks to understand and remove systematic
trends from the light curve of GJ 1214, which we label the “PCA-based” and the
“polynomial-based” frameworks.
PCA-based Modeling Framework
Following the framework detailed by Jordán et al. (2013), we modeled the observed
target light curve l(t) as
l(t) = F T (t, ✓)S(t)✏(t),

(3.2)

in which t is time, F is the underlying flux from the target star, T (t, ✓) is the transit
signal defined by the vector of transit parameters ✓, S(t) is the perturbation signal
due to the combination of all systematic variations, and ✏(t) is the stochastic noise
component. We account for both uncorrelated variations (“white noise”) and correlated variations (“red noise”) in the light curve with the ✏(t) term and modeled them
following the wavelet-based method of Carter and Winn (2009)2 (see Section 3.4.2).
We assumed the underlying flux from the target star to be constant, so any actual
variations in the star’s flux were therefore encapsulated by the noise component. We
2

A Python implementation of this procedure can be found at http://www.github.com/

nespinoza/flicker-noise.
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assumed the perturbation signal to be a linear combination of signals owing to di↵erent instrumental and atmospheric e↵ects, which can be represented mathematically
as
S(t) =

n
Y

↵i si (t),

(3.3)

i=0

in which si (t) represents the di↵erent signals and ↵i their respective scaling coefficients. Expressed in logarithmic space, each of these multiplicative signals become
additive, so defining L ⌘ log l(t), the base-10 logarithm of the observed target light
curve can be written as

L = log F + log T (t, ✓) +

n
X

↵i si (t) + log ✏(t).

(3.4)

i=0

The systematic variations represented by the perturbation signal include common
variations experienced by the target and comparison spectra due to instrumental
and atmospheric e↵ects. Therefore, within this framework, the observed signal from
each k comparison star can be modeled as
Lk = log Fk +

n
X

↵i,k si (t) + log ✏k (t),

(3.5)

i=0

in which Fk is the baseline flux from the comparison star, ↵k is the set of unique
scaling coefficients for the systematic variations as they apply to this comparison
star, and ✏k (t) is the unique noise signal associated with this light curve. Thus the
mean-subtracted light curve from each comparison star (Lk

log Fk ) can be used

to estimate the perturbation signal S(t), which can then be subtracted from L in
Eq. 3.4.
We performed a principal component analysis (PCA) of the mean-subtracted
comparison light curves to estimate the independent signals si (t) comprising the
perturbation signal S(t). With N comparison stars, we could estimate at most
N principal components via PCA. As detailed in Section 3.4.2, we let the scaling
coefficients ↵i and the baseline flux from the host star F float as free parameters
in the Markov chain Monte Carlo procedure, so we enforced the maximum number
of principal components for use in the model to be M  N

1. However, we
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determined the optimal number of components to be the minimum number that
could achieve the same predictive power as the best set of M available components.
We estimated the predictive power of each set of components using a k-fold
cross-validation procedure. First, we split the out-of-transit target light curve into
20 segments (or “folds”). For each number of available principal components (from
1 to M ), we fit the ↵ scaling coefficients for the available components to the target
light curve using 19 “training” folds, and recorded the error (in units of normalized
flux) between the target light curve and fit for the single “validation” fold. Repeating this process using each of the 20 folds in turn as a validation fold gave us an
estimate and confidence interval of the prediction error for each number of principal
components. We identified the number of principal components that produced the
smallest median prediction error (“the best set”), and then used the lowest number
of principal components with a median prediction error indistinguishable at the 1
level from that of the best set.
The final consideration in the PCA-based procedure was to select the comparison
stars to ultimately use in generating the principal components. Each comparison
light curve provides a noisy estimate of the perturbation signal, so it follows that
the combination of comparison stars can be optimized to provide the best estimate
with the least noise. Through successive iterations, we found that for each night the
brightest comparison stars produced principal components that were most capable
of accurately predicting perturbations in the target light curve. Ultimately, we
used the brightest 4, 5, and 4 comparison stars to estimate the perturbation signals
for Transits 1, 2, and 3, respectively. We found these comparison stars to also
provide the best results when utilizing the polynomial-based modeling framework
we explored.
Polynomial-based Modeling Framework
We also modeled the observed target light curve following the procedure employed
by Bean et al. (2010) in their successful VLT/FORS observations of GJ 1214b. This
framework is empirically motivated, as the data show that simply dividing the target
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light curve by the sum of the comparison light curves removes most of the variations
in the out-of-transit flux from the target, leaving only a smoothly varying long-term
trend. Like Bean et al. (2010), we find that this trend can be modeled well as a
second order polynomial function of time, and attribute it to the color di↵erence
between this very red target star and the available comparison stars in the field. In
this framework, the target light curve can be expressed as
l(t) = F T (t, ✓)S(t)

2
X

↵i ti ✏(t),

(3.6)

i=0

and the comparison light curves as
lk (t) = Fk S(t)✏k (t),

(3.7)

in which ↵i now describes the polynomial coefficients and the other terms have the
same meaning as indicated previously. Dividing by the sum of comparison light
curves, the detrended target light curve can be expressed as
ldet (t) = T (t, ✓)

2
X

↵i ti ✏c (t),

(3.8)

i=0

in which the noise term ✏c (t) now represents the combined noise from the target and
comparison light curves, and the constant F and Fk terms have been subsumed into
the ↵0 coefficient. We note that this formalism is an approximation, since S(t) will
be di↵erent for the target and reference stars in real data (as expressed by the ↵i,k
coefficients in Eq. 3.5) and will not divide out exactly.
Both modeling frameworks are tested in the following. We compare their e↵ectiveness in Section 3.5.1 and report the results of the polynominal-based detrending
procedure in this paper.
3.4.2

Markov Chain Monte Carlo Procedure

General Procedure
For both modeling frameworks, the transit parameters were estimated for each night
using an MCMC optimization procedure. The transit signal was modeled following
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the formalism of Mandel and Agol (2002), which accounts for the e↵ect of limb
darkening via a quadratic law of the form
I(µ) = I(1)[1

u1 (1

µ)

u2 (1

µ)2 ],

(3.9)

in which µ is the cosine of the angle between the stellar surface normal and the
line of sight to the observer, and u1 and u2 are the limb darkening coefficients.
Fixing the limb darkening coefficients has been shown to bias measurements of the
transit depth (Espinoza and Jordán, 2015). Yet, when left as free parameters, these
coefficients are strongly correlated in MCMC retrievals (Pál, 2008; Kipping, 2013).
However, following a rotation onto new principal axes
!1 = u1 cos

u2 sin ,

!2 = u2 cos + u1 sin
with

(3.10a)
(3.10b)

= 35.8 (Kipping, 2013), !1 and !2 are essentially uncorrelated, and the

first parameter can account for variations induced by the transit geometry while
the second remains constant (Howarth, 2011). Therefore, we used these rotated
coefficients to describe the e↵ect of limb darkening, leaving !1 as a free parameter
and fixing !2 to values obtained from a PHOENIX atmospheric model (Husser et al.,
2013) for µ

0.1 with stellar parameters closest to those identified by Rojas-Ayala

et al. (2012): Te↵ = 3, 300 K, log g = 5.0, and [M/H] = 0.0. We used a uniform
prior on !1 with boundary values set by the triangular sampling method of Kipping
(2013).
In each MCMC procedure, we adopted the fixed parameters on the transit model,
which included system scale (a/Rs ), inclination (i), orbital period (P ), eccentricity
(e), and argument of periastron (!), from Kreidberg et al. (2014a) to allow for direct comparisons of results. The planet-to-star radius ratio (Rp /Rs ), rotated limb
darkening coefficient (!1 ), scaling coefficients for principal components or polynomial terms (↵), and photometric uncertainty (✏) were left as free parameters. The
baseline flux (F ) was also left as a free parameter in the PCA-based procedure. We
placed a Gaussian prior on Rp /Rs , centered on the median transit depth reported by
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Kreidberg et al. (2014a), with an uncertainty of

Rp /Rs

= 0.01 to allow the algorithm

to thoroughly explore the parameter space, and truncated by the range [0,1]. We also
placed 5 Gaussian priors on each ↵ coefficient. In the PCA-based procedure, we
determined the mean and standard deviation for the priors using the distributions of
the ↵ coefficients obtained for the comparison stars. In the polynomial-based procedure, we performed a bootstrap analysis on the out-of-transit data to determine the
mean and standard deviation for the priors. We resampled the out-of-transit data
with replacement 1000 times and fit a second order polynomial function of time to
each sample via least-squares, recording the fit coefficients. We utilized the mean
and standard deviation of the coefficient distributions to determine the 5 Gaussian
priors for the MCMC. Finally, we placed a 5 Gaussian prior on F in the PCA-based
procedure using the median and standard error of the out-of-transit flux.
We ran five chains of 130,000 steps and discarded the first 30,000 steps as the
burn-in. For each step in the chain, the likelihood of the residuals given the model
was calculated via the same likelihood function given by Equation 41 of Carter
and Winn (2009), which parameterizes the contributions of uncorrelated and timecorrelated noise sources to the observed light curve via the parameters

w

and

r,

respectively. We placed uniform priors bounded by the interval [0,1] on both of
these parameters.
We combined the results from all chains to determine the posterior values. We
evaluated convergence between chains using the Gelman–Rubin statistic R̂ (Gelman
and Rubin, 1992), and considered the chains to be well-mixed if R̂  1.03 for
all parameters. We constructed the posterior distribution by sampling each chain

at intervals spaced by 10⇥ the half-life of the autocorrelation in the chain. This
wide spacing ensured independent sampling. We adopted the median and 68.27%
confidence interval defined by the 15.87th and 84.14th percentiles of the posterior
distribution as the final posterior value and uncertainty for each parameter.
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White-light Light Curve Analysis
We first analyzed the white light curve, using flux from the complete spectra (4,500–
9,260 Å) of GJ 1214 and the comparison stars. We performed the procedure as
outlined previously, additionally including the time of mid-transit (t0 ) as a free
parameter. We placed a uniform prior on t0 spanning the complete observation.
Spectroscopic Light Curve Analysis
Following the white light analysis, we repeated the MCMC procedure for each wavelength bin. We allowed the same parameters to float, except t0 , which we fixed to
the value obtained from the white light analysis.
In determining the width of wavelength bins for the spectroscopic analysis, we
aimed to (1) maximize the number of bins, while (2) collecting enough signal in the
bins to discriminate between model transmission spectra with signals on the order
of

(Rp /Rs ) ⇠ 0.005. Taking into account our usable wavelength coverage of 4,500–

9,260 Å and the chip gaps for the f /4 and f /2 setups, we determined that dividing
the spectra into 14 bins with roughly even signal to be optimal: we use 10 bins with

a mean width of 200 Å (174–243 Å) at wavelengths greater than 7, 250 Å, where
the spectra are brightest, and four bins with a mean width of 616 Å (310–1,157 Å)
at shorter wavelengths, where the spectra are considerably fainter (Table 3.2).
Other Limb Darkening Prescriptions
Along with the limb darkening prescription described previously, we investigated
two additional methods for handling the e↵ect of stellar limb darkening on the
transit light curve. In the first approach we fixed the limb darkening coefficients !1
and !2 during the MCMC analysis to the values from the PHOENIX atmospheric
model (Husser et al., 2013). In the second we utilized the triangular sampling
method proposed by Kipping (2013), which involves fitting for new limb darkening
coefficients q1 = (u1 + u2 )2 and q2 = 0.5u1 (u1 + u2 )

1

with uniform priors on the

interval [0,1] in order to efficiently sample the physically bounded parameter space.
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Table 3.2. Planet-to-star Radius Ratios

Bin

Rp /Rs

N

min

max

Transit 1

Transit 2

Transit 3

Final

1

4500.0

5657.0

0.1121+0.0020
0.0020

0.1129+0.0021
0.0021

0.1172+0.0026
0.0027

0.1136+0.0013
0.0013

2

5657.0

6196.0

0.1119+0.0017
0.0018

0.1139+0.0017
0.0018

0.1140+0.0021
0.0021

0.1132+0.0011
0.0011

3

6196.0

6506.0

0.1153+0.0015
0.0015

0.1125+0.0024
0.0025

0.1149+0.0013
0.0013

0.1147+0.0009
0.0009

4

6596.0

7054.0

0.1112+0.0015
0.0015

0.1153+0.0024
0.0025

0.1157+0.0019
0.0019

0.1133+0.0011
0.0010

5

7254.0

7485.0

0.1147+0.0012
0.0012

0.1151+0.0017
0.0016

0.1138+0.0008
0.0008

0.1142+0.0006
0.0006

6

7485.0

7728.0

0.1130+0.0013
0.0013

0.1161+0.0014
0.0013

0.1149+0.0011
0.0012

0.1146+0.0007
0.0007

7

7728.0

7967.0

0.1155+0.0013
0.0013

0.1154+0.0011
0.0011

0.1138+0.0012
0.0011

0.1148+0.0007
0.0007

8

7967.0

8142.0

0.1157+0.0015
0.0016

0.1174+0.0013
0.0012

0.1138+0.0011
0.0010

0.1153+0.0007
0.0007

9

8142.0

8316.0

0.1150+0.0018
0.0019

0.1172+0.0019
0.0019

0.1146+0.0010
0.0010

0.1152+0.0008
0.0008

10

8316.0 8502.0

0.1133+0.0013
0.0013

0.1162+0.0016
0.0016

0.1153+0.0011
0.0011

0.1148+0.0007
0.0008

11

8502.0 8692.0

0.1150+0.0014
0.0014

0.1159+0.0015
0.0016

0.1168+0.0013
0.0014

0.1159+0.0008
0.0008

12

8692.0 8868.0

0.1136+0.0013
0.0014

0.1161+0.0018
0.0018

0.1128+0.0014
0.0013

0.1138+0.0008
0.0008

13

8868.0 9065.0

0.1164+0.0017
0.0017

0.1161+0.0017
0.0017

0.1141+0.0016
0.0017

0.1155+0.0010
0.0010

14

9065.0 9260.0

0.1165+0.0022
0.0023

0.1153+0.0016
0.0016

0.1147+0.0014
0.0014

0.1153+0.0009
0.0010

Note. — For individual transits, we report the medians and 68% confidence
intervals on the posterior distributions from the MCMC optimization procedure.
The final radius ratios are the weighted means of the three transit measurements
(see Section 3.5.4 for details).
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The Rp /Rs values for the final transmission spectrum did not di↵er significantly
among the three limb darkening prescriptions. With respect to the nominal results,
adopting fixed limb darkening coefficients caused the Rp /Rs values on average to
di↵er by 5 ⇥ 10

4

(0.6 ). Similarly, the triangular sampling method led to Rp /Rs

values that di↵ered by 3 ⇥ 10

4

(0.3 ). Both methods enlarged the 1 uncertainties

on the transmission spectrum by 0.2%. In this paper we report the Rp /Rs values
determined via our nominal limb darkening prescription described in Section 3.4.2.
3.5

Results

3.5.1

Comparison of the Detrending Methods

We find the polynomial-based detrending procedure to be the most e↵ective at
removing long-term trends in the light curves. By contrast, strong long-term trends
in the light curves of GJ 1214 remain after applying the PCA-based procedure. We
attribute these to e↵ects introduced by the color di↵erence between the target and
comparison stars, which are not encapsulated in the principal components of the
comparison light curves. As the wavelength-based likelihood function we employ
(Carter and Winn, 2009) is particularly sensitive to time-correlated systematics,
this results in inflated parameter uncertainties. Accordingly, the uncertainties on
Rp /Rs we find with the PCA-based procedure are on average 1.4% larger than
those from the polynomial-based procedure. The final Rp /Rs values from the PCAbased procedure di↵er on average from those of the polynomial-based procedure by
1.6 ⇥ 10

3

(1.3 ). We conducted the analysis described in Section 3.6 on the white-

light and spectroscopic light curves extracted from both detrending procedures. The
choice of detrending procedure does not a↵ect the interpretation of the spectrum or
the conclusions of this paper, though the inflated uncertainties from the PCA-based
procedure lead to looser constraints. Given (1) the consistency between detrending
methods, (2) the potential for time-correlated systematics to bias the measured
transit depths, and (3) the tighter constraints provided by the polynomial-based
detrending procedure, we report the results from the polynomial-based procedure
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Table 3.3. Mid-transit Times from White Light Analyses

Transit

Date (UTC)

t0 (BJDUTC )

1

2013 Apr 25

2456407.85423+0.00008
0.00008

2

2013 May 22

2456434.72098+0.00013
0.00012

3

2014 Apr 03

2456750.80196+0.00008
0.00008

Note. — For the spectroscopic light curve analyses, the mid-transit times were fixed to these values.

and adopt them for the white-light and spectroscopic analyses.
3.5.2

White-light Light Curve Fitting

The t0 values determined via the polynomial-based and PCA-based detrending procedures agree within 0.5 . We report the mid-transit times from the polynomialbased method in Table 3.3 and use them for the remainder of this work. Figure 3.3
displays the white light data for each night and their best-fitting transit models.
3.5.3

Spectroscopic Light Curve Fitting

We show the spectroscopic light curves obtained via the polynomial-based procedure
for Transits 1, 2, and 3, respectively, with their best-fitting transit models and
residuals in Figures 3.4–3.6. The median residual RMS values for the spectroscopic
light curves are 1.5⇥, 2.2⇥, and 3.3⇥ the photon noise limit for Transits 1, 2, and 3,
respectively. The spectroscopic Rp /Rs values for each transit are listed in Table 3.2
and shown in Figure 3.7.

100
1.005
Transit 1

Transit 2

Transit 3

Norm. Flux

1.000
0.995
0.990

Residuals

0.985
0.980
0.005
0.000
0.005
2

1

0

1

2

3

2

1

t

0

1

t0 (h)

2

3

2

1

0

1

2

3

Figure 3.3: White light curves (top) and residuals (bottom) from Transits 1 (left),
2 (center), and 3 (right). The top panels show the normalized flux measurements
of GJ 1214 after subtracting the correlated noise component (colored points) and
the best-fitting transit model for each night (black lines). The bottom panels show
the residuals between the normalized flux measurements and best-fitting transit
models (points) along with the correlated noise components identified by the wavelet
analysis (black lines).
3.5.4

Combining Results

We take the weighted mean of the transmission spectra from the three transits
to generate a final transmission spectrum (Table 3.2). For each wavelength bin,
we average the Rp /Rs measurements from each transit weighted by their inverse
variances and calculate the uncertainty as the square root of the weighted sample
variance. The final combined spectrum is shown in black circles in Figure 3.7.
3.6
3.6.1

Discussion
Previous Measurements

Since its discovery, many groups have published measurements of GJ 1214b’s transmission spectrum in the optical and near-infrared (Bean et al., 2010, 2011; Croll
et al., 2011; Crossfield et al., 2011; Désert et al., 2011; Berta et al., 2012; de Mooij
et al., 2012, 2013; Murgas et al., 2012; Colón and Gaidos, 2013; Fraine et al., 2013;
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7254

7485 Å
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5657

6196 Å
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Figure 3.4: Detrended light curves and residuals from Transit 1 using the
polynomial-based detrending procedure. The best-fitting transit models are plotted
as black lines in the left panel. Black lines in the right panel show the correlated
noise components identified by the wavelet analysis. Data from di↵erent wavelength
bins are o↵set for clarity. Correlated noise levels are smaller than the Poisson noise
for all wavelength bins.

102

Transit 2

1.2

Norm. flux + offset

1.15

9065

9260 Å
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8316

8502 Å

8142

8316 Å
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7728

7967 Å
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Figure 3.5: Detrended light curves and residuals from Transit 2 using the
polynomial-based detrending procedure. The figure components are the same as
those for Figure 3.4.
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Figure 3.6: Detrended light curves and residuals from Transit 3 using the
polynomial-based detrending procedure. The figure components are the same as
those for Figure 3.4. With longer exposures and shorter duty cycles, photon noise
levels are lower for the Transit 3 dataset, which utilized the IMACS f /2 camera.
Time-correlated systematics are strongest for the bluest wavelength bins. This could
owe to larger contrasts of stellar surface heterogeneities at shorter wavelengths or
an increased importance of instrumental noise sources at wavelengths where the
host star is faintest. In either case, the systematics modeling approach that we use
(Carter and Winn, 2009) is agnostic as to the origin of the time-correlated noise
sources.
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Figure 3.7: Transmission spectrum of GJ 1214b from Magellan/IMACS. Transits
1, 2, and 3 are shown in red, green, and blue, respectively, with horizontal o↵sets
for clarity. The final, combined spectrum (see Section 3.5.4) is shown in black. The
horizontal error bars on the final spectrum indicate the wavelength bins utilized for
all transits.
Narita et al., 2013; Teske et al., 2013; Cáceres et al., 2014; Gillon et al., 2014; Kreidberg et al., 2014a; Wilson et al., 2014; Nascimbeni et al., 2015). A total of 58 measurements have been published for bandpasses with central wavelengths shorter than
9,260 Å, the longest wavelength in our Magellan/IMACS spectrum. These measurements tend to lie above our data and have a mean of Rp /Rs = 0.1170 ± 0.0002, in

which the quoted uncertainty is the standard error of the mean. However, they span
a notable range, with a minimum of Rp /Rs = 0.1104 ± 0.0014 at 8,550 Å (Wilson

et al., 2014), a maximum of Rp /Rs = 0.1217 ± 0.0025 at 6,560 Å (Murgas et al.,

2012), and a standard deviation of 1.8 ⇥ 10 3 . The large body of work on GJ 1214b
reflects a diverse set of approaches, which can complicate the combined analysis of

data from di↵erent sources. A uniform reanalysis of all existing GJ 1214b observations would be fruitful but is outside the scope of this work.
Of the existing measurements, the 1.1–1.7 µm spectrum from Kreidberg et al.
(2014a), obtained during 12 transits with HST /WFC3, provides the most precise
measurements and places the tightest constraints on the nature of GJ 1214b’s at-
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mosphere. We adopt the system parameters (a/Rs = 15.23, i = 89.1 , P =
1.58040464894 days, e = 0), from Kreidberg et al. (2014a) in this study to facilitate direct comparisons with those results.
While fitting model transmission spectra, we perform a simultaneous fit of the
new 0.45–0.93 µm Magellan/IMACS spectrum and two highly constraining published datasets: the 1.1–1.7 µm spectrum from Kreidberg et al. (2014a) and the
Spitzer 3.6 and 4.5 µm bands from Fraine et al. (2013). We adopt the Fraine et al.
(2013) results found using the Berta et al. (2012) system parameters, which are the
most similar to the Kreidberg et al. (2014a) parameters.
3.6.2

Comparison to Model Transmission Spectra

We compare the joint dataset to model transmission spectra from Morley et al.
(2015) that include either KCl and ZnS equilibrium condensate clouds or photochemically produced hydrocarbon hazes. In terms of equilibrium clouds, we consider a grid of 24 models with a range of metallicities (100–1000⇥ solar) and cloud
thicknesses, parameterized by the sedimentation efficiency fsed , which is the ratio of
the sedimentation velocity to the convective velocity. We consider cloud-free models
(no fsed value) and a range of models with thinner (fsed = 1) to thicker (fsed = 0.01)
cloud layers. With respect to photochemical hazes, we consider a grid of 20 models
with vertical eddy di↵usion coefficients of Kzz = 1010 cm2 s 1 , and a range of mode
particle radii r (0.01–1 µm) and haze-forming efficiencies fhaze (1–30%), which represent the mass fraction of precursors that form soots. All models were calculated
at 1⇥ GJ 1214b’s incident stellar flux.
We investigate the goodness-of-fit of the data to the models using the

2

statis-

tic and represent the results as in Morley et al. (2015). In fitting the models to
the data, we allow for a uniform o↵set in Rp /Rs to minimize the
assume 37 degrees of freedom (dof; 38 data points
culating the reduced

2

statistic (

2
red ).

2

value. We

1 fitted parameter) when cal-

Tables 3.4 and 3.5 give the results for the

cloud and haze models, respectively. For cloudy atmospheres, models with higher
metallicities and thicker clouds (fsed = 0.01–0.1) tend to provide better fits (Fig-
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Figure 3.8: Reduced chi-squared maps for model fits considering only transmission
through the exoplanet’s limb. We find the best fits to the joint dataset for cloudy
models with high metallicity (1000⇥ solar) and thick clouds (fsed ⇠ 0.01–0.1) and
hazy models with relatively large particles (0.1–1 µm) and high haze-forming efficiencies (10–30%). The full results for the cloudy and hazy model grids (Morley
et al., 2015) are provided in Tables 3.4 and 3.5, respectively.
ure 3.8). The best-fitting cloud model has the highest metallicity and relatively thick
clouds (1000⇥ solar, fsed = 0.1,

2

= 81.3,

2
red

= 2.20). For hazy atmospheres,

the models with higher haze-forming efficiencies (fhaze = 10–30%) and larger mode
particle sizes (r = 0.3–1 µm) provide the best fits (Figure 3.8). The best-fitting
haze model includes a relatively large mode particle size and haze-forming efficiency
(r = 0.3 µm, fhaze = 10%,

2

= 74.1,

2
red

= 2.00). A flat line model (1 fitted

parameter; dof= 37) provides a fit to the data comparable to that of the best-fitting
cloud and haze models (Rp /Rs = 0.11613,

2

= 75.2,

2
red

= 2.03).

Given the high precisions of the near-infrared measurements, the model fits are
driven by these data. For both the equilibrium cloud and photochemical haze grids,
the best-fitting models are those that could most e↵ectively flatten the planet’s
near-infrared transmission spectrum in agreement with the observations. However,
these models are inconsistent with the optical data (Figure 3.9). In e↵ect, the large
opacity source required to obscure spectral features in the near-infrared predicts an

107

Table 3.4. Model-fitting Results for Cloudy Atmospheres Considering Only
Transmission through the Exoplanet’s Limb
fsed a

2

dof

2
red

100

0.01

215.3

37

5.82

100

0.1

411.9

37

11.1

100

1

3963

37

107

100

cloud-free

6919

37

187

150

0.01

168.0

37

4.54

150

0.1

278.3

37

7.52

150

1

2627

37

71.0

150

cloud-free

4651

37

126

200

0.01

142.7

37

3.86

200

0.1

208.9

37

5.65

200

1

1881

37

50.9

200

cloud-free

3359

37

90.8

250

0.01

127.1

37

3.44

250

0.1

169.3

37

4.58

250

1

1422

37

38.4

250

cloud-free

2560

37

69.2

300

0.01

116.7

37

3.16

300

0.1

144.5

37

3.91

300

1

1120

37

30.3

300

cloud-free

2029

37

54.8

1000

0.01

87.77

37

2.37

1000

0.1

81.26

37

2.20

1000

1

246.8

37

6.67

1000

cloud-free

440.6

37

11.9

Metallicity
(⇥ Solar)

a

Cloud-free models do not have an fsed value.
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Table 3.5. Model-fitting Results for Hazy Atmospheres Considering Only
Transmission through the Exoplanet’s Limb
2

dof

2
red

1

916.1

37

24.8

0.01

3

394.4

37

10.7

0.01

10

115.1

37

3.11

0.01

30

82.89

37

2.24

0.03

1

753.6

37

20.4

0.03

3

376.6

37

10.2

0.03

10

106.7

37

2.88

0.03

30

81.84

37

2.21

0.1

1

338.9

37

9.16

0.1

3

175.0

37

4.73

0.1

10

82.49

37

2.23

0.1

30

77.37

37

2.09

0.3

1

1119

37

30.2

0.3

3

90.66

37

2.45

0.3

10

74.13

37

2.00

0.3

30

75.58

37

2.04

1

1

5578

37

151

1

3

1734

37

46.9

1

10

117.0

37

3.16

1

30

75.77

37

2.05

r

fhaze

(µm)

(%)

0.01
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optical spectrum that is either flat and in line with the near-infrared measurements
or slightly increasing with shorter wavelengths. Yet the optical data are in fact
o↵set below the near-infrared data, with a mean value of Rp /Rs = 0.1146 ± 0.0002,
compared with Rp /Rs = 0.11615 ± 0.00003 for the Kreidberg et al. (2014a) dataset,
in which the quoted uncertainty is the standard error of the mean. Thus the mean
of the optical data points is 8 lower than that of the near-infrared data.
To evaluate the significance of the o↵set between our Magellan/IMACS data and
the HST /WFC3 data, we calculate the

2

fit of our optical data to a flat transmis-

sion spectrum given by the mean of the HST /WFC3 data. With 14 data points and
1 fitted parameter, we assume 13 dof when calculating the

2
red

statistic. We find

the optical data are inconsistent with the mean Rp /Rs of the HST /WFC3 data at
high significance (

2

= 54.2,

2
red

= 4.17, p < 1 ⇥ 10 5 ). Since atmospheric models

that are consistent with the flat near-infrared spectrum predict an optical spectrum
that is in line with or slightly elevated with respect to the near-infrared, we con-

clude that by taking into account transmission through the exoplanet’s atmosphere
alone, none of the physically plausible models we considered can reproduce both
the optical and near-infrared measurements. With that in mind, we consider in the
following sections possible contributions from the star’s photosphere to the observed
transmission spectrum.
3.6.3

E↵ects of a Heterogeneous Stellar Photosphere

Composite Photosphere and Atmospheric Transmission (CPAT) Model
We investigate how heterogeneities across the star’s photosphere could a↵ect the
observed transmission spectrum of the exoplanet using a basic model to incorporate the e↵ects of a composite photosphere and atmospheric transmission along the
planet’s limb (hereafter, the “CPAT model”). We consider the simplest case in
which the emergent spectrum of the star is composed of two distinct components:
the spectrum typical of the occulted transit chord So (the “occulted” spectrum) and
the unocculted spectrum Su , which is fully outside of the transit chord (Figure 3.10).

Observations vs. Models with Homogenous Stellar Photospheres
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Figure 3.9: Best-fitting model spectra only considering atmospheric transmission
through the exoplanet’s limb. Models assuming homogeneous stellar photospheres
cannot reproduce both the near-infrared and optical measurements. From top to
bottom, the panels show the full wavelength range of the best-fit cloudy (1000⇥ solar, fsed = 0.1) and hazy (Kzz = 10, r = 0.3 µm, fhaze = 10%) models, and close-up
views of the regions around the Magellan (current work), HST (Kreidberg et al.,
2014a), and Spitzer (Fraine et al., 2013) datasets.
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Figure 3.10: Schematic of composite photosphere and atmospheric transmission
(CPAT) model. In this model, the exoplanet blocks a wavelength-dependent fraction
of the stellar disk D . The transit chord probes a region with a characteristic stellar
spectrum (the “occulted” spectrum), while a fraction of the stellar disk F , either
continuous or not, is described by another (the “unocculted” spectrum). During
the transit, the di↵erence between the stellar spectra is imprinted in the observed
transmission spectrum.
It is important to note that the occulted spectrum includes the transit chord but is
not limited to it. For example, the planet could transit a region with a spectrum
that is typical of 80% of the photosphere, while another 20% of the photosphere
produces a distinct spectrum that is not probed by the transit chord. Additionally,
the unocculted region does not need to be continuous in this model. We note that
the planet could transit multiple regions with distinct spectral characteristics (as is
the case while crossing starspots; e.g., Sanchis-Ojeda and Winn, 2011), or multiple
unocculted regions with distinct spectra could exist, though we show here that this
simple model is sufficient to reproduce the observations.
In cases where the stellar photosphere is composed of two distinct components,

112
the observed transmission spectrum given by the CPAT model is
s
✓ ◆
Rp
(1 F D )So + F Su
= 1
,
Rs ,obs
(1 F )So + F Su
in which (Rp /Rs )

,obs

(3.11)

is the observed, wavelength-dependent planet-to-star radius

ratio; F is the fraction of the stellar disk covered by the unocculted spectrum Su ; and
D = (Rp /Rs )2 is the transit depth expected from the true, wavelength-dependent
planet-to-star radius ratio. The numerator within the square root gives the in-transit
flux, and the denominator the out-of-transit flux. In the following sections, we
apply the CPAT model to three cases: (1) heterogeneous absorbers, (2) generalized
temperature heterogeneities, and (3) cool starspots with parameters fixed to values
inferred from long-term photometric monitoring of GJ 1214b.
CPAT Model for Absorber Heterogeneities
Significant chemical heterogeneities are known to exist for magnetically active, hot
(B and A-type) main sequence stars that show peculiar chemical abundances (e.g.,
Pyper, 1969; Khokhlova, 1985). While no strong correlation was observed between
the line profile variations and magnetic field strengths, it has been proposed that
the chemical abundance patterns emerge due to anisotropic di↵usion of the elements in a strong magnetic field (e.g., Michaud, 1970; Urpin, 2016). Simultaneous
Doppler imaging mapping of chemical heterogeneities and magnetic field geometry
argue for highly complex configurations across the stellar disk (e.g., Piskunov and
Kochukhov, 2002). Similarly, both partially and fully convective mid-M dwarfs have
been found to store the bulk of their magnetic flux in small scale components that
are non-axisymmetric (Reiners et al., 2009). Field strengths up to 4 ⇥ 103 G have
been detected for very active M4.5 dwarfs (Johns-Krull and Valenti, 1996) as well
as rapidly rotating mid- to late-M dwarfs (Reiners and Basri, 2010; Reiners, 2012).
If indeed anisotropic di↵usion is the process that leads to chemically heterogeneous
stellar photospheres, then it is expected that this e↵ect will only be important
for stars with strong magnetic fields (⇠ 103 G) and without fully convective atmospheres; however, weaker magnetic fields—not able to produce strong enough
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chemical heterogeneities to lead to varying absorption line profiles—may lead to
low-level heterogeneities that could still potentially influence the optical transmission spectrum of transiting exoplanets. The detailed analysis of this e↵ect is beyond
the scope of this paper but may be important for future transit spectroscopy of
planets orbiting stars with strong magnetic fields, including rapidly rotating midto late-M dwarfs.
We use Equation (3.11) to model the e↵ects of an heterogeneous distribution
of absorbers in the stellar photosphere on the observed transmission spectrum (the
“CPAT-absorber model”). We utilize PHOENIX model stellar spectra (Husser et al.,
2013) with Te↵ = 3, 300 K and log g = 5.0 to generate the So and Su spectra for our
model. As a proxy for the strength of absorbers, we employ models with a range
of metallicities as defined by [Fe/H]. Higher metallicity models demonstrate deeper
spectral features due to the larger absorber abundances, while lower metallicity
models possess relatively muted absorption features. We do not consider alphaenhanced or depleted models, so [Fe/H] is synonymous with the overall metallicity
Z. The PHOENIX model grid includes spectra for metallicities of
2.0 in steps of 1.0 and

4.0  [Fe/H] 

2.0  [Fe/H]  +1.0 in steps of 0.5. We include each of

these models in our analysis.

We employ an MCMC approach to find the best-fitting CPAT-absorber model.
We conduct an MCMC optimization for each of the exoplanet atmosphere models
in the grids of cloudy and hazy models described in Section 3.6.2. At each step in
the Markov chain, the measured Rp /Rs values from the joint dataset are compared
with the CPAT-absorber model produced by the combination of the heterogeneous
stellar photosphere and the input exoplanet atmosphere. The spectra So and Su
are generated by using the values for [Fe/H]o and [Fe/H]u , the metallicities of the
occulted and unocculted spectra, respectively, and linearly interpolating between
the closest spectra in the PHOENIX model grid. Following the results of Doppler
imaging studies of M dwarfs, we adopt F = 0.032, which is the mean spot filling
factor Barnes et al. (2015) found for the M4.5 dwarf GJ 791.2A over its rotation
period. We fix the metallicity of the occulted spectrum to the best-fit value for

114
the metallicity of GJ 1214, [Fe/H]o = 0.20 (Rojas-Ayala et al., 2012). The free
parameters in the model are the metallicity contrast

[Fe/H], which determines the

metallicity of the unocculted spectrum relative to that of the occulted spectrum,
and the uniform o↵set applied to the exoplanet’s model transmission spectrum,
(Rp /Rs )o . We place a uniform prior on

[Fe/H] to allow the algorithm to fully

explore the parameter space, with interval boundaries [ 4.2, +0.8] to keep [Fe/H]u
within the PHOENIX model range [ 4.0, +1.0]. While allowing the metallicity of
3.2% of the stellar disk to vary will change the mean metallicity of the photosphere,
we note that the mean will never vary more than 1 from the measured metallicity,
[Fe/H]= 0.20 ± 0.17 (Rojas-Ayala et al., 2012). We place a Gaussian prior on

(Rp /Rs )o using the mean and standard deviation of the residuals found by fitting
the joint dataset to the exoplanet’s model transmission spectrum (Section 3.6.2) and
bounded on the interval [ 1, +1]. We run five chains of 105 steps with an additional
104 steps discarded as the burn-in. We consider the chains to be well-mixed if the
Gelman–Rubin statistic R̂  1.03 for all parameters.

