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Abstract

This thesis describes the research of a hot Jupiter around hot stars for observing its

nodal precession to measure its spin-orbit obliquity and the stellar quadrupole mo-

ment. The first discovered extra-solar planet, also known as an exoplanet, surprised

us because that was a Jupiter-like planet orbiting very close (about 4-day orbital pe-

riod) to its host star: this type of planet is hot Jupiter. There are 4200 confirmed

exoplanets: 500 of them are hot Jupiters. Hot Jupiters are uncommon planets for

our solar system and difficult to be born in situ following the classical planet forma-

tion. Thus, new orbital evolution models to bring them near the host stars have been

proposed.

There are three major orbital evolution models of hot Jupiter. One model drops a

hot Jupiter near its host star by the gravitational interaction between the planet and

the gas disk (planet-disk interactive model) and often aligns the orbit with the stellar

spin. Another model scatters more than three hot Jupiters by their mutual interac-

tions (planet-planet scattering model), and the stellar rotation axis is inclined easily

to the planetary orbital axis. The other model oscillates the orbit of hot Jupiter by the

Kozai effect (Kozai-Lidov mechanism) and tends to make the obliquity distribution

more widely than one via the planet-planet scattering. While the first model keeps

an orbit circular, the second and the third ones make an orbit elliptic. Especially, the

eccentric orbit gets circular by tidal evolution keeping its misaligned orbit.

However, a solar-like star, whose effective temperature is less than 6250 K, is

realigned with a planetary orbit because its thick convective has been affected by the

tidal dissipation. On the other hand, a hot star, whose effective temperature is more

than 7000 K, has no convective zones and hardly undergoes realignment. Thus, the

spin-orbit obliquity of hot Jupiter around the hot star is the clue to understanding

its origin.

Doppler tomography is a powerful method to measure the spin-orbit obliquity

of hot Jupiters around hot stars by transit spectroscopy. Nevertheless, a single ob-

servation can only measure the projected one and never detect the real one. The

nodal precession occurs and moves the transit trajectory when a hot Jupiter revolves

around a hot star, which tends to be oblate by its fast rotation, in the misaligned
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orbit. The larger stellar quadrupole moment J2, which is the index of the stellar

oblateness, makes the speed of the nodal precession faster. This movement changes

two orbital parameters, projected spin-orbit obliquity and impact parameter, which

is available by more than one observation. In terms of measuring an impact param-

eter, transit photometry is also a valuable method for the nodal precession. Finally,

we can measure the real spin-orbit obliquity by the two variations.

WASP-33b, a hot Jupiter around a hot star, is the only planet whose real spin-

orbit obliquity has been measured by the nodal precession via Doppler tomographic

observation. However, because the previous study measured it by only two-epoch

Doppler tomographic datasets, it is not enough to confirm WASP-33b’s nodal pre-

cession. Thus, I observed WASP-33b using HIgh Dispersion Echelle Spectrograph

(HIDES) in 2019 by Doppler tomographic observation. I utilized this data from

HIDES. I also analyzed Doppler tomographic data by High Dispersion Spectrograph

(HDS) in 2011, and Robert G. Tull Coudé Spectrograph (TS23) in 2008, 2014, and 2016

to search the variations of its projected spin-orbit obliquity and its impact parame-

ter. I also observed the hot Jupiter for adding data points of its impact parameters

by Multicolor Simultaneous Camera for studying Atmospheres of Transiting exo-

planets (MuSCAT) in 2017 and the second generation (MuSCAT2) in 2018. I calcu-

lated its real spin-orbit obliquity and J2 by MCMC with the time variation models of

the two orbital parameters. Then, I confirmed the more precise WASP-33b’s nodal

precession with more extended and more observations than the previous study. I

obtained WASP-33b’s real spin-orbit obliquity, 110+1.3
−1.4 deg. This planetary orbit has

evolved with the mechanisms which makes the orbit misaligned easily such as the

planet-planet scattering and the Kozai migration. This research is the first step to

make a histogram of the real spin-orbit obliquity by Doppler tomography and tran-

sit photometry. I also found J2 = 1.11+0.15
−0.11 × 10−4, which is slightly smaller than the

calculated one in theory. This may indicate the possibility that its actual stellar in-

ternal structure is different from the theoretical one. In the future, I will clarify how

hot Jupiters have migrated by increasing the measured samples.
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Chapter 1

Introduction

1.1 Brief History of Exoplanet

Inhabitants on the Earth have struggled to probe extrasolar planets, also known as

exoplanets, around other stars than the Sun since the middle of the 19th century.

