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Abstract

How do planets form and evolve? — This question has been primarily con-
sidered from a theoretical perspective since early times; it is only recently
that we have acquired the ability to observe planets outside our solar system
(exoplanets) and the scenes of planetary formation involving components,
such as protoplanetary disks and debris disks. To understand planet for-
mation, it is essential to study young systems rather than evolved or aged
systems. Among several detection methods for exoplanets, the direct imag-
ing method has been successful in detecting young (age <∼ Gyrs) gas giants.
Other methods are mostly suitable for detecting older planets. Certain plan-
etary parameters such as temperature can be immediately obtained using
the direct imaging method, but the derivations of masses and radii have
some dependence on the model. In addition, detectable planetary orbits are
currently longer than ∼ 10 AU with direct imaging, and the determination
of orbital parameters typically requires several years.

In contrast, the detection of such young planetary systems using the
transit method is limited. However, transit observations can directly derive
the ratio of planetary and stellar radii. Furthermore, orbital parameters can
be obtained by a relatively short series of observations.

The first candidate transiting young gas giant CVSO 30 (PTFO 8-8695)
was reported by van Eyken et al. (2012). CVSO 30 is an M3 weak-line T-
Tauri star in the Orion OB1a region at a distance of 323 pc with a mass of
0.44 M! (using the Baraffe et al. (1998) model), a radius of 1.39 R!, and
an effective temperature of 3470 K (Briceño et al., 2005). The candidate
planet has an orbital period of 0.448413 days, which is comparable to the
rotational period of the host star, a mass of Mp ≤ 5.5 MJup, a radius of
1.91 RJup, and an orbital semi-major axis of 0.00838 AU (van Eyken et al.,
2012). Note that the observed light curves show large variations of fading
depth and duration with time. Barnes et al. (2013) explained these in terms
of a combination of the precession of the ascending node planetary orbit
and the stellar gravity-darkening effect, assuming the synchronization of
stellar rotation and planetary orbital motion. Conversely, Yu et al. (2015)
argued that the transit-like events were unlikely to be caused by a giant
planet, but rather may have been caused by starspots near the rotational
pole, circumstellar dust clump transit, or occultation of accretion hotspots.
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Furthermore, the wavelength dependence of fading events obtained using
multiband simultaneous photometry by Yu et al. (2015) and Raetz et al.
(2016) are inconsistent.

As described above, little is yet known about the planets and planetary
orbits around young stellar objects (YSOs). CVSO 30 is, in fact, the only
young transiting planet candidate observed so far. Hence, a detailed study
of this object is important for a general understanding of events around
YSOs.

In this thesis, we present optical three-band simultaneous observations
and long-term infrared observations of CVSO 30, the youngest object to be
identified as a candidate transiting planet. The data were obtained with
the Multicolor Simultaneous Camera for studying Atmospheres of Transit-
ing exoplanets (MuSCAT) and the near-infrared imaging and spectroscopic
instrument (ISLE) on the 188-cm telescope at Okayama Astrophysical Ob-
servatory in Japan.

For the multiband observations, we first observed the fading event in
three colors (g′2-, r′2-, and zs,2-bands) simultaneously. Consequently, we
found a significant wavelength dependence for fading depths of approxi-
mately 3.1%, 1.7%, and 1.0% for the g′2-, r

′
2-, and zs,2-bands, respectively.

This wavelength dependence includes the degeneracy between the planetary-
to-stellar radius ratio Rp/Rs and the transit impact parameter b owing to
the obtained grazing orbit. We confirm that Rp/Rs has a wavelength de-
pendence for any b.

For the long-term observations, we recorded 12 fading events over the
four seasons. Most observations used ISLE with the J-band filter. Such
long-term observations in infrared have to date not been carried out before.
We observed double fading events in certain cases. To analyze these double
fadings, we fitted the light curves to transit models for the first and second
fadings. As a result, we found that both Rp/Rs and b vary in the orbital
epoch.

Finally, we discuss the origin of fading of the CVSO 30 based on our
new observations and the previous results. A cloudless H/He-dominant at-
mosphere of a hot Jupiter cannot explain this large wavelength dependence.
We also rule out the scenario of occultation by the gravity-darkened host
star. For these reasons, the scenario of a gas giant origin is ignored.

Transit timing analysis shows that in double fading events, the first fad-
ing events are more periodic than the second fading events. The first fading
timing shows no evidence of orbital decay, which is presented by Yu et al.
(2015) and Raetz et al. (2016). Previous studies could have confused the
timing of second fading events with an orbital decay. The absence of orbital
decay is inconsistent with the calculation of tidal dissipation assuming a gas
giant by Kamiaka et al. (2015).

Furthermore, a starspot is an unlikely cause of fading events, because
it is difficult for the spot to exist near the pole at all times. Thus, all our
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results are in favor of the origins of potential fading as circumstellar dust
clumps or the occultation of an accretion hotspot.

Future transit survey projects have the potential to discover other peri-
odic fading events, and studies on multiple young objects with transit-like
events will also be important.
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Chapter 1

Introduction

In this chapter, we introduce the observational and theoretical background
of studies on exoplanets.

1.1 Exoplanet

A couple of decades have passed since the first discovery of an exoplanet
by Mayor & Queloz (1995). The first detected exoplanet 51 Pegasi b is a
gas giant orbiting close-in around a Sun-like star. Hence, this planet has a
high equilibrium temperature above 1300 K (Mayor & Queloz, 1995) and is
called a “Hot Jupiter.” Hot Jupiters are considered to have migrated from
outer orbits because they are unable to form in situ but rather must have
formed in an outer orbit. We introduce planetary formation in Section 1.1.2
and orbital evolution in 1.1.3.

Most exoplanets are very faint and have large contrasts with their host
stars; therefore, indirect methods are often used for observing exoplanets.
For example, the radial-velocity method, which enabled the first detection
of an exoplanet is a method based on measurement of the radial velocity of
the stellar motion by the planetary gravitation. This method is sensitive to
close-in and massive planets. However, the radial velocities of active and fast
rotating stars are difficult to measure. As another example, the microlensing
method is a technique that uses brightening by gravitational microlensing,
which occurs when a foreground star happens to pass very closely to the
line of sight of a background star. If the foreground star has planetary
companions, the light curve varies depending on the mass of planet or the
separation. This method is able to find planets of several Earth masses.
However, follow-up observations are impossible because microlensing is a
one-time event.

The transit method is useful when a planet passes across the face of its
host star. This method has an advantage of obtaining a planetary radius
with a close-in orbit. Since this thesis is mainly based on transit observa-
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16 CHAPTER 1. INTRODUCTION

tions, in Section 1.1.1, we present a detailed description of transit observa-
tions.

1.1.1 Transit Observation

When a planetary orbital plane from an observer is ∼ 90◦ from an observer
(edge-on), a host star is occulted by the planet (upper light curve of Figure
1.1). Then, the observer can detect a flux fading; this is called the transit
method. The first transit detection was an observation of HD 209458b by
Charbonneau et al. (2000) and Henry et al. (2000). Transiting planets are
discovered by follow-up observations of planets that are detected by the
radial-velocity method in addition to ground or space surveys (e.g. HAT:
Bakos et al. (2002); WASP: Pollacco et al. (2006); CoRoT: Baglin et al.
(2002); Kepler: Borucki et al. (2003)).

To observe transits, we need to calculate the transit timing. A time of
transit center Tc is

Tc = nP + T0 (1.1)

where n is an integer, P is an orbital period, and T0 is a reference time of
transit center.

In a non-grazing transit, there are four contacts between the stellar and
planetary disks (tI–tIV) in Figure 1.1. The total duration is Ttot = tIV − tI,
the full duration is Tfull = tIII − tII, the ingress duration is τing = tII − tI, and
the egress duration is τegr = tIV − tIII. The duration is calculated using the
orbital parameters,

tIII − tII =
P

2π
√

1− e2

∫ fIII

fII

[
r(f)

a

]2
df (1.2)

where e is the orbital eccentricity, r is the distance from the host star to the
planet, f is the orbital phase, and a is the orbital semi-major axis. For a
circular orbit, the durations are written as

Ttot ≡ tIV − tI =
P

π
sin−1

[
Rs

a

√
(1 +Rp/Rs)2 − b2

sin i

]
(1.3)

Tfull ≡ tIII − tII =
P

π
sin−1

[
Rs

a

√
(1−Rp/Rs)2 − b2

sin i

]
(1.4)

where Rs is the stellar radius, Rp is the planetary radius, i is the orbital
inclination, and b is the impact parameter, which is

b =
a cos i

Rs

(
1− e2

1 + e sinω

)
(1.5)
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Figure 1.1: Illustration of a transit and the corresponding time-variation
of a stellar flux. tI, tII, tIII, and tIV are the first, second, third, and fourth
contacts, respectively. The ingress and egress durations are tI–tII and tIII–tIV,
respectively.
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The total flux of the star and planet F (t) is expressed as

F (t) = Fs(t) + Fp(t)−
(
Rp

Rs

)2

αFs(t) (1.6)

where Fs(t) is the stellar flux, Fp(t) is the planetary flux, and α is a dimen-
sionless function of the overlap area between the stellar and planetary disks.
Generally, Fs(t) varies owing to flares, starspots, plages, tidal deformation,
and so on; however, Fs(t) is taken here to be constant for simplicity. Now,
we only have to consider f(t) ≡ F (t)/Fs, that is

f(t) = 1 +

(
Rp

Rs

)2 Ip(t)

Is
−

(
Rp

Rs

)2

α (1.7)

where Ip and Is are the planetary and stellar intensities, respectively. Ip
varies in time according to the planetary phase function and the planetary
atmospheric variations. Ip may be considered constant in the time scale of
one transit; therefore, only α varies in time and can be approximated by a
trapezoid. Then, the transit depth δ is written as

δ ≈
(
Rp

Rs

)2 [
1− Ip(t)

Is

]
(1.8)

For negligible intensity from the planetary night side,

δ ≈
(
Rp

Rs

)2

(1.9)

If the variation of flux is approximated by a trapezoid, the light curve
of ingress and egress are linear functions of time; however, this does not
actually occur because of the nonuniform planetary motion. Hence, the
occultation area is not a linear function (Mandel & Agol, 2002).