The results of the CPAT-absorber model fitting for the full grids of cloudy and

hazy transmission spectra are illustrated in Figure 3.11. As can be seen by comparing Figures 3.8 and 3.11, the best-fitting parameters for the exoplanet’s atmosphere
are not substantially changed by incorporating the e↵ect of a heterogeneous stellar
photosphere, though the CPAT-absorber models can provide better fits to the data.
The complete results from the fitting procedure are provided in Tables 3.6 and 3.7,
for the equilibrium cloud and photochemical haze models, respectively. The values
for the free parameters,

[Fe/H] and (Rp /Rs )o , that we report there and quote as

follows are the median and 68% confidence intervals from the MCMC optimization
procedure. In the case of equilibrium clouds, we find the best-fitting model to have
a very high metallicity and thick clouds in the exoplanet’s atmosphere and a relatively low metallicity in the unocculted region of the star’s photosphere (1000⇥ solar,
fsed = 0.1,
2
red

[Fe/H] =

+28
1.58+0.28
0.37 , (Rp /Rs )o = 8, 594 26 ppm,

2

= 54.7, dof= 36,

= 1.52). Considering photochemical haze models, we find the best-fitting

model to include the same mode particle size and haze-forming efficiency as when
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Figure 3.11: Reduced chi-squared maps for CPAT-absorber model fits. We find the
best fits to the joint dataset for cloudy models with high metallicity (1000⇥ solar)
and thick clouds (fsed ⇠ 0.01–0.1) and hazy models with relatively large particles
(0.1–1 µm) and high haze-forming efficiencies (10–30%). The free parameters in
the fitting procedure are described in Section 3.6.3 and their optimized values are
provided in Tables 3.6 and 3.7 for the cloudy and hazy model grids (Morley et al.,
2015), respectively.
considering only the exoplanetary contribution to the transmission spectrum (Section 3.6.2) and a low metallicity for the unocculted region similar to that found for
the CPAT-absorber cloud model (r = 0.3 µm, fhaze = 10%,
(Rp /Rs )o =

5, 758+27
26 ppm,

2

= 53.3, dof= 36,

2
red

[Fe/H] =

1.31+0.35
0.39 ,

= 1.48). Figure 3.12 shows

the posterior distributions for the free parameters in each of the best-fitting cloud
and haze models. A model using a constant, achromatic value of Rp /Rs for the exoplanet’s transmission spectrum together with a CPAT-absorber model for the star
provides a fit to the data comparable to that of the best-fitting CPAT-absorber cloud
and haze models ( [Fe/H] =
dof= 36,

2
red

= 1.55).

1.02+0.33
0.24 , Rp /Rs = 0.11604 ± 0.00003,

2

= 55.8,

Figure 3.13 shows the best-fitting equilibrium cloud and photochemical haze
CPAT-absorber models. Additionally shown is the constant-Rp /Rs CPAT-absorber
model, which illustrates the e↵ect of a heterogenous distribution of absorbers in
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Table 3.6. Results from MCMC Fits to CPAT-absorber Models for Cloudy
Atmospheres
Metallicity

fsed a

[Fe/H]

(⇥ Solar)

2

dof

2
red

(ppm)
0.01

-3.38+0.55
0.29

-1364+155
96

119.7

36

3.32

100

0.1

36

9.85

1

3914

36

109

100

cloud-free

6863

36

191

150

0.01

87.68

36

2.44

150

0.1

227.9

36

6.33

150

1

2580

36

71.7

150

cloud-free

4590

36

127

200

0.01

73.65

36

2.05

200

0.1

163.5

36

4.54

200

1

1834

36

50.9

200

cloud-free

3306

36

91.8

250

0.01

66.64

36

1.85

250

0.1

127.1

36

3.53

250

1

1378

36

38.3

250

cloud-free

2508

36

69.7

300

0.01

62.5

36

1.74

300

0.1

105.6

36

2.93

300

1

1074

36

29.8

300

cloud-free

1981

36

55

1000

0.01

61.43

36

1.71

1000

0.1

54.67

36

1.52

1000

1

212.9

36

5.91

1000

cloud-free

-32+42
35
+27
1956 25
2392+26
25
601+64
55
+42
1638 33
3288+25
26
+25
3646 25
1990+51
54
2900+40
31
4340+26
25
+25
4645 25
3075+52
52
+37
3895 31
5180+27
24
5450+26
25
+51
3940 52
4688+36
30
+25
5854 26
6098+26
24
8231+54
37
8594+28
26
+26
9205 24
9339+25
26

354.6

100

-2.23+0.14
0.15
+0.12
-1.72 0.14
-1.53+0.11
0.18
-2.80+0.18
0.15
+0.16
-2.19 0.17
-1.68+0.13
0.14
+0.13
-1.46 0.23
-2.71+0.15
0.14
-2.14+0.18
0.19
-1.65+0.14
0.16
+0.21
-1.42 0.16
-2.65+0.15
0.15
+0.19
-2.09 0.21
-1.63+0.15
0.16
-1.41+0.21
0.16
+0.15
-2.60 0.15
-2.03+0.20
0.23
+0.15
-1.62 0.18
-1.41+0.21
0.17
-1.98+0.23
0.54
-1.58+0.28
0.37
+0.20
-1.54 0.24
-1.39+0.21
0.22

404.9

36

11.2

100

a

(Rp /Rs )o

Cloud-free models do not have an fsed value.

Note. — The free parameters in the fitting procedure,

[Fe/H] and

(Rp /Rs )o , are described in Section 3.6.3. We report the median and 68%
confidence intervals from the MCMC optimization procedure for each free
parameter. With 38 data points and 2 fitted parameters, we assume 36 dof
when calculating the

2
red

statistic.
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Table 3.7. Results from MCMC Fits to CPAT-absorber Models for Hazy
Atmospheres
r

fhaze

[Fe/H]

(µm)

(%)

0.01

1

-4.16+0.02
0.04

0.01

3

0.01

10

0.01

30

0.03

1

0.03

3

0.03

10

0.03

30

0.1

1

0.1

3

0.1

10

0.1

30

0.3

1

0.3

3

0.3

10

0.3

30

1

1

1

3

1

10

1

30

-3.93+0.15
0.17
-2.57+0.15
0.15
-1.65+0.41
0.43
-4.16+0.03
0.04
+0.18
-3.67 0.17
-2.47+0.15
0.18
-1.61+0.40
0.44
-3.55+0.18
0.18
-2.77+0.15
0.15
+0.45
-1.77 0.35
-1.35+0.35
0.44
+0.15
-1.69 0.17
-1.76+0.26
0.29
-1.31+0.35
0.39
-1.24+0.36
0.33
+0.10
-1.61 0.12
-1.54+0.15
0.19
-1.29+0.26
0.28
-1.21+0.32
0.31

2

dof

2
red

-4007+28
28

512.4

36

14.2

-4626+49
54
-4064+52
54
-3201+31
28
-4777+27
31
+53
-4743 56
-3879+54
60
-2928+31
27
-5320+55
57
-5538+53
52
+35
-3871 28
-2965+28
26
+26
-3184 26
-6049+29
27
-5758+27
26
-4403+26
26
+25
-635 25
-2976+26
25
-6518+26
25
-7258+26
26

175.6

36

4.88

76.34

36

2.12

61.98

36

1.72

333.8

36

9.27

215

36

5.97

74.38

36

2.07

61.51

36

1.71

184.2

36

5.12

115.4

36

3.21

61.18

36

1.7

56.68

36

1.57

1079

36

30

65.6

36

1.82

53.34

36

1.48

54.21

36

1.51

5518

36

153

1691

36

47

90.08

36

2.5

53.73

36

1.49

(Rp /Rs )o
(ppm)

Note. — The free parameters in the fitting procedure,

[Fe/H]
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Figure 3.12: Posterior distributions for free parameters in CPAT-absorber models.
The left panel illustrates the posterior distributions for the free parameters in the
best-fitting cloud model (1000⇥ solar, fsed = 0.1), and the right those for the bestfitting haze model (r = 0.3 µm, fhaze = 10%). Vertical dashed lines indicate the
medians and 68% confidence intervals.
the stellar photosphere on an otherwise flat transmission spectrum. It shows that
variations in the strength of absorbers across the stellar disk can produce large
deviations from a flat spectrum in the optical, while simultaneously preserving a
flat transmission spectrum in the near-infrared.
For both the cloud and haze cases, the best fits to the data using the CPATabsorber model require 3.2% of the unocculted stellar disk to possess weaker absorption features than the transit chord. In e↵ect, the unocculted stellar disk is brighter
in optical absorption bands than the region of the photosphere typified by the transit chord, which decreases the observed Rp /Rs within those absorption bands. This
allows the CPAT-absorber model to provide better fits to the data than the flat line
model or models for atmospheric transmission alone considered in Section 3.6.2 but
still does not fully explain the observed spectrum.
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Figure 3.13: Best-fitting transmission spectra using the CPAT-absorber model. The
CPAT-absorber models reproduce both the optical and near-infrared measurements
better than models for the exoplanetary atmosphere alone. The composite photospheres for the best-fitting models all include 3.2% of the unocculted stellar disk that
is described by a PHOENIX model with a lower metallicity, which imprints stellar
absorption features on the observed transmission spectrum. The figure layout is the
same as that of Figure 3.9.
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CPAT Model for Temperature Heterogeneities
We also investigate the contribution of stellar temperature heterogeneities to the
observed transmission spectrum using the CPAT model (the “CPAT-temperature
model”). We employ PHOENIX models with a surface gravity (log g = 5.0) and a
metallicity ([Fe/H]= 0.0), the closest PHOENIX grid values to those identified for
GJ 1214 by Rojas-Ayala et al. (2012), and temperatures in the range 2, 700 K 
Te↵  4, 700 K. We conduct the MCMC optimization procedure as described in

Section 3.6.3, linearly interpolating in temperature space within the PHOENIX
model grid to generate the So and Su spectra based on the e↵ective temperatures
of the occulted and unocculted regions (To and Tu , respectively) at each step. We
fix To = 3, 252 K using the e↵ective temperature of GJ 1214 (Anglada-Escudé
et al., 2013) and F = 0.032 following the results of Barnes et al. (2015). The
free parameters in the model are the temperature contrast

T , which determines

Tu relative to To , and (Rp /Rs )o . We place a Gaussian prior on

T centered on

0 K with an uncertainty equal to 10% of the Te↵ of GJ 1214 to thoroughly explore
the parameter space and truncate it on the range [ 552 K, +1, 448 K] to keep
Tu within the PHOENIX model range we consider [2, 700 K, 4, 700 K]. As with the
CPAT-absorber model, we conduct an MCMC optimization for each of the exoplanet
atmosphere models in the grids of cloudy and hazy models described in Section 3.6.2.
Figure 3.14 illustrates the goodness-of-fit for the full grids of cloudy and hazy
transmission spectra modulated by the CPAT-temperature model. As with the
CPAT-absorber model, the best-fitting parameters for the exoplanet’s atmosphere
are similar to those found when considering the contribution of the exoplanet atmosphere alone to the transmission spectrum (Figure 3.8). However, allowing for temperature heterogeneities provides better fits to the data than either the exoplanetalone or CPAT-absorber models. The complete results for the CPAT-temperature
model fitting for the equilibrium cloud and photochemical haze model grids are
provided in Tables 3.8 and 3.9, respectively. The best-fitting cloud model includes
an exoplanet atmosphere with the highest metallicity and thickest clouds of the
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Figure 3.14: Reduced chi-squared maps for CPAT-temperature model fits. As with
the CPAT-absorber models, we find the best fits for cloudy models with high metallicity (1000⇥ solar) and thick clouds (fsed ⇠ 0.01–0.1) and hazy models with relatively large particles (0.1–1 µm) and high haze-forming efficiencies (10–30%). The
free parameters in the fitting procedure are described in Section 3.6.3 and their
optimized values are provided in Tables 3.8 and 3.9 for the cloudy and hazy grids
(Morley et al., 2015), respectively.
models we considered and a temperature contrast of

T ' +0.1Te↵ for the unoc-

culted region of the star’s photosphere (1000⇥ solar, fsed = 0.01,
(Rp /Rs )o = 9, 054+110
94 ppm,

2

= 45.2, dof= 36,

2
red

T = 354+46
47 K,

= 1.25). The best-fitting haze

model includes a smaller mode particle size and the same haze-forming efficiency
as the best-fitting exoplanet-only model and
fhaze = 10%,
2
red

T = 354+46
46 K, (Rp /Rs )o =

T ' +0.1Te↵ as well (r = 0.1 µm,

3, 064+101
102 ppm,

2

= 40.5, dof= 36,

= 1.13). This model is the best-fitting of all those we considered in this anal-

ysis. The posterior distributions for the free parameters in each of the best-fitting
cloud and haze CPAT-temperature models are shown in Figure 3.15. The

T and

(Rp /Rs )o parameters are positively correlated due to the fact that larger temperature contrasts depress model Rp /Rs values at all wavelengths and thus require larger
o↵sets to bring models in line with observations. A model using a constant Rp /Rs
value for the exoplanet’s transmission spectrum together with a CPAT-temperature
model for the star provides a fit to the data comparable to that of the best-fitting
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Figure 3.15: Posterior distributions for free parameters in CPAT-temperature models. The left panel illustrates the posterior distributions for the free parameters in
the best-fitting cloud model (1000⇥ solar, fsed = 0.01), and the right those for the
best-fitting haze model (r = 0.1 µm, fhaze = 10%). Vertical dashed lines indicate
the medians and 68% confidence intervals.
CPAT-temperature cloud model but not as good as that of the best-fitting CPATtemperature haze model ( T = 336+54
45 K, Rp /Rs = 0.1168 ± 0.0001,
dof= 36,

2
red

2

= 45.6,

= 1.27).

The transmission spectra for the best-fitting equilibrium cloud and photochemical haze CPAT-temperature models are shown in Figure 3.16. The constant Rp /Rs
model, shown as a dashed black line, illustrates the e↵ect of a temperature heterogeneity in the stellar photosphere on an otherwise flat transmission spectrum. Its
similarity in the optical to the cloud and haze models owes to the fact that the
best-fitting exoplanet transmission spectra are essentially flat in the optical, and
the observed variations are due to features imprinted by the heterogeneous stellar
photosphere. In each of these cases, a region of the unocculted stellar disk is brighter
than that occulted by the transiting planet, which e↵ectively decreases the observed
Rp /Rs during the transit. The e↵ect is chromatic, producing the largest change
in Rp /Rs in the optical, where the di↵erence in emergent flux between the stellar
spectral models is most pronounced.
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Table 3.8. Results from MCMC Fits to CPAT-temperature Models for Cloudy
Atmospheres
metallicity
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Table 3.9. Results from MCMC Fits to CPAT-temperature Models for Hazy
Atmospheres
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Figure 3.16: Best-fitting transmission spectra using the CPAT-temperature model.
Models that include a temperature heterogeneity in the stellar photosphere provide
the best fits to the near-infrared and optical measurements. Bright regions covering
3.2% of the unocculted stellar disk with a temperature contrast of ⇠ 350 K can
e↵ectively decrease the flat Rp /Rs (black), cloud (blue), and haze (orange) models
to the observed optical values, while only minimally altering the near-infrared spectrum. The e↵ect of cool, unocculted starspots (gray dashed line; see Section 3.6.3),
however, does not match the optical data. The figure layout is the same as that of
Figure 3.9.
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Cool, unocculted spots, on the other hand, would increase the observed Rp /Rs
values. We use the CPAT-temperature model to investigate how cool, unocculted
starspots reported in the literature could a↵ect the transmission spectrum. Longterm monitoring shows that GJ 1214 demonstrates a 1% peak-to-peak variability in
the MEarth (Nutzman and Charbonneau, 2008) bandpass (715 nm <

< 1, 000 nm)

on a timescale that is an integer multiple of 53 days (Berta et al., 2011), which has
been attributed to rotational modulation of cool starspots (Charbonneau et al.,
2009; Berta et al., 2011; Fraine et al., 2013). We calculate the spot-covering fraction implied by the variability using PHOENIX model spectra with log g = 5.0 and
[Fe/H]= 0.0. Assuming the spots are 10% cooler than the unspotted surface, following results from Doppler imaging of M dwarfs (Barnes et al., 2015), we utilize
models with T = 3, 252 K and T = 2, 927 K for the unspotted and spotted surfaces, respectively, by linearly interpolating in temperature space between models
in the PHOENIX grid. Integrating over the MEarth bandpass3 , we find that a spotcovering fraction F = 0.03 of the stellar disk can reproduce the reported variability
in the MEarth bandpass. The e↵ect of such a spot configuration on the observed
transmission spectrum is shown in gray on Figure 3.16. In the near-infrared, the
scale of the e↵ect is smaller than the reported measurement uncertainties. The
most pronounced change is present in the optical, where the observed transmission
spectrum is increased as much as

(Rp /Rs ) = 8 ⇥ 10

4

above the near-infrared

spectrum. The optical transmission spectrum would decrease by a similar amount if
these starspots were instead occulted by the transiting exoplanet (Pont et al., 2013).
However, the observed decrease in the optical transmission spectrum is ⇠ 3⇥ larger

than what would be caused by these spots. Additionally, no brightening events due
to occulted starspots are evident in our data (Figure 3.3).
In summary, we find that cool starspots cannot account for the decreased optical
Rp /Rs values, though unocculted bright regions of the photosphere with

T '

+0.1Te↵ can decrease a flat optical transmission spectrum to the observed values.
3

http://newton.cx/~peter/wp/wp-content/uploads/2014/08/mearth-bandpass.html
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Physical Interpretation of CPAT Model
The results of our modeling e↵orts indicate that the deviations from a flat optical
transmission spectrum for GJ 1214b could be introduced by heterogeneities in the
stellar photosphere, either in terms of temperature or the distribution of absorbers
(Figures 3.13 and 3.16). However, the near-infrared transmission spectrum is largely
una↵ected by the stellar photosphere. The combination of the optical and nearinfrared data, then, allows us to probe the stellar and planetary contributions to
the transmission spectrum simultaneously.
The optical spectrum of a M4.5 dwarf like GJ 1214 is largely driven by opacity
from TiO molecular bands (Morgan et al., 1943). Using the CPAT-absorber model
framework, we find that an unocculted region of the stellar photosphere with relatively weak absorption in these bands could imprint spectral features on an otherwise
flat exoplanetary transmission spectrum. However, the best-fitting CPAT-absorber
model requires a metallicity contrast of

[Fe/H] =

1.31, corresponding to a deple-

tion in the abundance of absorbers by a factor of 20 in the unocculted region. E↵orts
to measure a latitudinal dependence of the solar spectrum have found elemental
abundances to be within 0.005 dex across latitudes (Kiselman et al., 2011). Moreover, as stars with masses less than 0.35 M (corresponding to spectral types M3.5
and later) are fully convective (Chabrier and Bara↵e, 1997), a viable mechanism for
maintaining significant sustained abundance di↵erences in the stellar photosphere
of a M4.5 dwarf like GJ 1214 is not immediately apparent.
Temperature heterogeneities, however, are known to exist in stellar photospheres.
We find a temperature heterogeneity could produce the observed discrepancy in
Rp /Rs between the optical and near-infrared if ⇠ 3.2% of the unocculted stellar
disk is ⇠ 350 K hotter than the remaining photosphere. GJ 1214 is known to

host cool starspots from starspot-crossing events detected in transit light curves
(Carter et al., 2011; Kreidberg et al., 2014a). Mid- to late-M dwarfs have also
been found to have abundant polar spots from Doppler imaging. Barnes et al.
(2015) found the M4.5 dwarf GJ 791.2A to have a mean spot coverage of 3.2%
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and a maximum spot coverage of 82.3% during its rotation, assuming spots are
300 K cooler than the photosphere. On the Sun, spots are accompanied by bright
plage, which include faculae with temperature contrasts of 300–500 K with their
surroundings (Topka et al., 1997). Brightening from these faculae overpowers spot
darkening, causing total solar irradiance to increase during solar maxima (Fröhlich
and Lean, 1998; Meunier et al., 2010). Faculae cover roughly 0.36% of the skyprojected solar disk during periods of low solar activity and 3% during high activity
(Shapiro et al., 2014). Additionally, faculae are much more common than spots on
the Sun, covering 100⇥ more disk-area during periods of low activity, and 10⇥ more
area during periods of high activity (Shapiro et al., 2014).
Like the Sun, old, slowly rotating FGK stars are known to have activity cycles
dominated by faculae, unlike their younger counterparts, which are spot-dominated
(Radick et al., 1983; Lockwood et al., 2007). With an age of 3–10 Gyr (Charbonneau
et al., 2009), the photometric variability of GJ 1214 may be faculae-dominated as
well. Our data are most consistent with unocculted faculae in the photosphere
of GJ 1214 producing the observed o↵set in the optical transmission spectrum of
GJ 1214b.
Observational Considerations of Heterogeneous Stellar Photospheres
The results of our CPAT-absorber and CPAT-temperature modeling e↵orts demonstrate that, in principle, a heterogeneous stellar photosphere can provide a transmission spectroscopy signal larger than that introduced by the exoplanetary atmosphere in the optical, adding another degeneracy to the modeling and interpretation
of exoplanet spectra. At longer wavelengths, however, the e↵ect is less pronounced
for a star with the Te↵ of GJ 1214, and di↵erences between the atmospheric models are more apparent. We model the e↵ect out to the maximum wavelength of
the PHOENIX stellar models (5.5 µm), and find the largest di↵erences between
transmission spectra for cloudy and hazy atmospheres at 2–5 µm for both CPATabsorber and CPAT-temperature cases. This would be a promising region to target
in transmission spectroscopy studies with the James Webb Space Telescope (JWST )
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to distinguish between cloudy and hazy atmospheres for this planet. Optical spectra like those presented here can complement JWST investigations of GJ 1214 and
other targets by constraining the contribution of heterogeneous stellar photospheres
to observed transmission spectra.
This analysis suggests that facular brightening may contribute more to transmission spectra of exoplanets than has been previously recognized. If common for
M dwarfs, this photospheric heterogeneity could complicate optical transmission
spectroscopy studies of exoplanets around small stars, such as GJ 1132b (BertaThompson et al., 2015) and TRAPPIST-1b, c, and d (Gillon et al., 2016), including
searches for Rayleigh scattering. While unocculted starspots can mimic the transmission signature of scattering in an exoplanetary atmosphere (e.g., McCullough
et al., 2014), facular brightening has the potential to mask a scattering signature
by reducing the Rayleigh scattering slope in a transmission spectrum. However, the
method we provide here can be used to take unocculted faculae into account if high
SNR transmission spectra are obtained. Additionally, the same exoplanets would
provide a unique opportunity to gain spatial information about M dwarf surfaces
if the exoplanetary and photospheric contributions can be uniquely identified. The
Transiting Exoplanet Survey Satellite (TESS ), which will utilize a long-pass filter
from 0.6 to 1.0 µm, will measure transit depths for potentially hundreds of planets
around M dwarfs; comparing the TESS transit depths with follow-up measurements
in the near-infrared could be one way of probing for spectral features introduced by
a heterogeneous stellar photosphere. Along a di↵erent avenue of research, future
work can investigate the range of stellar temperatures and metallicities for which
this e↵ect will be important.
3.7

Summary

We have presented an optical transmission spectrum of the sub-Neptune GJ 1214b
measured during three transits with Magellan/IMACS. The spectrum, which covers 4,500–9,260 Å in 14 bins with a mean value of Rp /Rs = 0.1146 ± 0.0002 and
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mean uncertainty of (Rp /Rs ) = 8.7 ⇥ 10 4 , is o↵set below the near-infrared Rp /Rs

values previously reported and cannot be reproduced by cloud/haze models for this
exoplanet. The key points from this study are the following:
1. We find consistent spectra from three di↵erent transits taken with two di↵erent
instrument configurations and reduced with di↵erent approaches, resulting in
one of the most robust ground-based transmission spectra of a sub-Jovian
exoplanet.
2. We find that the optical transit depth is shallower than that measured in the
near-infrared. The data hint at more variation in Rp /Rs at optical wavelengths
than has been observed in the near-infrared.
3. We describe a new model, CPAT, that can be used to evaluate the e↵ect of heterogeneous stellar photospheres in the interpretation of exoplanet transmission
spectra.
4. We use the CPAT model in the case of GJ 1214b. We find that the data are not
consistent with a perfectly homogeneous stellar photosphere or a photosphere
that is compositionally heterogeneous but isothermal.
5. The data are fit best by a model with thick haze (r = 0.1 µm, fhaze = 10%) in
the exoplanet’s atmosphere and hotter photospheric features covering 3.2% of
the unocculted stellar disk with a temperature contrast

T = 354+46
46 K. The

parameters of these features are consistent with those of solar faculae.
6. Our results highlight the importance of heterogeneous stellar photospheres for
the correct interpretation of optical transmission spectra of transiting planets
and show that transiting planets may be used as probes of stellar photospheric
features.
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CHAPTER 4
The Near-Infrared Transmission Spectra of TRAPPIST-1 Planets b, c, d, e, f, and
g and Stellar Contamination in Multi-epoch Transit Spectra†

The seven approximately Earth-sized transiting planets in the TRAPPIST-1 system provide a unique opportunity to explore habitable zone and non-habitable zone
small planets within the same system. Its habitable zone exoplanets—due to their
favorable transit depths—are also worlds for which atmospheric transmission spectroscopy is within reach with HST and JWST . We present here an independent
reduction and analysis of two HST Wide Field Camera 3 (WFC3) near-infrared
transit spectroscopy datasets for six planets (b through g). Utilizing our physicallymotivated detector charge trap correction and a custom cosmic ray correction routine, we confirm the general shape of the transmission spectra presented by de Wit
et al. (2016); de Wit et al. (2018). Our data reduction approach leads to a 25% increase in the usable data and reduces the risk of confusing astrophysical brightness
variations (e.g., flares) with instrumental systematics. No prominent absorption features are detected in any individual planet’s transmission spectra; by contrast, the
combined spectrum of the planets shows a suggestive decrease around 1.4 µm similar to an inverted water absorption feature. Including transit depths from K2 , the
SPECULOOS-South Observatory, and Spitzer , we find that the complete transmission spectrum is fully consistent with stellar contamination owing to the transit light
source e↵ect. These spectra demonstrate how stellar contamination can overwhelm
planetary absorption features in low-resolution exoplanet transit spectra obtained
by HST and JWST and also highlight the challenges in combining multi-epoch
observations for planets around rapidly rotating spotted stars.
†

This chapter has been published previously as (Zhang et al., 2018). In this work, I primarily

led the stellar contamination analysis presented in Section 4.6.
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4.1

Introduction

The TRAPPIST-1 system (2MASSI J23062928-0502285, 2MUCD 12171) hosts
seven known, nearly earth-sized transiting exoplanets (Gillon et al., 2016, 2017).
Four of these planets (b, c, d, e) are in or near the liquid water habitable zone
(e.g., Wolf, 2017; Alberti et al., 2017), although the stellar activity and ultravioletradiation of the star (e.g. O’Malley-James and Kaltenegger, 2017; Bourrier et al.,
2017b) as well as the formation and initial volatile budget (e.g., Ciesla et al., 2015;
Ormel et al., 2017) and subsequent volatile loss of the planets (e.g., Bourrier et al.,
2017a) remain concerns for their habitability. The TRAPPIST-1 host star—an M8type ultracool dwarf at the stellar/sub-stellar boundary—has a very small radius
(R⇤ ⇠ 1.14 ± 0.04 RJup = 0.117 ± 0.004 R , Filippazzo et al. 2015), leading to

exceptionally deep transit depths (0.3-0.8%) for its small planets. These favorable
transit depths, in combination with the relatively bright host star (V =18.8, but
J =11.35) and the frequent transits (planet orbital periods between 1.6 and 15 days,
Gillon et al. 2017), make the TRAPPIST-1 planetary system exceptionally well
suited for follow-up infrared transit spectroscopy. Of particular importance for such
observations are photometrically very stable and sensitive infrared space telescopes:
the Hubble Space Telescope (HST ) and the James Webb Space Telescope (HST ).
High-precision spectroscopy with these facilities may be able to probe atmospheric
composition (gas-phase absorbers: O3 , scattering, and particulates) in the inner
TRAPPIST-1 planets, including those in the habitable zone (Barstow and Irwin,
2016b; Morley et al., 2017).
These studies find that the most prominent absorption features that may be
present and detectable in these atmospheres are water, ozone, and carbon-dioxide
absorption bands. While the detection of one or more of the features could distinguish between Earth, Venus, or Titan-like atmospheres (Morley et al., 2017), even
the lack of features may be interesting: stringent non-detections of absorption features could be interpreted as lack of stratospheric water (e.g., Madhusudhan et al.,
2014), the veiling e↵ect of high-altitude hazes (Kreidberg et al., 2014a; Yang et al.,
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2015), or the lack of a significant atmosphere. Recent ambitious HST transmission
spectroscopy programs showed encouraging results demonstrating that instrumental
systematics can be successfully corrected even for very long combined integrations
(i.e., very low photon noise) (e.g. Kreidberg et al., 2014a; Stevenson et al., 2014;
Morley et al., 2017).
With the JWST guaranteed time observations and early release science observations determined and the community working on the JWST Cycle-1 open time
proposals, the assessment of the feasibility of the photon-noise limited transit spectroscopy with HST and JWST is of paramount importance for the field.
Over the past months two new results impact extrapolations from past HST
programs toward future, even more ambitious HST and JWST programs. Zhou
et al. (2017) demonstrated solid state-physics-based correction algorithm for the
HST charge trapping processes that introduce the so-called ”ramp e↵ect”, the dominant HST systematics in time-resolved observations. This model o↵ers a more efficient use of the telescope and enables observers to correct for di↵erent systematics
occurring in di↵erent orbits, in contrast to the previously widely utilized empirical
correction that assumed identical systematics in all orbits beyond the first. This
model has recently begun to be applied in HST /WFC3 transmission spectroscopic
studies (e.g., Spake et al., 2018).
However, new study by Rackham et al. (2018) highlighted a major astrophysical
noise source: these authors provided a comprehensive exploration of the impact of
stellar heterogeneity on high-precision near-infrared spectroscopy of M-dwarf transiting planets and show that this method may ultimately be limited by the fact
that heterogeneous stellar photospheres introduce a spectral contamination into the
transmission spectra (i.e., the “transit light source e↵ect”). In fact, the study by
Rackham et al. (2017) showed that repeatable, high-quality visual spectra of the
sub-Neptune GJ 1214b (also orbiting an M dwarf host star) are only consistent with
stellar contamination and not with planetary features, providing the first clear example for the e↵ect that may also impact other high quality exoplanet transmission
spectra (Apai et al., 2017; Pinhas et al., 2018).
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Therefore, the central questions that emerge on the atmospheric characterization of the TRAPPIST-1 (and similar, to-be-discovered M-dwarf habitable planet
systems) and could be addressed, at least partly, before JW ST are: What are the
compositions of the individual atmospheres and is there evidence for di↵erences in
the seven atmospheres? and, What e↵ects will limit the precision with which HST
and JWST will be able to probe these atmospheres?
In this study we present an independent reduction and analysis of two recently
obtained HST infrared spectroscopic datasets published in de Wit et al. (2016);
de Wit et al. (2018). Our reduction builds on the new and physically motivated
detector charge trap correction (Zhou et al., 2017), which provides an improved
correction for the primary systematics a↵ecting HST high-precision spectroscopy.
In addition, we provide a comprehensive assessment of the potential impact of stellar activity on observations and stellar spectral contamination of the transmission
spectra due to the heterogeneous photosphere of TRAPPIST-1.
4.2

Observations

The data presented in this study were obtained in two HST Wide Field Camera 3 (WFC3) programs (GO-14500 and GO-14873, PI: de Wit) targeting the
TRAPPIST-1 system. In the following we refer to the two programs by Program 1
and Program 2, respectively. Program 1 consists of one visit, executed on May 4,
2016, and covers the overlapping transits of planets TRAPPIST-1 b and c. The
results were initially published in de Wit et al. (2016). Program 2 consists of four
visits, executed between December 2016 and January 2017, and covers the transits
of planets TRAPPIST-1 d, e, f, and g (de Wit et al., 2018). In the two programs,
the six inner planets (TRAPPIST-1 b to g) have been observed at least once during
transit. In addition, the observations include two overlapping transits of the planet
pairs b & c and e & g. For convenience we label the seven transits in chronological order as Transit 1, 2, 3, 4, 5, 6, and 7, as listed in Table 4.1. As normal for
HST observations, the phase coverages of transit light curves were limited by Earth
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Table 4.1. Observation Log
P ID

Visit

Obs.

No.