Jacob (1855) and See (1896) insisted that a dim target near the binary system, 70

Ophiuchi, was a planet, which Moulton (1899) rejected unluckily. After that, van de

Kamp (1963) claimed a Jupiter-like giant planet around Barnard’s Star adopting the

astrometry method, validating a bit wobbling star due to planetary gravitation by

imaging. This planet turned out to be systematic systematics, after all.

Before Kamp’s claim, Struve (1952) declared that radial velocity (RV) observation

with a high spectrograph could hunt an exoplanet by measuring the Doppler shift

of a star vibrates due to planetary gravitation. Campbell et al. (1979) improved the

radial velocity precision and observed 21 main-sequence and sub-giant stars for 12

years. However, Walker et al. (1995) revealed no detected planets around them.

During the two dozen years, Latham et al. (1989) found an object more massive

than 13 Jupiter mass (hereafter, I write this unit as MJ) orbiting around The star

HD114762, which advanced the research of exploring exoplanets.

In the middle of the 1990s, Mayor et al. (1995) accomplished discovering an ex-

oplanet around the main-sequence star, 51 Pegasi, for the first time. They detected

this planet’s mass 0.5 MJ and orbital period 4.2 days by the RV observation. These

parameters describe a Jupiter-like planet exiting at closer orbit than the distance be-

tween the Sun and Mercury. This exoplanet, whose type is called "hot Jupiter" today,

was so uncommon that it surprised human beings living in the Solar system. This
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discovery overturned the usual formation theory for our Solar system.

After the discovery, the number of hot exoplanets increased gradually by the RV

method and the transit method. Charbonneau et al. (2000) utilized the transit obser-

vation for the first time to validate the hot Jupiter HD 209458b. This method can find

an exoplanet by photometry because it blocks the stellar disk partially during tran-

siting in front of its host star. Since the beginning of 21 century, it has contributed

for exoplanet exploration with the ground-based transit survey such as SuperWASP

(Wide Angle Search for Planets; Collier Cameron et al., 2007), HATNet (Hungarian

Automated Telescope Network; Bakos et al., 2002), KELT (Kilodegree Extremely Lit-

tle Telescope; Pepper, Gould, and Depoy, 2004), and the space transit surveys such

as CoRoT mission (Convection Rotation et Transits planètaires; Barge et al., 2005),

NASA’s Kepler mission (Borucki et al., 2010) and NASA’s TESS mission (Transiting

Exoplanet Survey Satellite; Ricker et al., 2016). They have found about 3,000 exo-

planets; most of the number, around 2000 exoplanets, is a fruit of Kepler’s mission.

After all, the total number of confirmed exoplanets is more than 4200 in 2020 (see

Figure 1.1).

FIGURE 1.1: Bar chart of the total number of confirmed exoplanet ev-
ery year. Each color corresponds each discovery method. (citing from
https://exoplanetarchive.ipac.caltech.edu).
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1.2 Orbital Evolution Models and Alignment

1.2.1 Classic Planet Formation Model: Core Accretion Model

Safronov (1972) and Hayashi, Nakazawa, and Nakagawa (1985) suggested that the

core accretion model supports the formation of the solar system. A protoplanetary

with 0.01− 0.02 solar mass (M�) is created when a star is born. Next, dust compo-

nents sink into the mid-plane of the disk and generate planetesimals. These plan-

etesimals turn solid planets by colliding and combining each other. When the mass

of a solid planet reaches more than 10 Earth-mass (M⊕), this planet accumulates gas

promptly. It is easy to make a massive solid planet beyond the ice line (> 2.7 AU

in the Solar system) with abundant dust, including condensed ices. Then the mas-

sive solid planet turns to a gas giant planet. Thus, gas giant planets should exist in

the distant region from the star. I display an illustration of this formation model in

Figure 1.2. However, creating hot Jupiters in situ is challenging because ices cannot

keep as solids the inner area. Therefore, another method to bring a gas giant planet

near its host star was requisite. There are mainly three orbital evolution models for

hot Jupiters.