Additionally, the transit bottom is not flat because of the nonuniform
stellar disk intensity. The stellar disk is bright at its center and faint in the
outer regions, which is called “limb darkening.” For this reason, the transit
is deeper when the planet is at the center of stellar disk, and shallower when
the planet is in the stellar limb. Limb darkening is caused by differences
in the temperature and altitude in the stellar atmosphere. The intensity
profile I(X,Y ) with the sky in the X–Y plane is

I ∝ 1− u1(1− µ)− u2(1− µ)2 (1.10)

where µ ≡
√
1−X2 − Y 2 and {u1, u2} is the limb darkening coefficient,

which is calculated by a stellar atmosphere model or is obtained from a
transit light curve. A light curve including limb darkening is shown at the
bottom of Figure 1.1.
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In case of a grazing orbit, tII and tIII disappear. Hence, the transit bottom
becomes V-shaped or round-bottom. Additionally, Rp/Rs and b are degen-
erate when the transit path grazes the stellar disk. For example, the transit
light curve with Rp/Rs = 0.1, b = 1.0 and that with Rp/Rs = 0.2, b = 1.12
have approximately the same shape (Figure 1.2). These degeneracies cause
large errors in Rp/Rs and b.

1.1.2 Planetary Formation

Planetary formation theories have evolved from theories of the formation
of the solar system. Safronov (1972) and Hayashi, Nakazawa, & Nakagawa
(1985) constructed the solar system formation model using a ∼ 0.011 M!
protoplanetary disk. These are the origins of core accretion models (e.g.
Kokubo & Ida, 2002).

In a core accretion model, dust grains in the protoplanetary disk drop
onto the equatorial plane and merge into planetesimals. Planetesimals merge
mutually and grow into protoplanets. In the first stage of the planetesi-
mals growth, the process of increasing mass is the runaway growth
mode (e.g. Tanaka & Nakazawa, 1994). The mass increasing rates
of planetesimals are faster in the massive planetesimals in the run-
away growth mode. The protoplanets grown in this manner scat-
ter other planetesimals and the growing rates slow down (Kokubo
& Ida, 1998). This stage is known as the oligarchic growth mode.

When protoplanets grow to be ∼ 10M⊕ (Mizuno, 1980; Ikoma,
Nakazawa, & Emori, 2000), gas accretion onto the protoplanet
starts runaway growth (Bodenheimer & Pollack, 1986; Pollack
et al., 1996). The accreted planet continues to grow until gas around
the planet disappears. Note that the formation time of the core is pro-
portional to the cube of the radius from the central star. Therefore, gas
giants do not form in regions too distant from the central star, because the
disk gas has dissipated in the time the core has formed. The lifetime of
protoplanetary disks is 106–107 yr according to the observations
of T-Tauri stars in young clusters (Beckwith et al., 1990; Haisch,
Lada, & Lada, 2001; Hernández et al., 2007). Gas giant formation
is completed by the lifetime of protoplanetary disks. However,
there are several problems: infall of dust into the host star before the for-
mation of planetesimals by gas drag (e.g. Brauer, Dullemond, & Henning,
2008), destruction of kilometer-scale planetesimals by mutual collision (e.g.
Ida, Guillot, & Morbidelli, 2008), and infall of the planet into the host star
by gravitational interaction with the protoplanetary disk.

In contrast, Cameron (1978) argued that planets form in the ∼ 1 M!
protoplanetary disk with gravitational instability of the disk. In the gravita-
tional instability model, giant planets form by the collapse of the protoplan-
etary disk. The biggest advantage of the gravitational instability model over
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Figure 1.2: Example of grazing transit light curves. The solid black line
shows the transit with Rp/Rs = 0.1, b = 1.0. The dashed red line shows the
transit with Rp/Rs = 0.2, b = 1.12. These very similar transit shapes cause
degeneracy of the fitted parameters Rp/Rs and b.
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the core accretion model is the ability to neglect the above problems because
the gas giant forms directly from the protoplanetary disk. This model also
has problems; an abundance of the planets is consistent with one of host
star and rocky planets do not form by gravitational instability. However,
some of answers for these problems have been proposed recently
(e.g. Nayakshin, Helled, & Boley, 2014). Additionally, occurrence
rates of gas giants increase with host star metallicity (e.g. Wang & Fischer,
2015). The core accretion model can explain it, but the gravitational in-
stability model cannot. Therefore, core accretion has been considered the
“standard” model in planet formation.

1.1.3 Orbital Evolution

Planetary orbits of exoplanets are known to show a much wider distribu-
tion than those of the solar system. Figure 1.3 shows known exoplanets’
relations between orbital period and planetary mass. The group of Jupiter-
mass planets with an orbital period less than ∼ 10 days is known as hot
Jupiters. Additionally, certain exoplanets have highly eccentric orbits (Fig-
ure 1.4) and/or spin-orbit misalignment (Figure 1.5). Note that spin-orbit
misalignment can only be measured for only transiting planets. Hence, the
planets for which spin-orbit misalignment has been measured only have only
close-in orbits.

As shown in the figures, many planets including hot Jupiters exist within
the orbits of solar system planets. This section describes theories regarding
how these planets have these strange orbits.

Whether planets form by core accretion or gravitational instability, gas
giants with small orbits (close-in planets), such as hot Jupiters, cannot form
in situ. Hence, there is a mechanism for planetary migration from an outer
orbit to an inner orbit.

The planet interacts with the gaseous disk and receives the angular mo-
mentum from the gas in the inner orbit and gives the angular momentum
to the gas in the outer orbit. In general, the torque passed from the
planet to the outer orbit is larger; hence, the planet migrates to
the inner orbit in an isothermal gas disk (Ward, 1986). This mech-
anism is called “Type I migration,” which is accentuated in rocky planets
so as not to influence the density distribution of a disk. If the planet grows
to dozens of Jupiter masses, the planet opens the gap in the disk. Then, the
planet is fixed to the gap by gravitational interaction and migrates to the
inner orbit (Lin & Papaloizou, 1985), as shown in the upper panel of Figure
1.6. This mechanism is called “Type II migration.” The planets fall in while
maintaining circular orbits in Type I and Type II migrations.

On the other hand, gravitational perturbations from other objects also
cause planets to shift their orbits. In the case of planet–planet scattering,
planetary orbits shift or release from a planetary system when three or more



22 CHAPTER 1. INTRODUCTION

Figure 1.3: Relations between semi-major axis and planetary mass of
known exoplanets as of October 2016. The data of exoplanets are from
http://exoplanetarchive.ipac.caltech.edu. The colors of points indicate de-
tection methods.



1.1. EXOPLANET 23

Figure 1.4: Relations between semi-major axis and orbital eccentricity of
known exoplanets as of December 2016. The data of exoplanets are from
http://exoplanets.org.
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Figure 1.5: Relations between semi-major axis and spin-orbit misalignment
of known transiting planets as of December 2016. The data of exoplanets
are from http://exoplanets.org.



1.2. OBSERVATIONAL STUDIES FOR YOUNG GIANT PLANETS 25

gas giants exist in the planetary system (e.g. Marzari & Weidenschilling,
2002), as shown in the middle panel of Figure 1.6. Then the orbit of the
remaining planet is deformed into an eccentric orbit. In the wide binary sys-
tem, the planetary orbit is perturbed from a stellar companion by the Kozai
mechanism (Kozai, 1962). The Kozai mechanism oscillates the eccentricity
and orbital inclination of the planetary orbit, as shown in the bottom panel
of Figure 1.6. The existence of eccentric planets and misalignment planets
is a testament to planet–planet scattering and/or the Kozai mechanism.

If a planet with a highly eccentric orbit gets close enough to exert tidal
force, the planetary semi-major axis decreases by tidal dissipation from the
host star. Thus, the planetary orbit becomes a circular close-in orbit, such
as that of a hot Jupiter. Therefore, there is no way to the know orbital
migration mechanisms of hot Jupiters, excepting young planets before tidal
circularization. According to Ivanov & Papaloizou (2004), the tidal circu-
larization timescale is greater than a few gigayears for a planet with mass
of the order of the Jupiter mass and final period ∼ 1–4.5 days. Hence, we
must observe young planets to inspect the mechanism of orbital migration.

As described above, there are several mechanisms of the hot Jupiters’
orbital evolution. Knutson et al. (2014) searched for distant massive com-
panions to known hot Jupiters that may have influenced the dynamical
evolution of the planetary systems. They estimated that 51 ± 10% of the
hot Jupiters have a companion with orbital semi-major axes in the range
of 1–20 AU and masses in the range of 1–13 MJup, while the masses of the
planetary companion tend to be comparable to or larger than the transiting
hot Jupiters. They found no statistically significant difference between the
frequency of companions to transiting planets with misaligned or eccentric
orbits and those with well-aligned, circular orbits.