Date

Planet

Transit

No. of

No. of

Orbits

Exposuresa

Note

14500

0

2016-05-04

b,c

1,2

4

74

14873

1

2016-12-04

d

3

7

114

14873

2

2016-12-29

g,e

4,5

5

84

No apparent SAA influence

14873

3

2017-01-09

f

6

6

93

First two orbits discarded

14873

4

2017-01-10

e

7

5

69

Only last three orbits
not a↵ected by CRs

with a possible transit
Last orbits discarded
with a possible transit
a The

numbers of exposures exclude those that were discarded due to guiding failure or compromised data

quality.

occultations.
All transmission spectra were obtained using the WFC3 infrared G141 grism,
which covers wavelengths from 1.1µm to 1.7µm. The observations utilized stateof-the-art strategies for WFC3 IR transit spectroscopy, including spatial scanning
(to avoid saturation and increasing observing efficiency), detector sub-arraying (to
avoid memory saturation), and the acquisition of a direct image at the beginning of
each orbit to provide an accurate wavelength calibration for the slitless spectra. For
each spectroscopic image, the exposure time was 112 s, and the scanning rate was
0.02700 /s, yielding a scanning length on the detector of 3.0200 or ⇠ 25 pixels. Spatial

scans were conducted in bi-directional scanning mode in Program 1, while Program 2
adopted the single directional scanning mode, resulting in slightly di↵erent cadences
(151 s for Program 1, 176 s for Program 2) for observations in the two programs.
Table 4.1 lists the key details of the observations.
The first, third, and fourth visits of Program 2 were severely a↵ected by cosmic
rays (CR) due to HST’s passage through the South Atlantic Anomaly (SAA1 ), which
1

The SAA is the lowest region to which Earth’s inner Van Allen Belt extends. SAA passages

by HST result in enhanced of CR hits on the detector (Deustua et al., 2016).
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in several of these orbits also negatively a↵ected the HST guiding performance,
resulting in unrecoverable data. Due to particularly severe CR damage, we had to
discard the following data subsets: Orbits 1-4 in Visit 1, Orbits 1 and 2 in Visit 2,
and Orbit 5 in Visit 4.
4.3

Data Reduction

We downloaded the data from both programs from the Mikulski Archive for Space
Telescopes. Our data reduction procedure started from the ima frames produced
by the CalWFC3 pipeline Version 3.4. The ima frames are bias, dark, and nonlinearity corrected and include all non-destructive reads. Each spectroscopic ima
file contains seven read-outs. We discarded the “zeroth” read because the detector
was reset during this read (Deustua et al., 2016). Following Deming et al. (2013), we
formed sub-exposures by di↵erencing adjacent reads. There were seven major steps
in our data reduction procedure: (i) wavelength calibration; (ii) flat field correction;
(iii) cosmic ray removal; (iv) image registration; (v) light curve extraction; (vi) ramp
e↵ect correction; and (vii) light curve fitting and transmission spectra extraction.
Steps (i) to (iv) were applied to individual sub-exposures, while the subsequent steps
were applied to the combined data. In the following, we review these key steps.
4.3.1

Wavelength Calibration and Flat Field Correction

We derived wavelength solutions based on the position of the target in the direct images. We adopted up-to-date wavelength calibration coefficients from Wilkins et al.
(2014). The centroids of the target point source in the direct images were determined by fitting two-dimensional Gaussian profiles. In Program 1, the direct image
frame had a di↵erent aperture from the spectroscopic frame. For those observations,
we adjusted the direct image coordinates accordingly.
We adopted a third-order polynomial function in wavelength for the flat field correction. For each visit, we calculated separately a wavelength calibration-dependent
flat field correction, i.e. di↵erences introduced primarily by the variations in the
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position of the target on the direct images. We next applied the correction to individual non-destructive reads. While applying the flat field correction, we also
identified and corrected for low data quality pixels: Pixels in the flat field frame
that deviated more than 20% from unity were flagged (most of these also had nonzero data quality flags, i.e., were also flagged by the CalWFC3 pipeline). We also
flagged any additional pixels identified by the CalWFC3 pipeline as bad pixels, hot
pixels, pixels with unstable response, or bad or uncertain flat values2 . Finally, we
replaced the flagged pixels by interpolating over the neighboring unflagged pixels.
4.3.2

Cosmic Ray Correction

Correcting for cosmic rays (CR) was a crucial step in our reduction, particularly
for the orbits heavily a↵ected by SAA passage. We identified seven orbits that
su↵ered from SAA passage using the fits header flag and the number of CR hits.
On average, there were at least 20 visually apparent CR hits per frame in these
orbits. We developed a suite of custom algorithms to identify and remove the CRs
and to evaluate the efficiency of the CR-corrections.
First, we applied iterative bi-directional median filtering to each non-destructive
read and identified pixels as CR-a↵ected if they exceeded the median-filtered image level by a threshold of 11

(determined through the CR removal assessment

described below). For each iteration, pixels that were previously marked as CRs
were excluded from median filter calculations. We repeated this iterative filtering
procedure typically for at least three times (see discussion below for the connection
between the algorithm’s performance and the number of iterations used).
For each identified CR, we replaced the CR-a↵ected pixel value with the weighted
average (freplace ) of the same pixel in the exposures preceding (f 1 ) and following
(f1 )) the image, as described by the relation:
freplace =

t0
t1

t
t

1
1

f1 +

t1 t0
f 1,
t1 t 1

(4.1)

in which t0 refers to the time of the CR-a↵ected exposure and the subscripts ±1
2

These correspond to data quality flags 4, 16, 32, and 512, respectively (Deustua et al., 2016).
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y [pixels]

Examples of Cosmic Ray Corrections

x [pixels]

x [pixels]

Before

After

Figure 4.1: Comparison of image subsets before (left) and after (right) CR corrections. All image subsets are from frame idde01koq.
denote the two adjacent (in time) exposures. The weights for the averaging are
e↵ectively the inverse of the time di↵erence between the exposures. Program 1
adopted bi-directional scanning mode, i.e., forward and reverse scanning directions
were applied alternatively. In this case, the preceding and following exposures had
slightly di↵erent scanned image regions due to the upstream/downstream e↵ect
(McCullough and MacKenty, 2012). To account for this e↵ect, we corrected the CR
hits separately for images taken with di↵erent scanning directions. Figure 4.1 shows
example images before and after CR removal.
We assessed our CR correction algorithm quantitatively by injecting and removing CR hits with a CR template. We constructed the CR template using one
uncorrected frame (observation identifier: iddea1meq) that was taken during an
SAA crossing and contaminated by over 1,000 cosmic ray hits of di↵erent sizes and
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amplitudes. We removed the portion of the image with the stellar spectrum (pixel
coordinates [135:170, 50:200]) and replaced it with randomly selected copies of regions out of the spectrum. We set all pixels with a flux below 2,000 e

(⇠ 3⇥

sky background) as zero and used the resulting image as the CR template. The
CR template had 1,150 CR hits, representing the most severe CR-a↵ected case. We
added the template to 20 cleaned frames and applied our CR removal algorithm. We
evaluated the performance of our CR identification and correction algorithm based
on three criteria: cosmic ray identification rate, false positive rate, and correction
efficiency (⌘c ). The latter we defined on a pixel-to-pixel basis as
⌘c = 1

fcorrected fclean
,
fdirty fclean

(4.2)

in which fclean , fdirty , and fcorrected refer to the pixel fluxes in the input, CR-injected,
and output images, respectively.
Three parameters influence the e↵ectiveness of the algorithm: the size of the
median filter, the CR-identification threshold, and the number of iterations. We
optimized the algorithm through a three-dimensional grid search, with the size of
the median filter ranging from 3 to 25 pixels, the thresholds ranging from 3 to 20 ,
and the number of iterations ranging from 1 to 10. The most e↵ective combination
included an 11 pixel median filter, 11

threshold, and a minimum of 3 iterations.

Our algorithm yields identification rates of 98.5% on average, false positive rates
below 1.5%, and correction efficiencies above 90% for over 99.9% of the pixels across
the entire image for non-SAA exposures. Within the image region containing the
stellar spectrum, the identification rate dropped slightly to approximately 90%.
Typically, there were less than 40 pixels identified as CR hits in the spectrum region
in an exposure obtained out of SAA passage, indicating that the total numbers of
missed CR pixels and false positive pixels are 5 and 1 pixels, respectively. Since the
region we used for the spectral extraction has a total size of 60 ⇥ 140 =8,400 pixels,

we found that unidentified and false positive CR hits had a negligible influence on
our results.
In addition, SAA passage severely a↵ected the pointing accuracy of HST for
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a few orbits in Program 2. For example, during Orbit 5 of Visit 4, the pointing
shifted by ⇠ 14 pixels (200 ). Shifts with similar amplitudes were observed in the

first four orbits of Visit 1 and the first two orbits of Visit 3 in Program 2, which
all indicate failures in the HST fine guidance. In these orbits the light curve also
drops by ⇠ 1%. We identify two potential causes for these systematics. First, after
a pointing shift, the spectrum moved to the part of detector that was not previously

illuminated. This increased the ramp e↵ect induced by charge-trapping, because
charge traps in these newly illuminated pixels have not been filled yet (Zhou et al.,
2017). Second, WFC3’s IR flat field has intrinsic uncertainties of ⇠1.0% (Deustua

et al., 2016), which introduce light curve systematics for such large pointing shifts.
The ramp e↵ect correction would, in principle, be correctable using the RECTE
model (Zhou et al., 2017) with additional free parameters describing the image
drifts. However, the existing science data and calibrations did not provide a viable
option for alleviating the increased flat field uncertainty. Therefore, we excluded
the first four orbits in Visit 1, the first two orbits in Visit 3, and the last orbit in
Visit 5 from the remainder of our analysis.
We consulted transit times listed in the NASA Exoplanet Archive (Akeson et al.,
2013) and identified three transits that may lie within the discarded orbits. For
completeness, we list these transits in Table 4.2.
4.3.3

Sky Background Removal

We identified and removed the sky background using a sigma-clipping algorithm.
Pixels within 5 of the median image level after 10 sigma-clip iterations were considered as background. The median value of the background pixels was then subtracted
from the image.
4.3.4

Image Drift Calibration

The remaining observations su↵ered from HST pointing drifts in both x and y
directions at levels of 0.05–0.1 pixels per orbit. Such drifts, especially in the wave-

141

Table 4.2. Possible Transits within Discarded Datasets
Planet

t0

t0

(UT)

(day)

f

12/04/2017 03:18

d
e

(t0 )

P

a

(JD)

(day)

(R⇤ )

Possible Visit & Orbit

2457726.64

0.00032

9.20669

68.4

Visit 1, Orbit 3

01/09/2017 18:47

2457763.28

0.001799

4.04961

39.55

Visit 3, Orbit 2

01/10/2017 13:43

2457764.07

0.000567

6.099615

51.97

Visit 4, Orbit 5

Note. — Mid-transit times t0 are given in UT and JD, along with their uncertainties (t0 ), as
well as orbital periods P , and semi-major axes a. The three planets display large transit timing
variations (up to half an hour; Wang et al., 2017). The mid-transit times do not take TTVs into
account and actual timings could be di↵erent by up to 40 minutes from the times given here.

length dispersion direction, introduced systematic slopes in the spectrally binned
light curves when left uncorrected. To correct for the drifts we measured the shifts
between each image and the reference image (first image in each dataset) by cross
correlation. We then used bi-cubic interpolation to shift and align images to the
reference image.
4.3.5

Light Curve Extraction

We generated white-light and spectrally binned light curves. We summed the CRcleaned, background subtracted, and aligned sub-exposures back to a total exposure
image. We created 12 ten-pixel-wide bands from the scanned area ranging from
1.1µm to 1.70µm. We then obtained the light curves by summing pixels inside a 60pixel wide window for every band. The uncertainty of each point on the light curve
includes photon noise, dark current, and read-out noise. As wavelength solutions
di↵er slightly for each visit, the central wavelengths of the ten-pixel wide bins vary
at levels of (⇠ 0.01 µm) for the di↵erent visits. We list the central wavelengths of
the bands in Table 4.3. In this way, five raw light curves were derived, each with
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Table 4.3. Center Wavelengths of Di↵erent Bands
Band
Program
Band / Visit

Wavelength (Å)
GO-14500

GO-14873

0

1

2

3

4

1

11505

11465

11377

11408

11442

2

11970

11930

11841

11873

11907

3

12434

12394

12305

12337

12371

4

12898

12858

12770

12801

12835

5

13363

13322

13234

13265

13300

6

13827

13787

13698

13730

13764

7

14292

14251

14163

14194

14228

8

14756

14715

14627

14658

14692

9

15220

15179

15092

15123

15157

10

15685

15644

15556

15587

15621

11

16149

16108

16020

16051

16085

12

16613

16572

16485

16516

16550

twelve bins.
We note that the bins applied here are slightly di↵erent from those used by de
Wit et al. (2016); de Wit et al. (2018), who use eleven (0.05 µm-wide) bins in the
1.15 to 1.7 µm range for Transits 1 and 2 and ten (also 0.05 µm-wide) bins in the
1.15 to 1.65 µm range for the subsequent transits. In general, determining bin sizes
with integer number of pixels is more widely adopted in HST /WFC3 transmission
spectroscopic studies (Mandell et al., 2013; Deming et al., 2013; Kreidberg et al.,
2014a). Considering that 0.05 µm bin size is not an integer multiple of the spectral
resolution unit of G141 grism, without knowing the exact binning and interpolations
applied there, we could not use identical bins in the light curve extraction steps.
Therefore, to compare our results with those of de Wit et al. (2016); de Wit et al.
(2018), we instead interpolated our pixel-binned transmission spectra. The interpo-
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lation had a negligible e↵ect due to the coarse wavelength resolution of the spectra.
We discuss this point further in Section 4.4.3.
4.3.6

Ramp E↵ect Correction

The raw light curves show prominent ramp e↵ect systematics (Figure 4.2), typical
to HST /WFC3 time-resolved observations (e.g., Berta et al., 2012; Apai et al.,
2013). This systematic is caused by two populations of charge carriers that are
trapped and then, with some delay, released by impurities in the HgCdTe detectors
(Zhou et al., 2017). We corrected these systematics using the RECTE model (Zhou
et al., 2017), which models the history of illumination, trapping, and release for each
pixel. This model o↵ers a consistent solution to correct the ramp e↵ect systematics
from the perspective of the physical cause, instead of fitting empirically determined
exponential/polynomial functions, which are used in most HST /WFC3 transiting
exoplanet studies to date. The use of this correction is also a major di↵erence
between our data reduction and that of de Wit et al. (2016), who used exponential
functions to model and correct for the ramp e↵ect. de Wit et al. (2018), which
was published after the submission of this paper used another model bearing more
resemblance to RECTE model to remove the ramp e↵ects, and we compare them in
Section 4.7.3.
Zhou et al. (2017) described the charge trapping processes with six parameters
(Es,tot , Ef,tot , ⌘s , ⌘f , ⌧s , and ⌧f 3 ) representing the trap numbers, trapping efficiency,
and charge release time for slow and fast charge trap populations. Zhou et al.
(2017) found these parameters to vary little in di↵erent observations and considered
to be intrinsic to the WFC3 detector. Therefore, we fixed these six parameters and
provided the adopted values in Table 4.4. The free parameters that determine the
systematic profiles are
• f : The incoming flux on each pixel as a function of time. We consider it to
be a constant here.

3

The subscripts “s” and “f” denote two charge trap types, slow and fast, which describe the

release speed. Detailed descriptions of the two trap types are provided in Zhou et al. (2017).
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Table 4.4. RECTE Model Parameters
Parameter

Value

Parameter

Value

Es,tot

1525.38

Ef,tot

162.38

⌘s

0.013318

⌘f

0.008407

⌧s

16300

⌧f

281.463

• Es,0 , Ef,0 : The initial numbers of trapped charges.
•

Es and

Ef : The number of additional charges trapped during inter-orbit

gaps due to unintended detector illumination.

• v: The slope of the visit-long trend.
We found the best-fit RECTE profiles for the light curves of each band. While the
RECTE algorithm essentially models charge trapping process in individual pixels, it
was not feasible (or necessary) to fit the light curves at the single-pixel level. First,
the ramp e↵ect at the pixel level is overwhelmed by other systematics, particularly
telescope jitter. Second, the accuracy of the single-pixel level ramp e↵ect correction
is negatively influenced by photon noise in these data. As Zhou et al. (2017) found
no evidence for the charge trap parameters varying between pixels, we therefore
adopted an average band-level charge trapping correction instead of a single-pixel
level correction.
For observations using bi-directional scanning, exposures conducted in the opposite scanning directions bear an intrinsic flux level di↵erence of ⇠ 0.5%. For these
cases, we assumed di↵erent f and v values for the light curves observed in di↵erent

scanning directions but calculated the charge trapping/release processes for the two
scanning directions together.
We found the best-fit parameters using a Markov Chain Monte Carlo (MCMC)
with 500 walkers for 600 steps, with the first 300 steps discarded as burn-in. The
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MCMC runs were performed using the emcee package (Foreman-Mackey et al.,
2013). Examples of the best-fit RECTE profiles are shown in Figure 4.2. In most
bands the ratio of the average value of the standard deviation to the average of
photon noise is within the range of 0.8–1.2, i.e., our complete procedure (including
cosmic ray and charge trapping corrections) robustly reach the photon noise level
or very near to it.
For each transit we also derived a broad-band light curve by computing the
weighted average of all bands, adopting the inverse variance as the weight.
4.3.7

Transit Profile Fitting and Spectrum Extraction

Our final reduction steps were fitting the transit profiles and extracting the transmission spectra. We first fitted the broadband light curves by generating model transit
light curves using the Python package batman (Kreidberg, 2015), in which the light
curve shape model is based on Mandel and Agol (2002). The fitting procedure was
performed with an MCMC algorithm using the emcee package (Foreman-Mackey
et al., 2013). The transit profile model contained 7 parameters, namely transit midtime t0 , orbital period P , relative planet size Rp /R⇤ , semi-major axis a, eccentricity
e, inclination i, argument of periapsis !, and quadratic limb darkening coefficients
u1 , u2 .
We found that due to the lack of ingress or egress data in some transits, the limb
darkening coefficients (LDCs) could not be constrained well by the light curves.
Consequently, the LDCs obtained in di↵erent transits are not always consistent. It
is important to note that models predict that LDCs of late-M stars will vary significantly with wavelength in the 1.1 to 1.7µm range and that the transit depths
derived are anti-correlated with LDCs (Figure 4.3). Therefore, errors in LDCs may
introduce apparent spectral features in the transmission spectra. To carefully examine the e↵ect of LDCs, we experimented with three di↵erent LDC treatments:
(i) interpolating LDC values and uncertainties provided in de Wit et al. (2016)—
derived using PHOENIX stellar models (Husser et al., 2013)—to our bandpasses
and by using these as Gaussian-distributed priors; (ii) fixing the LDC to the best-fit
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Trappist-1 b and c Transit Lightcurves with Charge Trap Corrections
λ=11505Å

λ=11970Å

λ=12434Å

Normalized Flux

λ=12898Å

λ=13363Å

λ=13827Å

λ=14292Å

λ=14756Å

λ=15220Å

λ=15685Å

λ=16149Å

λ=16613Å
Time [MJD-57512.237]

Figure 4.2: Light curves (green dots) and the best-fitting RECTE ramp e↵ect correction. The predicted charge trap e↵ects for the two scanning directions are plotted
separately (red and blue curves). This figure includes Transits 1 and 2 from planet
c and b, respectively.
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Figure 4.3: Posterior distributions of transit profile of TRAPPIST-1 e in Transit 7.
values reported in de Wit et al. (2016); and (iii) independently deriving the LDCs by
fitting PHOENIX specific intensity model stellar spectra4 (disk-integrated, multiplied by the HST/G141 bandpass, and normalized) to the HST/G141 out-of-transit
spectrum and fitting a quadratic limb darkening law to the limb darkening profile
of the best-fit model. We then fixed the LDCs in the transit fit using the derived
values.
The comparison of the results based on the di↵erent LDCs showed that the
final spectra are only weakly a↵ected by the adopted LDCs: in every band the
transit depths derived from the di↵erent methods agreed with each other to levels
better than 1 . We adopt the first limb darkening treatment described above as our
nominal procedure and present the results from this approach here.
The limited phase coverage of ingress and egress in some visits that complicated
the LDC studies also precluded precise measurements of the transit durations. This
4
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uncertainty likewise hampered the precise determination of the orbital inclinations.
Therefore, we adopted the distributions obtained by Gillon et al. (2017) as priors in
our fitting procedure.
We fixed all eccentricities to be zero, as justified by the small values found by
Gillon et al. (2017), which rendered ! irrelevant. We also fixed the orbital periods
and semi-major axes to the values given in Gillon et al. (2017). We did not directly
adopt external constraints on the mid-transit times as TTVs are large in the system
and not yet well understood. The fit parameters are summarized in Table 4.5. With
Rp /R⇤ , t0 , i, and the LDCs as the only free parameters, we performed an MCMC
search. We adopted 500 walkers, and ran them for 2,000 steps, the first 1,000 of
which were treated as burn-in. In the evaluation of the fit quality, we did not use
the uncertainty estimates directly derived from the pipeline (which are dominated
by photon noise), as these did not include the assessment of the residual systematic
noise (even though these are found to be very small). Instead, for each light curve
in each band of each visit, we opted to calculate the standard deviation of the data
in the baseline (pre- and post-transit) and adopted this value as a uniform relative
uncertainty applicable to all data points in the light curves.
We present a corner plot of the MCMC posterior distributions in Figure 4.3 and
an example of transit profile fit in Figure 4.4.
After fitting the broad-band transit light curves, we fitted the transits in the
individual spectral bins in each transit, keeping the mid-transit times fixed to the
values found in the broad-band transit fits. To test the reliability of these fits, we
carried out a Shapiro-Wilk test on the residuals of the fittings (Shapiro and Wilk,
1965). Most of our fits passed the test with p-values exceeding 0.1. We inspected
each of the few exceptions (p-values less than 0.1) visually and found that a few
outlying data points, probably caused by stellar flares or other activity, were the
reason that the transit models did not provide complete fits. We further investigate
possible stellar activity in the light curves in Section 4.5.4.
Finally, we subtracted the best-fit broadband transit depth value (Rp /R⇤ ) from
each spectral bin’s transit fit (to determine relative, spectrally dependent di↵erences
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Table 4.5. Input Parameters in Transit Profile Fitting
Planet

i
( )

a

P

b

a

(day)

(R⇤ )

b

89.65+0.22
0.27

1.5109

20.50

c

89.67 ± 0.17

2.4218

28

89.75 ± 0.16

d
e
f

4.04961

39.55

89.86+0.10
0.12

6.099615

51.97

89.680 ± 0.034

9.20669

68.4

12.35294

83.2

89.710 ± 0.025

g

Note.

— All parameters are adopted from

Gillon et al. (2016, 2017).
a Gaussian
b Fixed

distributed priors

parameters

in the transit depths) to derive the transmission spectra of the seven transits.
4.4

Results

We measured the transit depths and mid-transit times of all seven transit events
in both the broadband and individual spectral bins. In the transit profile fits, we
reached an average reduced

2

of 0.99 and our residuals were typically 1.05 times

the photon noise level. In total we derived seven transmission spectra of six planets,
including two of TRAPPIST-1 e. In addition to the individual planets’ spectra,
in the following we also present their combined spectrum. We list the results of
our broad-band model fits in Table 4.6 and compare them to the results from the
literature (Gillon et al., 2017, 2016) and mid transit-times in the Online Exoplanet
Archive (Akeson et al., 2013).
4.4.1

Broadband Transit Depths

We measured the WFC3 broad-band transit depths of TRAPPIST-1 b, c, d, e, f,
and g with an average precision of 123 ppm. We note that overlapping Transits 1
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De-trended Broad Band Light Curve

De-trended Spectral Band Light Curve

λ=16613Å
λ=16149Å

λ=15220Å
λ=14756Å
λ=14292Å
λ=13827Å
λ=13363Å
λ=12898Å
λ=12434Å
λ=11970Å

Residuals+offset [ppm]

Normalized Flux+offset

λ=15685Å

λ=11505Å

Figure 4.4: Broadband (upper) and spectral band (lower) light curve profile fits for
planets TRAPPIST-1 b and c. The observations and best-fit profiles are shown in
the left and the fitting residuals are shown in the right panel.
and 2 have larger uncertainties in transit depths than the other transits, which are
all due to single planets. Most TRAPPIST-1 planets’ transit depths we measured in
WFC3 G141 broad-band are consistent with those measured in Spitzer Channel 2
(central wavelength 4.5 µm) light curves (Gillon et al., 2017). However, our transit
model’s Rp /R⇤ for Transit 1,2,3 (0.0849 ± 0.0012, 0.0879 ± 0.0012, 0.0622 ± 0.0005)
are deeper than the corresponding Spitzer transit depth measurement for the same

planets (0.0828 ± 0.0006, 0.0852 ± 0.0005, 0.0605 ± 0.0015) by over 1 . Di↵erences

between the HST and Spitzer bands should come as no surprise, as these may
be introduced either by planetary absorption features or—more likely—by stellar
activity and heterogeneity, which we will explore in greater detail in Section 4.5.4.
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Table 4.6. Comparison of Broadband Model Fit Results to Literature Values
Transit

1

Planet

c

t0

(t0

t0

(UT)

(day)

(BJDTDB )

G16,17

d16,18

This study

2457512.88051

0.000352

2457512.8807

0.0828+0.0006
0.0006

0.0854+0.0014
0.0014

0.0849+0.0012
0.0012

0.0852+0.0005
0.0005
0.0605+0.0015
0.0015
0.0884+0.0015
0.0016
0.0720+0.002
0.002
0.0820+0.0014
0.0014
0.0720+0.002
0.002

0.0895+0.0012
0.0012
0.0631+0.0007
0.0006
0.0885+0.0008
0.0007
0.0689+0.0007
0.0006
0.0803+0.0011
0.0011
0.0707+0.0008
0.0007

0.0879+0.0012
0.0011

2

b

2457512.88712

0.000176

2457512.8876

3

d

2457726.83624

0.001232

2457726.8400

4

g

2457751.81998

0.00105

2457751.8397

5

e

2457751.87282

0.000545

2457751.8701

6

f

2457763.46460

0.00038

2457763.4462

7

e

2457764.07205

0.00117

2457764.0671

Literature Rp /R⇤

Best-fit Rp /R⇤

0.0622+0.0006
0.0005
0.0888+0.0007
0.0007
0.0694+0.0005
0.0005
0.0802+0.0004
0.0004
0.0715+0.0006
0.0006

Note. — Literature Rp /R⇤ values are from Gillon et al. (2016, 2017) (G16,17) and de Wit et al. (2016); de Wit et al.
(2018) (d16,18), while mid-transit times are from the Online Exoplanet Archive (Akeson et al., 2013).

4.4.2

Mid-transit Times

Through our transit light curve modeling, we obtained high-precision mid-transit
time measurements, which were converted from Modified Julian Dates (MJD) to
Barycentric Julian Dates (BJDTDB ) using the algorithms described in Eastman et al.
(2010). The results are summarized in Table 4.6.
The mid-transit times have a typical uncertainty of 0.0002 days (or 17 s). The
uncertainties are typically dominated by the limited phase coverage (due to HST’s
visibility windows), i.e., light curves missing either the ingress or egress. Di↵erent
phase coverage of the individual transits causes the quality of the constraints on midtransit times to vary. Better constraints were achieved for the transits of planets
TRAPPIST-1 b and c because they have better than typical transit phase coverages,
owing to their shorter transit durations; for these planets the transit mid-times are
constrained with uncertainties of only 0.0001 days (or 8 s).
In contrast, Transit 7—corresponding to a transit of TRAPPIST-1 e—lacks both
the ingress and ingress, resulting in a greater uncertainty (0.002 day) on the midtransit time.
We found substantial TTV signals (observed-predicted time di↵erences) in the
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observed transits when comparing our results with those from the Online Exoplanet
Archive, which are calculated assuming strict periodicity (Akeson et al., 2013). In
particular, the best-fit mid-transit time for Transit 4 (TRAPPIST-1g), occurring on
Dec 9, 2016, deviates from that predicted from the best-fit Spitzer transit mid-time
(Gillon et al., 2017) and the planet’s orbital period by ⇠ 30 minutes, as was noticed
and discussed in Wang et al. (2017).
4.4.3

Transmission Spectra

We obtained WFC3 G141 transmission spectra for TRAPPIST-1 b, c, d, e, f, and g.
The spectra are shown in Figure 4.5, with the individual spectra o↵set by arbitrary
levels for clarity. Each spectra has 12 bins covering wavelengths from 1.1µm to
1.17µm, corresponding to a spectral resolution of
power of R =

/ = 22

=50 Å (or spectral resolving

34, Figure 4.4).

Slight di↵erences in the wavelength calibrations of the individual visits resulted
in small di↵erences of wavelength solutions among them (Table 4.3). To directly
compare our results with those by de Wit et al. (2016) and to combine spectra from
multiple visits, we interpolated our single-transit transmission spectra to align our
wavelength bins with those of de Wit et al. (2016). We adopted the 3rd-order spline
interpolation for both transit depths and uncertainties. We justify the interpolation
of transit depths in two respects. First, the adopted bin size is coarse and significantly larger than the average di↵erence of the interpolated wavelengths and the
original wavelengths. Second, the transmission spectra and their uncertainties have
small spectral variations. The interpolation introduced negligible modifications to
the transit depths and uncertainties. In order to allow direct comparison with the
spectra published in de Wit et al. (2016), we interpolated our transmission spectra
to match the wavelength bins used in that study (Figure 4.5).
In the following we also explore the combined spectra of the TRAPPIST-1 planets as well as the combined spectra of di↵erent subsets. We combined the spectra
by summing the transit depths from the six planets in each of the bands (already
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Transmission Spectra of TRAPPIST-1 Planets
TRAPPIST-1 b, Transit 2
9000

TRAPPIST-1 c, Transit 1
7500

6000

TRAPPIST-1 e, Transit 5
4500

p

*

Transit Depths R 2 /R2 [ppm] + offset

TRAPPIST-1 d, Transit 3

TRAPPIST-1 e, Transit 7
3000

TRAPPIST-1 f, Transit 6
1500

TRAPPIST-1 g, Transit 4
0

-1500
1.1

1.2

1.3

1.4

Wavelength [μm]

1.5

1.6

1.7

Figure 4.5: HST /WFC3 G141 transmission spectra for TRAPPIST-1 b to g (from
top to bottom). Wavelength bands are aligned with those used in de Wit et al.
(2016). The observed transmission spectra are plotted in circles. The gray curves
are water transmission models (Kempton et al., 2017), scaled to provide the best fit
to the data. All spectra have been mean-subtracted and vertical o↵sets have been
applied for clarity.
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aligned to those in de Wit et al. (2016)), giving the combined transit depth
✓ 2◆
2
X Rp,i
Rp
=
,
2
Rs2 combined
R
s
i
and uncertainty

✓

Rp2
Rs2

◆

=
combined

s
X⇥
i

⇤2
2
(Rp,i
/Rs2 ) .

(4.3)

(4.4)

For planet e, for which we have two transits, we used the inverse-variance weighted
average of the two as the transmission spectrum.
Combined spectra may provide information about shared spectral features: combining seven spectra could increase the signal-to-noise of the spectra by up to a
factor of 2.6. The combined spectra of all seven transits is shown in the top panel
of Figure 4.6.
Given the di↵ering quality of the spectra, we also explored combinations of di↵erent subsets of the transits. As noted above, the transits of planets b and c overlapped
in time and their spectra show an apparent anti-correlation. Additionally, the parameters of Transit 7 (planet e) are determined less precisely than those of the other
transits due to its lack ingress or egress coverage. To allow the assessment of the
impacts of these data quality di↵erences and possible systematics on the combined
spectra, we show two additional spectral combinations in Figure 4.6. The middle
panel shows the combined spectra of planets d, e, f, and g (with spectra for planets
b, c, and e from Transits 1, 2 and 7 excluded). The lower panel in Figure 4.6 shows
the combined spectrum of Transits 1 and 2, i.e., planets c and b, respectively.
Water absorption is the most prominent expected spectral feature in the planetary atmospheres in this wavelength range. As such, we show in Figure 4.6 a
model for water absorption for comparison (light gray lines). For this comparison
we adopted a water transmission model calculated using ExoTransmit (Kempton
et al., 2017), with an amplitude scaled to provide the best fit to the observed spectra. None of the three combined spectra in Figure 4.6 resemble the water absorption
spectrum: while the water absorption would result in larger Rp /R⇤ values around
1.4 µm, all three spectra suggests a decrease in Rp /R⇤ values. We conclude that
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Combined Spectra of TRAPPIST-1 Planets
1,500
1,000
500
0
-500

Transit Depths R 2p/R2s [ppm]

-1,000

Planets b-g

1,500
1,000

Water Absorption Model
Flat Model
Water Absorption Model

500
0
-500

-1,000
1500

Planets d,e,f,g(Transit 7 by
Planet e excluded)

1000
500
0
-500
-1000
-1500
11000

Planet b and c only

12000

13000

14000

15000

16000

17000
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Figure 4.6: Combined HST /WFC3 G141 transmission spectra for TRAPPIST-1
planets. Wavelength bands are aligned with those used in de Wit et al. (2016). For
the upper panel, all planets’ spectra are included. For the mid panel, Transits 3, 4,
5, and 6 from planets d, g, f, and e are included. For the lower panel, spectra of
planet b&c, whose transits overlapped during observations, are excluded. The gray
curves water transmission models (Kempton et al., 2017), scaled to provide the best
fit to the data. All spectra have been mean-subtracted.
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no water absorption or other planetary molecular absorption features are visible in
any of the individual or combined spectra. In Sections 4.5.3 and 4.6 we explore the
upper limits we can place on planetary water absorption as well as the impact of
stellar contamination on these spectra.
4.5

Discussion

In this and the following sections, we discuss the following key points of our study:
comparison of our data reduction to that of de Wit et al. (2016) and the resulting
data quality; comparisons of multiple transits of the same planet; placing upper
limits on water absorption bands; and discussing in detail stellar activity and stellar contamination in the HST /WFC3 NIR spectra of the TRAPPIST-1 planets.
Finally, we place these results in the context of future HST and JWST transit
spectroscopy of the TRAPPIST-1 and similar planetary systems.
4.5.1

HST /WFC3 IR Transiting Exoplanet Data Reduction Comparison

One of the key di↵erences between our study and that of de Wit et al. (2016) is that
we used the RECTE model to correct for the HST /WFC3 IR ramp e↵ect, while the
de Wit et al. (2016) study discarded the first orbits of each visit and relied on an
empirical fit to correct the systematics in the subsequent orbits, implicitly assuming
those to be identical to the ramp seen in Orbit 2. Here we compare the results of
the two data reduction approaches.
First, by using RECTE, we successfully corrected the ramp e↵ect in each visit’s
first orbit, which was discarded in de Wit et al. (2016) as well as in almost all published HST /WFC3 transit spectroscopic observations. As a result, we increased the
available useful data and e↵ectively improved the efficiency of the HST observations
by about 25%. This increase translated to a better orbital phase coverage and an
improved accuracy of the transit baseline levels. Furthermore, the additional baseline observations also enabled a more thorough exploration of the stellar activity
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and spectral changes (see Section 4.5.4) than would have been possible had those
orbits been discarded.
Second, in addition to the increase in the data quantity and efficiency, we seek
to compare the resulting data quality. At this point any such comparison must
be limited to Visit 1 (from Program 1), the only visit for which reduced data had
been published at the time of submission for this current work5 . With an uncertain
astrophysical signal underlying possible residual systematics, such comparisons are
not trivial. We proceed here by assuming that, to first order, the astrophysical
signal is well understood and purely consists of the planetary transit that follows
the analytic models of Mandel and Agol (2002); we will then discuss the limitations
of this approach.
Under the assumptions laid out, the residuals of the observed and modeled light
curves contain no systematics and should be photon noise-limited. Therefore, we
use the standard deviation of the light curve fit residuals as a metric to compare
the data quality between our reduction and that of de Wit et al. (2016). De Wit et
al. kindly provided their detailed results, enabling accurate comparison studies. We
note that de Wit et al. (2016) report a larger broadband residual standard deviation
(240 ppm) than that calculated from data in Figure 1 of de Wit et al. (2016) (215
ppm). We conservatively adopt the latter for the comparison. The first three rows
of Table 4.7 compare the standard deviations of residuals between the two studies
for Orbits 1, 2, and 4 as well as several orbit combinations.
Several points are notable about this comparison. If our underlying assumptions
were correct, the residuals in all orbits should be the same. However, di↵erences in
Orbits 1, 2, and 4 are visible even within the same reductions. We attribute these
di↵erences in part to the scatter of the standard deviations themselves and, in part,
to the fact that physical processes other than the transit are present in the data, as
discussed in the following sections.
The immediate comparison of the standard deviations of the residuals between
the two studies (rows 1–3 of Table 4.7) have overall very similar levels, considering
5

A comparison with the work of de Wit et al. (2018) is provided in Section 4.7.3
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the limited number of data points from which the standard deviations are calculated.
Data from our reduction have lower standard deviations in Orbit 4 than those from
de Wit et al. (2016) (136 ppm vs. 159 ppm), but larger residuals in Orbit 2 (342
ppm vs. 257 ppm). For combined residuals of Orbits 2 and 4 (row 5), our results
still have slightly larger standard deviation than that of de Wit et al. (2016) (266
±25 ppm vs 215 ppm), corresponding to about a 1 level di↵erence (when assuming

similar uncertainties for the standard deviations themselves). We note that Orbit
2’s correction quality is worse in both reductions than that of Orbit 4, suggesting
that the inherent data quality or other processes also play an important role.
Thus, based on a superficial comparison one may conclude that: (1) both reductions reach similar precision; (2) underlying di↵erences in the data quality are more
important than the type of ramp e↵ect correction applied; and, (3) the empirical
ramp e↵ect correction performs sometimes slightly better than the physical model
for the charge trapping (not considering the benefits of the non-discarded first orbit).
Closer inspection of the residuals in Figure 4.9 reveals isolated groups of outlying
data points. These may mark potential small stellar flare events (discussed further
in Section 4.5.4), such as an event with 4 outliers above the baseline in Orbit 2
of Visit 0. It is instructional to inspect this event: in fact, the outliers contribute
most to the increased standard deviation in the residuals in this orbit. By excluding
the four data points around suspected flare events, the standard deviations of the
combined Orbit 2 and 4 data decreased by 40% to 195 ppm (last row of Table 4.7).
If the same data points are excluded from the de Wit et al. (2016) data, the resulting standard deviation is, within uncertainties, the same as that resulting from
the RECTE fit. We conclude that the empirical ramp correction may provide a
lower standard deviation occasionally because it can potentially fit the ramp e↵ect
correction and stellar flares together.
Thus, in our RECTE-based reduction, the higher standard deviations are an
indication that the model applied (charge trapping model + transit) is incomplete;
in contrast, the empirical systematics fit and transit has the capability to absorb
di↵erent sources of astrophysical signal and instrument systematics without dis-
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Table 4.7. Comparison of Standard Deviations of Residuals between this Study
and that of de Wit et al. (2016), Utilizing Di↵erent Ramp E↵ect Corrections
Orbit

This Study

de Wit et al. (2016)

(ppm)

(ppm)

1

225

/

2

342

257

4

136

159

1, 2, 4

254

/

2, 4

266±25a

215

2, 4, flare excluded

195±16a

180

Note. — Note that this comparison is only easily interpretable if no astrophysical systematics (e.g., flares, spots)
are present. The standard deviations from de Wit et al.
(2016) have been provided by the authors (priv. comm.).
a The

uncertainties are derived by calculating the standard

deviations of the standard deviations of randomly selected
80% sub-sets of the data.
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tinguishing these, resulting in a slightly lower standard deviation of the residuals.
Compared to empirical corrections, the physically-motivated RECTE-based correction is less likely to be skewed by astrophysical events. This comparison highlights
another advantage of the RECTE model over traditional empirical fits: given the
well-determined detector response, it will be less likely to over-correct and remove
astrophysical processes (or other types of instrumental systematics). In fact, in Orbit 4, which has no signs of stellar flares, our RECTE model indeed resulted in a
residual standard deviation that is the lowest of all measured here (136 ppm).
The transmission spectra from our reduction and that of de Wit et al. (2016)
agree within uncertainties (Figure 4.7).