1.2.2 Another Planet Formation Model: Gravitational Instability Model

Before I explain the orbital evolution models, I add a description of another planet

formation model. Kuiper (1951) and Cameron (1978) argued the disk gravitational

instability model for gas giant planets. This model can create gas giant planets in the

outer area (> 20 AU) by shrinking divided clumps of a protoplanetary disk, which

implies that this planetary model cannot create hot Jupiters in situ. Self-gravitational

instability occurs when

Q ≡ csΩK

πGΣg
< 1 (1.1)

where Q is the Toomre stability parameter (Toomre, 1964), cs is the sound speed, ΩK

is the angular velocity of a circular orbit, G is the constant of gravitation, and Σg is

the gas surface density of the disk. Equation 1.1 is satisfied when the disk instability

is symmetric, whereas Q < 1.5− 2.0 when the instability is nonaxisymmetric.
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time

FIGURE 1.2: Illustration of classical planet formation process.

Following this method, gas planets should have almost the same metallicity as

their host star. However, Jupiter’s metallicity is higher than the solar one. Moreover,

this model is not for the terrestrial planet formation, but for the gas planet forma-

tion. Therefore, the disk gravitational instability model had not been interesting to

consider the solar system formation for several dozen years. After discovering ex-

oplanets, this model has been reconsidered for the exoplanet formation (e.g., Boss,

1997) with orbital evolution. Recently, Galvagni and Mayer (2014) presented that the

disk gravitational instability model can make hot Jupiters via planet-planet scatter-

ing, which I will explain in Subsection 1.2.4.

1.2.3 Planet-disk Interaction

When a protoplanetary disk remains after creating planets, a planet falls toward

its host star by the interaction between the planet and the disk (Lin, Bodenheimer,

and Richardson, 1996). Originally, Lin and Papaloizou (1986) suggested this pro-

cess though it was not remarkable before the discovery of hot Jupiter. After a solid

planet’s mass gets above dozens of Earth masses, its gravity scatters gases around
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its orbit and forms a gap because its Hills radius is larger than the disk thickness. As

the viscous gas moves to the center of the disk by losing its angular momentum, the

giant planet migrate toward the host star in the moving gap (Type II migration; Lin

and Papaloizou, 1986, see Figure 1.3). This migration takes about ∼ 3× 105 years

when Jupiter mass planet is at 5AU in the classical method (Nelson et al., 2000). On

the other hand, Ida et al. (2018) shows that Jupiter-mass planet at 3AU migrates for

about several million years considering the turbulence in the disk; the time scale is

longer when the disk turbulent is stronger.

In the case of a terrestrial planet, though it cannot construct a gap, the planet

drops to its host star due to friction between the disk and the planet (Type I mi-

gration; Ward, 1986). After a planet followed this planet-disk interaction model,

including type-I and type-II, its orbital momentum typically aligns with the stellar

spin axis. Then the orbit keeps circular.

However, some disk conditions can lean disks and make misaligned orbits with

the inclined disks. First, we have to consider that variable accretion and interac-

tions between stars can slant a protoplanetary disk in a stellar cluster from a tur-

bulent molecular cloud (Bate, Lodato, and Pringle, 2010). Warped strong magnetic

field from a host star with larger than several kG is also one of the causes to make

misaligned disks (Lai, Foucart, and Lin, 2011), but the misaligned orbits due to the

strong magnetic fields hardly seem to occur because the young stars tend to have

about < 1kG magnetic fields (Bouvier et al., 2007).

FIGURE 1.3: Illustration of type II migration.

During the planet-disk migration, the orbit always aligns with the disk. Thus, To

check the orbital evolution from the distribution of the measured spin-orbit obliquity

φ, the angle between the stellar rotation axis and the orbital angular momentum

vector, we can compare them with the simulated distribution. Lai, Foucart, and Lin,
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2011 calculated the distribution with the magnetic torque even though the disks with

weak magnetic torque are the majority (see Figure 1.4).