Simpson et al. (2011) find that the host stars have Teff < 6250
K and conform to the trend of cooler stars having low obliqui-
ties. This is suggests that the tidal torques experienced by cooler
stars, with larger convective zones, could cause their envelopes to
quickly align with a planetary orbit, thereby erasing any initial
misalignment.

1.2 Observational Studies for Young Giant Plan-
ets

Giant planets undergoing formation or shortly after formation can be mainly
observed by direct imaging (e.g. Marois et al., 2008; Kuzuhara et al., 2011).
These planets are all gas giants with large semi-major axes, and hence,
again, their formation cannot be explained by core accretion, because of
their young ages compared to the giant planet forming time predicted by
the core accretion model. The gravitational instability model can explain
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Figure 1.6: Illustrations of planetary migration processes. Top: Type II
migration. Middle: Planet–planet scattering. Bottom: Kozai mechanism.
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the formation of these planets; however, it is unknown how many planets
form by gravitational instability. Therefore, although the important point
is discovering planets with smaller semi-major axes, the direct imaging can-
not observe within the region of several AU with the current technology.
Furthermore, neither the radii nor masses of the planets observed by direct
imaging are directly derived, owing to their dependence on the planetary
formation and evolution model.

For the radial-velocity method, some planet candidates have
been recently found. Donati et al. (2016) discovered a hot Jupiter
candidate around a < 2 Myr weak-line T-Tauri star V830. As an-
other example, Johns-Krull et al. (2016) found out a giant planet
candidate around a ∼ 2 Myr classical T-Tauri star CI Tau by the
radial-velocity method. The masses of these planet candidates
detected by radial-velocity method are able to be measured; how-
ever, their radii cannot be measured. By contrast, the transit method
is able to measure planetary radii and then obtain the densities by the com-
bination with the radial-velocity method. It is noted that the transit method
is sensitive to the nearby host star; therefore, it is complementary to direct
imaging.

As described in Section 1.1.3, observations of young hot Jupiters are
needed to understand the process of orbital migration. However, such young
transiting planets have only very rarely yet been found. Although the
origin is not a planet, Rodriguez et al. (2017) found dimming
events of the weak-line T-Tauri star V1334. The possible origin
is an orbiting body (e.g. a disk warp or dust trap), enhanced
disk winds, hydrodynamical fluctuations of the inner disk, or a
significant increase in the magnetic field flux at the surface of the
star. One of the few examples of a young planet candidate was reported
recently using the transit method (van Eyken et al., 2012). Thus, we will
explain this source in detail.

1.3 Previous Studies for CVSO 30

CVSO 30b (PTFO 8-8695b) is a candidate transiting hot Jupiter around
a weak-line T-Tauri star in the Orion OB1a/25-Ori region found by van
Eyken et al. (2012). The age of CVSO 30 is estimated as ∼ 3 Myr (Briceño
et al., 2005), which makes this object the youngest candidate planet. The
host star is an M3 type pre-main-sequence star in the Orion OB1a region
at a distance of 323+233

−96 pc. CVSO 30 has a mass of 0.44 M! (using the
Baraffe et al. (1998) model) or 0.34 M! (using the Siess, Dufour, & Forestini
(2000) model), a radius of 1.39 R!, and an effective temperature of 3470
K (Briceño et al., 2005). The candidate planet has an orbital period of
0.448413 ± 0.000040 days, which is comparable to the rotational period of
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the host star, a mass of Mp ≤ 5.5± 1.4 MJup, a radius of 1.91± 0.21 RJup,
and an orbital semi-major axis of 0.00838 ± 0.00072 AU (van Eyken et al.,
2012).

In contrast to other planetary transiting objects, the observed fading
light curves of CVSO 30 change with the observational epoch. Barnes et al.
(2013) explained this by a combination of the precession of the ascending
node of planetary orbit and the stellar gravity-darkening effect, assuming
synchronization of the stellar rotation and planetary orbital motion. Kami-
aka et al. (2015) added the photometric data and reanalyzed the light curves
using precession and the gravity-darkening model without the co-rotation.
Examples of nodal precession had been found in Kepler-13b (Szabó
et al., 2012) and WASP-33b (Johnson et al., 2015). Schmidt et al.
(2016) discovered an additional planet CVSO 30c in the outer or-
bit (P ∼ 27000 yr) by the direct imaging method. The best-fitted
planetary mass of 4–5 MJup suggests that the CVSO 30 planetary
system has experienced the planet–planet scattering events.

On the other hand, Ciardi et al. (2015) observed a primary transit at
4.5 µm using Spitzer IRAC without any sign of a secondary eclipse. In addi-
tion, their radial-velocity measurement showed no evidence of the Rossiter–
McLaughlin effect. Yu et al. (2015) observed 13 events with the i′-band and
13 other events with the I + z-band over three years. They found that the
fading period is not constant. Multiband simultaneous observations were
performed for five fading events, of which r′- and I+ z-bands were observed
simultaneously on two nights, i′- and g′-bands were observed on another two
nights, and I+z- and H-bands were observed on one night. Their multiband
observations showed that the depths of all but one fading event were deeper
at short wavelengths, while one of the fading events showed the same depth
in the r′- and I + z-bands showed the same depth.

In addition, they tried to detect the secondary eclipse at infrared and the
Rossiter–McLaughlin effect by high-resolution spectroscopy. They could not
find an expected signature in either observation but found strong variable Hα
and Ca H and K lines. Hence, Yu et al. (2015) argued that the transit-like
events were unlikely to be caused by a giant planet, but rather caused either
by starspots near the rotational pole, circumstellar dust clump transit, or
occultation of an accretion hotspot. Raetz et al. (2016) observed 33 fading
events and found that the period of the fading event was shortened. They
also observed a fading event in the B- and R-bands simultaneously, and
found that the light curve showed the same depth. Johns-Krull et al. (2016)
observed excess Hα emission from CVSO 30. The excess Hα emission was
not detected constantly; however, the observed velocity motion in transit
was almost as expected. They argued that this excess came from the planet
in the middle of mass loss.
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1.4 Our Motivation

Our motivations in this thesis are to investigate what is happening around
the critical candidate(s) of young transiting planet. It is important to study
the scene of planetary formation; however, few observational studies have
been carried out, except for on CVSO 30. Hence, CVSO 30 is currently the
most important object for understanding the environment around a young
star.

As presented above, the studies of wavelength dependence using multi-
band simultaneous photometry by Yu et al. (2015) and Raetz et al. (2016)
are inconsistent. However, CVSO 30 has a large stellar variability and its
fading shape changes with time. Therefore, simultaneous observations are
required for measuring the wavelength dependence of fading events. It has
been difficult to discern the trend of wavelength dependence from previous
studies, because they have all been performed using only by two colors.

In this paper we report our results of independent three-band simul-
taneous transit photometry for a fading event of CVSO 30. We use
the Multicolor Simultaneous Camera for studying Atmospheres of Transit-
ing exoplanets (MuSCAT) (Narita et al., 2015) on the 188-cm telescope at
Okayama Astrophysical Observatory (OAO) to investigate the wavelength
dependence of a fading event. The multiband simultaneous obser-
vations realize a comparison between wavelength dependence of
fading depth and possible origins such as planetary atmosphere
and dust cloud. Additionally, we observe the fading events over three
years in a near-infrared wavelength for the first time. As a result,
we find double fading events for the first time. The infrared long-
term observations enable the discussion of the time-evolution of
Rp/Rs, the impact parameter, and the fading duration with re-
duced baseline variations. Stellar variation of CVSO 30 occurs
mainly by starspots. An advantage of infrared observations over
optical observations is their robustness for starspots, which are
different in temperature.

I contributed to observations and discussions and so on. I also
developed the MuSCAT instrument as a member of the MuSCAT
team. The long-term observations were primarilly performed by
my proposal for the thesis-supporting program in OAO. I had a
key role in the discussions with colleagues.

We describe the multiband simultaneous observations for CVSO 30, anal-
ysis, and results in Chapter 2. Chapter 3 shows the results of long-term
observations. In Chapter 4, we discuss the origin of transit-like events based
on the results of both Chapters 2 and 3. Finally, we summarize our results
and future plans in Chapter 5.





Chapter 2

Multiband Simultaneous
Observations for CVSO 30

(Based on a paper by Onitsuka et al., accepted for PASJ)
As described in Section 1.3, the origin of fading events of CVSO 30 is yet

unidentified. We performed the first simultaneous three-color photometry
of CVSO 30 to investigate the origin of fading events. In this chapter, we
describe in detail the multicolor simultaneous observations, analysis and
results. The discussion is presented in Chapter 4, based on the combined
results of this and the next chapters. My contribution to the development
of the instrument (MuSCAT) is also described here.

2.1 Observations

2.1.1 The Multicolor Simultaneous Camera for studying At-
mospheres of Transiting exoplanets (MuSCAT)

The Okayama Astrophysical Observatory (OAO) 188-cm telescope is one of
the largest telescopes in Japan. The OAO 188-cm telescope is an equatorial
optical telescope. The pointing accuracy is approximately 10 arcsec.

We developed the Multicolor Simultaneous Camera for studying Atmo-
spheres of Transiting exoplanets (MuSCAT) (Narita et al., 2015) on the
OAO 188-cm telescope for simultaneously taking optical imaging data with
three colors. MuSCAT has three 1024× 1024 pixel CCDs and two dichroic
mirrors for simultaneous observation. The field of view is 6.1× 6.1 arcmin2

with a pixel scale of 0.358 arcsec/pixel. Filters for the g′2 (400–550 nm),
r′2 (550–700 nm), and zs,2 (820–920 nm) bands are simultaneously avail-
able using Astrodon Photometrics Generation 2 Sloan filters. The principal
purpose of MuSCAT is to perform high-precision multicolor transit photom-
etry. For this purpose, MuSCAT has a capability of self-autoguiding, which
enables it to fix positions of stellar images within ∼ 1 pixel.
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I have contributed to the measurement of CCD specifications. I tested
the linearity of MuSCAT CCDs for each readout speed and each gain. I will
explain this test in detail here.