For planets b and c, we performed

Kolmogorov-Smirnov tests on the spectra from this study and de Wit et al. (2016).
The tests resulted in p-values of 0.9094 and 0.8286, i.e., they did not show any
evidence for the data points being drawn from statistically di↵erent parent samples.
4.5.2

Comparison of Spectra from Two Transits of Planet e

The fact that our datasets contain two transit events (Transits 5 and 7) for planet
TRAPPIST-1 e o↵ers an opportunity to examine the similarities between the
transmission spectra from the two epochs. Figure 4.8 shows the two spectra of
TRAPPIST-1 e interpolated to the same wavelength bins. While the two spectra
share some features such as average transit depth and non-detection of planetary
water absorption, they di↵er in the blue parts (¡1.35 µm) of the spectra. There
appears to be a di↵erence in the overall slope between the two transit spectra.
To quantify the agreement between the two spectra we calculated the bin-by-bin
di↵erence between them and report an average di↵erence of 2.4 . A KS-test yields
a p-value of 0.01, i.e., supporting the conclusion that the two datasets are drawn
from di↵erent parent populations. Manual inspection confirms that blue parts of
the spectra contribute most of the di↵erence (Figure 4.8). This di↵erence may be an
indication of a time-evolving stellar contamination signal, which we discuss further
in Sections 4.6.3 and 4.7.2.
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Comparison of the transmission spectra in de Wit et al. (2016) and this work
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Figure 4.7: Comparison of the transmission spectra of TRAPPIST-1 b and c in our
work and in de Wit et al. (2016). The two reductions result in spectra that are
statistically consistent with each other. All spectra have been mean-subtracted.
4.5.3

No Evidence for Water Absorption Features in Individual or Combined Spectra

In our data all six planets (TRAPPIST-1 b to g) have spectra that show no obvious
absorption features in the 1.1 to 1.65 µm wavelength range. We examine the possibility of planets sharing the similar spectral features by combining the spectra from
the six planets.
We also compared our observed transmission combined spectra with a scaled
water transmission model (Kempton et al., 2017), as shown in Figure 4.6. The
deviations, as expressed in

2

, are 2.2, 1.3 and 1.0, which are all worse than those

of the flat model, (0.85, 0.56 and 0.45, respectively). We attribute this to the
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Figure 4.8: The transmission spectra of TRAPPIST-1 e from two visits. Green and
cyan points are the spectra from Transits 5 and 7, respectively. The spectra are
o↵set in wavelength for clarity.
contamination from stellar heterogeneity, which we will discuss in more detail in
Section 4.6.
Water is of the most interest among molecules with absorption features in the
WFC3 G141 band-pass. Since no spectral features were observed, we estimate the
upper limits of water absorption for each of the planets instead. Following Fu et al.
(2017), we quantified the water absorption amplitude AH , i.e. the transit depth
di↵erence in and out of the water absorption band in terms of scale heights H, as
AH =

d R⇤2 /2Rp H.

(4.5)

We estimated the scale height of each planet based on TTV masses from Wang et al.
(2017). We set the host star radius to R⇤ = 0.114 ± 0.006R (Gillon et al., 2016) to

calculate the absolute radii of the planets, and the host star e↵ective temperature to
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Table 4.8. Planetary Parameters for Water Absorption Calculations
Planet

Mass
M

b
d
e

0.33 ± 0.15

288.0 ± 5.6

17 ± 113

0.772 ± 0.030

251.3 ± 4.9

303 ± 126

341.9 ± 6.6
251.3 ± 4.9
219.0 ± 4.2

198.6 ± 3.8

212 ± 245

AH

R
1.086 ± 0.035

0.566 ± 0.0038

g

ppm
413 ± 266

0.36 ± 0.12

f

K

Radius

400.1 ± 7.7

0.24+0.56
0.24
0.24+0.56
0.24

e

d

0.79 ± 0.27

1.63 ± 0.63

c

Te↵

9.2 ± 6.8

U (AH )

11.2

1.056 ± 0.035

11.1 ± 13.6

29.7

209 ± 129

0.918 ± 0.039

1.9 ± 4.6

11.9

130 ± 190

1.045 ± 0.038

2.3 ± 3.5

8.2

77 ± 197

0.918 ± 0.039
1.127 ± 0.041

0.2 ± 1.0

2.8 ± 6.6
2.5 ± 6.6

3.2
17
22.3

2, 559 K (Gillon et al., 2017). For the mean molecular weight, we adopted 18 amu,
corresponding to that of water. We calculated U (AH ), the 3 upper bounds of AH
for planets TRAPPIST-1b–g.

The results along with essential information are presented in Table 4.8. We do
not find evidence for a planetary water absorption feature in any of the transmission
spectra, i.e. AH is consistent with or less than 0 at the 1 level in each case. However,
the wide uncertainties on AH allow for the possibility of significant water absorption,
as illustrated by the upper limits. Improved precisions on the transmission spectra
may place tighter constraints on planetary absorption features, though additional
observations will have to contend with the time-resolved activity and photospheric
heterogeneity of the host star.
4.5.4

TRAPPIST-1 Stellar Activity

We examined TRAPPIST-1’s out-of-transit broadband light curves and searched
for possible flares and dimming events. We identified the baseline using the scipy
UnivariateSpline routine, which smooths the light curves with third order splines.
For the spline fit, the numbers of knots were optimized with inverse-standard-
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Figure 4.9: Identified stellar activity events. Left panel: Two 3 flare events were
found in the light curves, one in Visit 0 of Program 1 and another in Visit 3 of
Program 2. The purple lines show the smoothed baseline constructed using thirdorder spline smoothing. Red circles mark the identified events. Right panel: The
spectral information of the identified event.
deviation weighting. We then computed the weighted average of deviations from
unity within each window. Windows that had deviations above 3 were selected as
candidates for flare events or dimming events. In total, two potential flares were
found. We summarize the key properties of these potential events in Table 4.9 and
show their broadband light curves in Figure 4.9. This figure also shows the spectrum
of each event.
The possible events were sampled in only a few read outs and their signal to noise
ratio remains low, inhibiting their robust classification. We only note here a naı̈ve
expectation for these spectra, which is that (micro-)flares, representing hotter-thanphotospheric plasma, would show an overall ‘bluer’ continuum. This expectation
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Table 4.9. Identified Stellar Activity Information

Type

Center Time

Deviation

Visit & Orbit

(MJD)

( )

Flare

57512.4

4.06

Visit 0, Orbit 2

Flare

57763.0

3.02

Visit 3, Orbit 3

may be met by these events, but the generally low quality of the spectra does not
allow for meaningful characterizations.
In total, 20 orbits are used in our analysis, amounting to approximately 850
minutes of observations. We estimate the stellar occurrence rate of marginally detectable (micro)flares to be on the order of 1/425 min 1 , i.e., an event every seven
hours on average. We note here that the identification of the events leading to this
statistic benefited from the use of the RECTE correction, which allowed us to include data from four additional orbits in our analysis and provided a ramp e↵ect
correction that was not a↵ected by the flare events.
4.6

Stellar Contamination of the Transmission Spectra

TRAPPIST-1 demonstrates a 1.40-day periodic photometric variability in the I+z
bandpass with a full amplitude of roughly 1% (Gillon et al., 2016, Extended Data
Figure 5). Rackham et al. (2018) found that this observed variability is consistent
with rotational modulations due a heterogeneous stellar photosphere with whole-disk
+16
spot and faculae covering fractions of Fspot = 8+18
7 % and Ff ac = 54 46 %, respectively.

These authors also found that spots and faculae, if present in regions of the stellar
disk that are not occulted by the transiting planets, can alter transit depths by
roughly 1–15⇥ the strength of planetary atmospheric features, thus dominating the
observed wavelength-dependent variations in transit depth (i.e., the “transit light
source e↵ect”).
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The observed transmission spectrum D

,obs

is the multiplicative combination of

the nominal transit depth D (i.e., the square of the true wavelength-dependent
planet-to-star radius ratio) and the stellar contamination spectrum ✏ (Rackham
et al., 2018). As the primary purpose of this exercise was to investigate the possible
stellar contribution to the transmission spectrum, we assumed an achromatic transit
depth D for each planetary spectrum. Thus, we modeled the observed transmission
spectra as
D

,obs

=✏ D

(4.6)

and assumed a stellar origin for all variations from a flat transmission spectrum.
Rackham et al. (2018) present a formalism for calculating the stellar contamination spectrum in the specific case that no heterogeneities—spots or faculae—are
present within the transit chord or, if they are, they can be identified in the light
curve and properly taken into account (their Equation 3). Of course, the precision
of observations may not allow stellar surface heterogeneities within the transit chord
to be reliably detected. In general, the stellar contamination spectrum ✏ is given by
the spectral ratio of the region occulted by the exoplanet relative to the integrated
stellar disk. If we assume the transit chord is composed of the same spectral components as the integrated disk, namely spots, faculae, and immaculate photosphere,
but we allow their covering fractions to di↵er from the whole-disk values, then the
generalized stellar contamination spectrum is given by
✏ =
in which S

,phot ,

S

(1 fspot
(1 Fspot
,spot ,

S

,fac

ffac )S
Ffac )S

+ fspot S ,spot + ffac S ,fac
,
,phot + Fspot S ,spot + Ffac S ,fac
,phot

(4.7)

refer to the spectra of the photosphere, spots, and

faculae, respectively; Fspot and Ffac refer to the whole-disk covering fractions of spots
and faculae, respectively; and fspot and ffac refer to the spot and faculae covering
fractions within the transit chord. We adopt this generalized stellar contamination
framework in this analysis.
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4.6.1

Composite Photosphere and Atmospheric Transmission Model

With this framework, we investigated the possible contribution of photospheric heterogeneities to the observed transmission spectra of the TRAPPIST-1 planets using
the composite photosphere and atmospheric transmission (CPAT) model (Rackham
et al., 2017). We used an MCMC approach developed with the PyMC (Patil et al.,
2010) Python package to fit the CPAT model to our observations. The free parameters of the model and their priors are given in Table 4.10. For the prior on
the photosphere temperature Tphot , we adopted the stellar e↵ective temperature Te↵
from Gillon et al. (2017), with a width 5⇥ the reported uncertainty to allow the
algorithm to thoroughly explore the parameter space. We adopted the same uncertainty for priors on the spot and facula temperatures, Tspot and Tfac , with means
given by Tspot = 0.86 ⇥ Tphot and Tfac = Tphot + 100 K, following Rackham et al.
(2018). For priors on the spot and faculae covering fractions, both within the tran-

sit chord and for the whole disk, we adopted normalized estimates of the covering
fractions found for TRAPPIST-1 by Rackham et al. (2018).
The CPAT model describes the emergent disk-integrated spectrum of the photosphere as the sum of three distinct components, the immaculate photosphere, spots,
and faculae, each covering some fraction of the projected stellar disk. We utilized
the grid of DRIFT-PHOENIX model stellar spectra (Hauschildt and Baron, 1999;
Woitke and Helling, 2003, 2004; Helling and Woitke, 2006; Helling et al., 2008a,b;
Witte et al., 2009, 2011) with solar metallicity ([Fe/H] = 0.0) to generate spectra
for each component. We parameterized the three components by their temperatures (Tphot , Tspot , and Tfac for the photosphere, spots, and faculae, respectively),
which we allowed to vary, and linearly interpolated between models with di↵erent
temperatures to produce the component spectra. For all components, we linearly
interpolated between models with log g = 5.0 and log g = 5.5 to produce spectra
matching the surface gravity of TRAPPIST-1 (log g = 5.21), which we calculated
from the star’s mass and radius (Gillon et al., 2017).
While fitting the transmission spectra, we required that the stellar parameters
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Table 4.10. Priors for Stellar Contamination Model Fits
Parameter

Description

Prior

Unit

Nominal transit depth

Uniform(0, 100)

%

Tphot

Photosphere temperature

TruncNorm(2559, 250)

K

Tspot

Spot temperature

TruncNorm(2201, 250)

K

Tfac

Facula temperature

TruncNorm(2659, 250)

K

Fspot

Whole-disk spot covering fraction

TruncNorm(8, 13)

%

Ffac

Whole-disk faculae covering fraction

TruncNorm(54, 31)

%

fspot

Transit chord spot covering fraction

TruncNorm(8, 13)

%

ffac

Transit chord faculae covering fraction

TruncNorm(54, 31)

%

Spectra error inflation factor

Uniform(1, 100)

...

D

⌘

Note. — Uniform(a, b) distributions are uniform between a and b. TruncNorm(µ,
) distributions are normal distributions with means µ and standard deviations . The
priors for Tphot , Tspot , and Tfac were truncated on the range [1000 K, 3000 K], given
by the temperature limits of the DRIFT-PHOENIX model grid. We enforced Tfac ¿
Tphot and Tphot ¿ Tspot with likelihood penalties. Similarly, the covering fractions were
allowed to vary over the range [0 %, 100 %] and we enforced Fspot + Ffac <= 100% and
fspot + ffac <= 100% with likelihood penalties.
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also produced a disk-integrated stellar spectrum matching the median observed outof-transit stellar spectrum ( = 1.15–1.70 µm) of TRAPPIST-1. We computed the
disk-integrated spectrum as
S

,disk

= (1

Fspot

Ffac )S

,phot

+ Fspot S

,spot

+ Ffac S

,fac

(4.8)

ignoring projection e↵ects owing to the positions of photospheric heterogeneities,
which are not constrained by our model. Both the observed and model stellar spectra
were normalized to the median flux between 1.27 and 1.31 µm for comparison. To
account for discrepancies between the high-precision HST observations and stellar
models, we multiplied the observational uncertainties by an error inflation factor ⌘,
which was allowed to vary between 1 and 100 (see Table 4.10).
We utilized two variations of this modeling framework. In the first, which we call
the flat model here, we set the active region covering fractions within the transit
chord to the whole-disk values (i.e., fspot = Fspot and ffac = Ffac ). Thus, ✏ = 1
(see Equation 4.7) and there was no stellar contribution to the observed transmission
spectra. The achromatic transit depth D solely determined the transmission spectra
model, while the stellar parameters in the model only a↵ected the fit to the out-oftransit stellar spectrum. In the second framework, which we call the contamination
model, we allowed the active region covering fractions within the transit chord to
di↵er from the whole-disk values. In this case, both planetary and stellar parameters
a↵ected the model fit to the observed transmission spectra (Equation 4.6) and the
stellar parameters (save the transit chord covering fractions) determined the fit to
the stellar spectrum. Flat models have 7 free parameters, contamination models
have 9, and each fit includes 144 data points—14 for the transmission spectrum and
130 for the stellar spectrum (see Section 4.6.2).
For each transmission spectrum that we considered, we performed an MCMC
optimization procedure for both of these modeling frameworks. In each procedure,
we marginalized over the log likelihood of a multivariate Gaussian. We ran three
chains of 5 ⇥ 105 steps with an additional 5 ⇥ 104 steps discarded as the burn-in. We
checked for convergence using the Gelman-Rubin statistic R̂ (Gelman and Rubin,
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1992) and considered chains to be well-mixed if R̂ < 1.03.
4.6.2

Multi-instrument Transit Measurements

We initially performed this analysis using only the HST transit depths presented
here and the Spitzer 4.5 µm transit depths provided by Delrez et al. (2018b). After
the submission of this manuscript, Ducrot et al. (2018) presented K2 (0.42–0.9 µm)
transit depths and I+z (0.8–1.1 µm) transit depths from the SPECULOOS-South
Observatory (SSO; Delrez et al., 2018a) for each of the planets discussed here. In the
following analysis, we consider the full K2 +SSO+HST +Spitzer transmission spectra. Thus, each transmission spectrum includes 14 transit depths: 11 HST /WFC3
depths from this analysis, along with a K2 , SSO, and Spitzer 4.5 µm depth.
We note that Ducrot et al. (2018) examined the impact of stellar contamination from TRAPPIST-1 by comparing the K2+SOO+HST+Spitzer spectra of
TRAPPIST-1 b+c to a model from a pre-peer-reviewed version of this work (see
Figure 4 in Ducrot et al., 2018). They found a 20- discrepancy between the observed K2 transit depth and the model prediction and claimed that the stellar
contamination model can be “firmly discarded”. For the model that was used in
the study of Ducrot et al., we assumed that spots and faculae were present only
in the non-occulted stellar disk but not in the transit chords, i.e. the spectra of
the transit chords were the same as the immaculate photosphere spectrum. During the reviewing process and prior to the publication of Ducrot et al. (2018), we
updated the model to a more general form in which spots and faculae a↵ect both
the non-occulted disk and the transit chords (see Equation 4.7). The analysis of
the K2+SSO+HST+Spitzer dataset using the more general stellar contamination
model is presented here. Appendix C provides the results of this same analysis considering only the HST +Spitzer transmission spectra, along with the accompanying
predictions for the K2 and I+z transit depths. The results of the analyses for the
two datasets are fully consistent. Most notably, the best-fit contamination models
from the HST +Spitzer analysis o↵er accurate predictions of the K2 and I+z transit
depths for the combined transmission spectra.
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We also note that transit depth determinations depend on i and a/Rs , which
may vary between analyses of transit data. In our analysis we fixed these values,
which are hard to constrain with the HST observations, to those reported by Gillon
et al. (2017). As the K2 , SSO and Spitzer observations all covered a longer baseline, however, Ducrot et al. (2018) and Delrez et al. (2018b) both benefited from
larger datasets including many repeated transits, which allowed them to fit for more
parameters. To be more specific, both these works adopted impact parameter as a
free parameter in MCMC analyses. They also include the stellar mass and radius as
parameters either fixed or with a prior distribution, which combine with the orbital
periods reported by Gillon et al. (2017) to yield the system scale a/Rs for each
planet. For a comparison of the orbit parameters, we refer the reader to Table 4.5,
which contains the parameters that we adopted from Gillon et al. (2017), and Table 1 of Delrez et al. (2018b), which details the fitted parameter values from that
analysis6 . In short, we find that the inclinations and system scales that we adopt
di↵er on average from those of Delrez et al. (2018b) by 0.9 and 0.2 respectively.
We note that these subtle di↵erences might lead to minor di↵erences in the following
analysis.
4.6.3

Fits to Single-planet Transmission Spectra

We first fit CPAT models to each of the seven, single-transit transmission spectra
presented in this work as well as the weighted mean spectrum of TRAPPIST-1 e
from Transits 5 and 7. We included the corresponding K2 , SSO (Ducrot et al.,
2018), and Spitzer 4.5 µm transit depths (Delrez et al., 2018b) in the fitting procedure. Table 4.11 summarizes the posterior distributions of the fitted parameters
and provides the Akaike Information Criterion (Akaike, 1974) corrected for small
sample sizes (AICc ; Sugiura, 1978), Bayesian Information Criterion (BIC; Schwarz,
1978),

2

and its corresponding p-values for each fit. We use the information crite-

ria to evaluate the efficacy of the increased model complexity of the contamination
model compared to the flat model. Following convention (e.g., Liddle, 2007), for
6

The fitted parameters of i and a/Rs are not provided by Ducrot et al. (2018).

172
both information criteria (IC)—i.e., AICc and BIC—we interpret

IC > +5 and

IC > +10 relative to the best model as ‘strong’ and ‘decisive’ evidence against the
current model, respectively.
Of the single-planet spectra, both information criteria only indicate decisive
evidence against the flat model for one case, the TRAPPIST-1 d dataset. Considering its

2

value, the flat model for this dataset is ruled out at 99% confidence

(p = 0.01). For TRAPPIST-1 e, of the two transits that were observed in two visits
separated by twelve days, one shows evidence to support the contamination model
(Transit 7), but the other (Transit 5) does not. This di↵erent result for two transits of the same planet could suggest temporal variability of stellar contamination.
For the remaining datasets, both information criteria generally support the same
model—the exception being the TRAPPIST-1 c dataset—though they do not both
rise to the level of decisive evidence. In general, the additional complexity of the
contamination models results in lower

2

values, as expected, though the informa-

tion criteria show that the additional complexity is not decisively warranted by the
data for any of the datasets besides that of TRAPPIST-1 d.
4.6.4

Fits to Combined Transmission Spectra

The observed e↵ect of a stellar contamination signal scales with the transit depth
(Equation 4.6). The impact of stellar contamination is therefore more readily observable in the spectra of exoplanets with deeper transit depths. In the case of
TRAPPIST-1, assuming that a steady-state stellar contamination signal similarly
a↵ects all the individual transmission spectra, we can co-add the individual transmission spectra to increase the SNR. An examination of the combined transit spectrum
can reveal if the regions probed by the transit chords have di↵erent spectra from
the average spectrum of the stellar disk.
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Table 4.11. Results of Stellar Contamination Model Fits to Single-Planet Spectra
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Thus, in addition to the single-planet spectra, we fit both model frameworks to
seven combinations of TRAPPIST-1 transmission spectra. The first combination
is the sum of transit depths for all TRAPPIST-1 planets observed with HST , b–g,
using the weighted mean spectrum of TRAPPIST-1 e from Transits 5 and 7. The
resulting spectrum utilizes all of the available data and is, in e↵ect, what one would
observe if TRAPPIST-1 b–g transited simultaneously. This approach probes for
shared spectral features, similar to the analysis of the double transit of TRAPPIST1 b and c by de Wit et al. (2016). In this case, we are primarily interested in a
stellar contribution that a↵ects all transmission spectra similarly, such as surface
active regions that are outside of all the planetary transit chords. This can be
more easily studied in the combined spectra because the stellar contamination signal
combines multiplicatively with any planetary transmission spectrum. The remaining
combinations exclude the contribution from one of the six planets in turn, allowing
us to examine the e↵ect of the individual planets on the combined result. For each
combination, we also included the sum of the corresponding K2 and SSO (Ducrot
et al., 2018) and Spitzer 4.5 µm transit depths (Delrez et al., 2018b) in the fitting
procedure and added the uncertainties of the individual transit depths in quadrature.
Figure 4.10 shows the TRAPPIST-1 b–g combined transmission spectrum, the
out-of-transit stellar spectrum, and the best-fit flat and contamination models.
The K2 , SSO, and Spitzer transit depths are 3.6 , 1.0 , and 7.1 below the mean
of the combined HST transit depth, respectively. The combined HST transmission
spectrum displays a notable decrease in transit depth around 1.4 µm, which coincides with a strong water absorption band. This “inverted” water feature is the
opposite of the water absorption signature commonly observed in transiting exoplanet atmospheres (e.g., Sing et al., 2016). The o↵sets between instruments and
the apparent 1.4 µm decrease are also evident in all five-planet combined transmission spectra (Figure 4.11), which illustrates that it is not due solely to the spectrum
of an individual planet. We find that the o↵sets between instruments and the apparent 1.4 µm decrease are both reproduced well by the contamination model for
each combined spectrum.
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Figure 4.10: Stellar contamination model jointly fit to K2 +SSO+HST +Spitzer
TRAPPIST-1 combined transmission spectra and observed HST stellar spectrum.
The left panel shows the combined transmission spectrum (blue points) and bestfitting contamination and flat models (black solid and gray dashed lines, respectively). The inset panel highlights the HST /WFC3 G141 data. The right
panel shows the observed HST /WFC3 G141 out-of-transit stellar spectrum of
TRAPPIST-1 (blue line) with a scaled uncertainty determined by the MCMC optimization procedure (shaded region). The best-fit disk-integrated model stellar
spectra for the contamination (black lines) and flat models (gray lines) are indistinguishable.
Table 4.12 provides the complete results of the model fits to the combined spectra. For each combination, the AICc and BIC both prefer the contamination model.
According to the information criteria, each dataset provides decisive evidence against
the flat model ( AICc > +10,

BIC > +10). In each case, the information cri-

teria show that the data warrant the inclusion of the additional parameters in the
contamination models.
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Figure 4.11: Stellar contamination models jointly fit to K2 +SSO+HST +Spitzer
TRAPPIST-1 five-planet combined transmission spectra and observed HST stellar
spectrum. Data and models are o↵set for clarity. The left panel shows the combined
transmission spectra and models, the middle panel highlights the HST /WFC3 G141
transmission spectrum, and the right panel shows the HST /WFC3 G141 out-oftransit stellar spectrum. The best-fit disk-integrated model stellar spectra for the
contamination (black lines) and flat models (gray lines) are indistinguishable.
The figure elements are the same as those in Figure 4.10.
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TRAPPIST-1 e. The others are five-planet combinations, which in turn exclude the spectrum of a single planet. The remaining table elements are the same as those in Table 4.11.

Note. — The combined spectra are listed in the first column. The combination b–g utilizes all of the current data, including the weighted mean of the two transmission spectra of
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Table 4.12. Results of Stellar Contamination Model Fits to Combined Spectra
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Impact of the Stellar Spectrum
For all model fits, both to the individual and combined transmission spectra, the
fitted value of ⌘ is 23+12 (Tables 4.11 and 4.12). Notably, this is the case for all flat
models, in which the stellar parameters are determined by the out-of-transit stellar
spectrum alone and have no e↵ect on the fit to the transmission spectra. This implies
that the observational errors of the HST /WFC3 G141 spectrum of TRAPPIST-1
must be largely inflated to match the DRIFT-PHOENIX model spectra, even when
using one composed of multiple component spectra, which should provide more
flexibility to the model fits. Inspection of the right panel of Figure 4.10 shows that
the data and model agree on the general shape of the spectrum but disagree on many
details and the continuum level for the bluest and reddest wavelengths. For further
clarity, Figure 4.12 illustrates these same spectra but with the true uncertainty on
the observations shown. Also shown is a DRIFT-PHOENIX model spectrum for a
star with TRAPPIST-1’s e↵ective temperature and surface gravity (T = 2559 K,
log g = 5.21; Gillon et al., 2017). This single-component model disagrees with the
data significantly between roughly 1.34 µm and 1.6 µm, which demonstrates why
even the flat models prefer multi-component stellar spectra, as shown by the fitted
values of the Fspot and Ffac parameters in Tables 4.11 and 4.12.
The stellar spectrum contains many more data points than the transmission
spectrum. Therefore, disagreement between the observed and model stellar spectra
could strongly influence our results. In principle, the ⌘ parameter guards against
this by e↵ectively de-weighting the stellar spectrum in the MCMC optimization
procedure. Nonetheless, we investigated how the inclusion of the stellar spectrum
in the model framework a↵ects the results using the TRAPPIST-1 b–g dataset.
Considering only the transmission spectrum, the flat model has 14 data points and
1 fitted parameter, giving 13 degrees of freedom. The

2

value for this model is 51.8,

indicating that it is conclusively ruled out (p < 10 5 ). The AICc and BIC for this
model are -129.3 and -129.0, respectively. By contrast, the contamination model
has 8 fitted parameters and thus gives 6 degrees of freedom when considering only the
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Figure 4.12: Comparison of the observed TRAPPIST-1 HST /WFC3 G141 spectrum
to models. The observed out-of-transit stellar spectrum is shown in blue; the uncertainties on the observed spectrum are smaller that the line width. The black line
shows the best-fit disk-integrated model spectrum from the contamination model fit
to the combined TRAPPIST-1 b–g dataset (Table 4.12). All other three-component
fitted models from this analysis are indistinguishable. By contrast, the DRIFTPHOENIX model stellar spectrum for a star with T = 2559 K and log g = 5.21
(salmon line) provides a relatively poor fit to the data.
14 data points of the transmission spectrum. The

2

value for the contamination

model is 4.2, indicating that it is not ruled out by the data (p = 0.64). Additionally,
the AICc and BIC for this model are -135.2 and -158.1, respectively. A comparison of
the information criteria for the two models yields

AICc = +5.9 and

BIC = +29.1

in favor of the contamination model. Thus, relative to the contamination model,
the flat model is ruled out decisively by the BIC and strongly by the AICc , which
more stringently penalizes model complexity. This exercise shows that the additional
complexity of the contamination model is warranted by the transmission spectrum
alone. For the remainder of this analysis, however, we opt to utilize the additional
information in the stellar spectrum and discuss the results taking into account both
the transmission and stellar spectra.
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Impact of Instrumental O↵sets
Given the significant o↵sets between the HST transit depths and those from other
instruments, one might reasonably wonder how strongly the model results rely on
the o↵sets between the instruments. To investigate this, we conducted this same
analysis on the combined TRAPPIST-1 b–g dataset using only the HST data for the
transmission spectrum. In this case, the information criteria prefer the flat model
( AICc > +2,

BIC > +8). In other words, the additional complexity of the

contamination model is not warranted by the HST spectra alone, even though it
results in smaller

2

values; the o↵sets between the HST and Spitzer measurements

are integral to the interpretation of stellar contamination impacting the transmission spectra. However, we also note that the contamination models fit to the
HST +Spitzer dataset accurately predicted the K2 and SSO transit depths (see
Appendix C). The best-fit parameters do not di↵er significantly between the analyses of the HST +Spitzer datasets and the full K2 +SSO+HST +Spitzer datasets. It
is unlikely that systematics among four instruments mimic an astrophysical signal.
Therefore we argue for an astrophysical origin and against instrumental systematics as the source of the overall shape of the TRAPPIST-1 combined transmission
spectrum.
Additionally, one might also wonder if any o↵set induced by instrumental systematics could be mistakenly interpreted as evidence for stellar contamination. In
other words, can any combination of o↵sets be fit well by a stellar contamination
model? To examine this point, we conducted the same analysis on two hypothetical
variants of the TRAPPIST-1 b–g dataset. In the first we held the HST and Spitzer
transit depths to their measured values and perturbed the K2 and SSO depths to
50% of their measured values, while keeping the original measurement uncertainties for all data points. The

2

values for the flat and contamination models

are 1115 and 392 for 137 and 135 degrees of freedom, respectively, indicating that
both models are conclusively ruled out (p << 10

10

). In the second variant we

perturbed the K2 and SSO depths to 200% of their measured values, while keeping
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the original HST and Spitzer points. The MCMC chains do not converge for the
contamination model in this case (R̂ = 1.05 for D and R̂ = 1.07 for Fspot , ffac , and
fspot ), illustrating the difficulty of fitting such a spectrum with a stellar contamination model. Nonetheless, taking the fits at face value, the

2

values (3219 and 1436

for the flat and contamination models, respectively) indicate that both models
are again conclusively ruled out (p << 10

10

). This exercise shows that arbitrary

o↵sets cannot be fit well by the additional parameters a↵orded by the stellar contamination model. Instead, the observed o↵set between HST and Spitzer transit
depths provides a specific prediction for the K2 and SSO depths (see Appendix C
for details), which is borne out by the observations.
Physical Interpretation
Returning to the interpretation of the fits to the full K2 +SSO+HST +Spitzer transmission spectra, we note that the posterior distributions for the stellar parameters
(Tphot , Tspot , Tfac , Fspot , Ffac , fspot , and ffac ) in the contamination models listed in
Table 4.12 are consistent for all combined transmission spectra. They broadly agree
on the same general picture for TRAPPIST-1, namely a heterogeneous photosphere
comprised of three components: a hot component or faculae (T ⇠ 3000 K) covering

⇠ 50% of the projected stellar disk, a cool component or spots (T ⇠ 2000 K) covering

⇠ 40%, and an intermediate component or immaculate photosphere (T ⇠ 2400 K)

covering the remaining ⇠ 10% of the disk. Within the region transited by the
TRAPPIST-1 planets, spots are less prevalent, covering only ⇠ 10% of the tran-

sit chord, which results in a spectral mismatch between the disk-integrated stellar
spectrum and the light source for the transit spectroscopy observations.
Figure 4.13 illustrates examples of the joint posterior distributions for both modeling frameworks. For the contamination model, the distributions of two parameters, fspot and Tfac , deserve special notice. fspot piles on the lower bound of the
allowed parameter space in the contamination models and is consistent at 1 confidence with no spots being present within the transit chord in each case. The
facula temperature is notable because it piles on the upper bound of the allowed
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Figure 4.13: Posterior distributions of free parameters in CPAT model fits to observed transmission spectrum of TRAPPIST-1 b–g. Results are shown for the flat
and contamination models in the left and right panels, respectively.
parameter space, even in the flat models. This suggests that the HST spectrum of
TRAPPIST-1 shows evidence for a high-temperature component beyond the limit
of the DRIFT-PHOENIX model grid, a result in broad agreement with the bright
spots proposed by Morris et al. (2018a) from an analysis of K2 and Spitzer photometry. Given the limitations of the model grid to sample high-enough values for
Tfac , the fitted values of Ffac and ffac are likely overestimated.
The discrepancy between fspot and Fspot suggests that the 28% of the projected
stellar disk (or 56% of a half-hemisphere) covered by the transit chords (Delrez
et al., 2018b) is less spotted than the whole disk and seems to point to the presence
of an active region not represented within the transit chord. As we discuss in Section 4.6.5, this arrangement bears some resemblance to the active high latitudes and
circumpolar spot structures observed on fully convective M dwarfs (Phan-Bao et al.,
2009; Barnes et al., 2015, 2017) and polar spots observed on active earlier-type stars
(see Strassmeier, 2009, and references therein). Still, while the information criteria
show that models that allow for stellar contamination in the transmission spectra
are strongly preferred to those that assume no stellar contamination, the tendency
of Tfac and fspot to pile on the boundaries of their allowed ranges highlights the
limitations of this analysis (discussed in more detail in Section 4.6.7) and cautions
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against over-interpreting the specific component temperatures or covering fractions
determined by this analysis.
Nonetheless, these results demonstrate that, in principle, the features in the
TRAPPIST-1 transmission spectra can result from a heterogeneous stellar photosphere and not from transmission through the planetary atmospheres. Of course,
both stellar and planetary signals can contribute to the observed spectra, and future
e↵orts to jointly constrain the contributions of each source may bear fruit. However, these results urge caution for planetary interpretations of observed features in
near-infrared transmission spectra from low-mass host stars. We consider this point
more broadly in Section 4.7.
4.6.5

TRAPPIST-1 Results in Context

We present here a relatively simple model to explain a complicated physical phenomenon, namely the heterogeneity of the surface of TRAPPIST-1 and the its e↵ect
on the transmission spectra of the TRAPPIST-1 planets. Despite the limitations of
the approach, we show that models that allow for imprints of stellar features in the
combined TRAPPIST-1 transmission spectra are strongly preferred to those that
do not. The model fits point to large spot and faculae covering fractions, suggesting
a highly heterogeneous photosphere for TRAPPIST-1. In the following, we provide
further context for interpreting this result.
Photometric variability shows that M dwarfs have highly heterogeneous surfaces. McQuillan et al. (2013) measured rotation periods and variability amplitudes
for 1570 M dwarfs in the Kepler sample with masses between 0.3 and 0.5 M .
They found amplitudes ranging from 1.0 to 140.8 mmag in the Kepler bandpass,
with a median amplitude of 7.6 mmag or 0.70% (McQuillan et al., 2013, Table 2).
Newton et al. (2016) measured rotation periods for 387 field mid-to-late M dwarfs
(M < 0.35M ) in the MEarth bandpass (roughly i+z) and found that they typically vary in brightness by 1%–2% as they rotate. Using an ensemble of model
M-dwarf photospheres with randomly distributed active regions, Rackham et al.
(2018) found that a 1% I-band variability amplitude corresponds to spot covering
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+5
fractions Fspot = 14+16
7 % and faculae covering fractions Ff ac = 63 25 % across all

M-dwarf spectral types, assuming a typical spot radius of 2 . Importantly, they
found that the relation between active region coverages and variability amplitudes
is not linear, as variability monitoring only traces the non-axisymmetric component
of stellar surface features (see also Jackson and Je↵ries, 2012). Therefore, the typical
amplitudes of M dwarfs in the Kepler and MEarth samples indicate that variable
M dwarfs can be covered in large part by active regions.
As noted previously, TRAPPIST-1 demonstrates photometric variability of
roughly 1% in the I+z bandpass. This has generally been interpreted as active
regions rotating into and out of view (Gillon et al., 2016; Vida et al., 2017), though
Morris et al. (2018a) have suggested that the variability of TRAPPIST-1 may be
driven by a magnetic activity timescale rather than a rotation period. Assuming
the variability owes to rotation, Rackham et al. (2018) found that it could be caused
+16
by spot and faculae with covering fractions of Fspot = 8+18
7 % and Ff ac = 54 46 %,

respectively. We used this information as priors in the current analysis, so the results presented here are not completely independent. However, we point out these
previous results to show that the active region coverages found in this analysis are
neither unexpected for TRAPPIST-1 given its variability level nor unique among
the population of M dwarfs.
The di↵erence between the best-fit values that we find for Fspot and fspot for the
combined transmission spectra argues for variation in the latitudinal distribution of
spots for TRAPPIST-1. This should not be surprising: Doppler imaging (Vogt and
Penrod, 1983) of early M dwarfs provides examples of both stars with spots emerging
at preferential latitudes and those with spots at all latitudes (Barnes and Collier
Cameron, 2001b; Barnes et al., 2004). However, the few Doppler images that exist
for fully convective M dwarfs suggest that spots may emerge preferentially at high
latitudes. To date, six mid-to-late M dwarfs have been studied with this technique:
V374 Peg (M4V, Morin et al., 2008), G 164-31 (M4V, Phan-Bao et al., 2009), GJ
791.2A (M4.5V, Barnes et al., 2015, 2017), the binary GJ 65A and GJ 65B (M5.5V
and M6V, Barnes et al., 2017), and LP 944-20 (M9V Barnes et al., 2015). Three
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of these six targets (G 164-31, GJ 65A, and LP 944-20) only display spots at highlatitude or circumpolar regions. Additionally, GJ 791.2A shows a high-latitude
circumpolar spot structure as well as low-latitude spots. For earlier spectral types,
which can be studied more readily with Doppler imaging techniques, polar spots are
commonly observed on active stars (see Strassmeier, 2009, and references therein)
and may be stable and long-lived (Je↵ers et al., 2007).
In the case of TRAPPIST-1, the combined transit chords of the seven
TRAPPIST-1 planets probe a substantial portion (28%) of the projected stellar
disk (Delrez et al., 2018b). However, given the frequent and prominent latitudinal
variations in active region occurrence observed in M dwarfs, it is unsurprising that
our analysis suggests significant di↵erences between the 28% equatorial zone and the
polar regions of TRAPPIST-1. Therefore, while we cannot precisely constrain the
latitudes of active regions in the current analysis, we suggest that features like the
active high latitudes observed on fully convective M dwarfs or polar spots observed
on active earlier-type stars may account for the di↵erent spot covering fractions that
we fit to the transit chord and whole disk of TRAPPIST-1.
Spectral template fitting provides another approach for studying the heterogeneity of stellar surfaces. Observations of TiO molecular bands in dwarf stars with
photospheres warmer than T ⇠3500 K have been used to constrain spot sizes and
covering fractions (Vogt, 1979, 1981; Ramsey and Nations, 1980). Using spectra

of inactive G, K, and M dwarfs as templates, Ne↵ et al. (1995) and later O’Neal
et al. (1996, 1998) showed that TiO bands in medium-resolution (R ⇠ 10, 000)

spectra of active G and K stars point to covering fractions of cool spots as large
as 64%. Gully-Santiago et al. (2017) studied the T-Tauri star LkCa 4 and found
that spectral features in high-resolution near-infrared spectra were produced by hot
(⇠4100 K) and cool photospheric components (⇠ 2700–3000 K), with the cool component covering ⇠80% of the stellar surface. Changes in the spot filling factor of

LkCa 4 produce both rotational brightness and color variations. During the 2014–
2015 observing season, for example, the spot filling factor varied from 67% to 83%,
producing a V -band variability amplitude of

V = 0.6. Over all observing seasons,
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the observed V -band magnitude of LkCa 4 varies by

V ' 1 mag and its optical

colors vary by V –R ' 0.25 mag, with the star reddening as it dims, as expected for

an increasing spot filling factor (Gully-Santiago et al., 2017, Figure 10). In another
study, Fang et al. (2016) used TiO bands in R⇠1000 spectra of a large sample of
stars in the Pleiades to show that spot covering fractions of ⇠50% are common
among K and M stars at ⇠125 Myr.