FIGURE 1.4: Obliquity histogram of the disk via planet-disk interaction when the
magnetic torque is weak (upper figure) or strong (bottom figure) from Lai, Foucart,
and Lin (2011). The horizontal line is the spin-orbit obliquity, and the vertical line is
the frequency. The solid black line shows the initial distribution. This distribution
changes into blue line, green line, then red line. Finally, it settles as a black solid
line.

1.2.4 Planet-planet Scattering

We consider three gas giant planets to be orbiting close to each other after the gas

disk has gone. Although they have continued circular orbit for 10 Myrs, gravita-

tional scattering occurs suddenly so that their eccentricities and inclinations change

randomly (see Figure 1.5). Rasio and Ford (1996) proposed this mechanism initially

after the discovery of Peg. 51b. Then Chatterjee et al. (2008) explained the reason for

the existence of misaligned or eccentric planets by the scattering model. Depending
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on the scattering situation, some planets get flipped far away from their systems;

they never orbit around their host star.

If the distance between the periapsis and the star is very close (≤ 10 stellar radius

(Rs): 0.05 AU for the Sun), the orbit approaches toward the star holding the periapsis.

The planet changes its shape near the point. This dynamic tide decreases the planet’s

kinematic energy and its semi-major axis (Jackson, Greenberg, and Barnes, 2008 and

Nagasawa, Ida, and Bessho, 2008). Therefore, this tidal evolution brings a hot Jupiter

with a misaligned orbit.

FIGURE 1.5: Illustration of planet-planet scattering.

Nagasawa and Ida (2011) simulated the planet-planet scattering creating sam-

ples of the system with three giant planets with the dynamical tide formulae from

Ivanov and Papaloizou (2007). This simulation displays the distribution of the spin-

orbit obliquity φ, the angle between the stellar rotation axis and the orbital angular

momentum vector, in Figure 1.6. Following this histogram, it is easy to create mis-

aligned prograde planets (30 deg < φ < 90 deg), but there are 28% retrograde planet

samples.
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FIGURE 1.6: Obliquity histogram via planet-planet scattering from the samples of
Nagasawa and Ida (2011), which expresses obliquity as inclination. The solid line
shows the distribution of all close-in planets, while the dotted line is one of the
planets whose systems have lost one or two planets by scattering. In this simula-
tion, they set the migration time 108 years.
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1.2.5 Kozai Migration

The gravitational perturbation of a massive giant planet or a companion star shakes

an inner planet when their orbital planes are inclined to each other. Inner planet’s

eccentricity and mutual inclination continue to oscillate so that z’ component, the di-

rection of the node of the comparison star’s orbit plane, of the inner planet’s angular

momentum L keeps preserved; HD80606b, a highly eccentric (e = 0.93) giant planet

whose system has a companion star, has oscillated with a 20-Myr-period swing for

0.1 Gyrs (Wu and Murray, 2003) for instance (Equation 1.2; Kozai, 1962).

L = mp

√
GMsa(1− e2) cos I (1.2)

where mp, a, e are respectively the mass, the semi-major axis and the eccentricity of

the inner planet, and G, Ms, I are the constant of gravitation, the host star’s mass,

and mutual inclination respectively. Thus, when the inner planet’s orbital plane goes

closer to the outer one, the eccentricity becomes high. When I > 39.2 deg, this vibra-

tion is striking. This phenomenon is called the Kozai-Lidov mechanism (see Figure

1.7). Kozai (1962) and Lidov (1962) proposed this theory for the orbital evolution of

asteroids by Jupiter’s gravitational perturbation originally. This mechanism is also

another cause of the occurrence of misaligned planets. Wu and Murray (2003) and

Fabrycky and Tremaine (2007) showed that highly eccentric planet due to the Kozai-

Lidov mechanism undergoes the tidal decay. This whole orbital changing process

is called Kozai migration. Hence this is also one of the origins of misaligned hot

Jupiters.