My method is based on a previous study of the CCDs on the High Dis-
persion Spectrograph (HDS) of the Subaru telescope (Tajitsu et al., 2010).
First, I construct linearity test frames with gradational counts on the CCDs,
by opening only a half of the tertiary mirror cover and inserting a black plate
into the light path in front of MuSCAT. Figure 2.1 shows an example of a
linearity test frame. Second, I monitor counts of the filament lamp until the
filament lamp is stabilized. I note that it takes approximately two hours
until the counts become nearly constant. I then start linearity test expo-
sures as follows. I first determine an exposure time for each CCD, which
provides counts from the bias level to saturation level gradationally on the
CCDs. I define the frames with the above exposure time as “A” frames and
those with one half of the exposure time as “B” frames. I then consider
A and B frames alternately until obtaining 20 of each frames type. I have
repeated such exposures for each gain and each readout speed, i.e., for the
gain modes of 1, 2, 4 e−/ADU, and for the readout speeds of 100 kHz and
2 MHz. Subsequently, I subtract a median bias frame for each gain and
each readout speed. I then make a new frame that computes photon counts
of each pixel in an A frame minus twice the photon counts for the same
pixel in a B frame using adjacent A and B frames (39 pairs in total for each
gain and each readout speed). I define those frames as “C” frames (namely,
C = A−2×B for each pixel). To visualize the linearity of the CCDs, I plot
electron counts (namely, photon counts × gain) of corresponding pixels in
A and C frames on X- and Y-axis respectively. An example of such a plot
is shown in Figure 2.2. I finally fit the plotted data with a linear function
(Y = aX) using the data up to X = 64000, and the best-fit linearity slopes
are summarized in Table 2.1.1. Based on the above test, I have confirmed
that MuSCAT CCDs have a good linearity within ∼ 0.21% at a maximum
up to the saturation level. These results indicate that the effect of nonlin-
earity is well negligible, even for high-precision transit photometry if the
counts of stars do not change drastically during observations. If necessary,
I will use these data for nonlinearity corrections.

2.1.2 Transit Observations

We observed a fading event of CVSO 30 on 2016 Feb 9 (UT). We used the
MuSCAT on the 188-cm telescope at OAO.

For precise differential photometry, dithering observations cause system-
atic error because of the incomplete correction of the flat pattern. For this
reason, we fix the stellar position on the CCD using the self-autoguiding soft-
ware (Narita et al., 2015). This software detects the stellar barycenter on
science frames, and then the software corrects the attitude of the telescope
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Figure 2.1: Example of a linearity test frame in g′2-band. Counts of the
dark region are nearly at the bias level and those in the brightest region are
saturated.

Gain mode ADC speed [Hz] g′2-band r′2-band zs-band
linearity slope [%] linearity slope [%] linearity slope [%]

1 2× 106 0.154± 0.062 0.104± 0.051 0.204± 0.026
1× 105 −0.198± 0.071 −0.055± 0.043 −0.133± 0.040

2 2× 106 0.016± 0.072 0.018± 0.045 0.112± 0.025
1× 105 −0.210± 0.069 0.005± 0.043 −0.061± 0.039

4 2× 106 0.169± 0.044 0.120± 0.037 0.115± 0.030
1× 105 −0.059± 0.077 −0.085± 0.043 −0.037± 0.034
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Figure 2.2: Example of a linearity test result. The horizontal axis (f(8s)
[e−]) indicates electron counts in 8 seconds. The vertical axis shows the flux
ratio parameter which is defined as f(8s) - 2 × f(4s) [e−].
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to maintain the stellar position on the CCD. Additionally, it is important
to maximize the received stellar photons for precise photometry. However,
several pixels are saturated in less exposure time in focus. Therefore, we
defocus stellar images to torus PSF for many pixels to be able to receive
more photons.

The exposure times were 60 seconds for all the bands. We obtained
172, 221, and 220 frames for the g′2-, r

′
2-, and zs,2-bands, respectively, in 4.4

hours.

2.2 Data Reduction and Aperture Photometry

Our data reduction and aperture photometry method used the customized
pipeline by Fukui et al. (2011). Firstly, we make the bad pixel mask using
a merged flat image. We define outliers with greater than 3σ in merged flat
images as bad pixels. The values of the bad pixels are replaced with zero.
Secondly, we subtract the merged dark image from the flat images and mask
the bad pixels. The masked flat images are merged after being normalized.
Finally, we subtract the merged dark image from the science frames and
divide the science frames by the merged flat image.

In aperture photometry, we firstly detect the stellar barycenter on each
frame. Then we obtain the shifts of the stellar position on the detector be-
tween each pair of consecutive images. Next, we photometer the target and
the comparison star in the aperture radius centered on the stellar barycen-
ter. We also measure the sky background by the torus region centered on the
stellar barycenter. We calculate target and comparison flux by subtracting
the sky background flux from the stellar flux. Finally, we obtain the relative
flux by dividing the target flux by the comparison flux.

2.2.1 Light Curve Fitting

Our analysis method follows the method of Fukui et al. (2016). First, we
make light curves using different combinations of comparison stars and var-
ious aperture radii. We choose comparison stars that are neither saturated
nor variable stars and the aperture radius that produces a light curve with
minimum dispersion outside the fading event. The selected aperture radii
are 17, 14, and 12 pixels for the g′2-, r

′
2-, and zs,2-bands, respectively, and the

comparison stars are the same two stars for each band. Second, we convert
the time system of Modified Julian Day (MJD) in Universal Time Coordi-
nate (UTC), which is recorded in the FITS headers into Barycentric Julian
Day (BJD) in Barycentric Dynamical Time (TDB) using the algorithm of
Eastman, Siverd, & Gaudi (2010). The produced light curves are shown in
the top panels in Figure 2.3.

Next, we fit the light curves with a transit model, assuming that the
fading event is caused by a transiting spherical body. We use the transit
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light curve model by Ohta, Taruya, & Suto (2009) which is comparable
to the quadratic limb-darkening law case of Mandel & Agol (2002). The
transit modeling parameters are the time of the transit center Tc, the ratio
of the planetary-to-stellar radiiRp/Rs, the ratio of the semi-major axis to the
stellar radius a/Rs, and the impact parameter b. The variations seen outside
the fading event seem to be caused by the variability of CVSO 30 itself or
comparison stars, with changing of air mass, shifting of stellar images on
the detector and so on. We fit the transit light curves and baseline model at
the same time using customized code by Fukui et al. (2016), which is based
on Narita et al. (2007) and Narita et al. (2013). A transit and out-of-transit
(OOT) model is given by

F = (k0 +
∑

i=1

kiXi)× Ftr (2.1)

where F is the relative flux, Ftr is the transit light curve model, {X} are
time-dependent observed variables such as, for example, air mass, shifts of
stellar position on the CCD, and so on, and {k} are coefficients (Fukui et al.,
2016).

We fix the orbital eccentricity to zero and the limb-darkening param-
eters to the values from Claret, Hauschildt, & Witte (2012), {u1, u2} =
{0.8067, 0.0861}, {0.8423,−0.0160}, {0.2946, 0.3569} for the g′2-, r

′
2-, and zs,2

bands, respectively. In addition, we put a Gaussian prior for a/Rs =
1.685± 0.064, based on the value obtained by van Eyken et al. (2012).

To choose the most appropriate combination of free parameters, we opti-
mize the parameters using the AMOEBA algorithm (Press et al., 1992) and
evaluate the Bayesian Information Criterion (BIC: Schwarz (1978)). The
BIC value is defined by BIC ≡ χ2 + klnN , where k is the number of free
parameters and N is the number of data points. We calculate the BIC val-
ues for each light curve and parameter, then we pick out the combinations
with the minimum BIC value for each band. For {X}, we test different
combinations of the time t, the square of time t2, the airmass z, and the
relative stellar positions on the CCD ∆x and ∆y. Based on the minimum
BIC, we adopt k0, kt for all bands.

To take into account the time-correlated noise (so-called red noise; e.g.
Pont, Zucker, & Queloz (2006); Winn et al. (2008)), we multiply each flux
uncertainty by the red-noise factor β which is the ratio of the observed stan-
dard deviation of the binned light curve to the expected standard deviation
of the unbinned and non-time-correlated light curve. The binning sizes are
between 5 and 20 minutes. We obtain the median of β for each binning size
and multiply the median β by the uncertainty of each dataset. The typical
photometric errors including β are 2.1%, 0.87%, and 0.54% for the g′2-, r

′
2-,

and zs,2-bands, respectively.
After that, to estimate the uncertainty of the free parameters, we analyze

the chosen light curve by the Markov Chain Monte Carlo (MCMC) method
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following Narita et al. (2013) and Fukui et al. (2016). We first independently
analyze the light curves for each band, and after that we jointly analyze
all the light curves. We calculate a MCMC chain with 107 steps and the
first 106 steps are excluded as burn-in. We define 1σ uncertainties as the
range of the parameters between 15.87% and 84.13% of the merged posterior
distributions.