In this work, we find that the low-resolution HST spectrum of TRAPPIST-1 is

fit best by a template combined from three DRIFT-PHOENIX model stellar spectra.
This is the case even for our flat models, in which the spot and faculae parameters
are determined by fitting the stellar spectrum alone. While TRAPPIST-1 is both
later-type and older than the stars in the examples referenced above, these previous
e↵orts show that the inferred heterogeneity for TRAPPIST-1 is not extreme but
rather typical of active stars.
4.6.6

Comparison with Morris et al. (2018c)

Recently Morris et al. (2018c) investigated the problem of stellar contamination
from TRAPPIST-1 using a novel transit light curve “self-contamination” technique
(Morris et al., 2018b). They determined Rp /Rs for TRAPPIST-1 b-h (individually)
using Spitzer transit light curves based on the durations of the ingress/egress and
the durations from the mid-ingress to mid-egress, for which stellar heterogeneity
has a negligible e↵ect, and compared it to the Rp /Rs values determined by the
transit depths. They found consistent Rp /Rs measurements from the two methods
and claimed a non-detection of stellar contamination. However, the Rp /Rs values
calculated by the light curve self-contamination method have large uncertainties,
e.g. ⇠ 10% vs. 1.4% in this work for TRAPPIST-1 b, and therefore do not have the

sensitivity to probe the level of stellar contamination in transmission spectra that we
study here. In this light, the non-detection of Morris et al. (2018c) should be more
properly viewed as weak upper limit on stellar contamination, rather than evidence
for the lack of it. Put simply, none of the individual transit depths (HST , Spitzer ,
K2 , SSO) that we used in this work would satisfy the criterion used by Morris et al.
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(2018c) for rejecting the null hypothesis (non-detection of stellar contamination),
although we show that the combined transmission spectra strongly favor a stellar
contamination model.
4.6.7

Limitations of the Model

While we build upon previous attempts to characterize the contribution of stellar
heterogeneity to transmission spectra by imposing the constraint provided by the
out-of-transit stellar spectrum, this model has several notable limitations. We utilize disk-integrated stellar spectra for the spectral components, which may neglect
unique spectral features that can emerge from magnetically active regions (e.g. Norris et al., 2017). Similarly, we do not consider any chromospheric contribution to
the stellar contamination spectrum. We neglect the e↵ect of limb darkening and
consider the photosphere to be static during the transit events, though the observed
activity and relatively short rotation period of TRAPPIST-1 may allow for photospheric evolution on a time scale important for transit observations. We note that
future e↵orts could improve on this initial analysis in these respects and more.
Nonetheless, despite the model limitations, we find that models including stellar
heterogeneity e↵ects provide significantly better fits to the combined TRAPPIST1 transmission spectra than flat planetary transmission models. Interestingly, the
spot and faculae covering fractions that we infer from the transmission spectra have
considerably lower uncertainties than those inferred through modeling the star’s
rotational variability (Rackham et al., 2018). While the rotational variability of
TRAPPIST-1 demonstrates the presence of photospheric heterogeneities, its magnitude poorly constrains their covering fractions. We find that the observed transmission spectra place tighter constraints on the stellar heterogeneity.
This interpretation of the spectra also o↵ers testable predictions. We find the
best-fit models to display notable decreases in the visual transit depths of the
TRAPPIST-1 planets, which represent an observational challenge given the faintness
of this ultra-cool dwarf in the visual, but may be observable with large ground-based
telescopes. Broadband photometry over repeated transits can also overcome this
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challenge, and in Appendix C we show that stellar contamination models fit to the
HST +Spitzer datasets accurately predict the recently measured K2 (0.42–0.9 µm)
and I+z (0.8–1.1 µm) combined transit depths (Ducrot et al., 2018). Looking forward, we find “inverse water features” akin to the 1.4 µm feature in the unexplored
spectral region between 1.7 and 4 µm, which can be studied with JWST .
Outlook: HST and JWST Transit Spectroscopy

4.7
4.7.1

Stellar Contamination as Dominant Astrophysical Noise

The contamination seen in the combined TRAPPIST-1 data emerges due to the
transit light source e↵ect: the di↵erence between the baseline stellar spectrum (diskintegrated) and the spectrum of the transit chord (actual light source for the transmission spectroscopy), as described by Rackham et al. (2018) in detail. The presence of ⇠200 ppm-level (inverted) water feature as stellar contamination in the

HST /WFC3 spectra should serve as a red flag for investigators planning on major
future HST /WFC3 or JWST transit spectroscopy campaigns on TRAPPIST-1 or
similar host stars. The possible range of stellar spectral contamination has been discussed by Rackham et al. (2018), and here we will just briefly discuss two aspects not
addressed there: connection with atmospheric retrievals and emission spectroscopy.
Atmospheric retrievals use a Bayesian exploration of possible atmospheric models
to identify best-fitting models and derive confidence intervals (and posterior probability distributions) for the atmospheric pressure-temperature structures, molecular
abundances, and cloud properties. These models have been shown to be powerful in characterizing atmospheres (e.g., Madhusudhan and Seager 2009; Benneke
and Seager 2012; Waldmann et al. 2015) and are widely anticipated to be the primary tools for interpreting high-quality transmission spectra from HST and JWST
(e.g., Greene et al., 2016; Morley et al., 2017). The stellar contamination seen in
the TRAPPIST-1 planets, in the sub-Neptune GJ 1214b (Rackham et al., 2017),
and those predicted by Rackham et al. (2018) for most M-dwarf stars highlight the
importance of including this e↵ect in retrievals. Indeed, without modeling and cor-
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recting for the relatively strong (⇠200 ppm-level) inverted water absorption feature
introduced by the stellar contamination, one cannot hope to accurately measure the
water abundance (probably <80 ppm levels, Morley et al. 2017) in the transmission
spectra of small planets. Recent e↵orts to include the e↵ects of stellar contamination
in retrievals, however, show promise in separating stellar and planetary contributions to transmission spectra (Pinhas et al. 2018; Espinoza et al. 2018, Bixel et al.,
submitted).
We point out, furthermore, that stellar emission (eclipse) spectroscopy will be
a↵ected much less by stellar contamination, as the planet is its own light source for
emission or eclipse spectroscopy. In fact, for the limiting case of infinitely slowly rotating stars with a constant (non-evolving) starspot/facular pattern, there will be no
stellar contamination. Therefore, JWST emission spectroscopy of the TRAPPIST1 planets is likely to be much easier to interpret than HST and JWST transmission spectroscopy. We caution, however, that for rapidly rotating stars—such as
TRAPPIST-1—the evolution of the stellar spectrum due to its heterogeneity (e.g.,
Apai et al., 2013; Yang et al., 2015) may also pose a non-negligible astrophysical
systematic.
4.7.2

Combining Multi-epoch Transit Data from Planets Orbiting Heterogeneous Host Stars

A central question in HST and JWST transiting exoplanet observations is whether
data from multiple transits can be combined. If the instrumental systematics can
be robustly corrected and the astrophysical systematics are negligible, data can
be co-added. This approach has been used in the HST /WFC3 NIR transmission
spectroscopy study of the sub-Neptune GJ 1214b by Kreidberg et al. (2014a), where
observations from 12 transits of the planet were co-added. In fact, the overall success
of the empirical ramp e↵ect correction and the physically-motivated RECTE model
are very encouraging and suggest that photon-noise-limited performance could be
achievable for large, multi-epoch campaigns.
However, astrophysical noise—stellar contamination through the transit light

190
source e↵ect (Rackham et al., 2018)—emerges as a major concern. Not only will
stellar contamination features often dominate the planetary absorption features in
amplitude (as explored in detail in Rackham et al. 2018), but the contamination
itself may change as the star rotates and its starspot/faculae coverage evolves over
the course of a transit observation.
With a rotational period of 1.4±0.05 days (Gillon et al., 2016), TRAPPIST-1
is a relatively rapidly rotating host star at the stellar/substellar boundary. It is
worthwhile to briefly outline the implications of this rapid rotation by comparing
four di↵erent timescales: starspot evolution, planetary orbits, stellar rotation, and
the lengths of planetary transit observations.
Stellar contamination in transit spectra will depend on the heterogeneity of the
projected stellar disk during the observations. A straightforward mechanism that
alters the brightness and spectral distribution on the visible hemisphere of a star is
the appearance, evolution, and disappearance of starspots and surrounding faculae.
Although we have a limited understanding of starspot lifetimes, it seems reasonable
to assume that their evolution may occur over timescales of 10–20 days, based on
the similar processes observed in the Sun (Bradshaw and Hartigan, 2014). This
timescale is generally longer than the orbital periods of the TRAPPIST-1 planets.
Therefore, we tentatively conclude that starspot evolution may only have a limited
impact on stellar contamination variations in the case that consecutive planetary
transits can be observed; nonetheless, it will have a major impact in co-adding data
from transits separated by months or years.
The stellar rotation, however, will introduce a more problematic source of timevarying stellar contamination. The rotational period of TRAPPIST-1 is shorter
than the orbital periods of all but the closest planet (b), which means that even
during subsequent transits of the same planet, a di↵erent (essentially random) stellar longitude will face the observer, i.e., the stellar contamination will be di↵erent
between even the closest transits of the same planet.
The rapid rotation of TRAPPIST-1 poses another interesting problem: the rotational period (1.4±0.05 d, Gillon et al. 2016) is comparable to the duration of a
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typical transit observation (5 HST orbits or about 1/3 of day). This means that
even during a single transit the star will rotate by about 60 . Thus, about 1/3 of
the visible stellar hemisphere will be di↵erent between the beginning and the end
of the transit. This rapid change means that stellar contamination will not only
be di↵erent between di↵erent transits, but will change even during a single transit,
making potential starspot modeling and correction even more difficult. We note
here that the same e↵ect may also complicate planet eclipse spectroscopy, albeit to
a lesser extent.
With its rapid rotation, it may be tempting see TRAPPIST-1 as a worst-case
scenario in terms of stellar contamination; however, it should be considered as a
typical example of very late-M dwarf or brown dwarf planet hosts. Photometric
monitoring programs have found that many brown dwarfs are much faster rotators,
with rotational periods of a few hours being not uncommon (Metchev et al. 2015).
Spectroscopic monitoring of brown dwarfs (with the same HST /WFC3 grism as
used for this study) showed that most, if not all, brown dwarfs have heterogeneous
atmospheres (Buenzli et al., 2014), a result that was reinforced by a larger but less
sensitive ground-based broadband photometry survey (Radigan et al., 2014) and
by a large and unbiased Spitzer photometric survey (Metchev et al., 2015). At
least some, and perhaps most, of these brightness and spectral modulations are
attributable to the re-arrangement of condensate clouds driven by global circulation
patterns (Apai et al., 2017).
Therefore, rotational modulations and stellar heterogeneity evolution should be
expected to be very common for ultracool planet hosts—the coolest host stars and
brown dwarfs. The rapidly evolving stellar contamination in the transit spectra of
exoplanets orbiting such ultracool hosts will be a major challenge to obtaining the
multi-epoch data necessary to build up the data quality required for atmospheric
abundance analysis (Morley et al., 2017). In fact, this goal may only be achievable if
we can develop a robust understanding of ultracool dwarf heterogeneities and derive
a reliable contamination correction method for this astrophysical noise source.
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4.7.3

Comparison with de Wit et al. (2018)

de Wit et al. (2018) was published after the first submission this work. They reduced
and analyzed data from program GO-14873 independently. They adopted a ramp
removal method that is similar to ours and di↵erent from that in de Wit et al.
(2016). We identify a few minor di↵erences between the reduction processes, none
of which led to significant di↵erences in the reduced data, but the di↵erences in the
analysis led to di↵erent interpretations
1. The most crucial di↵erence between our study and that of de Wit et al. (2018)
is the interpretations of the transmission spectra. de Wit et al. (2018) compared observed spectra with planetary models and flat lines, while we compared the observations with flat spectra, planetary atmosphere model spectra
with water absorption features, and stellar contamination model spectra. We
agree with de Wit et al. (2018) that flat spectra are preferred over spectra with
planetary water absorption features; but we also show that stellar contamination models are favored over flat spectra for the combined TRAPPIST-1
transmission spectra.
2. Each visit in de Wit et al. (2018) was designed to include two transit events,
and the three events identified in Table 4.2 are genuine transits. While we
discarded some datasets heavily a↵ected by severe cosmic ray events and resulting guiding failure due to SAA passages, de Wit et al. (2018) attempted
to recover all the data. Although Visit 1 data—that covered the transit by
TRAPPIST-1 f—was successfully recovered, it was not possible to recover the
other two events.
3. de Wit et al. (2018) aligned every single read-out, while we applied the alignment on each ima file frame. As for the cosmic-ray correction, in de Wit et al.
(2018) both spatial and temporal interpolation were used to replace the pixels
a↵ected by cosmic rays.
4. de Wit et al. (2018) adopted a ramp correction formula that resembles the
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correction predicted by the RECTE model (Zhou et al., 2017). They report
an average standard deviation of residuals in the broadband light curve of
220 ppm, while we reached 198 ppm—very similar values given the uncertainties. For the individual (narrow-band) bins, they report average uncertainties
of 545, 526, 493, and 494 ppm for Visits 1 to 4, respectively; by comparison, we
find average uncertainties of 500, 550, 487, and 454 ppm for the same datasets.
Thus, the residuals from the two reductions are very similar.
4.8

Summary

The TRAPPIST-1 system o↵ers exceptionally deep transits and a relatively
bright host star for multiple approximately Earth-sized planets. We present here
HST /WFC3 NIR grism spectroscopy of the TRAPPIST-1 transiting planets based
on re-reduction of archival data (de Wit et al., 2016; de Wit et al., 2018) covering a
total of seven transits.
The key findings of our study are as follows:
1. We detected transits for the six inner planets: TRAPPIST-1 b, c, d, e, f, and
g. Our data includes two transits for planet e.
2. We provide improved broadband transit depths and mid-transit times for each
of the six planets. We find evidence for transit timing variations for planets f
and g.
3. Comparisons of the transit light curves of planets b and c between those published by de Wit et al. (2016) and our study show the benefits of the RECTE
charge trap correction: increased orbital phase coverage, higher observing efficiency, and similar or better systematics correction. Compared to the empirical correction, the RECTE model is less a↵ected by astrophysical signals (e.g.,
flares). In addition, RECTE can be combined with systematics marginalization methods (e.g., Gibson, 2014; Wakeford et al., 2016; Sheppard et al., 2017)
or methods based on Gaussian processes (e.g., Beatty et al., 2017; Evans et al.,
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2017; Nikolov et al., 2018) to provide a physically-based model for the ramp
e↵ect component.
4. Our data reduction reaches a typical precision of about 230-340 ppm for individual planets and, after excluding possible flare events, a precision of 180-210
ppm.
5. We note two short-duration brightening events in the broadband light curves,
which we identify as candidate flare events. Flare events can complicate the
transit light curve fits and can be confused with higher instrumental systematics levels by traditional empirical fits.
6. No significant planetary absorption features are present in the individual transit spectra of the six planets.
7. In the combined spectra of the six planets there is no obvious evidence for
water or other absorption features.
8. In the combined transmission spectra, we identify a suggestive decrease in
transit depth at 1.4 µm relative to the adjacent continuum. We find that
this feature in itself does not provide decisive evidence for a heterogeneous
stellar photosphere impacting the transmission spectra, though it is consistent
with stellar contamination models fit to the K2 +SSO+HST +Spitzer dataset
covering a wider wavelength range.
9. We present spectral fits to the combined K2 , SSO, HST /WFC3 NIR and
Spitzer 4.5 µm transit depths assuming an intrinsically flat planetary spectrum
but allowing for the presence of starspots and faculae in the star. We find evidence for stellar contamination in the TRAPPIST-1 d transmission spectrum
and, more notably, in the combined transmission spectrum of TRAPPIST1 b–g. The model interpretation for the combined spectrum is robust for
all five-planet combinations excluding the impact of a single planet in turn.
The composite photosphere produced by the stellar contamination models also
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matches the out-of-transit spectrum of TRAPPIST-1 as well as starspot and
faculae populations inferred from its observed photometric variability level.
10. The facular and starspot covering fractions required by the stellar contamination model are consistent with those expected for late-M type stars and
their optical/near-infrared photometric variability, demonstrating that stellar contamination from the transit light source e↵ect (Rackham et al., 2018)
poses a major challenge to HST and JWST high-precision exoplanet transit
spectroscopy.
11. We also point out that co-adding transit spectra from multiple epochs for
planets orbiting rapidly rotating late-type host stars will be complicated by
rapidly changing stellar contamination: for TRAPPIST-1 the contamination
will even significantly change during the length of a single transit observation.
In summary, our study provides an independent reduction (based on a physically motivated charge trap model) of the first transmission spectra of Earth-sized
habitable-zone transiting exoplanets, providing a nearly complete spectral library
of the known planets in the TRAPPIST-1 system. Our findings, however, highlight stellar contamination as a dominant astrophysical noise source and illustrate
the challenge in combining multi-epoch spectroscopy for planets orbiting rapidly
rotating host stars.
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CHAPTER 5
The Transit Light Source E↵ect II: The Impact of Stellar Heterogeneity on
Transmission Spectra of Planets Orbiting Broadly Sun-like Stars†

Transmission spectra probe exoplanetary atmospheres, but they can also be strongly
a↵ected by heterogeneities in host star photospheres through the transit light source
e↵ect. Here, we build upon our recent study of the e↵ects of unocculted spots and
faculae on M-dwarf transmission spectra, extending the analysis to FGK dwarfs.
Using a suite of rotating model photospheres, we explore spot and faculae covering
fractions for varying activity levels and the associated stellar contamination spectra.
Relative to M dwarfs, we find that the typical variabilities of FGK dwarfs imply
lower spot covering fractions, though they generally increase with later spectral
types, from roughly 0.1% for F dwarfs to 2–4% for late K dwarfs. While the stellar
contamination spectra are considerably weaker than those for typical M dwarfs, we
find that typically active G and K dwarfs produce visual slopes that are detectable in
high-precision transmission spectra. We examine line o↵sets at H↵ and the Na and
K doublets and find that unocculted faculae in K dwarfs can appreciably alter transit
depths around the Na D doublet. We find that band-averaged transit depth o↵sets
at molecular bands for CH4 , CO, CO2 , H2 O, N2 O, O2 , and O3 are not detectable
for typically active FGK dwarfs, though stellar TiO/VO features are potentially
detectable for typically active late K dwarfs. Generally, this analysis shows that
typical FGK dwarfs do not produce detectable stellar contamination features in
transmission spectra, though care is warranted in dealing with more active FGK
host stars.
†

This chapter has been submitted to AAS Journals for publication.
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5.1

Introduction

Transiting exoplanets provide an opportunity to study the atmospheres of distant
worlds. During a transit, the host star illuminates the exoplanet’s atmosphere,
enabling measurements of the properties of the optically thin upper atmosphere.
Changes in transit depth as a function of wavelength, i.e. the transmission spectrum, encode information about absorption and scattering in the exoplanet’s atmosphere (Seager and Sasselov, 2000; Brown, 2001). This technique has led to
discoveries of atomic and molecular absorption in exoplanetary atmospheres (e.g.,
Charbonneau et al., 2002; Tinetti et al., 2007), provided constraints on their bulk
metallicities (Fraine et al., 2014; Kreidberg et al., 2014b, 2015; Wakeford et al., 2017,
2018; Nikolov et al., 2018), and has recently begun to enable comparative studies
of exoplanetary atmospheres (Sing et al., 2016; Barstow et al., 2017; Pinhas et al.,
2018).
At the same time, photospheric heterogeneities, i.e.

spots and faculae, on

the host star produce wavelength-dependent e↵ects on the transmission spectrum
through the transit light source (TLS) e↵ect. Essentially, transit observations are
di↵erential measurements that necessarily compare transit depth changes to an outof-transit baseline. However, the out-of-transit baseline is set by the integrated
stellar disk, while the actual light source for the transmission measurement is provided by the emergent spectrum of the spatially resolved transit chord. As a result,
any spectral di↵erence between the integrated stellar disk and the transit chord will
be imprinted on the di↵erential measurement (Pont et al., 2008; Berta et al., 2011;
Sing et al., 2011b; McCullough et al., 2014). Given this fundamental di↵erence
from a classical laboratory transmission measurement, in which the spectrum of
the light source is well-characterized, exoplanet transmission spectroscopy studies
should assume some level of TLS contamination (or “stellar” contamination) exists
with every measurement and seek to place limits on it. For further context on stellar
contamination of transmission spectra, we refer the reader to Apai et al. (2018).
The ability of stars to imprint spectral features in transmission spectra has been
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recognized for more than a decade, mostly in the form of in-depth studies of individual exoplanet host stars (e.g., Pont et al., 2008, 2013; Bean et al., 2010; Berta
et al., 2011; Sing et al., 2011b; Jordán et al., 2013; Oshagh et al., 2014; Cauley et al.,
2017; Rackham et al., 2017). In a systematic study of stellar contamination in M
dwarfs (Rackham et al., 2018, hereafter Paper I), we found that rotational variability amplitudes that are typically observed for M dwarfs correspond to a wide range
of spot and faculae covering fractions. Accordingly, a wide uncertainty exists for
the scale of the stellar contamination spectra associated with these active regions.
This finding has important implications for high-precision observations of low-mass
planets around M dwarfs, for which active regions can imprint molecular features in
transmission spectra on a scale that is comparable to or even an order of magnitude
larger than that of atmospheric features of small, rocky exoplanets.
In contrast to their M-dwarf counterparts, FGK dwarfs generally display lower
relative amplitudes of rotational brightness variations. For example, McQuillan et al.
(2014) derive rotation periods for over 34,000 main-sequence Kepler stars with effective temperatures below 6500 K, roughly a quarter of the full Kepler sample.
They find that periodic fractions decreases with increasing temperature, from 0.83
for stars in their coolest temperature bin (Te↵ < 4000 K) to 0.20 for stars in their
hottest bin (Te↵ 2 [6000, 6500] K), in broad agreement with results from Basri et al.
(2013). They also find that variability amplitudes decrease with increasing tempera-

ture as well, with median amplitudes of 0.7% and 0.2% for these same bins (see their
Table 1 and Figure 3). These lower periodic fractions and variability amplitudes for
hotter stars point to di↵erences in the properties of magnetic active regions and suggest that FGK dwarfs generally pose fewer difficulties for transmission spectroscopy
observations than cooler stars.
Yet, despite their overall lower rotational variabilities, FGK stars still present
their own challenges for transmission spectroscopy. Recently, Cauley et al. (2018)
examined the e↵ects of spots and faculae on chromospherically sensitive atomic lines
in high-resolution visual transmission spectra of G and K dwarfs. They explored
models for four e↵ective temperatures from 4500 K to 6000 K, corresponding to
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mid-K to early-G dwarfs, and ranges of spot covering fractions from 0.3% to 10%
and facular covering fractions from 5 to 50%. They found that large facular covering
fractions can appreciably alter transit depths for H↵, Ca II K, and Na I D, which
underscores the need to constrain active region covering fractions for active G and K
dwarf hosts in order to properly interpret atomic line detections in high-resolution
transmission spectra.
Observational e↵orts also attest to the challenges posed by FGK stars to transmission spectroscopy studies. The hot Jupiter HD 189733b, for example, demonstrates a strong blue-ward slope in its visual transmission spectrum, which has been
interpreted as Rayleigh scattering by condensate grains in the planetary atmosphere
(Lecavelier Des Etangs et al., 2008; Pont et al., 2008, 2013; Sing et al., 2011b, 2016).
The data used to arrive at this interpretation have been corrected for the e↵ect of the
1–2% coverage of unocculted spots that one would infer from variability monitoring
of the K1V host star (Pont et al., 2013). However, if the spot coverage is instead
⇠ 4%, McCullough et al. (2014) showed that the observed transmission spectrum

is also consistent with a clear planetary atmosphere and a larger contribution from
unocculted spots. Furthermore, some uncertainty exists as to whether the in-transit
H↵ absorption signature has a stellar or planetary origin or some combination of
both, though the lack of a clear relationship between the stellar activity level and
the H↵ absorption signal argues against a purely stellar origin (Cauley et al., 2017).
Similarly, in a recent study of the visual transmission spectrum of the hot Jupiter
WASP-19b, Espinoza et al. (2018) applied an atmospheric retrieval approach that
considers both stellar and planetary spectral features and found that the TiO features observed in one of their six transits likely originate with unocculted spots
on the active G9V host star, in contrast to previous planetary interpretations for
the features (Sedaghati et al., 2017). These tensions in interpretations illustrate
the need for a systematic study of the spectral features produced in transmission
spectra by broadly Sun-like stars.
In this work, we extend our analysis of the TLS e↵ect to investigate stellar
contamination in 0.05–5.5 µm transmission spectra of exoplanets with FGK host

200
stars. We find that stellar contamination is generally less problematic for FGK
dwarfs, though potentially observable signals are possible for more active host stars,
later spectral types, and observations at shorter wavelengths. Section 5.2 details the
rotational variability model for FGK dwarfs that we use to determine spot and facula
covering fractions corresponding to typical activity levels. We present in Section 5.3
the contamination spectra for typically active FGK dwarfs. In Section 5.4, we discuss
the scale of the stellar contamination and examine trends in spectral features, and
we summarize the key findings of this analysis in Section 5.5.
5.2

Stellar Variability Modeling

We modeled rotational variability amplitudes due to photospheric heterogeneities
for F, G, and K dwarfs following the method detailed in Paper I. In the following
section, we briefly summarize the methodology and detail di↵erences in the current
analysis with respect to Paper I.
5.2.1

Adopted Stellar Parameters

We generated model photospheres for spectral types F5V–K9V, including three photospheric components—immaculate photosphere, spots, and faculae—and parameterizing them by their temperatures. We adopted the e↵ective temperature Te↵ for
each spectral type from those tabulated by Pecaut and Mamajek (2013) and set the
photosphere temperature Tphot to this value. We linearly interpolated within the
grid of solar-metallicity stellar models of Siess et al. (2000) to determine masses and
radii for early main sequence stars with these e↵ective temperatures, with which we
calculated surface gravities.
Typical starspot temperature contrasts vary as a function of stellar e↵ective temperature, with larger temperature contrasts observed for hotter stars (Berdyugina,
2005, and references therein). We fitted a linear relation to the photosphere and
spot temperatures of dwarfs presented in Table 5 of Berdyugina (2005), excluding
the outliers of the solar penumbra and EK Dra, and adopted the following relation
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for the spot temperature Tspot as function of Tphot :
Tspot = 0.418 ⇥ Tphot + 1620 K,

(5.1)

in which both temperatures are given in Kelvin.
Following Gondoin (2008), we adopted faculae temperatures of Tfac = Tphot +
100 K. For comparison, Kobel et al. (2011) find an average contrast of 3.7% in quiet
Sun network magnetic elements with a broad range of about

15% to +10%. A

3.7% contrast on the Sun would correspond to roughly a 50 K increase over the
photosphere, so we find the simple scaling relation that we adopt to be suitable. We
note, however, that this simple relation neglects the complex dependence of facular
contrast on magnetic field strength and limb distance (Norris et al., 2017), which
we save for consideration in a future work.
Table 5.1 lists the adopted surface gravities and photosphere, spot, and faculae temperatures for each spectral type. We note that the relation that we adopt
for Tspot is determined using a stellar sample with e↵ective temperatures between
3,300 K (M3) and 5,870 K (G1) (Berdyugina, 2005, and references therein) and
so may not hold for F dwarfs. However, in their study of rotation periods for
main-sequence Kepler targets with Te↵ < 6500 K, McQuillan et al. (2014) detect
rotational variability for 4318 dwarfs with Te↵ 2 [5980, 6500] K (see their Table 1),

corresponding to spectral types F5V to F9V. They find a periodic detection fraction
of 0.20 for stars with Te↵ 2 [6000, 6500] K, similar to the fractions for stars with
Te↵ 2 [5000, 5500] K (0.27) and Te↵ 2 [5500, 6000] K (0.16). We interpret this as

evidence that the physical mechanism which drives rotational variability in G and K
dwarfs, i.e., starspots and faculae, extends to stars as hot as F5 dwarfs. Therefore,
we adopt the scaling relation in Equation 5.1 for our full sample of spectral types.
For additional context, we briefly review in Section 5.2.1 the literature on F
dwarf photospheric features.
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Table 5.1. Adopted Stellar Parameters
Sp. Type

Tphot (K)

Tspot (K)

Tfac (K)

log g (cgs)

F5V

6510

4340

6610

4.32

F6V

6340

4270

6440

4.35

F7V

6240

4230

6340

4.36

F8V

6150

4190

6250

4.38

F9V

6040

4140

6140

4.40

G0V

5920

4090

6020

4.42

G1V

5880

4080

5980

4.43

G2V

5770

4030

5870

4.46

G3V

5720

4010

5820

4.47

G4V

5680

3990

5780

4.47

G5V

5660

3980

5760

4.48

G6V

5590

3960

5690

4.49

G7V

5530

3930

5630

4.50

G8V

5490

3910

5590

4.51

G9V

5340

3850

5440

4.54

K0V

5280

3830

5380

4.55

K1V

5170

3780

5270

4.56

K2V

5040

3730

5140

4.58

K3V

4840

3640

4940

4.61

K4V

4620

3550

4720

4.64

K5V

4450

3480

4550

4.67

K6V

4200

3370

4300

4.73

K7V

4050

3310

4150

4.78

K8V

3970

3280

4070

4.81

K9V

3880

3240

3980

4.85
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Note on F Dwarf Parameters
Going from hotter to cooler stars, chromospheric and coronal emission first occurs
on the main sequence in the F dwarf stars, for which models of stellar structure also
predict the onset of outer convection zones. In particular, a sharp increase in the
detection rate of stellar X-ray emission is seen at (B

V) ⇠ 0.3, coinciding with

late-A-to-early-F main sequence stars (Schmitt, 2001). While magnetic activity is
clearly present, little is known about the morphology of the emergent magnetic flux
regions in the photospheres of F dwarfs. However, long-term monitoring programs
in Ca II H and K and Strömgren photometry suggest a rather homogeneous spatial
distribution of magnetic regions on F dwarfs.
Noyes et al. (1984) included 34 F stars (see their Table 1) in their study of
rotation, convection, and activity on the main sequence, based on early results
from intensive monitoring of the H and K lines to detect rotational modulation. Of
these, only 7 objects exhibited rotational modulation in their H and K lines while no
periodic variability was seen in the remaining 27 stars, even though chromospheric
activity in this sample was enhanced by an average factor of 1.5 compared to the
Sun. In their summary of the cycle properties of the stars in the Mt. Wilson Survey,
Baliunas et al. (1995) included 40 F stars in their sample (see their Table 2). Of
these, definitive cycle periods were measured in only 10 objects, which were all ⇠ F5
or later. Broad band photometric observations are consistent with the results from
the H and K monitoring in the context of apparent departures from axisymmetric
distributions of magnetic regions. In particular, Radick et al. (1982) found that
photometric variability was not present in stars earlier than ⇠ F7 at a detection

limit of 0.5%. Thus, F stars are characterized by a distinct lack of departures from
axial symmetry of their surface distributions of magnetic flux.
The direct measurement of magnetic field properties on these stars has proven
challenging because of their relatively more rapid rotation1 and the apparent absence
1