Fabrycky and Tremaine (2007) simulated the Kozai migration and showed the

obliquity distribution. They set the companion stellar orbit as a circular orbit with a

semi-major axis of 500 AU. The distribution is different from that via planet-planet

scattering. Half samples are aligned (< 30 deg), while the other half are misaligned

from 30 deg to 140 deg. Petrovich (2015) considered with the various values of com-

panion stars’ semi-major axes and eccentricities. Then the simulation resulted in the

obliquity distribution as shown in Figure 1.8. The distribution is roughly flat from 10

deg to ∼ 140 deg and the range is wider than the result via planet-planet scattering

simulation by Nagasawa and Ida (2011) (Figure 1.6) (see text).
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FIGURE 1.7: Illustration of Kozai Migration. The orbital oscillation in the middle
figure shows Kozai-Lidov mechanism.

FIGURE 1.8: Obliquity histogram via Kozai migration from Petrovich (2015). The
black solid line shows the distribution of hot Jupiters’ obliquities. The red dotted
line shows the distribution simulated with the condition of Fabrycky and Tremaine
(2007).
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1.3 How to Measure Spin-Orbit Obliquity

As shown in Section 1.2, an orbit stays aligned with the stellar spin in the gas disk mi-

gration model generally, while the other models tend to make one misaligned easily.

For this reason, the spin-orbit obliquity φ, the angle between the stellar rotation axis

and the orbital angular momentum vector, is the key to investigate which orbital

evolution the planet has followed ; the angle between the solar spin axis and the

Earth’s orbital momentum vector is φ ∼ 7 deg (Beck and Giles, 2005) as a reference.

However, Rossiter-McLaughlin measurement and Doppler tomography, which are

the main techniques and showed in this Section, can only measure "projected" spin-

orbit obliquity λ (See Figure 1.9).

x=v/Vsinis

z

b

xp

zp

λ

FIGURE 1.9: Illustration of a planet crossing its stellar disk from an observer. The
dashed line shows orbit, and the dotted line is the orbital momentum vector. I set
the projected direction of the stellar spin axis as z axis. z is normalized by stellar
radius Rs. When we adopt the assumption that the stellar spin axis is parallel to
the night sky and the star is rigid, the velocity in the line profile standardized by
V sin is correspond to the position of x divided by stellar radius Rs. Here I note that
v is the radial velocity at the position of x. The blue side and the red side represent
the approaching semicircle and the receding semicircle, respectively. b, xp, and zp
is the impact parameter and the planet’s position in the coordinate (x, z).
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1.3.1 Rossiter-McLaughlin Effect

The Rossiter-McLaughlin effect (RM effect) means a phenomenon that the apparent

radial velocity shifts because eclipsing binary blocks the stellar surface of one of

them (Rossiter, 1924 and McLaughlin, 1924). The same phenomenon occurs when

a planet transit in front of its host star. Queloz et al. (2000) adopted this method

for the spectroscopic transit observation of HD209485b and measured its projected

spin-orbit obliquity.

FIGURE 1.10: Apparent radial velocity changes during transit by Rossiter-
McLaughlin effect. the behave of the change is different from λ and b. This figure
is cited from Gaudi and Winn (2007).

A star generates an approaching side and a receding side on the stellar disk by

rotating. Observers detect it as if the star was receding when a planet covers on the

approaching side. On the other hand, they can observe as if the star was approaching

when a planet blocks on the receding side. We can measure the projected obliquity

from the change of the apparent radial velocity during planet transit. It can also

measure the impact parameter b, the apparent distance scaled by the stellar radius

from the center of the stellar disk to the transit trajectory.

We can measure the apparent radial velocity from the shifted peak of the stellar

line profile when the apparent stellar velocity V sin is is similar to FWHM of the

proper stellar line-profile Wp (∼ 5 km s−1), derived from the thermal broadening

and the uncertainty principle. However, when V sin is is much larger than Wp, the

stellar line profile broadens, and the bump called "planetary shadow" appears in the
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profile. Thus, reading the shift of the peak comes to be hard.

1.3.2 Doppler Tomography

Doppler tomography can visualize the planetary shadow by subtracting a line pro-

file during in-transit from one during out-of-transit. I show the model of Doppler

tomography in Figure 1.12. It can trace only planetary shadow even though stellar

activities such as starspots and pulsations occur on a stellar surface, which warps its

stellar line-profile and arises systematic errors by RM measurement (Brown et al.,

2012). We can measure λ and b by this method as well as by the RM method (Figure

1.13 and Figure 1.14).