2.3 Results

Table 2.1 shows the best-fit transit parameters and uncertainties obtained by
the MCMC analysis. Note that we obtain consistent results when we fit the
light curves that are produced by different baseline models with comparable
BIC values. We show the transit light curves and the best-fit models of each
observation in Figure 2.3.

van Eyken et al. (2012) and Yu et al. (2015) reported that the transit
depth of CVSO 30 changes with the observational epoch. According to Yu
et al. (2015), the loss of light was 20–30% larger in the bluer band on 2012
Dec 14 at r′- and I + z-band, on 2014 Jan 9 and 2014 Jan 18 at i′- and
g′-band, and on 2014 Jan 19 at I + z- and H-band, respectively. How-
ever, the loss of light in r′ was essentially the same as in I + z on 2012
Dec 15. We present the transit depth in g′2-, r

′
2-, and zs,2-bands observed

simultaneously. Figure 2.4 gives the wavelength dependence of Rp/Rs. The
top panel shows the best-fit parameters for Rp/Rs and their uncertainties
for each band in Table 2.1. The uncertainties are influenced by the impact
parameter b which is grazing. We recalculate the Rp/Rs and their uncertain-
ties fixing the impact parameter at the median and 1 σ upper/lower limit
b = {0.97, 1.05, 1.18} to highlight the wavelength dependence of Rp/Rs (Fig-
ure 2.4: bottom panel; Table 2.2). As the result, we find that the wavelength
dependence in Rp/Rs is apparent, regardless of the value of b.
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Table 2.1: Best-fit parameters and the uncertainties

Parameter Value Uncertainty
Tc [BJDTDB] 2457428.0758 +0.0017

−0.0014
a/Rs 1.730 ±0.061
b 1.054 +0.121

−0.086

Rp/Rs (g′2) 0.344 +0.111
−0.075

Rp/Rs (r′2) 0.271 +0.105
−0.066

Rp/Rs (zs,2) 0.206 +0.104
−0.064

k0 (g′2) 1.0103 +0.0055
−0.00434

k0 (r′2) 1.0016 +0.0017
−0.0014

k0 (zs,2) 0.99713 +0.00080
−0.00074

kt (g′2) 0.010 +0.059
−0.049

kt (r′2) 0.018 +0.019
−0.017

kt (zs,2) −0.0489 +0.0093
−0.0087

Table 2.2: Rp/Rs and the uncertainties in case of various fixed impact pa-
rameters for each band

Filter Impact parameter b Rp/Rs

g′2 0.97 0.273+0.024
−0.026

1.05 0.342+0.025
−0.027

1.18 0.451± 0.028
r′2 0.97 0.205+0.011

−0.012
1.05 0.270± 0.012
1.18 0.376+0.012

−0.013

zs,2 0.97 0.1427+0.0086
−0.0092

1.05 0.2057+0.0087
−0.0092

1.18 0.3099+0.0086
−0.0090
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Figure 2.3: Top panels: Gray dots are the raw light curves of CVSO 30
observed by g′2-, r

′
2-, and zs,2-bands from the left. The black open circles

are 0.01 days binned data. The solid lines are the best-fit transit models.
Middle Panels: Light curves corrected by the baseline correction. Bottom
panels: Residuals between the observed data and the best-fit model.
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Figure 2.4: Top panel: The best-fit parameter and uncertainty of Rp/Rs

in g′2-, r
′
2-, and zs,2-band from Table 2.1. Bottom panel: The wavelength

dependence of Rp/Rs at the impact parameter fixed by b = {0.97, 1.05, 1.18}



Chapter 3

Long-term Observations for
CVSO 30

CVSO 30 is reported to have light curve variations with observational epoch.
To understand this, we need a long-term observation. Following the first si-
multaneous three-color photometry of CVSO 30 to inspect the origin of
fading events, we have conducted the first near-infrared long-term photom-
etry of CVSO 30 over three years. In this chapter, we describe in detail the
observations, analysis, and results. The discussion is presented in Chapter 4,
based on the combined results of this and the previous chapters.

3.1 Observations

3.1.1 Instrument

The Okayama Astrophysical Observatory (OAO) 188-cm telescope and the
Multicolor Simultaneous Camera for studying Atmospheres of Transiting
exoplanets (MuSCAT) are described in Section 2.1.1.

The near-infrared imaging and spectroscopic instrument ISLE (Yanagi-
sawa et al., 2006, 2008) on the Cassegrain focus of the OAO 188-cm telescope
is an instrument for capturing near-infrared images or spectroscopic data.
ISLE has a HAWAII 1k × 1k HgCdTe array and a 4.3 × 4.3 arcmin2 field of
view. The pixel scale is 0.25 arcsec/pixel. The available filters are J-, H-,
K-, Ks-, and some narrow-band filters.

3.1.2 Transit Observations

We observed 11 fading events of CVSO 30 with ISLE on OAO 188-cm tele-
scope and one fading event with MuSCAT from 2012 to 2016. We used the
J-band filter for ISLE observations and the g′2-, r

′
2-, and zs,2-bands simulta-

neously for MuSCAT observations. The observation dates are summarized
in Table 3.1.
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Table 3.1: Summary of the observations
UT Date Instrument Filter No. of data points Exposure time [s]
2012 Nov. 27 ISLE J 342 60
2012 Dec. 1 ISLE J 178 60
2013 Dec. 2 ISLE J 107 120
2014 Jan. 24 ISLE J 91 120
2014 Feb. 10 ISLE J 99 120
2014 Feb. 19 ISLE J 95 120
2014 Nov. 18 ISLE J 77 120
2014 Nov. 22 ISLE J 188 120
2014 Dec. 5 ISLE J 140 120
2015 Jan. 10 ISLE J 153 120
2015 Dec. 1 ISLE J 205 120
2016 Feb. 9 MuSCAT g′2 172 60
2016 Feb. 9 MuSCAT r′2 221 60
2016 Feb. 9 MuSCAT zs,2 220 60

To achieve high-precision photometry, we did not dither but fixed the
target position on the detector, and defocused the stellar PSF (see Sec-
tion 2.1.2). For the ISLE observations, we can use not only the self-autoguiding
software but also the off-set autoguider. The self-autoguiding software is
used in the observations after 2014 on both ISLE and MuSCAT.

3.2 Analysis

Our data reduction and aperture photometry method used the customized
pipeline by Fukui et al. (2011), as described in Section 2.2. The light curve
transit fitting method was also similar to Fukui et al. (2016), but we si-
multaneously fit the 14 light curves. Barnes et al. (2013) pointed out the
possibility of precession of the planetary orbit. When the planetary orbit
precesses, the transit impact parameter varies because of the change in the
orbital inclination. To consider the origin of fading events, we give an inde-
pendent Rp/Rs and b for each light curve and a common a/Rs.

Some light curves observed in 2014–2015 exhibit “double fading,” which
occurs after the first fading. In other words, there are two bottoms in one
fading epoch. Therefore, we fit the light curves simultaneously for the first
and second fading. When we fit the second fading, we mask the first fading
by eye, and vice versa. Light curves with separated first and second fadings
were observed on November 22, 2014, January 10, 2015, and December 1,
2015.
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3.3 Results

Tables 3.2, 3.3, 3.4, and 3.5 show the best-fit transit parameters and uncer-
tainties for the long-term observations obtained by the MCMC analysis. We
show the transit light curves and the best-fit models of each observation in
Figure 3.1, 3.2, 3.3, and 3.4.

As shown in the figures, the fading shapes of the light curves vary with
observational epoch. This is a similar phenomenon to that reported by van
Eyken et al. (2012), Yu et al. (2015) and Raetz et al. (2016). To solve the
origin of shape changing, we give an independent Rp/Rs and b for each light
curve. Additionally, we find “double fading” in one observational epoch on
2014 November 22 (JD 2456984), 2015 January 10 (JD 2457032), and 2015
December 1 (JD 2457358). Double fading events are previously unreported
phenomena.

To understand these double fading events, we give the individual fitting
parameters for the first and second fading events when double fading events
are observed. For example, to fit the first fading event, we remove the data
at the second fading in a visual way. We then fit the light curve without
the second fading by the transit model. On the other hand, we employ the
light curve without the data at first fading for to fit the second fading event.
Accordingly, we obtain the two transiting parameter sets which are Tc, b,
Rp/Rs and baseline correction factors for one double fading light curve. This
assumption corresponds to two objects independently orbiting the host star.