This rapid rotation of F dwarfs can introduce equator-to-pole temperature gradients (Deupree,

2011), which represent a distinct source of stellar contamination that we do not consider in detail
here.
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of large-scale fields that typically give rise to spectrophotometric modulations. As
discussed by Giampapa and Rosner (1984), the relatively higher angular velocities
of F dwarfs results in the generation of flux ropes at the base of the thin convection
zone that are characterized by small spatial scales (Schmitt and Rosner, 1983).
Following magnetic flux rope dynamo generation, only minimal expansion of the
emergent flux ropes is expected to occur. Thus, even though magnetic activity may
be enhanced, large-scale inhomogeneities do not necessarily occur. The transition
between this behavior in the limit of thin convection zones to solar-like, ”thick”
convection zones must occur at about F7V, since it is near this spectral type that
photometric variability begins to appear, at least as documented in ground-based
observations.
Finally, we note that high activity in the form of X-ray or Ca II emission can be
present in F dwarfs even if only low-amplitude photometric variability is present.
For example, Pizzolato et al. (2003, Table 4) show that saturated X-ray emission
with log LX ⇠ 30.1–30.3 occurs for F stars later than F5. Schröder et al. (2009,
0

Figure 13) find enhanced log RHK values relative to the Sun in F dwarfs though with

a declining envelope of values toward early F dwarfs, where convection zones are
thinning out. Therefore, on one hand, low photometric variability among F dwarfs
does not necessarily mean low magnetic activity. On the other hand, however, it is
clear that activity is decreasing toward spectral types earlier than about F5–F7.
5.2.2

Stellar Spectral Components

For each spectral type, we generated spectra for the immaculate photosphere, spots,
and faculae using the PHOENIX stellar spectral model grid (Husser et al., 2013). We
utilized models with solar metallicity ([Fe/H] = 0.0) and no ↵-element enrichment
([↵/Fe] = 0.0). The PHOENIX grid provides high-resolution spectra covering 0.05–
5.5 µm for e↵ective temperatures in steps of 100 K for Te↵ 2 [2300, 7000] K and
200 K for Te↵ 2 [7000, 12000] K. Surface gravities are provided in steps of 0.5
for log g 2 [0.0, 6.0]. We linearly interpolated within the model grid in terms of

temperature and surface gravity to produce component spectra with the parameters
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Figure 5.1: Example of a model stellar photosphere and phase curve. The left panel
shows one hemisphere of an example model photosphere with spots and facular
regions after applying a double cosine weighting kernel. The right panel displays the
phase curve produced by summing the hemispheric flux over one complete rotation of
the model. The vertical dashed line illustrates the variability amplitude A, defined
as the di↵erence between the maximum and minimum normalized flux, which is
⇠1% in this case.
detailed in Table 5.1.
5.2.3

Rotational Variability Model

We employed the rotational modeling approach detailed in Paper I to investigate
the range of photospheric heterogeneities consistent with observed variabilities. The
approach involves iteratively adding active regions to a model photosphere and
recording the peak-to-trough variability amplitude A that results from rotating the
model after each addition, as illustrated in Figure 5.1. Active regions are added
at random coordinates until the model photosphere has the desired maximum spot
coverage. The entire process is repeated 100 times to build up statistics on the
dependence of the variability amplitude on the spot covering fraction. We refer the
reader to Paper I for a detailed description of the variability model and provide here
the specifics for this work.
As in Paper I, we used a model photosphere with a resolution of 180 ⇥ 360 pixels.
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We simulated the immaculate photosphere, spots, and faculae by setting the pixel
values to the flux of the component spectra integrated over the Kepler instrument
response function2 . This allows us to directly compare the rotational variabilities
from our models to those reported by McQuillan et al. (2014). We fixed the spot
size to Rspot = 2 so that each spot covered 400 ppm of a projected hemisphere (13
resolution elements), akin to large spot groups on the Sun (Mandal et al., 2017).
While a detailed history of facular observations exists for the Sun (e.g., Makarov
and Makarova, 1996; Shapiro et al., 2014), little is known about the prevalence,
distribution, and temperature contrasts for faculae on other stars3 . Given this considerable uncertainty, we considered cases both with and without faculae. We refer
to these hereafter as the spots+faculae and spots cases, respectively. For the
spots+faculae models, we added faculae at the 10:1 facula-to-spot area ratio observed for the active Sun (Shapiro et al., 2014), half of which were associated with
spots and half of which were located independently, following the approach detailed
in Paper I.
Spots on the Sun are found at active latitudes that vary predictably over the
course of a solar cycle (Maunder, 1904), giving rise to the well-known butterfly
diagram (Maunder, 1922). While individual sunspots can appear at latitudes as
high as ± 40–50 , sunspot locations generally start around 28 from the equator at
the beginning of a solar cycle and drift towards the equator over the course of a

cycle (Hathaway, 2011). Spots on the K4 dwarf HAT-P-11 have a mean latitude of
⇡ 16 ± 1 and are generally found within 30 of the equator (Morris et al., 2017),

which illustrates that the active latitudes observed on the Sun apply to at least some
mid-K dwarfs as well. Faculae, on the other hand, are not confined to equatorial
regions on the Sun; they can be found associated in spots or alone in polar regions
(Makarov and Makarova, 1996). Following these results, we restricted the locations
2
3

http://keplergo.arc.nasa.gov/Instrumentation.shtml
Observations of transiting exoplanets, though, o↵er a promising probe of stellar photospheres

that can shed light on this problem (e.g., Dravins et al., 2017a,b, 2018; Rackham et al., 2017;
Espinoza et al., 2018).
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of spots but not faculae to latitudes within 30 of the equator.
For each spectral type, we generated 100 model photospheres and added spots
(and faculae) to each at randomly selected coordinates until we reached a full-disk
spot covering fraction of 33%. This is the maximum spot coverage possible for our
models, given the restriction on the spot latitudes. From the set of 100 models,
we calculated the mean and standard deviation of the variability amplitude as a
function of spot covering fraction.
5.2.4

Variability as a Function of Spot Covering Fraction

We find that the variability amplitudes for each spectral type behave as a predictable
function of the spot covering fraction. Variability amplitudes grow with increasing
spot coverages until they reach a maximum near 16.5%—at which point half of the
photosphere within the allowed latitudes is covered in spots—and then decline as
the spot coverages continue to increase to the maximum spot covering fraction and
the equatorial band completely fills with spots. The behavior is roughly symmetric about spot coverages of 16.5% and similar for both spots and spots+faculae
models.
As a result, variability amplitudes near the maximum amplitude correspond to
a range of spot covering fractions, while smaller variability amplitudes correspond
to two distinct spot covering fractions. Therefore, the relatively low variability
amplitudes considered in this work (see Section 5.2.5) have both low- and high-spotcoverage solutions. In this study, we are primarily interested in studying the extent
of photospheric heterogeneities and the associated stellar contamination spectra for
typical FGK stars. While spot coverages of 33% and higher have been identified for
young and/or active stars such as LkCa 4 (Gully-Santiago et al., 2017), we consider
the turnover in variability amplitudes above 16.5% spot coverage and the relatively
low variabilities associated with nearly 33% spot coverage to be artifacts of our
model prescriptions. Accordingly, we restrict our analysis to spot covering fractions
below 16.5%. We note that a more realistic model would allow for a wider latitudinal
spot distribution for very active stars (i.e., those with spot covering fractions 10%
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and higher).
Figure 5.2 shows the variability amplitudes as a function of spot covering fraction
for all spectral types that we consider. The relationship between variability amplitudes and spot covering fractions appears similar for spots and spots+faculae
models. In both cases the variability amplitudes grow with a square-root-like dependence on the spot covering fraction. However, the variability amplitudes grow
more slowly for low spot covering fractions in the spots+faculae models than in
the spots models, indicating that the presence of faculae tends to suppress the
rotational variability.
These results contrast with those on M dwarfs, which show that the addition of
faculae leads to large initial increases in variability amplitudes and larger amplitudes
overall for the maximum spot covering fractions (Paper I). This di↵erence owes
to our model assumptions: We adopt a fixed temperature di↵erence between the
facula and immaculate photosphere components, which causes the facular contrast
to decrease with increasing photosphere temperatures. The contrast is largest for M
dwarfs and smallest for F dwarfs. Therefore, the inclusion of faculae in the models
leads to large initial increases in variability for the coolest stars. Additionally, for
spot covering fractions above ⇠ 10%, the spots+faculae models are completely

covered by either spots or faculae, given the 10:1 facula-to-spot area ratio that we
adopt. For M dwarfs, the contrast between spots and faculae is notably larger than
that between spots and immaculate photosphere, which causes the overall larger
variability amplitudes for the spots+faculae models. While for FGK stars, the
spots/photosphere and spots/faculae contrasts are more comparable, resulting in
the similar amplitudes for the spots and spots+faculae models.
Given the apparent square-root-like dependence of the variability amplitudes on
the spot covering fraction, we fit via least squares a scaling relation of the form
0.5
A = C ⇥ fspot

(5.2)

to the variability amplitudes of the spots and spots+faculae models for each
spectral type, following Paper I. In this expression, C is a scaling coefficient that
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Figure 5.2: Variability amplitudes as a function of spot covering fraction for spots
(left) and spots+faculae (right) models. The top, middle, and bottom rows illustrate the results of models for F, G, and K main sequence spectral types, respectively.
Solid curves give the mean variability as a function of spot covering fraction, colorcoded by spectral type. For the earliest spectral type in each panel, the shaded region
indicates the range encompassing 68% of the model outcomes, which is comparable
to the dispersion in model outcomes for all other spectral types. The dash-dotted
line shows the expected scaling of spot covering fraction and variability for this
spectral type, given its Kepler-band photosphere and spot fluxes and assuming a
linear relation. For all models, the linear relation is clearly not the appropriate
scaling between the spot covering fraction and photometric variability, although it
is a less poor approximation than in the case of M dwarfs (Paper I). Additionally,
the horizontal lines show the median (solid line) and the 16th and 84th percentiles
(dashed lines) of variability amplitudes for Kepler dwarf stars for this spectral type
(McQuillan et al., 2014). In each case, the variability grows asymptotically as a
function of fspot until reaching a maximum near 16.5%, at which point half of the
equatorial band is populated with spots and the photosphere is maximally heterogeneous. The dispersion in model outcomes leads to a range of spot covering fractions
that correspond to a given amplitude.
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depends on the properties of the active regions and determines the amplitude of the
relation. Table 5.2 provides the fitted values of C with uncertainties that reflect
the 68% dispersion in variability amplitudes illustrated by the shaded regions in
Figure 5.2. These can be used to estimate spot covering fractions from observed
variabilities of FGK main sequence stars.
The values of C show that the variability amplitudes are similar between the
spots and spots+faculae models, which illustrates that faculae do not strongly
a↵ect the rotational variability amplitudes. This finding is in agreement with results
from the Sun, for which the signal from spots dominates the rotational brightness
variations as viewed in the ecliptic plane (Shapiro et al., 2016)4 .
5.2.5

Amplitude of Typical Activity Level

In order to investigate typical levels of stellar contamination on transmission spectra,
we must adopt a reference variability amplitude to use when estimating typical active
region covering fractions. For the sun, disk passage of spots can decrease total solar
irradiance by as much as ⇠ 0.3%, while faculae can increase it by 0.1% (Willson et al.,
1986). Turning to a wider sample, McQuillan et al. (2014) investigated periodic

photometric variability amplitudes for the full Kepler sample of main-sequence stars,
building upon early analyses that focused on early subsets of the Kepler data (Basri
et al., 2010, 2011), specific spectral types (McQuillan et al., 2013), or exoplanet
candidate host stars (Walkowicz and Basri, 2013). For the full sample including
spectral types F5V to M4V, they find a median amplitude, defined as the range
between the 5th and 95th percentile of normalized flux, of ⇠5600 ppm or 0.56%,

though the typical amplitude varies with Te↵ . In Table 5.3, we summarize the data
in their Table 1 for spectral types F5V–K9V separately, defining the spectral types
by the outlined Te↵ ranges. We provide the median and 1 (16th to 84th percentile)
range of amplitudes for each spectral type bin. These values are also illustrated
4

By contrast, Shapiro et al. (2016) also find that faculae dominate the long-term brightness

variability on cycle time scales in the Sun and Sun-like stars for wavelengths shorter than 1.2 µm,
regardless of viewing inclination.
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Table 5.2. Scaling Relation Coefficients for Variability Models
Sp. Type

F5V
F6V
F7V
F8V
F9V
G0V
G1V
G2V
G3V
G4V
G5V
G6V
G7V
G8V
G9V
K0V
K1V
K2V
K3V
K4V
K5V
K6V
K7V
K8V
K9V

C
spots

spots+faculae

0.050 ± 0.018

0.051 ± 0.020

0.049 ± 0.019

0.051 ± 0.019

0.049 ± 0.020
0.050 ± 0.019
0.050 ± 0.020

0.050 ± 0.019
0.049 ± 0.019
0.050 ± 0.019
0.053 ± 0.022
0.047 ± 0.018
0.049 ± 0.019
0.048 ± 0.018
0.050 ± 0.018
0.051 ± 0.020
0.048 ± 0.018
0.049 ± 0.018
0.049 ± 0.018
0.051 ± 0.019
0.048 ± 0.020
0.048 ± 0.019
0.045 ± 0.017
0.047 ± 0.018
0.042 ± 0.017
0.041 ± 0.015
0.041 ± 0.016

0.050 ± 0.020
0.049 ± 0.020
0.047 ± 0.018
0.047 ± 0.018
0.050 ± 0.019
0.050 ± 0.019
0.050 ± 0.019
0.047 ± 0.018
0.048 ± 0.018
0.048 ± 0.018
0.049 ± 0.019
0.047 ± 0.018
0.051 ± 0.019
0.048 ± 0.019
0.050 ± 0.018
0.047 ± 0.019
0.047 ± 0.018
0.046 ± 0.018
0.045 ± 0.016
0.045 ± 0.018
0.043 ± 0.017
0.046 ± 0.017
0.046 ± 0.017

212

Figure 5.3: Medians (points) and 68% ranges (error bars) of Kepler variability
amplitudes by spectral type. Data are summarized from McQuillan et al. (2014).
See also Table 5.3.
in Figure 5.3. Later spectral types show higher variability amplitudes on average.
Median variability amplitudes are highest and 1

ranges widest for late G and

early K dwarfs. We adopt the median amplitudes from Table 5.3 as the reference
amplitudes Aref that we use to determine the spot and facula covering fractions
corresponding to the typical activity level for each spectral type.
5.2.6

Spot and Facula Covering Fractions for Reference Amplitude

Table 5.4 details and Figure 5.4 illustrates the active region covering fractions corresponding to the reference amplitude for each spectral type. For each set of models,
the mean covering fraction consistent with Aref is given. The uncertainties reflect
the range of covering fractions that are consistent with Aref for 68% of the models.
In Figure 5.2, this range is illustrated as the intersection of Aref and the shaded 1
envelopes for the variability amplitudes from the models. Since A and its 1 envelope grow with a square-root-like dependence on fspot , this intersection produces
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Table 5.3. Median and 1 Range of Variability Amplitudes from McQuillan et al.
(2014) by Spectral Type Bins

Sp. Type

Te↵ (K)

Nbin

Range

Variability Amplitude
Median (%)

1 (%)

F5V

[6425, 6575)

373

0.12

[0.07, 0.31]

F6V

[6290, 6425)

855

0.13

[0.07, 0.36]

F7V

[6195, 6290)

832

0.16

[0.07, 0.44]

F8V

[6095, 6195)

847

0.21

[0.09, 0.61]

F9V

[5980, 6095)

1411

0.25

[0.08, 0.76]

G0V

[5900, 5980)

1099

0.32

[0.10, 0.97]

G1V

[5825, 5900)

1106

0.37

[0.14, 1.06]

G2V

[5745, 5825)

1409

0.41

[0.14, 1.18]

G3V

[5700, 5745)

754

0.41

[0.17, 1.17]

G4V

[5670, 5700)

633

0.46

[0.18, 1.19]

G5V

[5625, 5670)

839

0.51

[0.19, 1.34]

G6V

[5560, 5625)

1379

0.50

[0.21, 1.42]

G7V

[5510, 5560)

1121

0.56

[0.23, 1.48]

G8V

[5415, 5510)

1926

0.61

[0.26, 1.56]

G9V

[5310, 5415)

2267

0.67

[0.31, 1.66]

K0V

[5225, 5310)

1703

0.75

[0.32, 1.75]

K1V

[5105, 5225)

2162

0.73

[0.34, 1.68]

K2V

[4940, 5105)

2737

0.76

[0.36, 1.71]

K3V

[4730, 4940)

2560

0.73

[0.36, 1.60]

K4V

[4535, 4730)

1550

0.69

[0.37, 1.49]

K5V

[4325, 4535)

1415

0.72

[0.37, 1.46]

K6V

[4125, 4325)

1793

0.67

[0.35, 1.28]

K7V

[4010, 4125)

799

0.68

[0.37, 1.23]

K8V

[3925, 4010)

449

0.63

[0.36, 1.16]

K9V

[3865, 3925)

272

0.62

[0.36, 1.22]
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uncertainties that are asymmetric and larger on the higher end.
Considering the spots models, we find the reference variability levels are consistent with mean spot covering fractions of 0.1% to 2.1% with 1 ranges that are
comparable to the means. Generally, spot covering fractions are larger and their 1
ranges are wider for later spectral types. For the spots+faculae models, spot covering fractions are systematically higher than those from the spots models, though
the values are consistent within their uncertainties. As expected, given our model
assumptions, facula covering fractions are roughly 10 times larger than their spotted
counterparts. In e↵ect, faculae dampen the rotational variability produced by spots
at low activity levels, allowing larger covering fractions to be consistent with the
same reference variability level. This e↵ect is visible in Figure 5.2, in which the
relations between spot coverage and variability for the spots+faculae models are
shifted to the right with respect to those of the spots models.
5.3

Stellar Contamination Analysis

With the active region covering fractions identified by the variability modeling, we
can explore the typical levels of stellar contamination that we should expect for
transmission spectra of exoplanets with FGK host stars.
5.3.1

Model for Stellar Contamination Spectra

We calculate the stellar contamination signal in the exoplanet transmission spectrum
following the approach detailed in Paper I. In short, we take the covering fractions
identified in Section 5.2 and, assuming the exoplanet does not transit any active
regions, calculate their e↵ect on the observed transmission spectrum using the same
stellar spectral components detailed above.
For the spots case, the stellar contamination spectrum is given by
✏
in which S

,spot

and S

,phot

,s

=

1
1

fspot (1

S
S

,spot

)
,phot

,

(5.3)

are the spot and immaculate photosphere spectra, re-
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Table 5.4. Covering Fractions for Reference Activity Level as Determined by
Variability Models
Sp. Type

spots

spots+faculae

fspot (%)

fspot (%)

ffac (%)

F5V

0.1+0.1
0.1

0.1+0.2
0.1

1+21

F6V

0.1+0.1
0.1

0.1+0.2
0.1

1+21

F7V

0.1+0.1
0.1

0.2+0.2
0.1

2+21

F8V

0.1+0.2
0.1

0.3+0.5
0.1

3+41

F9V

0.2+0.3
0.1

0.5+0.6
0.2

5+62

G0V

0.3+0.5
0.1

0.9+0.7
0.4

8+63

G1V

0.4+0.7
0.2

1.0+1.1
0.5

10+94

G2V

0.5+0.9
0.2

1.1+1.1
0.5

10+84

G3V

0.4+0.8
0.2

1.2+1.1
0.5

11+94

G4V

0.6+1.2
0.3

1.5+1.5
0.6

14+10
5

G5V

0.7+1.0
0.4

1.8+2.0
0.7

16+12
5

G6V

0.8+1.0
0.4

1.7+1.5
0.7

15+10
6

G7V

1.0+1.6
0.5

2.1+2.3
0.8

18+13
6

G8V

1.0+1.7
0.4

2.4+1.9
0.9

20+10
6

G9V

1.3+2.4
0.6

2.5+2.4
0.8

21+12
5

K0V

1.8+2.6
0.9

3.0+2.9
1.1

24+13
7

K1V

1.7+3.3
0.9

3.0+2.5
1.0

24+12
7

K2V

1.7+2.9
0.8

3.5+3.6
1.2

26+14
7

K3V

1.8+3.4
0.9

3.2+2.9
1.1

25+13
7

K4V

1.4+2.6
0.7

3.3+2.9
1.2

26+13
7

K5V

1.7+3.5
0.8

3.8+3.1
1.6

28+12
9

K6V

1.4+2.7
0.7

3.5+2.3
1.5

27+10
9

K7V

2.1+3.4
1.2

3.6+3.3
1.2

27+13
7

K8V

1.6+3.6
0.8

3.1+2.6
1.4

25+12
9

K9V

1.5+2.8
0.8

2.9+2.8
0.9

23+13
6
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Figure 5.4: Active region covering fractions corresponding to reference activity levels
by spectral type. Spot covering fractions for the spots models are shown in the top
panel. For the spots+faculae models, spot (faculae) covering fractions are shown
in the middle (bottom) panel. See also Table 5.4.
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spectively (see also McCullough et al., 2014; Rackham et al., 2017; Zellem et al.,
2017). For the spots+faculae case, the stellar contamination spectrum is given by
✏
in which S

,fac

,s+f

=

1
1

fspot (1

S
S

,spot

)
,phot

ffac (1

S ,fac
)
S ,phot

,

(5.4)

is the facula spectra and the remaining terms have the same meaning

as above. In both cases, ✏ represents a multiplicative change to the true transit
depth (i.e., the square of the wavelength-dependent planet-to-star radius ratio D =
(R

,p /Rs )

2

) owing to the heterogeneity of the stellar photosphere. This combines

with the planetary signal to produce the observed transit depth:
D

,obs

=✏ D .

(5.5)

As noted above, this calculation assumes that the light source illuminating the
exoplanet atmosphere is described well by a single spectral component, S

,phot .

Of

course, spots or faculae may be present within the transit chord as well in some
cases. This formalism still applies to these cases as long as the heterogeneities within
the transit chord produce crossing events with amplitudes that are larger than the
observation uncertainty, which allows them to be identified and taken into account
(e.g., Pont et al., 2008; Carter et al., 2011; Narita et al., 2013). In fact, crossing
events are useful for understanding the stellar contamination of the transmission
spectrum because they enable constraints on the sizes and contrasts of active regions
(Sanchis-Ojeda and Winn 2011; Huitson et al. 2013; Mancini et al. 2013; Pont et al.
2013; Tregloan-Reed et al. 2013; Scandariato et al. 2017; Espinoza et al. 2018; Bixel
et al., submittted). Still, active regions may be present within the transit chord with
contrasts or sizes that do not allow them to be readily detected (Mallonn et al.,
2018). More complicated models considering the distributions of heterogeneities
both inside and outside the transit chord may be warranted by observations of more
active host stars (e.g., Zhang et al., 2018), though that additional complication is
beyond the scope of this work.
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5.3.2

Stellar Contamination Spectra

Figure 5.5 illustrates the stellar contamination spectra that correspond to the reference variability levels for each spectral type. For the spots models, we find that
unocculted spots consistent with Aref increase transit depths at all wavelengths
studied. The contamination spectra steadily increase with decreasing wavelengths
for wavelengths shorter than ⇠ 1.7µm, producing apparent blueward slopes. Late

K-dwarf contamination spectra contain markedly more structure than their earlier
spectral type counterparts. In general, the scale of the contamination spectra increases for later spectral types. The 1 prediction intervals on the contamination
spectra, dictated by the 68% range of fspot and illustrated by the shaded regions in
Figure 5.5, are asymmetric, comparable to the absolute transit depth change (i.e.,
|✏

1|) on the upper end and roughly half that value on the lower end.
The contamination spectra for the spots+faculae models are generally similar

to those of the spots models but show strong di↵erences at wavelengths shorter than
⇠ 1.5µm. As with the spots model, the primary e↵ect of the stellar contamination
is to increase transit depths over most of the wavelengths studied. However, owing
to the presence of unocculted faculae, these spectra do not display the slopes seen at
visual wavelengths with the spots models. Instead, they are relatively flat from the
near-infrared (NIR) to wavelengths as short as ⇠ 0.5µm and then decrease sharply.
Later spectral types begin to show these decreases at longer wavelengths. For late K

dwarfs, strong decreases in transit depth are possible across visual wavelengths; the
e↵ect of unocculted faculae can even overwhelm that of unocculted spots to produce
decreases in transit depth over the full wavelength range studied.
Thus, considering exoplanet host stars with typical activity levels, we find that
G dwarfs produce stellar contamination signals that are a factor a few larger than
those of F dwarfs, while typically active K dwarfs produce signals that are more
than an order of magnitude larger. Unocculted faculae can partially cancel out the
e↵ect of unocculted spots at visual wavelengths and can lead to large decreases in
transit depths at ultraviolet (UV) wavelengths. We compare the scale of these stellar
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Figure 5.5: Stellar contamination spectra for spots (left) and spots+faculae
(right) models. Contamination spectra for F, G, and K dwarfs are color-coded
by spectral type and shown in the top, middle, and bottom panels, respectively.
Solid lines indicate the contamination spectrum for the mean spot covering fraction
consistent with the median variability amplitude for the spectral type (Table 5.3).
The shaded regions illustrate the range of contamination spectra produced by spot
covering fractions consistent with that same variability (see Table 5.4) for the earliest spectral type in each panel. Wavelength bands for key molecular features in
exoplanetary atmospheres are given. Note the di↵erent y-axis scales.
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contamination signals to those of observational precisions and planetary atmospheric
features in Section 5.4.1.
Finally, we note that for all spectral types and stellar contamination models, the
most significant e↵ects are present at the shortest wavelengths. This suggests that
UV transit observations can therefore be used to place constraints on unocculted
heterogeneities that a↵ect transmission spectra more subtlety at longer wavelengths.
However, the stellar models used for this analysis lack chromospheres, which contribute significantly to emergent spectra at UV wavelengths, so a considerable level
of uncertainty exists for the UV contamination spectra presented here. Additionally,
this picture is complicated by temporal variability of transit depths due to changing
stellar activity levels (e.g., Llama and Shkolnik, 2015). We discuss the impact of
chromospheres further in Section 5.4.8.
Visual Stellar Contamination Spectra
Visual contamination features are of particular interest in the present study, given
the availability of visual transmission spectra from both ground- and space-based
facilities and the increased ability of stellar active regions to contaminate visual
measurements. Figure 5.6 provides a closer look at the features in the stellar contamination spectra at visual wavelengths. For the spots models, the contamination
spectra for F and G dwarfs show blueward slopes and few other spectral features.
Slight features are evident at wavelengths of atomic absorption for exoplanet atmospheres, namely Na I, H↵, and K I, which we explore further in Section 5.4. K
dwarfs, on the other hand, present more varied contamination spectra, with notable
increases in transit depth around TiO molecular absorption features across visual
wavelengths. These features are strongest for later K dwarfs.
Turning to the spots+faculae models, we see in Figure 5.6 that the blueward
slopes of the spots models are muted by the presence of faculae, leading to contamination spectra that are generally flat for most visible wavelengths and decrease
notably for wavelengths / 0.5 µm. Still, ✏ remains systematically > 1 for F and G
stars at NIR wavelengths. Late K dwarfs are again the exception, as their contam-
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Figure 5.6: Visual stellar contamination spectra for spots (left) and spots+faculae
(right) models. The figure elements are the same as those for Figure 5.5. Prediction
intervals on the spectra are suppressed for clarity. Key atomic absorption lines are
indicated. Note the varying y-axis scales.
ination spectra tend to decrease across all visible wavelengths and possess notably
stronger spectral features than those of earlier spectral types.
5.4
5.4.1

Discussion
Scale of the Stellar Contamination

We first examine how the scale of the stellar contamination compares to that of
observational precisions. We consider UV, visual, and NIR wavelengths separately
due to the distinct behaviors exhibited by the contamination spectra and the di↵erent observational approaches used to study these wavelength regimes. Accordingly,
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we define the UV stellar contamination factor ✏UV
¯ , the visual stellar contamination
factor ✏vis
¯ , and the NIR contamination factor ✏NIR
¯ as the means of the contamination
spectra for wavelength ranges 0.05–0.4 µm, 0.4–0.9 µm, and 0.95–5.5 µm, respectively. These values are provided in Table 5.5 for all FGK contamination spectra
that we calculate, along with 1 prediction intervals calculated by taking the means
of their 1 estimates (the shaded regions in Figure 5.5).
For the spots models, the e↵ects of stellar contamination are more pronounced
at shorter wavelengths and for later spectral types. For F dwarfs, we find the
mean values of ✏UV
¯ , ✏vis
¯ , and ✏NIR
¯ are 1.0010, 1.0009, and 1.0004, respectively, all
of which point to relatively minor increases in transit depths. For G dwarfs, the
corresponding means are 1.0069, 1.0058, and 1.0028, respectively, and for K dwarfs
they are 1.0164, 1.0133, and 1.0066.
In the NIR, the scale of the contamination spectra for the spots+faculae models is comparable to that of the spots models. The mean value of ✏NIR
¯ is 1.0005,
1.0032, and 1.0030 for F, G, and K dwarfs, respectively. By contrast, the corresponding means at visual wavelengths are smaller (1.0004, 1.0016, and 0.9908 for F,
G, and K dwarfs, respectively) that those of the spots models and point to absolute
transit depth changes that are notably smaller. This owes to the opposing signals
of unocculted spots and faculae largely canceling out at visual wavelengths. At UV
wavelengths, however, the e↵ects of unocculted faculae dominate and we find that
the mean value of ✏UV
¯ is 0.9900, 0.9084, and 0.8683 for F, G, and K dwarfs, respectively. In other words, unocculted faculae decrease transit depths in the UV, and
the decreases are approximately 10% of the transit depth for G and K dwarfs on
average.
Whether these e↵ects are detectable will depend on both observational precisions and the planet-to-star radius ratio of the system in question, as the stellar
contamination signal scales with the nominal transit depth. For comparison with
observational precisions, we adopt 30 ppm as our fiducial detection threshold. This
is comparable to the typical transit depth uncertainty for current high-precision
HST /WFC3 transmission spectra observations (Kreidberg et al., 2014a) and sys-
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Table 5.5. Mean Values of Stellar Contamination Spectra at UV, Visual, and
NIR Wavelengths.
Sp. Type

spots

spots+faculae

✏UV
¯

✏vis
¯

✏NIR
¯

✏UV
¯

✏vis
¯

✏NIR
¯

F5V

1.0005+0.0006
0.0002

1.0004+0.0005
0.0002

1.0002+0.0003
0.0001

0.0054
0.9960+0.0017

1.0002+0.0004
0.0001

1.0003+0.0004
0.0001

F6V

1.0005+0.0005
0.0001

1.0004+0.0004
0.0001

1.0002+0.0002
0.0001

0.0077
0.9947+0.0022

1.0002+0.0004
0.0001

1.0003+0.0005
0.0001

F7V

1.0007+0.0009
0.0002
1.0014+0.0020
0.0006
1.0020+0.0028
0.0008
1.0029+0.0048
0.0013
1.0039+0.0073
0.0019
1.0049+0.0089
0.0025
1.0044+0.0078
0.0019
1.0063+0.0124
0.0029
1.0069+0.0102
0.0037
1.0075+0.0107
0.0037
1.0096+0.0164
0.0047
1.0096+0.0178
0.0040
1.0134+0.0251
0.0063
1.0177+0.0274
0.0088
1.0172+0.0349
0.0093
1.0168+0.0299
0.0079
1.0180+0.0360
0.0086
1.0139+0.0260
0.0067
1.0167+0.0354
0.0075
1.0136+0.0264
0.0063
1.0201+0.0349
0.0113
1.0153+0.0358
0.0074
1.0145+0.0276
0.0073

1.0006+0.0008
0.0002
1.0012+0.0017
0.0005
1.0017+0.0024
0.0007
1.0024+0.0041
0.0011
1.0033+0.0061
0.0016
1.0041+0.0075
0.0021
1.0037+0.0066
0.0016
1.0053+0.0105
0.0025
1.0058+0.0086
0.0031
1.0063+0.0090
0.0031
1.0081+0.0138
0.0040
1.0081+0.0149
0.0034
1.0113+0.0209
0.0052
1.0148+0.0228
0.0074
1.0143+0.0289
0.0078
1.0140+0.0247
0.0065
1.0149+0.0297
0.0072
1.0115+0.0214
0.0055
1.0137+0.0288
0.0062
1.0110+0.0212
0.0051
1.0159+0.0274
0.0089
1.0120+0.0279
0.0058
1.0113+0.0213
0.0057

1.0003+0.0004
0.0001
1.0006+0.0008
0.0002
1.0008+0.0012
0.0003
1.0012+0.0020
0.0005
1.0016+0.0030
0.0008
1.0020+0.0036
0.0010
1.0018+0.0032
0.0008
1.0026+0.0051
0.0012
1.0028+0.0042
0.0015
1.0031+0.0043
0.0015
1.0039+0.0066
0.0019
1.0039+0.0072
0.0017
1.0055+0.0101
0.0026
1.0072+0.0109
0.0036
1.0070+0.0139
0.0038
1.0068+0.0119
0.0032
1.0074+0.0144
0.0035
1.0057+0.0105
0.0028
1.0069+0.0142
0.0031
1.0055+0.0105
0.0025
1.0078+0.0132
0.0044
1.0058+0.0132
0.0028
1.0053+0.0099
0.0027

0.0082
0.9930+0.0031
0.0151
0.9868+0.0056
0.0215
0.9797+0.0088
0.0228
0.9640+0.0143
0.0312
0.9575+0.0166
0.0366
0.9332+0.0233
0.0370
0.9301+0.0240
0.0398
0.9202+0.0234
0.0447
0.9111+0.0249
0.0386
0.9099+0.0277
0.0474
0.8877+0.0274
0.0378
0.8664+0.0311
0.0314
0.8044+0.0181
0.0316
0.8001+0.0247
0.0353
0.8080+0.0277
0.0415
0.8596+0.0305
0.0498
0.7950+0.0377
0.0497
0.7955+0.0401
0.0337
0.8646+0.0351
0.0099
0.9473+0.0150
0.0122
0.9407+0.0116
0.0165
0.9406+0.0195
0.0250
0.9312+0.0147

1.0003+0.0004
0.0001
1.0006+0.0010
0.0003
1.0007+0.0013
0.0003
1.0004+0.0011
0.0003
1.0006+0.0023
0.0005
1.0022+0.0035
0.0011
1.0016+0.0032
0.0009
1.0018+0.0045
0.0011
1.0022+0.0070
0.0013
1.0014+0.0040
0.0010
1.0019+0.0081
0.0014
1.0021+0.0064
0.0017
1.0018+0.0086
0.0015
1.0022+0.0119
0.0022
1.0004+0.0086
0.0016
1.0010+0.0150
0.0024
0.9961+0.0083
0.0007
0.9916+0.0066
+0.0005
0.9882+0.0068
+0.0013
0.9850+0.0018
+0.0031
0.9826+0.0034
+0.0024
0.0010
0.9813+0.0054
0.0033
0.9795+0.0039

1.0004+0.0005
0.0002

F8V
F9V
G0V
G1V
G2V
G3V
G4V
G5V
G6V
G7V
G8V
G9V
K0V
K1V
K2V
K3V
K4V
K5V
K6V
K7V
K8V
K9V

1.0007+0.0010
0.0003
1.0010+0.0014
0.0005
1.0015+0.0015
0.0007
1.0018+0.0025
0.0009
1.0025+0.0028
0.0011
1.0024+0.0028
0.0011
1.0030+0.0038
0.0013
1.0036+0.0054
0.0015
1.0033+0.0036
0.0015
1.0042+0.0064
0.0017
1.0047+0.0051
0.0020
1.0050+0.0068
0.0019
1.0061+0.0087
0.0026
1.0058+0.0070
0.0023
1.0063+0.0107
0.0028
1.0057+0.0081
0.0024
1.0051+0.0080
0.0024
1.0050+0.0083
0.0029
1.0014+0.0044
0.0015
0.9996+0.0057
0.0009
0.9980+0.0029
0.0001
0.9968+0.0022
+0.0003
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tematic noise floors adopted by Greene et al. (2016) for NIRISS SOSS ( = 1–2.5 µm;
20 ppm) and NIRCam grism ( = 2.5–5.0 µm; 30 ppm) observations with JWST.
For simplicity, we consider systems with a nominal transit depth of D = 1%, which
corresponds to giant planets with radii ranging from R = 0.4 RJup in the case of a
K9V host star to R = 1.4 RJup in the case of a F9V host.
Under these assumptions, stellar contamination would produce a 30 ppm feature
and rise to the level of detectability when |✏

1| > 0.003. Therefore, considering

the mean values tabulated in Table 5.5, we find that for spots models, the e↵ects of
unocculted spots for typically active FGK stars are detectable in the UV and visual
for spectral types G1V and later and in the NIR for spectral types G6V and later.
For spots+faculae models, we find that the e↵ects of unocculted heterogeneities
are detectable in the UV for all spectral types F5V and later, while they are only
detectable for K3V and later in the visual and G4V and later (excepting K6V and
K7V) in the NIR.
To summarize, we find that unocculted heterogeneities in typically active G and
K dwarfs can generally a↵ect transmission spectra at levels relevant to current and
near-future observational precisions. The e↵ects are less pronounced for F dwarfs,
though the impact of unocculted faculae may be apparent at UV wavelengths for
these stars. While we focus on stars with typical activity levels here, we note that
the stellar contamination signal obviously depends on the activity level of the star.
Therefore, more active stars can produce larger stellar contamination signals than
we detail here, and these may be detectable for earlier spectral types.
How the scale of the stellar contamination compares to that of planetary transmission features will depend on the parameters of the exoplanet in question. For the
giant planets producing the nominal D = 1% transit depths that we consider here,
planetary transmission features are considerably larger than the 30 ppm threshold
that we adopt (e.g., Sing et al., 2016). Nonetheless, this analysis shows that for
these planets, the stellar contamination signal of typically active FGK hosts can
imprint on the transit depth at a scale that is detectable. Therefore, we conclude
that potential stellar contamination should be a consideration for all high-precision
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transmission spectroscopy studies of FGK-hosted exoplanets, particularly for observations with later host stars, more active hosts, and at shorter wavelengths.
5.4.2

Visual Slopes

The most prominent feature of the contamination spectra from the spots models are the slopes produced at visual wavelengths. They are of particular interest
here because they can be potentially confused with scattering slopes originating in
exoplanet atmospheres.
To quantify the scale of the visual slopes in the contamination spectra, we first
define the average value of ✏ in a wavelength bin
0

as
✏avg ( 0 ,

We then define the visual o↵set
vis

in which D = 1%,

1

)=
vis

1

0+

/2

✏ d .
0

(5.6)

/2

as

= D[✏avg ( 1 ,

= 0.4 µm,

Z

centered on some wavelength

2

)

✏avg ( 2 ,

= 0.9 µm, and

formulation produces positive values for cases in which ✏

)],

(5.7)

= 0.1 µm. Note that this
1

> ✏ 2 , i.e. contamination

spectra that increase towards shorter wavelengths. For each spectral type and model
framework (spots and spots+faculae), we calculate
ination spectrum. We also calculate

vis

vis

from the mean contam-

for the upper and lower 1 estimates for

the contamination spectrum (i.e., the shaded regions in Figure 5.5), which we use
to determine the 1 prediction interval on

vis .