This method was initially used to observe starspots blocking the stellar surface

initially (e.g., Rice, 2002). Collier Cameron et al. (2010a) attempted the technique for

the first time to measure the projected obliquity of HD18973b by a spectrograph with

high resolution (R ∼ 100, 000) though its host star spins slow (V sin is < 5 km s−1).

Just after the research, Collier Cameron et al. (2010b) validated a hot Jupiter, WASP-

33b, around a rapid rotation star (V sin is � 5 km s−1) by Doppler tomography for

the first time. They argued that the method could help to confirm a planet around

a rapid rotation star. When the stellar rotation speed is about 100 km s−1, spectral

resolution R > 30000 is required to detect a shadow of a Jupiter-size planet.

1.3.3 Other Techniques

There are not only these two main methods but also other techniques to measure

the spin-orbit measurements. One of them is gravity-darkened transit photometry.

A rapid rotation star makes itself oblate, its poles brighter, and its equator darker.

Thus, the intensity distribution of the stellar disk depends on the stellar latitude.

Hence, this method can measure the spin-orbit obliquity φ by photometric transit

observation (e.g., Barnes, 2009). However, because stellar activities cause the light

curve warped, the systematic error is larger when the host star is active.

The starspots bother the RM and gravity darkening observation, but they are also

useful to measure φ by counting the frequency that a planet crosses a spot. When

a planet is in front of a starspot, the apparent flux is slightly brighter for a short
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FIGURE 1.11: First row: Illustration of intensity distribution. Second row: Illus-
tration of radial velocity distribution. Third row: Line profile during transit when
V sin is � Wp. Fourth row: Line profile during transit when V sin is ∼ Wp. In
this figure, these line profiles show downward. This figure is cited from Gaudi and
Winn (2007).
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FIGURE 1.12: Left: Model of stellar line profile during transit when a stellar spin
velocity is fast. The horizontal line and the vertical line are the relative velocity
of the profile and the intensity, respectively. The stellar line profile changes from
bottom to top. During the transit, planetary shadow shows in the line profile. In
this figure, I set parameters λ = 0 deg, b = 0, Rp/Rs = 0.1, a/Rs = 3.0 and
V sin is = 90 km s−1, Right: Model of planetary shadow . The horizontal line and
the vertical line show the relative velocity and the time passing from bottom to
top, respectively. A track of the planetary shadow appears as a dark part. Lower,
middle and upper horizontal dotted lines are ingress, transit-middle and egress
time. Left and right vertical dotted lines indicates the stellar rotational velocity.

time during transit. Unless the stellar axis is parallel to the line of sight, starspots

move horizontally. Thus, the frequency is higher when the orbit is more aligned.

Sanchis-Ojeda and Winn (2011) used this method first to observe HAT-P-11b.

1.4 Tendency of Orbital Obliquity

1.4.1 Hot Jupiters

Mainly, RM measurement and Doppler tomography have succeeded in measuring

the projected obliquities of 110 hot Jupiters. Here I define hot Jupiter as planets with

0.5MJ < Mp < 13MJ , Rp > 0.8RJ and Porb < 10 days. I show the distribution

between the host star’s effective temperature and the projected misalignment in Fig-

ure 1.15. Winn et al. (2010) noticed the pattern that orbits of hot Jupiters around

stars with Teff < 6250 K tend to be aligned with the stellar spin, whereas stars with

Teff > 6250 K are apt to have a planet with misaligned orbit. When Teff < 6250 K, The

host star has a thick convective zone in the surface layer. On the other hand, when

the stellar effective temperature is beyond 6250 K, the hotter star contains thinner

convective layer in its surface layer. Tidal dissipation occurs in the convective zone
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λ=0 deg

λ=45 deg

λ=180 deg

λ=90 deg

FIGURE 1.13: The setting parameters are the same as Figure 1.12 but λ = 0 deg,
λ = 45 deg, λ = 90 deg, λ = 180 deg from top to bottom.
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λ=0 deg

λ=45 deg

λ=180 deg

λ=90 deg

FIGURE 1.14: The same type as Figure 1.13 but b = 0.7.
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of the star that has high viscosity. Then, tidal torque with the transformed planet

occurs to realign more easily and quickly than one of the inner radiative zones with

little viscosity, (Zahn, 1977 and Lai, 2012). Albrecht et al. (2012) explained the spin-

orbit obliquity trend by the timescale of tidal dissipation from the Zahn’s method

with more samples than Winn et al. (2010).