The variations of Rp/Rs and b are shown in Figures 3.11 and 3.12, re-
spectively. These time variations include the degeneracy between Rp/Rs

and b due to the obtained grazing orbit. Hence, these parameters have po-
tentially more uncertainty than the best-fit parameters. However, either or
both of Rp/Rs and b certainly exhibit large fluctuations. We will discuss
these results for the long-term observations in the next chapter, combined
with the results of Chapter 2.
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Table 3.2: Best-fit parameters and uncertainties
Common parameter Value Uncertainty
a/Rs 2.189 +0.025

−0.025

Independent parameter
2012 Nov. 27 Value Uncertainty
Tc [BJDTDB − 2450000] 6259.14947 +0.00056

−0.00050

b 0.722 +0.017
−0.017

Rp/Rs 0.115 +0.002
−0.002

duration [days] 0.0518 +0.0009
−0.0008

k0 0.9127 +0.0023
−0.0030

kt 0.2220 +0.0056
−0.0056

kt2 -3.71 +0.06
−0.07

kz 0.0797 +0.0025
−0.0019

kx 0.0 (fixed)
ky 0.0 (fixed)
2012 Dec. 1 Value Uncertainty
Tc [BJDTDB − 2450000] 6263.17009 +0.00085

−0.00084

b 0.888 +0.027
−0.012

Rp/Rs 0.096 +0.006
−0.004

duration [days] 0.0426 +0.0008
−0.0007

k0 1.1086 +0.0033
−0.0036

kt 0.1369 +0.0044
−0.0047

kt2 0.0 (fixed)
kz -0.0848 +0.0027

−0.0027

kx -0.00048 +0.00008
−0.00012

ky 0.0 (fixed)
2013 Dec. 2 Value Uncertainty
Tc [BJDTDB − 2450000] 6629.07668 +0.00060

−0.00051

b 1.056 +0.019
−0.016

Rp/Rs 0.246 +0.015
−0.013

duration [days] 0.0487 +0.0009
−0.0008

k0 0.8959 +0.0016
−0.0021

kt 0.5100 +0.0091
−0.0136

kt2 -4.36 +0.11
−0.09

kz 0.0701 +0.0012
−0.0010

kx -0.00847 +0.00066
−0.00073

ky 0.0 (fixed)
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Table 3.3: Continuation of table 3.2.
Independent parameter
2014 Jan. 24 Value Uncertainty
Tc [BJDTDB − 2450000] 6681.97456 +0.00035

−0.00037

b 0.704 +0.014
−0.016

Rp/Rs 0.132 +0.002
−0.002

duration [days] 0.0568 +0.0010
−0.0009

k0 1.0048 +0.0004
−0.0004

kt 0.1015 +0.0049
−0.0047

kt2 -1.49 +0.13
−0.13

kz 0.0 (fixed)
kx 0.0 (fixed)
ky 0.0 (fixed)
2014 Feb. 10 Value Uncertainty
Tc [BJDTDB − 2450000] 6699.01860 +0.00051

−0.00055

b 0.846 +0.017
−0.023

Rp/Rs 0.138 +0.006
−0.005

duration [days] 0.0538 +0.0009
−0.0008

k0 1.0083 +0.0004
−0.0004

kt 0.0111 +0.0075
−0.0085

kt2 -2.10 +0.15
−0.08

kz 0.0 (fixed)
kx 0.0 (fixed)
ky 0.0 (fixed)
2014 Feb. 19 Value Uncertainty
Tc [BJDTDB − 2450000] 6707.98112 +0.00151

−0.00142

b 0.687 +0.047
−0.061

Rp/Rs 0.130 +0.004
−0.003

duration [days] 0.0579 +0.0010
−0.0009

k0 0.9244 +0.0012
−0.0023

kt 0.0588 +0.0076
−0.0111

kt2 -5.77 +0.14
−0.10

kz 0.0727 +0.0015
−0.0008

kx 0.0 (fixed)
ky 0.0 (fixed)
2014 Nov. 18 Value Uncertainty
Tc [BJDTDB − 2450000] 6980.10328 +0.00090

−0.00152

b 0.632 +0.035
−0.080

Rp/Rs 0.144 +0.003
−0.003

duration [days] 0.0660 +0.0011
−0.0010

k0 1.0038 +0.0005
−0.0005

kt -0.2926 +0.0084
−0.0103

kt2 2.10 +0.17
−0.13

kz 0.0 (fixed)
kx 0.0 (fixed)
ky -0.00037 +0.00030

−0.00031
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Table 3.4: Continuation of table 3.3.
Independent parameter First fading Second fading
2014 Nov. 22 Value Uncertainty Value Uncertainty
Tc [BJDTDB − 2450000] 6984.15002 +0.00031

−0.00034 6984.19868 +0.00050
−0.00047

b 1.061 +0.045
−0.035 0.888 +0.015

−0.013

Rp/Rs 0.232 +0.037
−0.027 0.109 +0.005

−0.003

duration [days] 0.0447 +0.0008
−0.0007 0.0436 +0.0008

−0.0007

k0 1.0453 +0.0065
−0.0029 1.0074 +0.0002

−0.0002

kt -0.0905 +0.0016
−0.0016 -0.0605 +0.0023

−0.0027

kt2 1.75 +0.17
−0.09 0.0 (fixed)

kz -0.0375 +0.0026
−0.0056 0.0 (fixed)

kx 0.0 (fixed) 0.0 (fixed)
ky 0.0 (fixed) -0.00289 +0.00040

−0.00030

2014 Dec. 5 Value Uncertainty
Tc [BJDTDB − 2450000] 6997.15430 +0.00054

−0.00056

b 1.041 +0.072
−0.057

Rp/Rs 0.211 +0.057
−0.042

duration [days] 0.0449 +0.0008
−0.0007

k0 0.9940 +0.0002
−0.0002

kt 0.0105 +0.0030
−0.0030

kt2 0.81 +0.03
−0.03

kz 0.0 (fixed)
kx 0.0 (fixed)
ky 0.0 (fixed)
2015 Jan. 10 Value Uncertainty Value Uncertainty
Tc [BJDTDB − 2450000] 7033.02545 +0.00048

−0.00047 7033.06933 +0.00153
−0.00123

b 0.842 +0.010
−0.010 1.026 +0.076

−0.034

Rp/Rs 0.105 +0.003
−0.003 0.122 +0.064

−0.028

duration [days] 0.0477 +0.0008
−0.0007 0.0348 +0.0007

−0.0006

k0 1.0085 +0.0012
−0.0009 1.0100 +0.0007

−0.0011

kt -0.1442 +0.0037
−0.0034 -0.1384 +0.0039

−0.0036
kt2 0.0 (fixed) 0.0 (fixed)
kz -0.0090 +0.0008

−0.0009 -0.0094 +0.0009
−0.0006

kx 0.0 (fixed) 0.0 (fixed)
ky 0.0 (fixed) 0.0 (fixed)
2015 Dec. 1 Value Uncertainty
Tc [BJDTDB − 2450000] 6980.13220 +0.00051

−0.00050 6980.17678 +0.00038
−0.00038

b 0.974 +0.017
−0.020 1.165 +0.047

−0.069

Rp/Rs 0.142 +0.011
−0.013 0.327 +0.041

−0.060

duration [days] 0.0442 +0.0008
−0.0007 0.0493 +0.0009

−0.0008

k0 1.0460 +0.0025
−0.0013 1.0272 +0.0036

−0.0040

kt -0.0826 +0.0026
−0.0031 -0.0594 +0.0057

−0.0043

kt2 1.72 +0.08
−0.05 1.13 +0.10

−0.14

kz -0.0406 +0.0011
−0.0022 -0.0241 +0.0036

−0.0031
kx 0.0 (fixed) 0.0 (fixed)
ky 0.0 (fixed) 0.0 (fixed)
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Table 3.5: Continuation of table 3.4.
Independent parameter
2016 Feb. 9 (g′2) Value Uncertainty
Tc [BJDTDB − 2450000] 7428.07422 +0.00094

−0.00095

b 1.125 +0.101
−0.204

Rp/Rs 0.406 +0.088
−0.160

duration [days] 0.0617 +0.0011
−0.0010

k0 1.0060 +0.0027
−0.0030

kt -0.0250 +0.0265
−0.0302

kt2 0.0 (fixed)
kz 0.0 (fixed)
kx 0.0 (fixed)
ky 0.0 (fixed)
2016 Feb. 9 (r′2) Value Uncertainty
Tc [BJDTDB − 2450000] 7428.07422 +0.00094

−0.00095

b 1.125 +0.101
−0.204

Rp/Rs 0.333 +0.092
−0.150

duration [days] 0.0539 +0.0010
−0.0009

k0 0.9998 +0.0011
−0.0011

kt -0.0007 +0.0118
−0.0110

kt2 0.0 (fixed)
kz 0.0 (fixed)
kx 0.0 (fixed)
ky 0.0 (fixed)
2016 Feb. 9 (zs,2) Value Uncertainty
Tc [BJDTDB − 2450000] 7428.07422 +0.00094

−0.00095

b 1.125 +0.101
−0.204

Rp/Rs 0.271 +0.092
−0.148

duration [days] 0.0450 +0.0008
−0.0007

k0 0.9955 +0.0008
−0.0006

kt -0.0567 +0.0074
−0.0062

kt2 0.0 (fixed)
kz 0.0 (fixed)
kx 0.0 (fixed)
ky 0.0 (fixed)
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Figure 3.1: Raw light curves of CVSO 30 (upper panels), the light curves
corrected by the baseline correction (middle panels), and the residuals be-
tween the observed data and the best-fit model (lower panels). The gray
dots represent relative flux data. The black open circles represent 0.01 days
binned data. The solid lines represent the best-fit transit models. The top
panels show the data observed on 2012 November 27 and the bottom panels
show the data observed on 2012 December 1.
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Figure 3.2: Same as Figure 3.1, but observed on 2013 December 2 (top
panels) and 2014 January 24 (bottom panels).
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Figure 3.3: Same as Figure 3.2, but observed on 2014 February 10 (top
panels), 2014 February 19 (upper right).
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Figure 3.4: Same as Figure 3.3, but observed on 2014 November 18.
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Figure 3.5: Same as Figure 3.4, but observed on 2014 November 22. Top
panels are corrected by the first fading event and bottom panels are corrected
by the second fading event.
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Figure 3.6: Same as Figure 3.5, but observed on 2014 December 5.
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Figure 3.7: Same as Figure 3.6, but observed on 2015 January 10. Top panels
are corrected by the first fading event and bottom panels are corrected by
the second fading event.
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Figure 3.8: Same as Figure 3.7, but observed on 2015 December 1. Top
panels are corrected by the first fading event and bottom panels are corrected
by the second fading event.
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Figure 3.9: Same as Figure 3.8, but observed on 2016 February 9. Top
panels are observed in the g′2-band and bottom panels are observed in the
r′2-band.
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Figure 3.10: Same as Figure 3.9, but observed on 2016 February 9 in the
zs,2-band.
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Figure 3.11: Time evolution of fitted Rp/Rs. The black points show Rp/Rs
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′
2 and zs,2-band, respectively.
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Chapter 4

Discussion

We found the wavelength dependence of fading depth in Chapter 2. Fur-
ther, we found the double fading events and the variations of best-fit transit
parameters in Chapter 3. In this chapter, we discuss these results and the
origin of the fading events of CVSO 30.