Figure 5.7 illustrates the visual o↵sets that we calculate for the spots and
spots+faculae models. The spots models produce positive visual o↵sets that
increase in magnitude for later spectral types. For spectral types G9V and later,
vis

is greater than the 30 ppm detection threshold, meaning that unocculted spots

on a typically active G9V–K9V host star can produce detectable increases in transit depths across the visual. However, these estimates are all consistent with the
detection threshold at 1 .
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Figure 5.7: Visual o↵sets in transmission spectra for spots (top) and
spots+faculae (bottom) models, assuming a nominal 1% transit depth. For both
model types, later spectral types produce larger visual o↵sets but with opposing
signs. The gray shaded region illustrates o↵sets that are below our adopted 30 ppm
detection threshold. Note the varying y-axis scales.
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The spots+faculae models, on the other hand, produce visual o↵sets that are
negative and increase in magnitude more starkly for later spectral types. We find
that the absolute value of

vis

is greater than the detection threshold at 1 confi-

dence or higher for spectral types G0V and later. Faculae on K5V host stars have
the largest e↵ect, producing visual o↵sets of

vis

=

350 ppm at 3.4 confidence.

These findings suggest that unocculted faculae can appreciably decrease visual transit depths in high-precision transmission spectra of exoplanets that orbit typically
active G and K dwarfs.
This last point is interesting to consider in the context of the flat visual transmission spectra that are commonly observed for hot Jupiters (e.g., Gibson et al.,
2013; Huitson et al., 2017; Parviainen et al., 2018). These are counter to model
predictions for clear atmospheres, which should show transit depths that increase at
shorter wavelengths as a signature of Rayleigh scattering (Seager and Sasselov, 2000;
Fortney et al., 2010). Our results suggest that faculae can decrease visual transit
depths at the level of a few hundreds of ppm, which is comparable to the precisions
of current space-based (e.g., Sing et al., 2016) and ground-based observations (e.g.,
Espinoza et al., 2018; Nikolov et al., 2018). Therefore, it is possible that unocculted
faculae could be counteracting signals from scattering slopes, making them at least
in part responsible for the observed flat spectra. This observation underscores the
importance of atmospheric retrievals that consider both stellar and planetary signals in transmission spectra (Espinoza et al., 2018; Pinhas et al., 2018), which are
discussed further in Section 5.4.9.
On the other hand, the e↵ect of unocculted faculae depends on the value of
ffac for typically active G and K dwarfs, which we find could be between ⇡ 8%

for early G dwarfs and ⇡ 28% for late K dwarfs (Table 5.4). While He I 10830 Å

equivalent width observations suggest that active F and G dwarfs can have active
region filling factors of up to ⇠ 80–100% (Andretta et al., 2017), the Sun at solar
maximum only reaches a maximum annual average value of ffac ⇡ 3% (Shapiro

et al., 2014), a factor of a few less than our estimates for early G dwarfs and roughly
an order of magnitude less than our estimates for late K dwarfs. Our approach
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relies on extrapolating the observed 10:1 facula-to-spot area ratio at solar maximum
(Shapiro et al., 2014) to higher activity levels. However, this ratio may not hold
for high activity levels generally. Additionally, other stars may exhibit di↵erent
facula-to-spot area ratios than the Sun does. In this light, it possible that we have
overestimated ffac and therefore the e↵ects of faculae on transmission spectra. To
complicate matters further, the Sun displays a time-dependence on the facula-tospot area ratio throughout its activity cycle, with a facula-to-spot area ratio of 100:1
at solar minimum (Shapiro et al., 2016), primarily due to the absence of spots, and
therefore we should expect other stars to do so as well. Future e↵orts to constrain
facular coverages for interesting exoplanet host stars generally and in a time-resolved
way near transit observations could be useful in this respect.
5.4.3

Atomic Absorption Features

The stellar contamination spectra for both spots and spots+faculae models show
distinct features at narrow atomic lines in the visual. These include H↵, the Na D
doublet, and the K I doublet, all of which also produce prominent features in transmission spectra of giant exoplanets. Broad absorption features from alkali metals
point to cloud-free atmospheres and can be used to place constraints on their absolute abundances and in turn the atmospheric metallicity (Nikolov et al., 2018).
Alternatively, increases in transit depth only around the narrow cores of these lines
point to the presence of clouds and hazes (e.g., Sing et al., 2016). H↵ absorption
features can be used to probe column densities and excitation temperatures in exoplanetary exospheres (Jensen et al., 2012).
To quantify the e↵ects of these features on observations, we define the transit
depth line o↵set

line

as
line

= D[✏avg (

line ,

)

✏cont (

line ,

)],

(5.8)

in which the continuum value ✏cont is calculated as
✏cont = [✏avg (

line

1.5

,

) + ✏avg (
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+ 1.5

,

)]/2

(5.9)
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Table 5.6. Vacuum Wavelengths Used in Analysis of Transit Depth Line O↵sets

and we set D = 1% and

Feature

Wavelength(s)

Na D doublet

5894.570

H↵

6564.665

K I doublet

7667.009, 7701.084

= 20Å.

Table 5.6 lists the wavelengths used for the line o↵set analysis. We obtained air
wavelengths for these features from the NIST Handbook of Basic Atomic Spectroscopic Data5 and converted them to vacuum wavelengths following Birch and Downs
(1994). The individual lines of the sodium doublet are separated by only 6Å, so we
used their average as the line wavelength. As the individual lines of the potassium
doublet are separated by more than 30Å, we calculated

line

for each line separately

and, finding them to be comparable, report the mean.
Figure 5.8 illustrates the line o↵sets that we calculate from the stellar contamination spectra and their 1 prediction intervals. None of the line o↵sets from the spots
models register above our 30 ppm detection threshold. For the spots+faculae models, we find that no K o↵sets are detectable and neither are H↵ o↵sets, with the
exception of an outlier at K2V. However, we find that Na o↵sets are detectable for
spectral types G9V and later. Interestingly, Na o↵sets generally trend smoothly
towards more negative values for spectral types F0V to K4V before sharply turning around and decreasing to near zero for late K dwarfs. Inspection of the stellar
component spectra shows that the Na D doublet continuously broadens for spectral
types from F0V to K9V. For the latest K dwarfs, the Na D doublet becomes broader
than 20Å, which complicates the determination of the continuum level. Therefore,
the turn-around in the Na o↵set seen for the latest K dwarfs is an artifact of our
5

https://www.nist.gov/pml/handbook-basic-atomic-spectroscopic-data
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Figure 5.8: Transit depth o↵sets in transmission spectra at H↵ (left), the Na D
doublet (middle), and the K doublet (right) for spots (top) and spots+faculae
(bottom) models, assuming a nominal 1% transit depth. While spots models for
typically active FGK dwarfs do not produce detectable transit depth o↵sets at these
line wavelengths, the results of the spots+faculae models suggest that detectable
Na o↵sets are possible for K dwarfs and late G dwarfs. The gray shaded region
illustrates o↵sets that are below our adopted 30 ppm detection threshold. The error
bars indicate 1 prediction intervals, which are generally smaller than the point size.
Note the varying y-axis scales.
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selection for

and not representative of a physical transition in the stellar atmo-

spheres.
The upshot of this analysis is that unocculted spots on typically active FGK
dwarfs are not likely to produce detectable changes in transit depths around atomic
features, though unocculted faculae can alter transit depths detectably around the
Na D doublet. However, the caveats discussed in Section 5.4.2 regarding our prescriptions for modeling faculae apply here as well.
5.4.4

Trends in Visual Features

The analysis in the previous sections shows that, with a few exceptions, visual
stellar contamination features are generally not detectable in transmission spectra of
exoplanets hosted by typically active FGK dwarfs. However, more active host stars
may still be problematic. To investigate this, we repeated the analysis presented in
Section 5.3 using the 1 upper limits on the variability amplitudes from Table 5.3
(i.e., the 84% percentiles) as the reference amplitudes. For this “active case”, the
active region covering fractions that correspond to the reference amplitude are a
factor of a few higher than for the nominal case. Specifically, in the spots case,
fspot is 7 times larger on average, while in the spots+faculae case, fspot and ffac
are 4 and 3 times larger, respectively.
These larger covering fractions produce larger stellar contamination signals, making more features detectable above our adopted threshold. In general, the o↵sets
trend with spectral type in the same manner as shown in Figures 5.7 and 5.8 but the
scales of the o↵sets are exaggerated. For the spots models, positive visual o↵sets are
larger than 30 ppm for spectral types F9V and later and reach a peak of 254 ppm at
spectral type K5V. Additionally, positive Na o↵sets are > 30 ppm for spectral types
G4V–K2V. For the spots+faculae models, the negative visual o↵sets are > 30 ppm
in magnitude for all spectra types and reach a peak value of

483 at spectral type

K5V. Positive H↵ o↵sets and negative Na o↵sets are detectable for late G to mid K
dwarfs. K o↵sets are smaller than our adopted threshold for all spectral types but
begin to increase for late K dwarfs.
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The magnitudes of these o↵sets, particularly with respect to the visual slope and
the Na line o↵set, are such that they could be confused with features originating
the the atmospheres of transiting exoplanets. However, these features trend with
each other and with spectral type in systematic ways. These trends can be used to
identify features with a stellar origin and disentangle them from planetary ones.
Figure 5.9 illustrates these trends for the spots models in the active case. Generally, all o↵sets are near-zero for the earliest spectral type and increase for later
spectral types. The largest o↵set overall is the visual (0.4–0.9 µm) o↵set, and the
largest line o↵set is that of Na. Starting with F5V, these both increase for later
spectral types, reaching maxima around late G dwarfs, after which the visual o↵sets remain roughly the same, while the Na o↵sets decrease. The signs and relative
magnitude of these features could point to a stellar origin for features observed in
transmission spectra, particularly for exoplanets hosted by late G or K dwarfs.
Figure 5.10 illustrates the observed trends in o↵sets for the spots+faculae models. Compared to the spots models, the o↵sets have larger magnitudes and the
trends have the opposite signs, due to the ability of unocculted faculae to dominate
the visual slope and line o↵sets.
We point out these trends so that they may be of use in disentangling stellar
and planetary features in transmission spectra in future studies.
5.4.5

Molecular Absorption Features

In addition to enabling studies of atomic absorption features, transmission spectra
are useful probes of molecular absorption bands in exoplanet atmospheres. The contamination spectra plotted in Figure 5.5 show broad features owing to changes in
molecular opacities between the immaculate photosphere and stellar active regions.
Figure 5.5 also illustrates wavelengths of interest for some potentially detectable
molecules in exoplanet atmospheres, including CH4 , CO, CO2 , H2 O, N2 O, O2 , and
O3 . If the values of stellar contamination spectra within these bands di↵er systematically from those of adjacent wavelengths, the stellar signal could mimic or mask
exoplanetary molecular features in transmission spectra.
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Figure 5.9: Trends in transit depth changes in visual FGK contamination spectra
features for spots models. The magnitudes of stellar contamination features for
FGK dwarfs generally grow with later spectral types. They also trend in systematic
ways in terms of their signs and relative strengths, which we suggest could be used
to identify features with a stellar origin. Positive (negative) values indicate deeper
(shallower) transits. Note the varying axis scales.
We investigate this possibility quantitatively following a similar approach to the
analysis of atomic absorption features detailed in Section 5.4.3. We define the transit
depth band o↵set as
band

in which

band

= D[✏avg (

band ,

band )

✏cont (

line ,

band ,

is the central wavelength of the molecular band,

)],
band

(5.10)
is its width,

and we set D = 1% as before. In this case, the continuum value ✏cont is calculated
as
✏cont = [✏avg ( 0 ,

) + ✏avg ( 1 ,

)]/2

(5.11)
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Figure 5.10: Trends in transit depth changes in visual FGK contamination spectra
features for spots+faculae models. As with the spots models, the magnitudes of
the stellar contamination features grow for later spectral types, though the signs of
the features di↵er, which indicates that the e↵ects of unocculted faculae dominate at
visual wavelengths. Positive (negative) values indicate deeper (shallower) transits.
Note the varying axis scales.
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transmission spectrum within a molecular absorption band relative to the average
of the flanking regions. We determine the value of
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illustrated in Figure 5.5 and calculate the molecular o↵set
the average of
6

band

for each of the bands6
mol

for each molecule as

for the molecular bands weighted by the band widths.

The longest-wavelength bands of H2 O and O3 are within 0.1 µm of the long-wavelength end

of the contamination spectra, so these two bands have truncated baselines for determining ✏cont .
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Figure 5.11: O↵sets in transmission spectra at wavelengths of interest for O2 , H2 O,
and CH4 for spots (top) and spots+faculae (bottom) models, assuming a nominal
1% transit depth. While o↵sets generally grow in magnitude for later spectral types,
none are above our adopted 30 ppm detection threshold. The gray shaded region
illustrates o↵sets that are below our adopted 30 ppm detection threshold.
We find that none of the molecular o↵sets for CH4 , CO, CO2 , H2 O, N2 O, O2 , or
O3 are larger than our adopted 30 ppm detection threshold. The largest o↵sets are
those for O2 , H2 O, and CH4 , which are illustrated in Figure 5.11. While all are still
below the adopted detection threshold, the later spectral types produce relatively
larger o↵sets. For the spots models, the O2 and H2 O o↵sets are positive, while the
CH4 o↵sets are negative. The o↵sets trend similarly in the spots+faculae models,
except that the O2 and H2 O o↵sets start to become more negative for spectral types
later than around K5V, while those for CH4 become more positive. In each case,
O2 and H2 O o↵sets trend in the opposite direction as the CH4 o↵sets.
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Of course, these o↵sets are calculated for typically active FGK dwarfs and nominal transit depths of 1%, so more active host stars or deeper transit depths could
render the molecular o↵sets larger than our adopted detection threshold. By the
same token, improvements in observational techniques or instrumentation could enable finer precisions in transmission spectra than 30 ppm. In any case, we point out
here the trends in these molecular o↵sets so that they may be useful for identifying
stellar contamination features in transmission spectra in future studies.
Water Spectral Features
Water features in transmission spectra are of particular interest, given their ubiquity in existing hot Jupiter (e.g., Sing et al., 2016) and some hot super-Neptune
(Fraine et al., 2014; Stevenson et al., 2016; Wakeford et al., 2017) observations to
date. For typically active FGK dwarfs, considering the spots models, we find the
largest o↵sets at H2 O absorption bands for spectral type K7V. In this case, unocculted spots inflate a 1% transit depth by
models, by comparison, the largest o↵set,

H2 O
H2 O

= 7+11
4 ppm. For spots+faculae

= 9+83 ppm, is found for K4 dwarfs.

Generalized for any transit depth, these values correspond to maximal values of
+0.0008
✏H2 O = 1.0007+0.0011
0.0004 for spots models and ✏H2 O = 1.0009 0.0003 for spots+faculae

models.
In both cases, the net e↵ect of unocculted heterogeneities is to increase transit
depths, potentially mimicking a planetary water absorption feature. The scale of the
e↵ect, however, is far smaller than that of planetary features that have been probed
in transmission spectra to date. For comparison, the commonly studied 1.4 µm
water absorption band has an amplitude of a few hundreds of ppm for hot Jupiters
(e.g., Sing et al., 2016) and the hot Neptunes in which it has been yet detected
(Fraine et al., 2014; Wakeford et al., 2017). Furthermore, the observed stellar contamination signal scales with the nominal transit depth (following Equation 5.5), so
for transits of planets smaller than hot Jupiters and Neptunes—in which the planetary atmospheric signals will be smaller than the existing detections—the stellar
contamination signal will be correspondingly smaller as well. Thus, we conclude
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that stellar contamination at wavelengths of interest for H2 O—or CH4 , CO, CO2 ,
N2 O, O2 , or O3 , for that matter—is not problematic for transmission spectroscopy
studies involving typically active FGK host stars. For a discussion of these species
in transmission spectra of Earth-like planets, see Section 5.4.6. As always, stellar
activity is an important caveat: special care should be taken in studies involving
host stars with larger variability amplitudes than the medians tabulated in Table 5.3
or other indicators of stellar activity.
Another important caveat comes from a potential limitation of our approach,
which is that we fix spot and facula temperatures to set values. As we are investigating an already large parameter space, out of necessity we do not allow for a range
of active region temperatures for a given spectral type. However, a range of active region temperatures are likely present on a given star. On the Sun (Te↵ = 5800 K), for
example, sunspot umbrae generally have temperatures of 3900–4800 K and penumbrae 5400–5550 K (Solanki, 2003, and references therein). In this study we adopt
Tspot = 4030 K for G2 dwarfs, roughly in line with these values. Nonetheless,
sunspots as cool as Tspot ' 3200 K have been observed. These are notable because
water forms in sunspots cooler than about 3900 K and represents the dominant
opacity source in unusually cool sunspots (Wallace et al., 1995). Therefore, adopting a fixed spot temperature may lead us to underestimate

H2 O

for spectral types

G8V and earlier, for which we set Tspot > 3900 K. Still, the values of

H2 O

that we

determine for spectral types G9V–K9V are roughly two orders of magnitude below
the amplitudes of planetary water absorption features that have been detected to
date. This fact suggests that our top-level conclusions are likely not a↵ected by fixing active region temperatures to set values, though we caution that more detailed
investigations are warranted for specific observational cases in which the host star
is relatively active or the expected scale of the planetary feature is smaller than in
the existing detections.
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Figure 5.12: Transit depth o↵sets within molecular absorption bands in transmission spectra of a typically active G2V dwarf, assuming a nominal 84 ppm transit
depth. For both spots (top) and spots+faculae (bottom) models, the o↵sets at
wavelengths of interest for important planetary atmospheric species are more than
an order of magnitude smaller than D . The molecules are ordered by the the
wavelength of their respective shortest-wavelength bands (see Figure 5.5), which
illustrates that the largest o↵sets are generally found for the molecules with bands
at shorter wavelengths. The error bars indicate 1 prediction intervals, which are
generally smaller than the point size. Note that the o↵set values are given in partsper-billion.
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5.4.6

Earth-Sun Analog Systems

One interesting example that warrants further investigation here is that of EarthSun analog systems. These systems are targets of long-term e↵orts to characterize
truly Earth-like exoplanets and search for biosignatures. Given the Earth-Sun radius ratio, the nominal transit depth of such a system is D = 84 ppm. Within the
wavelength range of this study, Earth’s transmission spectrum displays prominent
absorption bands from from H2 O, CO2 , O2 , and O3 (e.g., Ehrenreich et al., 2006;
Kaltenegger and Traub, 2009; Pallé et al., 2009). An order of magnitude approximation for the scale of spectral features in transmission spectra

D (Miller-Ricci

et al., 2009) for an Earth-Sun system gives
D ⇠

2H R
= 2 ⇥ 10
R2

7

(5.12)

or 200 parts-per-billion (ppb) for features covering a single scale height.
For comparison, Figure 5.12 illustrates the molecular o↵sets for important planetary molecular absorbers in the 0.05–5.5 µm range in an Earth-Sun analog system.
To calculate these o↵sets, we use the stellar contamination spectrum for the typically
active G2 dwarf (presented in Figure 5.5) and assume D = 84 ppm. Of the molecular
features highlighted in Figure 5.5, we find the largest overall o↵set, ⇠ 20 ppb, for O2

with the spots+faculae model. The remaining o↵sets are generally < 10 ppb. In
other words, the scale of the stellar contamination is roughly an order of magnitude
smaller than a single-scale-height planetary transmission feature.
We conclude, therefore, that stellar contamination in Earth-Sun analog systems
will not preclude low-resolution observations of planetary molecular features. Highresolution (R ⇠ 100,000) observations, in which planetary lines are Doppler-shifted

away from stellar lines (e.g., Snellen et al., 2010; Brogi et al., 2012; Rodler et al.,
2012), should su↵er even less from this e↵ect. Given the future potential for highresolution observations, including searches for potential biosignatures (Snellen et al.,
2013; Rodler and López-Morales, 2014; Ben-Ami et al., 2018), a detailed examination
of the e↵ect of stellar contamination on high-resolution observations of Earth-Sun
analog systems would be worthwhile, but it is outside of the scope of this work.
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In any case, the minute scales of both

D

and

mol

emphasize the importance

of precisely understanding the photospheric properties of interesting exoplanet host
stars, including active region contrasts and covering fractions at the time of transit
observations.
5.4.7

TiO/VO in Visual Contamination Spectra

Titanium oxide (TiO) and vanadium oxide (VO) are two important molecular absorbers in planetary atmospheres, particularly in those of hot giant planets. They
display significant opacity across the full visual wavelength range (Hill et al., 2013),
which allows them to significantly a↵ect pressure-temperature profiles of hot giant
planets. Evidence for TiO/VO absorption features in the transmission spectra of the
ultra-hot Jupiter WASP-121b (Evans et al., 2016), for example, pointed to the presence of a thermal inversion in the planetary atmosphere, which was later confirmed
by an thermal emission spectrum obtained through secondary eclipse observations
(Evans et al., 2017).
At the same time, TiO/VO are also present in stellar atmospheres. They absorb
more strongly at cooler stellar temperatures, and observations of TiO/VO molecular
features have long been used to constrain spot temperatures and filling factors (Vogt,
1979, 1981; Ramsey and Nations, 1980). In this study, we find that unocculted spots
can impart TiO/VO features in exoplanet transmission spectra. This is most clearly
illustrated by the K-dwarf contamination spectra in the lower left panel of Figure 5.6,
which closely resemble the absorption spectrum of TiO (Hill et al., 2013).
A straightforward calculation of

mol

for TiO and VO as defined in Section 5.4.5

is complicated by the tight packing of molecular bands across the visual wavelength
range, where their absorption cross-sections are important. However, we can gain
some quantitative insight into the impact of strong visual molecular absorbers in
spots on transmission spectra by investigating deviations from simple slopes in the
visual contamination spectra. To this end, we define the TiO/VO o↵set as
TiO/VO

= max [D(✏

✏line )],

(5.13)
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in which ✏ is the stellar contamination spectrum in the 0.4–0.9 µm range, ✏line is a
simple line fit to the points used in Section 5.4.2 to define the visual o↵set (Equation 5.7), and we set D = 1% as before. In other words,

TiO/VO

provides an estimate

of the amplitude of the deviations from a simple slope in a visual stellar contamination spectrum for a planet with a 1% transit depth. To simulate observational
precisions, we calculate

TiO/VO

with stellar contamination spectra than have been

down-sampled from the resolution of the PHOENIX models to a spectral resolution
of 100 Å.
We calculate

TiO/VO

for all spots models, in which visual molecular features are

most apparent, including contamination spectra and their 1

prediction intervals

for our nominals case and the active case defined in Section 5.4.4. The results are
illustrated in Figure 5.13. The o↵sets grow with later spectral types. For our nominal
case of typically active FGK dwarfs, we find that only K7 dwarfs produce o↵sets
greater than our adopted 30 ppm detection threshold, though none of the estimates
of

TiO/VO

are greater than a few tens of ppm. For our active case, on the other hand,

we find estimates for

TiO/VO

that are greater than 30 ppm for spectral types G8V

and later and that are roughly 150 ppm for late K dwarfs. We conclude that visual
molecular features are generally not significant for typically active FGK dwarfs,
though they can be significant for more-active K and late G dwarfs. Therefore,
we caution that stellar molecular features should be a consideration for late G and
K dwarfs, especially if they display larger variability amplitudes than the medians
tabulated in Table 5.3 or other indications of stellar activity. Examples of such
systems include WASP-6, WASP-19, and HD 189733, all of which are late G or
0

early K dwarfs with relatively high chromospheric activity indices (log RHK >

4.5;

Sing et al., 2016).
5.4.8

Additional Impact of Stellar Chromospheres

In this initial study we examine the e↵ects of heterogeneity purely in a photospheric
context. However, we recognize the widespread occurrence of chromospheres in
late-type stars, which may be operationally defined as an outer atmospheric region

242

Figure 5.13: TiO/VO o↵sets in transmission spectra for spots models, assuming a
nominal 1% transit depth. The scale of the o↵sets grows with later spectral types.
For typically active FGK dwarfs (top), o↵sets are relatively small, reaching a few tens
of ppm for late K dwarfs. For more-active FGK dwarfs (bottom, see Section 5.4.4),
o↵sets are roughly 150 ppm for late K dwarfs. The gray shaded region illustrates
o↵sets that are below our adopted 30 ppm detection threshold. Note the varying
y-axis scales.
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coinciding with the onset of a positive temperature gradient with height (Linsky,
1980). In a physical context, chromospheric and coronal regions on the Sun and,
by extension, in late-type stars are spatially associated with emergent magnetic
flux, i.e., precisely the kind of heterogeneities that a↵ect the interpretation of exoplanet transmission spectra. Chromospheric heating can impact spectral line profile
shapes and strengths, including those of key features such as the Ca II H and K
resonance lines in the blue-visible and their UV counterparts, the Mg II h and k
resonance lines; the Ca II infrared triplet lines, the Na I D lines and the Balmer
lines. Additionally, lower chromospheric and upper photospheric heating can alter
the ionization fractions of neutral metal species, notably that of the Fe I lines and
K I in addition to the concentrations of molecular species such as CO.
Some quantitative insight on the magnitude of the e↵ects of enhanced chromospheric heating on atomic lines is provided by results of long-term studies of solar
variability. Livingston et al. (2007) summarizes observations of spectral line variability seen in the Sun-as-a-star in their multi-decadal program from 1974 to 2006.
Inspection of the figures in Livingston et al. (2007) reveals, for example, that the
peak-to-peak full disk cycle variations in the Ca II K index, defined as the relative
strength of the line core in a central 1 Å bandpass, are approximately 25%. The
Na I D lines can change by 22% in central intensity during the solar cycle, while
photospheric Fe I lines can exhibit central intensity changes of ⇠6%. The central
depths of both the Ca II IR triplet feature at 8542 Å and H↵ also vary in phase

with the solar cycle, though at lower relative amplitudes compared to the Ca II K
line.
The particular case of the CO molecule is interesting because its formation and
behavior is intimately linked to the inhomogeneous nature of the solar atmosphere.
In particular, Ayres (1981) observed that in the presence of localized mechanical
heating, CO molecules begin to disassociate, leading to a decline in radiative cooling.
A new equilibrium only is established at higher temperatures where ionized Ca
and Mg become the dominant radiative coolants in the chromosphere. Outside
of these regions, the outer atmospheres exists at a temperature less than that of
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the chromospheric temperature minimum with radiative cooling in the CO bands
playing a key role in determining the local thermal structure. As Ayres (1981)
concludes, the heterogeneous solar atmosphere is thermally bifurcated between hot
chromospheric regions where the CO molecule is depleted and locally cold regions
where CO is enhanced (see also Ayres and Rabin, 1996).
At cooler e↵ective temperatures beginning with the K dwarfs, H↵ becomes a
prominent indicator of the presence of chromospheres in emission and absorption
(Cram and Mullan, 1979; Cram and Giampapa, 1987). The Ca II core emission and
H↵ strength are correlated with K dwarfs that exhibit very weak H and K emission
and also show weak H↵ absorption that is dominated by the photospheric contribution. However, among late K dwarfs and early M dwarfs, even those objects with
weak Ca II emission still display significant H↵ absorption (Robinson et al., 1990).
Thus, as Cram and Giampapa (1987) conclude, the presence of H↵ chromospheres in
K and M dwarfs is ubiquitous—a truly immaculate star in this class may be nonexistent. Therefore, future investigations of specific atomic or molecular features as they
may appear in exoplanet transmission spectra may have to include considerations
of the impact of chromospheric and coronal heating on their formation, depending
on the level of precision required.
5.4.9

Promising Paths Forward

While we find that stellar contamination in transmission spectra of FGK dwarfs is
less problematic generally than found for M dwarfs in Paper I, there are still circumstances when observers should tread carefully. In particular, special care should be
taken to disentangle stellar and planetary features in observations involving mid-G
to late-K dwarfs—especially active ones—and minute planetary spectral features on
the order of tens of ppm or less. Here we briefly review approaches that can be
useful in these situations.
There are a suite of forward-modeling approaches that provide useful priors
for interpreting transmission spectra. In particular, we use variability models in
this work to explore spot and facula covering fractions for typically active FGK
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dwarfs and their associated range of stellar contamination signals. These results
can be applied to appropriate FGK host stars, i.e. those with variability amplitudes
comparable to the medians tabulated in Table 5.3. For more or less active stars, the
scaling relation coefficients provided in Table 5.2 can be used to estimate the spot
covering fraction, which in turn can be used to approximate the scale of the stellar
contamination signal relative to those detailed here. For simplicity, we present
observational o↵sets in Section 5.4 assuming D = 1%, but these values all scale
directly with D, so it is trivial to scale them to di↵erent transit depths.
The same general forward-modeling approach can be applied to individual interesting stars. Spake et al. (2018), for example, apply the approach detailed here
to WASP-107 and find that the scale of the observed helium absorption feature at
10,833 Å in the transmission spectrum of WASP-107b is much greater that what
can be produced by photospheric heterogeneities. These authors also investigate
and discount the possibility that the observed helium feature could arise from an inhomogeneous chromosphere, which is an important step for attributing a planetary
origin to lines that are also present in chromospheres (see also Cauley et al., 2018).
When applying this approach to individual host stars, active region crossings
observed during exoplanetary transits are particularly helpful. These light curve
anomalies encode the active region size and contrast (i.e., temperature), estimates
of which can be obtained with tools like SPOTROD (Béky et al., 2014) or PyTranSpot
(Juvan et al., 2018). These parameters in turn provide useful inputs to the variability modeling approach that we employ here, refining estimates of the total active
region covering fractions corresponding to an observed photometric variability (e.g.,
Espinoza et al., 2018).
Even more detailed studies of important individual stars can provide further
insights. For example, using a combination of high-resolution NIR spectra and
long-term photometric monitoring, (Gully-Santiago et al., 2017) constrain the spot
temperature of the weak-lined T-Tauri star LkCa 4 and trace the temporal evolution of the spot filling factor. Combining both radial velocity and photometric
time-series, the StarSim tool (Herrero et al., 2016) can also be used to trace the
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temporal evolution of photospheric heterogeneities and thus the stellar contamination signals at the time of transit. Studies of the out-of-transit stellar spectra
flanking transit observations can provide further insights into the relative change in
the stellar contamination signal between transits (Zellem et al., 2017).
Finally, transmission spectra retrievals that allow for stellar contamination can
be used to disentangle stellar and planetary spectral features. Within a nested
sampling framework (Skilling, 2006), the Bayesian evidence for models with and
without stellar contamination can be straightforwardly compared. Using this approach, Espinoza et al. (2018) concluded that the TiO absorption features observed
in the visual transmission spectrum of WASP-19b are likely produced by unocculted
spots in the photosphere of the active G9V host star. Meanwhile, using the same
approach, Bixel et al. (submitted) found no evidence of stellar contamination in the
visual transmission spectrum of WASP-4b, a system similar in most respects but
with a less-active host star. In a systematic study of the Sing et al. (2016) sample of hot Jupiters using a joint stellar and planetary retrieval framework, Pinhas
et al. (2018) identified a tentative but suggestive trend between the chromospheric
0

activity index log RHK and the Bayesian evidence in support of models that allow
0

for stellar contamination features. If confirmed, this finding suggests that log RHK
can be used to predict whether stellar contamination will a↵ect transmission spectra from a given host star. Along with the trends in stellar contamination features
discussed in Section 5.4.4, systematic trends like these can provide further context
for interpreting spectral features in a given transmission spectrum.
5.5