There are 15 hot Jupiters around stars with Teff > 7000 K in Figure 1.15, which is

classified as A- or B- type stars. Despite the small number, they tend to have a wide

range of projected spin-orbit obliquities (Martínez et al., 2020). Cantiello and Braith-

waite, 2019 indicated that A- or B-type stars almost have radiative structure, whose

proportion is greater than ones with Teff < 7000. Therefore, the orbital evolution in-

formation should remain because the hot Jupiter’s orbit can hardly lean its hot star

with the full radiative zone. Here I note that while the system of HAT-P-57b is also

categorized as a hot Jupiters around a hot star, its plot does not exist in Figure 1.15

because Hartman et al. (2015) could not decide the value of the projected obliquity

uniquely. They measured it −16.7 deg < λ < 3.3 deg or 27.6 deg < λ < 57.4 deg.
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FIGURE 1.15: A current state of distribution between the host star’s effective tem-
perature and the hot Jupiter’s projected orbital obliquity. Blue square dots in the
grayest area, red rhombus dots in the fainter gray area and magenta circular dots
in the white area correspond hot Jupiters around stars with Teff < 6250 K, 6250
K< Teff < 7000 K and Teff > 7000 K, respectively. I refered the existence of their
companions from https://exoplanetarchive.ipac.caltech.edu.
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As I explained in Subsection 1.2.4 and Subsection 1.2.5, hot Jupiter with a stellar

companion or one or more planets has a possibility of misaligned orbit. As shown

in Figure 1.16, some systems with misaligned hot Jupiters have their stellar com-

panions, which indicates the possibility that Kozai migration has worked. There are

the other misaligned hot Jupiters with no detected companions; undetected stellar

or planet companions may exist. Moreover, there are few samples with confirmed

planet companions: most of their orbits are aligned.
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FIGURE 1.16: Similar to Figure 1.15, but colored plots whether the system has any
comparison or not. Black circles, red circles, blue squares and green rhombus are
the systems with no detected companions, a stellar companion, one or more plane-
tary companions and both types of comparisons, respectively.

To consider the orbital evolution, we have to be aware of not only the obliq-

uity but also the eccentricity. According to Figure 1.17, there are only five eccentric

(e > 0.1) hot Jupiters whose obliquities are constrained well; two of them revolve

with aligned orbits (HAT-P-2b (e = 0.501± 0.007): Winn et al., 2007, and HAT-P-

34b (e = 0.441 ± 0.032) : Bakos et al., 2012). These two eccentric aligned planets

may have undergone planet-planet scattering or Kozai migration, but there are no

detected companions in these two planetary systems yet. Queloz et al. (2010) mea-

sured WASP-8b’s high spin-orbit obliquity and high eccentricity. This planet may

have undergone the planet-planet scattering or the Kozai-Lidov mechanism because
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this planetary system has another planet and a stellar companion. HAT-P-14b is also

an eccentric and misaligned-orbiting hot Jupiter (Winn et al., 2011) because of its

stellar comparison whose presence is not confirmed yet (Knutson et al., 2014). The

other misaligned eccentric hot Jupiter is XO-3b (Hirano et al., 2011), but no one has

detected any companions to make this planet scattered yet.
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FIGURE 1.17: Similar to Figure 1.15 with eccentricity. Red circular dots are the
eccentric hot Jupiters (e > 0.1). Black circular dots are the circular orbiting planets
(e < 0.1). Black square dots are the circular orbiting planets with no eccentricities’
errors. Grey square dots show the planets whose eccentricities are not measured.

As a side note, despite the fewer number than one of the hot Jupiters around

hot stars, there are about 25 measured hot Saturns. They are lighter gas giant short-

orbiting planet and I define them as planets having Mp < 0.5MJ , Rp > 0.8RJ . I show

the projected obliquity distribution of hot Saturns in Figure 1.18.

For the present, most of the measured hot Saturns are around solar-like stars.