4.1 Wavelength Dependence of the Fading Depth

The shape of each fading light curve CVSO 30 varies with the observational
epoch, with some showing large fading and others showing small fading
(van Eyken et al., 2012). Therefore, multicolor simultaneous observations
are necessary to discuss the wavelength dependence of light curves. The
previous multicolor observations were performed in two bands (Yu et al.,
2015; Raetz et al., 2016). To precisely consider wavelength dependence,
we observe in three bands simultaneously. The apparent Rp/Rs is larger
at shorter wavelengths, 40–90% larger for g′2 − zs,2, and 20–50% larger for
r′2 − zs,2. Now, the atmospheric scaleheight H is

H =
kBT

µg
(4.1)

where kB is the Boltzmann constant, T is the atmospheric temperature,
µ is a mean molecular weight, which is µ ≈ 2.3 for a H/He-dominated
atmosphere (e.g. de Wit & Seager (2013)), and g is the local gravity. We
assume a planet candidate equilibrium temperature of 1800 K, a planetary
mass of 0.9 MJup from the upper limit of Ciardi et al. (2015), a planetary
radius of 2.8 RJup from Rp/Rs of this work, and a stellar radius of 1.39
R! (Briceño et al., 2005). Then, the calculated scale height H is 2300 km,
corresponding to 0.0023 Rp/Rs. Therefore, the variation between the r′2-
and zs,2-bands is 30 H and that between the g′2- and the zs,2-bands is 60
H. In comparison to the variation of HD 189733b from Sing et al. (2011,
Figure 14), the radius variation of HD 189733b between 630 and 880 nm
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(corresponding to the r′2- and the zs,2-bands) is 1.5 H and between 490 and
880 nm (corresponding to the g′2- and the zs,2-bands) is 2.5 H. In addition,
we compare the wavelength dependence with cloudless Rayleigh scattering
following Southworth et al. (2015). The slope of the planetary radius as a
function of the wavelength is

αH =
dRp(λ)

d lnλ
(4.2)

where α is a power-law coefficient α = −4 in Rayleigh scattering, and λ is
wavelength. The corresponding differential radius is 63000 km for the r′2-
band vs the zs,2-band and 130000 km for the g′2-band vs the zs,2-band. This
result yields that α is −80 to −100. Therefore, the wavelength dependence of
the fading event of CVSO 30 is too large to be explained by the atmospheric
Rayleigh scattering of a gas giant.

Here, we discuss the influence of gravity-darkening (von Zeipel, 1924).
Barnes et al. (2013) and Howarth (2016) explained the changes in the shape
of the transit light curve with gravity-darkening. The intensity distribution
on the gravity-darkened star varies with observing wavelengths, and there-
fore the transit light curves have wavelength dependence (Barnes, 2009).
Now, we test whether the wavelength dependence is explainable in terms of
the gravity-darkening effects. We calculate the g′2-, r

′
2-, and zs,2-band model

light curve with gravity-darkening under the condition that the largest wave-
length dependence is expected. The derivation of the intensity distribution
uses numerical integration with the formula by Barnes (2009). We assume
the most effectively gravity-darkening case, the stellar obliquity 90◦ pole-
on orbit, the impact parameter b = 0 and Rp/Rs = 0.11 to approximate
the observed transit depth in the r′2-band. We also fix a/Rs as the best-fit
parameter in Table 2.1, limb-darkening parameter with the same value in
Section 2.2, the stellar rotational velocity as 120 km/s obtained by the stel-
lar radius and the rotational period as 0.4481± 0.0022 days as described in
van Eyken et al. (2012). The uncertainty of the wavelength depen-
dence in gravity-darkening is determined by the uncertainty of the
rotational velocity. The uncertainty of stellar radius ∼ 0.1 M! is
dominant, whereas the error of the rotational period 0.002 days
is not effective for the wavelength dependence. This error corre-
spond to the gravity-darkened depth error of 0.05%.

The derived gravity-darkened model light curve including the gravity-
darkening effect is shown in Figure 4.1. The transit depths with gravity-
darkening are 2.0%, 1.9%, and 1.6% for the g′2-, r

′
2-, and zs,2-bands, respec-

tively (Table 4.1). The wavelength dependence caused by gravity-darkening
is weak and not able to reproduce the observational depths 3.1%, 1.7%,
and 1.0% for the g′2-, r

′
2-, and zs,2-band, respectively. In other words, the

observed wavelength dependence of the depths is too large and cannot be
explained by the gravity-darkening effect alone.
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Figure 4.1: Model light curve including gravity-darkening effect.

Table 4.1: Comparison between the observed depth and the gravity-
darkened transit model depth
Filter observed depth [%] gravity-darkened model depth [%]
g′2 3.0811+0.0151

−0.0035 1.98
r′2 1.7270+0.0108

−0.0025 1.89
zs,2 1.0191+0.0081

−0.0019 1.59



64 CHAPTER 4. DISCUSSION

4.2 Time Evolution of Best-fit Parameters and Dou-
ble Fading Events

Yu et al. (2015) and Raetz et al. (2016) found that the periodicity of fading
events of CVSO 30 is not constant but decreasing. They argued that the
times of fading centers were expressed as a quadratic function. The fading
timing equation following to Yu et al. (2015) is written as

Tn = T0 + nP0 +
1

2

dP

dn
n2 (4.3)

where Tn is the time of the nth fading event from the fading at T0, and P0

is the fading period at T0.
We find double fading events for the first time. We analyze the fading

timing of first and second fading events to investigate which fading events
are more periodic. The single fading events before February 2014 and the
first/second without single fading events after November 2014 are used for
periodicity fitting. Additionally, we obtain the linear and quadratic solution
for the times of fading center. The best-fit parameters are shown in Table
4.2. Figure 4.2 shows the residual between observed and calculated (O−C)
of transit center time. For the first fading, the statistic of linear fit statistics
show χ2 = 8202.87 with nine degrees of freedom, and the result of the
quadratic fit is χ2 = 8081.78 with eight degrees of freedom. On the other
hand, for the second fading, the statistics of linear fit gives χ2 = 943.39 with
nine degrees of freedom, and the result of the quadratic fit is χ2 = 592.10
with eight degrees of freedom. The uncertainties of each transit center timing
are 0.5–2 minutes. These results show that the second fading events are more
periodic than the first fading events. Hence, it is assumed that the second
fading origin is the same as the single fading origin before February 2014.

In the observations in Yu et al. (2015), double fading events
were not reported. The epochs of these observations are until
February 2015. We observed double fading events in November
2014, January 2015, and December 2015; however, the second
fading depths in November 2014 and January 2015 are shallower
than the first fading depths. Therefore, Yu et al. (2015) could not
have found shallow second fading events. If the shallow second
fading events in our observations in November 2014 and January
2015 are excepted, this does not affected the conclusion because
the second fading event in December 2015 is significant and more
periodic than the first fading.

The wavelength dependence of the second fading has not been
measured. The origin of double fading will be revealed when the
difference in the wavelength dependences of the first and second
fading events are measured.
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Yu et al. (2015) claimed the orbital decay whose best-fit parameters
are T0 = 2455201.790 ± 0.006 days, P0 = 0.448438 ± 0.000006 days, and
dP/dn = (−2.09 ± 0.25) × 10−8 days epoch−1. These parameters lead to
the period shrinking to zero after ∼ 104 years, which corresponds to the
timescale of tidal dissipation, assuming the tidal quality factor Q to be for
a gas giant calculated by Kamiaka et al. (2015).

For the quadratic fit for second fading events, the significance of dP/dn is
1.7σ and dP/dn is at the most an order of magnitude less than that obtained
by Yu et al. (2015). Therefore, our results disagree with the orbital decay
presented by Yu et al. (2015). Accordingly, the tidal quality factor Q based
on our analysis does not reach the value of the gas giant. However, the first
fading timing before January 2015 during the same timespan of Yu et al.
(2015) denotes the same tendency reported by Yu. It is likely that Yu et al.
(2015) have found only the first fading events.

Next, we discuss the time evolution of Rp/Rs and b. Rp/Rs varies by
more than double in one bandpass filter J-band, regardless of first or second
fading. This is not explainable in terms of a gas giant. However, circumstel-
lar dust can cause the large time variation of Rp/Rs. The light curve depth
of KIC 12557548 changes with time like the target (Rappaport et al., 2012).
KIC 12557548 is considered a disintegrating planet, emitting dust.

The impact parameter b directly reflects the orbital inclination i. As-
suming a circular orbit, equation 1.5 is rewritten as

b =
a cos i

Rs
(4.4)

The time evolution of the orbital inclination is shown in Figure 4.5.
Barnes et al. (2013) and Kamiaka et al. (2015) discussed precession of

the ascending node of the planetary orbit and the rotation pole for the
host star. The period of precession is calculated to be 200–800 days. To
compare their precession period, we check the periodicity of our orbital
inclination evolution. We compute the Lomb–Scargle periodogram of the
orbital inclination in a searching range of 1–1000 days. We show the result
of this calculation in Figure 4.4. When the spectral power is 12.9, the false-
alarm probability is 99.9% in this figure. Therefore, the obtained spectral
power, which is lower than 2.5 does not have a significant signal in the entire
region. This result shows that the inclination variation is not periodic.