Conclusions

We have presented a study of photospheric heterogeneity in FGK stars and its
associated e↵ect on exoplanet transmission spectra in the 0.05–5.5 µm wavelength
range. The key results of this study are as follows:
1. For both spots and spots+faculae models, rotational variability amplitudes
in the Kepler bandpass show a square-root-like dependence on the spot cover-
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ing fraction, allowing estimates of spot covering fractions to be obtained from
observed variabilities.
2. Relative to M dwarfs, the lower variabilities that are typically observed for
FGK stars point to lower active region covering fractions and enable tighter
estimates on the covering fractions from rotational variability modeling.
3. We find that the median Kepler variability amplitudes for spectral types F5V–
K9V correspond to spot covering fractions that generally increase with later
spectral types, from roughly 0.1% for F dwarfs to 2–4% for late K dwarfs.
4. If present on the unocculted stellar disk, these heterogeneities on transmission
spectra primarily increase transit depths across the studied wavelength range.
The largest di↵erences between the stellar contamination spectra that we calculate for spots and spots+faculae models occur at wavelengths / 0.5 µm,
for which the spots models predict relatively large increases in transit depth,
while the spots+faculae models predict strong decreases in transit depth.
Thus, transit observations at short wavelengths can be used to constrain the
presence of unocculted faculae on the stellar disk.
5. In general, the largest impacts of stellar contamination in transmission spectra
are evident at UV and visual wavelengths. We calculate the o↵sets between
blue (0.4 µm) and red (0.9 µm) visual transit depths owing to stellar contamination. Assuming a nominal transit depth of 1% and a 30 ppm detection
threshold, we find that typically active G and K dwarfs can impart detectable
visual o↵sets on transmission spectra.
6. Exploring line o↵sets in stellar contamination spectra around H↵ and the Na
D and K doublets, we find that unocculted spots on typically active FGK
dwarfs do not alter transit depths detectably, though unocculted faculae in K
dwarfs can decrease transit depths around the Na D doublet by a few hundreds
of ppm. For more active host stars, we caution that detectable changes may
be evident for more atomic features and earlier spectral types, and we suggest
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that trends in relative strengths of these features can be used to identify their
stellar origin.
7. We calculate transit depth o↵sets at wavelengths of interest for CH4 , CO,
CO2 , H2 O, N2 O, O2 , and O3 and find that none are detectable for typically
active FGK dwarfs, again assuming a 1% transit depth and 30 ppm detection
threshold. Of these, the largest o↵sets are apparent O2 , H2 O, and CH4 , which
have molecular bands at shorter wavelengths. Larger o↵sets are possible for
more active host stars, and so we suggest that future works exercise care when
studying these features in the atmospheres of exoplanets hosted by active G
and K stars.
8. Defining the deviation of the visual stellar contamination spectrum from a
simple slope as a proxy for TiO/VO features, we find that stellar TiO/VO
features in transmission spectra are potentially detectable for typically active
late K dwarfs and, for active stars, can be apparent for spectral types as early
as G8V.
9. Taking the long view, we explore stellar contamination in an Earth-Sun analog
system and find that transit depth o↵sets due to stellar contamination at
wavelengths of interest for important atmospheric molecular absorbers are
/ 20 ppb, roughly an order of magnitude less than the scale of a planetary
atmospheric feature covering a single scale height.
The whole of this analysis shows that stellar contamination in transmission spectra of FGK-hosted exoplanets is generally less problematic than for exoplanets orbiting M dwarfs. This bodes well for high-precision observations of these targets,
including those expected to be discovered by the recently launched TESS mission
(Ricker et al., 2015), with near-future facilities like the James Webb Space Telescope. However, within the parameter space that we explore, more care should be
exercised for observations at shorter wavelengths and those with host stars that are
more active or of later spectral types.
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CHAPTER 6
Conclusions and Future Directions

In this thesis, I have explored the transit light source e↵ect for exoplanets hosted
by F to M dwarfs generally and presented two case studies of M-dwarf systems that
show stellar spectral features in exoplanet transmission spectra. In this Chapter, I
summarize the conclusions from the studies presented in this thesis and prospects
for future work.
6.1

Conclusions

6.1.1

M Dwarfs and the Transit Light Source E↵ect

Chapter 2 describes my work exploring the transit light source e↵ect in M-dwarf
systems. I presented a model for estimating spot and faculae covering fractions
that are consistent with observed photometric variabilities. I found that typically
observed variabilities of M-dwarfs grow nonlinearly with spot covering fraction and
are consistent with wide ranges and spot and facula covering fractions. As an e↵ect,
corrections for unocculted heterogeneities that assume a linear relation between the
observed variability and spot covering fraction—which are common in the literature
on transmission spectroscopy—will generally underestimate both the true impact of
stellar heterogeneity and its uncertainty.
In this Chapter, I also presented estimates of the spectral impact of stellar contamination on transit observations in the 0.3–5.5 µm wavelength range. Using realistic estimates for active region covering fractions derived from my variability modeling work, I found that for typically active M dwarfs, transit depth changes produced
by stellar contamination can be more than 10⇥ larger than those produced by the
atmospheres of small, rocky exoplanets. In the specific case of the TRAPPIST-1
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system, I estimated that stellar contamination should produce features in transmission spectra on scales that are roughly 1–15 ⇥ the strength of planetary features,

meaning that the first features that emerge from high-precision transmission spectra should be stellar in origin. This prediction was borne out by the HST /WFC3
transmission spectra of TRAPPIST-1 b–g presented in Chapter 4.
In general, these findings suggest M-dwarf photospheric heterogeneity presents
a significant challenge that will complicate atmospheric characterization e↵orts for
M-dwarf exoplanets. They also underscore the importance of constraining photospheric properties of exoplanet host stars, including active region covering fractions
and contrasts at the time of transit, in order to properly interpret high-precision
transmission spectra.
6.1.2

A Heterogeneous Stellar Photosphere Revealed by the Optical
Transmission Spectrum of GJ 1214b

Chapter 3 presents an analysis of stellar and planetary features in the transmission
spectrum of GJ 1214b, a sub-Neptune exoplanet hosted by a field mid-M dwarf. Using three transit observations with Magellan/IMACS, I measured the transit depth
of GJ 1214b in 14 bins from 4500 to 9260 Å. These optical transit depths are significantly shallower, on average, than those previously observed in the NIR with
HST /WFC3 and Spitzer . While atmospheric models including equilibrium condensate clouds or photochemical hazes have been invoked to explain the flat NIR
transmission spectrum, neither of these scenarios adequately explains the shallower
optical transit depths.
In order to explain the complete Magellan/IMACS, HST /WFC3, and Spitzer
transmission spectrum of GJ 1214b, I developed the CPAT model, which jointly
incorporates the e↵ects of stellar heterogeneity and opacity in the planetary atmosphere on transmission spectra. I explored cases of stellar heterogeneity in the form
of nonhomogenous distributions of absorbers and temperature heterogeneities owing
to magnetic active regions, i.e., spots and faculae. I found that the observed transmission spectrum of GJ 1214b is best explained by the combination of: (1) a pho-
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tochemical haze in the planetary atmosphere that efficiently flattens the planetary
transmission spectra at optical and NIR wavelengths; and (2) unocculted faculae
on the stellar disk that e↵ectively decrease optical transit depths. Thus, GJ 1214b
represents an early example of an exoplanet with a transmission spectrum that is
shaped by both stellar and planetary contributions.
The CPAT model that I initially developed for this analysis laid the groundwork
for the systematic assessments of stellar contamination in transmission spectra that
I presented in Chapters 2 and 5.
6.1.3

Photospheric Heterogeneity on the Ultracool Dwarf TRAPPIST-1

Chapter 4 presents a stellar contamination analysis of transmission spectra from
the TRAPPIST-1 system, an ultracool dwarf that hosts seven roughly Earth-sized
transiting exoplanets. This unique system provides an unprecedented opportunity
to explore hot, temperate, and cool small planets within the same system. Its
habitable-zone exoplanets—due to their favorable transit depths—are also worlds
for which atmospheric transmission spectroscopy is within reach with HST and
JWST .
This Chapter details an independent reduction and analysis of two HST /WFC3
NIR transit spectroscopy datasets for six planets (b through g). Section 4.6 details
the stellar contamination analysis that I led as part of this study. Including transit
depths from K2 , the SPECULOOS-South Observatory, and Spitzer , I found that
the complete transmission spectrum is fully consistent with stellar contamination
owing to the transit light source e↵ect. The stellar heterogeneity parameters identified in this analysis point to a large spot covering fraction for the full stellar disk
that is not represented within the transit chord, perhaps pointing to a polar spot
on TRAPPIST-1. This analysis takes into account constraints on the active region
covering fractions from the observed photometric variability of TRAPPIST-1 and
its out-of-transit HST /WFC3 spectrum, o↵ering the first such comprehensive modeling of stellar contamination. This study illustrates how stellar contamination can
overwhelm planetary absorption features in low-resolution exoplanet transit spec-
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tra obtained by HST and JWST and also highlights the challenges in combining
multi-epoch observations for planets around rapidly rotating spotted stars.
6.1.4

The Transit Light Source E↵ect in the Context of FGK Dwarfs

Chapter 5 builds upon the study of the e↵ects of unocculted spots and faculae on
M-dwarf transmission spectra presented in Chapter 2, extending the analysis to
FGK dwarfs. I found that the typical variabilities of FGK dwarfs imply generally
lower spot covering fractions than those found on M dwarfs. However, spot covering fractions generally increase with later spectral types, from roughly 0.1% for F
dwarfs to 2–4% for late K dwarfs. The associated stellar contamination spectra are
considerably weaker than those for typical M dwarfs, although I find that typically
active G and K dwarfs can produce visual slopes that are detectable in high-precision
transmission spectra. Furthermore, stellar TiO/VO features in transmission spectra can be detectable for typically active late K dwarfs and more-active late-G and
K dwarfs. On one hand, this analysis shows that stellar contamination by typical
FGK dwarfs is much less of a concern than for M dwarfs. On the other hand, it
also shows that care is indeed warranted for studies involving more-active FGK host
stars. In general, it underscores the importance of taking into account both stellar
and planetary spectral features in analyses of transmission spectra.
6.2
6.2.1

Future Directions
Low-resolution Transmission Spectroscopy

Despite the difficulties identified in this thesis, low-resolution transmission spectroscopy remains a powerful technique for studying exoplanet atmospheres. I have
found that stellar contamination is not problematic for F and early G stars, generally, especially at NIR wavelengths and for planets that produce large transmission
signals, such as hot Jupiters. This bodes well for large transmission spectroscopy
surveys, such as the ARIEL mission (Puig et al., 2016). This is also encouraging for
low-resolution NIR transmission spectroscopy with JWST. For observations of more
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active or later-type host stars, constraints on exoplanet atmospheres are still possible using retrieval codes that take into account both stellar and planetary features,
such as those recently presented by Pinhas et al. (2018) and Espinoza et al. (2018).
Future work on refining these retrieval codes, taking into account long-term photometric monitoring, radial velocity constraints, and active region properties from
transit crossing events, will be a boon to low-resolution transmission spectroscopy
studies.
6.2.2

High-resolution Transmission Spectroscopy

Further progress is possible as well with high-resolution transmission spectroscopy.
Instruments like PEPSI (Strassmeier et al., 2015) on the LBT and GCLEF (Szentgyorgyi et al., 2012) on the future GMT can be used to search for absorption from
an exoplanet atmosphere during a transit. Given the high-resolution of the observations, the Doppler shift of the line absorption from the exoplanet atmosphere will be
apparent, allowing it to be disentangled from line variations in the reference frame
of the star (Snellen et al., 2010). Cross-correlation techniques, which rely on the
combined signal of thousands of lines in a molecular band, can also allow for detections of planetary molecular features at high-resolution. There is growing interest
in using this technique to even probe for O2 in the atmospheres of temperate rocky
planets orbiting M dwarfs, potentially providing the first evidence for life beyond
the Solar System (Snellen et al., 2013; Rodler and López-Morales, 2014; Ben-Ami
et al., 2018). While this technique is very promising, more work is necessary to fully
understand the e↵ect of stellar contamination at high resolution, since the spectra
of magnetic active regions can be Doppler-shifted by disk passage as well.
6.2.3

Time-resolved Surface Mapping of Active Stars

Ultimately, the most well-studied transiting exoplanet atmospheres—e.g., those for
which detections of biosignatures are possible—will require the most well-studied
stellar photospheres. Thus, the end goal for constraining the transit light source ef-
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fect in observationally exciting systems will be to produce time-resolved maps of the
stellar photosphere that can be used to identify the sizes, contrasts, and positions
of active regions at the time of an exoplanet transit. Combined with photometric monitoring of brightness variations, spectral template fitting can constrain the
temperatures and covering fractions of the unique spectral components present in a
stellar disk. Gully-Santiago et al. (2017) demonstrated this technique with IGRINS;
similar constraints should be possible with FIRE on Magellan. With enough phase
coverage, one could imagine that longitudinal information for active regions could
be derived from this sort of analysis. Latitudinal information may also be possible
from Doppler imaging, though that technique is restricted to rapidly rotating stars.
Nonetheless, one could establish the presence or absence of active regions within
the transit chord through precise transit observations (e.g., Espinoza et al., 2018);
combined with the full-disk covering fractions from spectral template fitting, precise
constraints on the transit light source e↵ect are possible with the combination of
these techniques.
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APPENDIX A
HST /WFC3 TRAPPIST-1 Transmission Spectra
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Table A.1. HST /WFC3 TRAPPIST-1 Transmission Spectra

Wavelength (Å)

Transit Depth

Upper Error

Lower Error

Transit 1, TRAPPIST-1 c
11505

0.00709

0.00031

0.00032

11970

0.00749

0.00028

0.00029

12434

0.00719

0.00024

0.00024

12898

0.00762

0.00021

0.00021

13363

0.00728

0.00033

0.00032

13827

0.00707

0.00031

0.00032

14292

0.00707

0.00034

0.00033

14756

0.00686

0.00032

0.00029

15220

0.00741

0.00031

0.00032

15685

0.00704

0.00029

0.00028

16149

0.00702

0.00030

0.00028

16613

0.00774

0.00034

0.00033

Transit 2, TRAPPIST-1 b
11505

0.00783

0.00032

0.00033

11970

0.00771

0.00032

0.00031

12434

0.00803

0.00025

0.00025

12898

0.00745

0.00023

0.00022

13363

0.00731

0.00036

0.00035

13827

0.00728

0.00035

0.00034

14292

0.00745

0.00037

0.00036

14756

0.00781

0.00032

0.00033

15220

0.00776

0.00036

0.00035

15685

0.00806

0.00031

0.00032

16149

0.00810

0.00031

0.00034
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Table A.1 (cont’d)

Wavelength (Å)

Transit Depth

Upper Error

Lower Error

16613

0.00769

0.00035

0.00036

Transit 3, TRAPPIST-1 d
11465

0.00378

0.00012

0.00012

11930

0.00444

0.00013

0.00015

12394

0.00419

0.00009

0.00009

12858

0.00401

0.00011

0.00013

13322

0.00392

0.00014

0.00014

13787

0.00424

0.00013

0.00013

14251

0.00356

0.00018

0.00018

14715

0.00391

0.00014

0.00014

15179

0.00360

0.00015

0.00014

15644

0.00401

0.00011

0.00011

16108

0.00393

0.00014

0.00014

16572

0.00361

0.00023

0.00024

Transit 4, TRAPPIST-1 g
11377

0.00824

0.00035

0.00038

11841

0.00760

0.00021

0.00023

12305

0.00769

0.00021

0.00023

12770

0.00803

0.00022

0.00021

13234

0.00773

0.00021

0.00021

13698

0.00776

0.00025

0.00024

14163

0.00803

0.00027

0.00027

14627

0.00781

0.00025

0.00025

15092

0.00753

0.00026

0.00026

15556

0.00771

0.00028

0.00030
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Table A.1 (cont’d)

Wavelength (Å)

Transit Depth

Upper Error

Lower Error

16020

0.00821

0.00024

0.00023

16485

0.00769

0.00025

0.00026

Transit 5, TRAPPIST-1 e
11377

0.00476

0.00020

0.00020

11841

0.00466

0.00012

0.00012

12305

0.00458

0.00012

0.00012

12770

0.00483

0.00013

0.00012

13234

0.00469

0.00012

0.00014

13698

0.00448

0.00015

0.00016

14163

0.00479

0.00020

0.00019

14627

0.00489

0.00015

0.00015

15092

0.00508

0.00016

0.00016

15556

0.00484

0.00018

0.00017

16020

0.00496

0.00014

0.00015

16485

0.00497

0.00016

0.00014

Transit 6, TRAPPIST-1 f
11408

0.00637

0.00023

0.00022

11873

0.00664

0.00021

0.00019

12337

0.00642

0.00024

0.00024

12801

0.00650

0.00023

0.00022

13265

0.00676

0.00022

0.00021

13730

0.00634

0.00024

0.00024

14194

0.00638

0.00026

0.00027

14658

0.00634

0.00026

0.00024

15123

0.00605

0.00020

0.00020
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Table A.1 (cont’d)

Wavelength (Å)

Transit Depth

Upper Error

Lower Error

15587

0.00667

0.00020

0.00019

16051

0.00635

0.00021

0.00021

16516

0.00681

0.00025

0.00025

Transit 7, TRAPPIST-1 e
11442

0.00546

0.00016

0.00016

11907

0.00517

0.00014

0.00016

12371

0.00552

0.00013

0.00013

12835

0.00514

0.00013

0.00013

13300

0.00526

0.00013

0.00013

13764

0.00487

0.00017

0.00017

14228

0.00483

0.00017

0.00017

14692

0.00494

0.00013

0.00013

15157

0.00494

0.00013

0.00013

15621

0.00506

0.00013

0.00014

16085

0.00511

0.00012

0.00011

16550

0.00503

0.00021

0.00021

260

Table A.2. HST /WFC3 TRAPPIST-1 Transmission Spectra Interpolated into
the Bins Used by de Wit et al. (2016)

Transit Depth

Upper Error

Lower Error

Transit 1, TRAPPIST-1 c
0.00708

0.00031

0.00032

0.00738

0.00028

0.00029

0.00723

0.00023

0.00023

0.00761

0.00023

0.00023

0.00717

0.00033

0.00033

0.00710

0.00031

0.00032

0.00692

0.00034

0.00031

0.00716

0.00031

0.00031

0.00725

0.00030

0.00030

0.00694

0.00029

0.00027

0.00751

0.00033

0.00032

Transit 2, TRAPPIST-1 b
0.00784

0.00032

0.00033

0.00774

0.00032

0.00031

0.00799

0.00024

0.00024

0.00737

0.00025

0.00025

0.00730

0.00037

0.00036

0.00730

0.00035

0.00034

0.00764

0.00035

0.00035

0.00779

0.00034

0.00034

0.00793

0.00033

0.00033

0.00814

0.00030

0.00033

0.00783

0.00034

0.00036

Transit 3, TRAPPIST-1 d
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Table A.2 (cont’d)

Transit Depth

Upper Error

Lower Error

0.00389

0.00013

0.00013

0.00442

0.00013

0.00014

0.00413

0.00009

0.00009

0.00394

0.00013

0.00014

0.00409

0.00013

0.00013

0.00393

0.00016

0.00015

0.00372

0.00016

0.00016

0.00371

0.00014

0.00014

0.00386

0.00012

0.00012

0.00400

0.00013

0.00012

0.00364

0.00021

0.00022

Transit 4, TRAPPIST-1 g
0.00799

0.00029

0.00031

0.00756

0.00020

0.00022

0.00787

0.00022

0.00022

0.00791

0.00021

0.00021

0.00768

0.00023

0.00023

0.00797

0.00027

0.00026

0.00791

0.00025

0.00025

0.00756

0.00026

0.00025

0.00766

0.00028

0.00030

0.00820

0.00024

0.00024

0.00764

0.00025

0.00027

Transit 5, TRAPPIST-1 e
0.00477

0.00016

0.00017
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Table A.2 (cont’d)

Transit Depth

Upper Error

Lower Error

0.00460

0.00012

0.00012

0.00468

0.00013

0.00012

0.00482

0.00012

0.00013

0.00451

0.00013

0.00015

0.00467

0.00019

0.00019

0.00486

0.00017

0.00016

0.00507

0.00015

0.00015

0.00487

0.00018

0.00017

0.00495

0.00014

0.00015

0.00496

0.00016

0.00014

Transit 6, TRAPPIST-1 f
0.00651

0.00021

0.00020

0.00659

0.00022

0.00021

0.00639

0.00024

0.00024

0.00666

0.00022

0.00021

0.00656

0.00023

0.00022

0.00631

0.00025

0.00026

0.00641

0.00026

0.00025

0.00604

0.00022

0.00021

0.00659

0.00020

0.00019

0.00640

0.00021

0.00020

0.00675

0.00025

0.00024

Transit 7, TRAPPIST-1 d
0.00531

0.00016

0.00016

0.00526

0.00014

0.00015
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Table A.2 (cont’d)

Transit Depth

Upper Error

Lower Error

0.00545

0.00013

0.00013

0.00516

0.00013

0.00013

0.00513

0.00015

0.00014

0.00479

0.00018

0.00017

0.00491

0.00014

0.00014

0.00494

0.00012

0.00012

0.00502

0.00013

0.00014

0.00511

0.00011

0.00012

0.00504

0.00019

0.00019

Note.

— The central wavelengths of the

eleven bins are an arithmetic series from 11500 Å
to 16500 Å.
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APPENDIX B
HST /WFC3 TRAPPIST-1 Light Curves

265

De-trended Broad Band Light Curve

Normalized Flux+offset

Residuals+offset [ppm]

De-trended Spectral Band Light Curve

Figure B.1: Same as Figure 4.4 for Visit 1, including broadband and spectral band
fits for planet TRAPPIST-1 d.

De-trended Broad Band Light Curve

De-trended Spectral Band Light Curve

λ=16485Å
λ=16020Å

λ=15092Å
λ=14627Å
λ=14163Å
λ=13698Å
λ=13234Å
λ=12770Å
λ=12305Å

Residuals+offset [ppm]

Normalized Flux+offset

λ=15556Å

λ=11841Å
λ=11377Å

Figure B.2: Same as Figure 4.4 for Visit 2, including broadband and spectral band
fits for planet TRAPPIST-1 g, e.
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De-trended Broad Band Light Curve

De-trended Spectral Band Light Curve

λ=16516Å
λ=16051Å

λ=15123Å
λ=14658Å
λ=14194Å
λ=13730Å
λ=13265Å
λ=12801Å
λ=12337Å

Residuals+offset [ppm]

Normalized Flux+offset

λ=15587Å

λ=11873Å
λ=11408Å

Figure B.3: Same as Figure 4.4 for Visit 3, including broadband and spectral band
fits for planet TRAPPIST-1 f.

De-trended Broad Band Light Curve

De-trended Spectral Band Light Curve
λ=16550Å
λ=16085Å

λ=15157Å
λ=14692Å
λ=14228Å
λ=13764Å
λ=13300Å
λ=12835Å
λ=12371Å

Residuals+offset [ppm]

Normalized Flux+offset

λ=15621Å

λ=11907Å
λ=11442Å

Figure B.4: Same as Figure 4.4 for Visit 4, including broadband and spectral band
fits for planet TRAPPIST-1 e.
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APPENDIX C
Analysis of HST +Spitzer TRAPPIST-1 Transmission Spectra

Here we summarize the results of the same stellar contamination analysis described
in Section 4.6 as originally performed using transmission spectra comprised of only
the HST transit depths from this work and the Spitzer 4.5 µm transit depths from
Delrez et al. (2018b). Tables C.1 and C.2 summarize the results for the singleplanet and combined transmission spectra, respectively. As with the full analysis
in Section 4.6, the contamination models are preferred for the TRAPPIST-1 d
single-planet spectrum and all variations of the combined spectra. The predictions
for K2 and I+z transit depths from the best-fit flat and contamination to the
combined transmission spectra are provided in Table C.3. These are shown in Figures C.1 and C.2, along with the HST +Spitzer data, best-fit models, and K2 and
I+z depths from Ducrot et al. (2018). Examples of the posterior distributions for
the HST +Spitzer fits are provided in Figure C.3.

cont.

flat

cont.

g

g

Tphot (K)
2117+85
128
2210+190
241
2118+87
126
2227+154
236
2117+86
127
2653+151
98
2117+87
125
2123+82
120
2117+86
125
2559+187
135
2116+88
124
2214+127
178
2116+85
126
2196+116
193
2117+86
128
2138+90
138

D (%)

0.745+0.006
0.006

0.675+0.021
0.023
0.705+0.005
0.005
0.663+0.020
0.020
0.388+0.003
0.003
0.309+0.015
0.016
0.478+0.004
0.004
0.493+0.021
0.021
0.506+0.004
0.004
0.447+0.021
0.022
0.494+0.003
0.003
0.479+0.021
0.023
0.643+0.006
0.005
0.625+0.025
0.025
0.776+0.006
0.006
0.747+0.027
0.028

1980+119
136
1961+107
134
1973+98
160
1961+109
132
2030+91
62
1961+109
133
1982+119
120
1960+105
136
2030+113
81
1960+108
133
1970+98
161
1961+109
132
1984+112
141
1961+111
131
1981+118
124

1961+108
134

Tspot (K)

2964+36
20
2974+26
14
2965+35
19
2974+26
14
2931+62
31
2974+26
14
2973+27
15
2974+26
14
2941+59
27
2974+26
14
2968+32
18
2974+26
14
2969+31
17
2974+26
14
2971+29
15

2974+26
14

Tfac (K)

29+16
16
16+715
29+15
13
16+715
53+11
8
16+715
15+812
16+715
46+11
10
16+715
27+11
11
16+715
24+12
13
16+715
18+913

16+715

Fspot

Fitted Parameter

47+58
46+56
47+57
46+56
54+12
16
46+56
47+56
46+55
51+912
46+56
47+57
46+56
48+56
46+56
47+56

46+56

Ffac

49+77

11+511

46+77

-

45+67

9+49
10+410

-

-

39+14
12

-

44+67

12+512
10+410

-

42+19
18

9+49
-

-

-

48+99

-

52+11
9

-

ffac

9+49

10+410

-

fspot

-718.6

23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12

-721.6

-726.3

-720.2

-728.5

-735.3

-742.8

-728.0

-721.4

-728.4

-732.6

-722.1

-696.4

-711.8

-699.2

-707.8

23+12

23+12

⌘

AICc

-

-4.7

-

-8.3

-

-7.5

-

6.6

-

-4.2

-

25.7

-

-6.8

-

-8.6

AICc

-696.3

-706.4

-694.9

-708.6

-710.0

-723.0

-702.8

-701.5

-703.2

-712.8

-696.9

-676.5

-686.6

-698.8

-673.9

-687.9

BIC

-

-10.3

-

-13.7

-

13.0

-

1.3

-

-9.6

-

20.4

-

-12.2

-

-14.0

BIC

134.2

134.7

137.1

134.8

139.1

137.7

139.2

152.0

139.0

139.6

149.5

178.5

140.4

139.5

151.5

148.3

2

0.45

0.49

0.39

0.49

0.34

0.42

0.34

0.15

0.34

0.38

0.16

0.01

0.31

0.38

0.13

0.21

p

7

b Transit

c Weighted

5

a Transit

mean of Transits 5 and 7

models have 135 degrees of freedom and contamination models have 133.

Note. — The table elements are the same as those in Table 4.11. Each model has 142 data points (12 for the transmission spectrum and 130 for the stellar spectrum). Flat

flat

ec

cont.

cont.

ec

f

flat

e (T7)b

f

flat

cont.

e (T7)b

e

e (T5)a

cont.

d

flat

flat

d

(T5)a

flat

cont.

c

cont.

b

c

flat

Model

b

Dataset

Using Only HST and Spitzer Data

Table C.1. Results of Stellar Contamination Model Fits to Single-Planet Spectra
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flat

cont.

flat

cont.

flat

cont.

flat

cont.

b–c, e–g

b–c, e–g

b–d, f–g

b–d, f–g

b–e, g

b–e, g

b–f

b–f

Tphot (K)
2119+88
125
2408+235
252
2116+86
126
2351+175
250
2118+88
126
2377+198
275
2116+88
126
2294+152
223
2116+85
126
2392+223
269
2115+88
122
2406+230
238
2118+87
126
2502+259
153

D (%)
3.754+0.013
0.013
3.474+0.059
0.059
3.005+0.012
0.011
2.796+0.054
0.054
3.048+0.012
0.012
2.810+0.054
0.055
3.372+0.013
0.013
3.168+0.057
0.054
3.259+0.013
0.013
3.007+0.054
0.054
3.110+0.012
0.012
2.850+0.051
0.053
2.976+0.012
0.012
2.733+0.050
0.052

2002+142
134
1960+106
135
1987+120
157
1962+112
130
1997+117
163
1959+108
132
1956+97
165
1961+109
131
1997+128
151
1959+108
132
2001+140
127
1961+112
128
2028+151
91

1961+110
133

Tspot (K)

2955+45
24
2974+26
14
2958+42
22
2974+26
14
2957+43
23
2974+26
14
2962+38
21
2974+26
14
2956+44
24
2974+26
14
2954+46
25
2974+26
14
2950+50
25

2974+26
14

Tfac (K)

38+910
16+715
36+910
16+715
37+10
10
16+715
33+810
16+715
37+10
10
16+715
38+910
16+715
41+10
10

16+714

Fspot

Fitted Parameter

48+710
46+56
48+69
46+56
48+79
46+56
47+58
46+56
48+710
46+56
48+79
46+56
50+810

46+56

Ffac

43+11
8

10+510

45+97

9+49
-

-

45+97

9+59
-

-

45+76

8+48
-

-

-

45+97

-

45+86

9+49
9+49

-

44+97

-

ffac

-

10+510

-

fspot

23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12
23+12

23+12

⌘

-703.5

-672.2

-704.0

-673.1

-701.7

-675.9

-701.5

-687.1

-700.6

-680.4

-705.1

-687.9

-702.4

-671.9

AICc

-

31.3

-

30.9

-

25.8

-

14.4

-

20.2

-

17.2

-

30.5

AICc

-678.3

-652.3

-678.7

-653.2

-676.4

-656.0

-676.2

-667.2

-675.3

-660.6

-679.9

-668.0

-677.1

-652.1

BIC

-

26.0

-

25.5

-

20.4

-

9.0

-

14.7

-

11.9

-

25.0

BIC

0.51
0.02
0.49

131.9
171.4
132.7

0.48
0.02

133.0
170.1

0.47
0.04

133.5
165.6

0.40
0.12

0.05

163.9
154.7

0.49

132.8
136.7

0.52
0.09

131.3

0.03

169.0
157.2

p

2

have 135 degrees of freedom and contamination models have 133.

Note. — The table elements are the same as those in Table 4.12. Each model has 142 data points (12 for the transmission spectrum and 130 for the stellar spectrum). Flat models

flat

cont.

c–g

cont.

flat

c–g

b, d–g

cont.

b–g

b, d–g

flat

Model

b–g

Combination

Using HST +Spitzer Data Only

Table C.2. Results of Stellar Contamination Model Fits to Combined Spectra

269

270

Table C.3. Predictions for K2 (0.42–0.9 µm) and I+z (0.8–1.1 µm) Transit
Depths from Fits to Combined HST +Spitzer Transmission Spectra

Combination

Model

K2 Transit Depth (%)

I+z Transit Depth (%)

(0.42–0.9 µm)

(0.8–1.1 µm)

b–g

flat

3.75

3.75

b–g

cont.

3.43

3.63

c–g

flat

3.00

3.00

c–g

cont.

2.79

2.91

b, d–g

flat

3.05

3.05

b, d–g

cont.

2.81

2.95

b–c, e–g

flat

3.37

3.37

b–c, e–g

cont.

3.15

3.27

b–d, f–g

flat

3.26

3.26

b–d, f–g

cont.

3.00

3.16

b–e, g

flat

3.11

3.11

b–e, g

cont.

2.87

3.03

b–f

flat

2.98

2.98

b–f

cont.

2.69

2.91
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Figure C.1: Stellar contamination model jointly fit to HST +Spitzer TRAPPIST-1
combined transmission spectra and observed HST stellar spectrum. The unfitted K2
(0.42–0.9 µm) and I+z (0.8–1.1 µm) combined transit depths (Ducrot et al., 2018)
are overplotted as transparent blue crosses, along with the predictions for the flat
and contamination models (gray and black squares, respectively) for comparison.
The remaining figure elements are the same as those in Figure 4.10.
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Figure C.2: Stellar contamination models jointly fit to HST +Spitzer TRAPPIST-1
five-planet combined transmission spectra and observed HST stellar spectrum. The
unfitted K2 (0.42–0.9 µm) and I+z (0.8–1.1 µm) combined transit depths (Ducrot
et al., 2018) are overplotted as transparent colored crosses, along with the predictions
for the flat and contamination models (gray and black squares, respectively) for
comparison. The remaining figure elements are the same as those in Figure 4.11.
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Figure C.3: Posterior distributions of free parameters in CPAT model fits to
HST +Spitzer combined transmission spectrum of TRAPPIST-1 b–g and observed
HST stellar spectrum. Results are shown for the flat and contamination models in the left and right panels, respectively. None of the parameter distributions
di↵er significantly from those in Figure 4.13, which were fitted using the complete
K2 +SSO+HST +Spitzer dataset.
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Schröder, C., A. Reiners, and J. H. M. M. Schmitt (2009). Ca II HK emission in
rapidly rotating stars. Evidence for an onset of the solar-type dynamo. A&A,
493, pp. 1099–1107. doi:10.1051/0004-6361:200810377.
Schwarz, G. (1978). Estimating the Dimension of a Model. Annals of Statistics, 6,
pp. 461–464.
Seager, S. and D. Deming (2010). Exoplanet Atmospheres. ARA&A, 48, pp. 631–
672. doi:10.1146/annurev-astro-081309-130837.
Seager, S. and D. D. Sasselov (2000). Theoretical Transmission Spectra during
Extrasolar Giant Planet Transits. ApJ, 537, pp. 916–921. doi:10.1086/309088.
Sedaghati, E., H. M. J. Boffin, R. J. MacDonald, S. Gandhi, N. Madhusudhan,
N. P. Gibson, M. Oshagh, A. Claret, and H. Rauer (2017). Detection of titanium
oxide in the atmosphere of a hot Jupiter. Nature, 549, pp. 238–241. doi:10.1038/
nature23651.
Shapiro, A. I., S. K. Solanki, N. A. Krivova, W. K. Schmutz, W. T. Ball, R. Knaack,
E. V. Rozanov, and Y. C. Unruh (2014). Variability of Sun-like stars: reproducing
observed photometric trends. A&A, 569, A38. doi:10.1051/0004-6361/201323086.
Shapiro, A. I., S. K. Solanki, N. A. Krivova, K. L. Yeo, and W. K. Schmutz (2016).
Are solar brightness variations faculae- or spot-dominated? A&A, 589, A46.
doi:10.1051/0004-6361/201527527.
Shapiro, S. S. and M. B. Wilk (1965). An analysis of variance test for normality
(complete samples). Biometrika, 52(3-4), pp. 591–611. doi:10.1093/biomet/52.
3-4.591.

301
Sheppard, K. B., A. M. Mandell, P. Tamburo, S. Gandhi, A. Pinhas, N. Madhusudhan, and D. Deming (2017). Evidence for a Dayside Thermal Inversion
and High Metallicity for the Hot Jupiter WASP-18b. ApJL, 850, L32. doi:
10.3847/2041-8213/aa9ae9.
Siess, L., E. Dufour, and M. Forestini (2000). An internet server for pre-main
sequence tracks of low- and intermediate-mass stars. A&A, 358, pp. 593–599.
Sing, D. K., J. M. Désert, J. J. Fortney, A. Lecavelier Des Etangs, G. E. Ballester,
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C. V. Morley, A. R. Pettitt, F. Pont, and A. Vidal-Madjar (2014). A search
for methane in the atmosphere of GJ 1214b via GTC narrow-band transmission
spectrophotometry. MNRAS, 438, pp. 2395–2405. doi:10.1093/mnras/stt2356.

306
Winn, J. N., E. A. Petigura, T. D. Morton, L. M. Weiss, F. Dai, K. C. Schlaufman,
A. W. Howard, H. Isaacson, G. W. Marcy, A. B. Justesen, and S. Albrecht (2017).
Constraints on the Obliquities of Kepler Planet-hosting Stars. AJ, 154, 270. doi:
10.3847/1538-3881/aa93e3.
Witte, S., C. Helling, T. Barman, N. Heidrich, and P. Hauschildt (2011). Dust in
brown dwarfs and extra-solar planets. III. Testing synthetic spectra on observations. A&A, 529, p. A44. ISSN 00046361. doi:10.1051/0004-6361/201014105.
Witte, S., C. Helling, and P. H. Hauschildt (2009). Dust in brown dwarfs and extrasolar planets II. Cloud formation for cosmologically evolving abundances. A&A,
506, pp. 1367–1380. ISSN 0004-6361. doi:10.1051/0004-6361/200811501.
Woitke and Helling (2003). Dust in brown dwarfs. II. The coupled problem of
dust formation and sedimentation. A&A, 399, p. 297. ISSN 00046361. doi:
10.1051/0004-6361:20021734.
Woitke, P. and C. Helling (2004). Dust in brown dwarfs. III. Formation and structure
of quasi-static cloud layers. A&A, 414, p. 335. ISSN 00046361. doi:10.1051/
0004-6361:20031605.
Wolf, E. T. (2017). Assessing the Habitability of the TRAPPIST-1 System Using a
3D Climate Model. ApJL, 839, L1. doi:10.3847/2041-8213/aa693a.
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