Finally, we discuss the relationship between Rp/Rs and fading
duration. We show this relation in Figure 4.4. Note that the
points of faint colors show the data with grazing orbit (b > 1). In
other words, Rp/Rs with the grazing orbits are probably overesti-
mated. There is a positive correlation between Rp/Rs and dura-
tion. This trend is consistent with Yu et al. (2015). The tendency
suggests that fading origin does not have a rigid body such as
ellipsoid.
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Table 4.2: Best-fit parameter for fading period.
linear fit based on first fading based on second fading

Value Uncertainty Value Uncertainty
T0 [BJDTDB − 2450000] 6259.153 ±0.012 6259.1410 ±0.0041
P0 [days] 0.4483692 ±0.0000087 0.4483988 ±0.0000028
χ2 8202.87 943.39
quadratic fit
T0 [BJDTDB − 2450000] 6259.156 ±0.016 6259.1459 ±0.0045
P0 [days] 0.448362 ±0.000028 0.4483858 ±0.0000079
dP/dn [days epoch−1] 3.0× 10−9 ±1.1× 10−8 5.1× 10−9 ±3.0× 10−9

χ2 8081.78 592.10
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Figure 4.2: Residual between the observed and the calculated time of transit
center. The red points show the residuals based on the single fading events.
The green points show the residuals based on the first of the double fading
events. The blue points show the residuals based on the second of the double
fading events. The upper-left panel shows the residual for first fading and
linear fit. The upper-right panel shows the residual for second fading and
linear fit. The lower panel shows the residual for first fading and quadratic
fit. The lower-right panel shows the residual for second fading and quadratic
fit. The uncertainties of each point are 0.5–2 minutes.
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Figure 4.4: Periodogram showing time variations of the orbital inclination.
When the power is 12.9, the false-alarm probability is 99.9%. Hence, the
spectral power does not have a significant signal in entire region.
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4.3 The Origin of Fading Events

The candidates of the origin of the fading events except a gas giant as pro-
posed by Yu et al. (2015), are starspots near the rotational pole and orbiting
or accreting dust (Figure 4.6). In the figure, dust-emitting rocky planet in-
dicates a disintegrated planet like KIC 12557548 (Rappaport et al., 2012)
or K2-22b (Sanchis-Ojeda et al., 2015). These objects are small transit-
ing planet with a large amount of dust. The transit light curves vary with
observational epoch. Cool starspots mean that the fading events occur by
starspots near the stellar rotational pole. Circumstellar dust means the
eclipses by an infalling circumstellar disk or dust. Accretion hotspot means
the occultation by an accretion current into a hotspot. Now, we group dust-
emitting rocky planet, circumstellar dust and accretion hotspot as “dust
cloud,” owing to the difficulty of separation.

According to Grankin et al. (2008), weak-line T-Tauri stars have stable
long-term periodic variability for several years because of starspots and stel-
lar rotation. Such a long-term stability is, however, the result of starspot
modulation on so-called active longitudes despite the short lifetime (weeks)
of each starspot. CVSO 30 has been observed to display transit-like fading
events over six years since the first observations by van Eyken et al. (2012).
Starspots are an unlikely cause of fading events, because it is difficult for
the spots to exist near the pole at all the times.

We organize the above discussions on the origins in Table 4.3. The re-
maining possibility for the wavelength dependence would be in favor of tran-
siting dust clump. As an example of dust with a rocky planet, Rappaport
et al. (2012) found that the shape of transit light curves of KIC 12557548
changes in time. In another example of a disintegrating planet, Sanchis-
Ojeda et al. (2015) signified the wavelength difference of the transit depth
by spectro-photometric observations of K2-22b. The above disintegrated
planets have a pre-ingress brightening by forward scattering and
a prolonged egress by a cometary tail. A pre-ingress brightening
is not seen significantly in CVSO 30. However, some light curves,
such as December 2015 and February 2016 in the r′2-band exhibit
slight pre-ingress brightening slightly. More precise photometry
is needed to discuss the existence of ingress and egress transfor-
mations. The exponent of the our extinction power law which is defined
as −d lnA/d lnλ, where A is fading depth obtained by (Rp/Rs)2, is 1.7±0.8.
This value is similar to the exponent of the extinction by interstellar medium
2.13± 0.08 obtained by Damineli et al. (2016).

Dust clouds are also able to explain the time variation of fading shapes as
shown in Figure 4.7. The double fading events are accountable by breaking
up into fragments. Large variations of Rp/Rs are not explainable in terms of
a planet. However, dust clouds with a nonspherical shape might also explain
it. As for the nonperiodic evolution of the impact parameter, this result is
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inconsistent with the precession model of a giant by Barnes et al. (2013).
On the other hand, it leaves a margin for the origin by dust cloud because
of perturbation by the stellar magnetic field, stellar radiation pressure, or
otherwise. If there is the circumstellar disk remnant, double fading
events are explainable in terms of the transit by a part of the disk
like KH 15D (Herbst et al., 2002).

Moreover, the orbital period consistent with the stellar rota-
tional period (van Eyken et al., 2012) reinforces the dust expla-
nation. The radius of the inner edge of the protoplanetary disc
is accorded with the co-rotation radius because of slowing down
from the stellar magnetic field. Therefore, if partial dust fall oc-
curs down to the inner orbit, it cannot continue Kepler motion
and accretes to the host star rapidly.

Rejecting starspots as the fading origin does not indicate the
absence of starspots on CVSO 30. The large variations of ob-
served baselines occur by nonpolar starspots. Starspots on a ro-
tating star produce the radial-velocity signal (e.g. Queloz et al.,
2001). The presence of starspots on CVSO 30 would result in the
radial-velocity just as the stellar rotational period measured by
van Eyken et al. (2012).

The candidate sources of dust include a disintegrating rocky planet, a cir-
cumstellar disk, and an occultation of an accretion hotspot. High-precision
spectrophotometric observations at near-infrared wavelengths are suitable
for distinguishing their origins.
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Figure 4.6: Illustrations showing the candidates of the origin of fading events
proposed by Yu et al. (2015).

Table 4.3: Comparison between the results of this work and the fading origin
candidate from Yu et al. (2015).

Giant planet Dust cloud Starspot
Wavelength dependence No Yes Yes
No orbital decay No Yes Yes
Lifetime of starspots Yes Yes No
Time variation of Rp/Rs No Yes Yes
Non-periodic inclination variation No Yes Yes

Figure 4.7: Illustrations based on our result. A dust clump eclipses the host
star.



Chapter 5

Summary and Future
Prospects

We have observed the transit-like fading events of the weak-line T-Tauri star
CVSO 30 in the g′2-, r

′
2-, and zs,2-bands simultaneously using the MuSCAT

instrument and in the J-band using the ISLE instrument on the 188-cm
telescope at Okayama Astrophysical Observatory. We perform light curve
fitting using transit models with the independent Rp/Rs, the same a/Rs, and
the same impact parameter for each band. We have successfully detected
significant wavelength dependence in the transit light curves of CVSO 30.
The results of transit light curve fitting show large wavelength dependence
in transit depths of 3.1%, 1.8%, 1.1% for the g′2-, r

′
2-, and zs,2-bands, respec-

tively. This wavelength dependence includes the degeneracy between the
planetary-to-stellar radii ratio Rp/Rs and the transit impact parameter b
due to the obtained grazing orbit. We confirm that Rp/Rs has a wavelength
dependence for any b.

We also analyze the light curves of fading events over the four seasons.
We find double transit-like fadings in some light curves observed in 2014–
2015. Moreover, we find that Rp/Rs and b are variable with orbital epoch.
The wavelength dependence rules out a transiting gas giant scenario because
it was too large to be due to a hydrogen-dominated atmosphere of a hot
Jupiter or the gravity-darkening effect.

The long-term observations show that the first fading events are more
periodic than the second fading events in double fading events. The first
fading events and single fading events before 2014 do not show orbital de-
cay. This result implies inconsistency with the calculation of tidal dissipa-
tion assuming a gas giant by Kamiaka et al. (2015). We also find that the
time evolution of Rp/Rs is difficult to explain by the planetary phenomena.
Moreover, the time variation of b does not have a periodic signature.

In addition, starspots are an unlikely cause of fading events, because it
is difficult for the spots to exist near the pole at all times. Thus, our results

73
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are in favor of a transit by circumstellar dust clump or occultation of an
accretion hotspot, which were introduced by Yu et al. (2015).

For future prospects, high-precision spectrophotometric observations at
near-infrared wavelengths are suited to distinguish the possible remaining
origins. If there is a rocky planet in a dust cloud, the fading depth is deeper
at all wavelengths corresponding to the planetary disk. However, if a dust
cloud does not include a planet, the wavelength dependence of the fading
depth is clear and large.

Transit survey projects have the potential to discover other periodic fad-
ing events besides CVSO 30. Examples of transit survey projects from the
present into the near future include the K2 mission (Howell et al., 2014),
Transiting Exoplanet Survey Satellite (TESS) (Ricker et al., 2015), and
PLAnetary Transits and Oscillations of stars (PLATO) (Rauer et al., 2014),
among others. These survey programs have a much greater chance of dis-
covering other transit-like fading events because these survey fields include
star forming regions. The studies of multiple young objects with transit-like
events will also reveal the events near YSOs.
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