Their orbits tend to be misaligned comparing with the trend of hot Jupiters around

solar-like stars in Figure 1.15. This is because that the realignment time scale is in

inverse proportion to M2
p (Barker and Ogilvie, 2009). This relation of the inverse

proportion can also explain that the massive planets (>3Mj) tend to be aligned by the

tidal realignment (Hébrard et al., 2011). I plot a distribution between the projected

orbital obliquity and the planet mass in Figure 1.19.
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FIGURE 1.18: Same as 1.15, but for hot Saturns (Mp < 0.5MJ , Rp > 0.8RJ , Porb > 10
days).
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FIGURE 1.19: Distribution between λ and planet mass of hot Jupiters and hot Sat-
urns. Circular dots in the white area are the hot Jupiters, while square dots in the
grey area show the hot Saturn. Blue dots, red dots and magenta circular dots cor-
respond short-period gas giant planets with Teff < 6250 K, 6250 K< Teff < 7000 K
and Teff > 7000 K, respectively. The vertical line at Mp = 3MJ is the mass boundary
for the realignment defined by Hébrard et al. (2011).
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1.4.2 Other Planets

Not only hot Jupiters’ spin-orbit obliquities, but also six warm Jupiters’ ones (0.5MJ <

Mp < 13MJ , Rp > 0.8RJ , Porb > 10 days) have been measured (see Figure 1.20).

However, the few number cannot argue their tendency in detail. I note that Kepler-

420b (Santerne et al., 2014) and HD 80606b (Hébrard et al., 2010) have a companion

star and their spin-orbit obliquities are misaligned (λ > 30 deg).
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FIGURE 1.20: Same as 1.16, but for warm Jupiters (0.5MJ < Mp < 13MJ , Rp >
0.8RJ , Porb > 10 days).

I also show the trend of small planets (Rp < 0.5 RJ) in Figure 1.22. The three plots

at the lowest Teff is three terrestrial planets around TRAPPIST-1, and their obliqui-

ties are not strongly misaligned (Hirano et al., 2020). Small planets with aligned

orbit may follow the scenario that the stellar spin’s torque aligns the inclined orbital

momentum vector with the stellar spin axis (Spalding and Batygin, 2016). On the

other hand, small planets with misaligned orbit may have experienced the gravita-

tion scattering with outer Jupiter-like planets (Huang, Petrovich, and Deibert, 2017).
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FIGURE 1.21: Same as 1.16, but for small planets (Rp < 0.5 RJ).

1.5 Hot Jupiters around Hot Stars

1.5.1 History of Discovery

Discovery and confirmation of hot Jupiters around hot stars were difficult from an

observation view. First, the Kepler space telescope, which has yielded a significant

contribution to the exoplanet survey, was good at observation for distant stars. Con-

versely, this telescope’s weak point is that bright stars, including hot stars, saturate

its detector. Hot stars are not favorable for RV observation either because of few ab-

sorption lines. A hot star rotates faster than a Solar-type stars, namely F- G- K-stars

(Gaige, 1993). Hence it is hard to read the RV shift by broadening and squashed

absorption lines due to their fast rotation.

Though this difficulty, Collier Cameron et al. (2010b) found a hot Jupiter, WASP-

33b, around an A-type star by Doppler tomography. Since this discovery, we rec-

ognize Doppler tomography as a method to measure the obliquity and to validate a

planet around a hot star. This method revealed 16 confirmed hot Jupiters around hot

stars at present (see Figure 1.15). Nowadays, most of the confirmed planets around

hot stars are hot Jupiters and have undergone Doppler tomography. The others are

outer gas giant planets found by imaging method (HR8799b, c, d, and e; Marois et
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al., 2008). I note that all of these planets have circular orbits.
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FIGURE 1.22: Bar chart of the total number of confirmed hot Jupiters around hot
Stars every year since 2010.

1.5.2 Nodal Precession

Orbital nodal precession is a phenomenon that a planetary orbital momentum vector
−→Lp rotates around the total angular momentum vector −→Lt (−→Lt =

−→Lp +
−→Ls , −→Ls is the

stellar spin angular momentum vector) by oblate host star (see Figure 1.23). Because

hot stars are generally rapidly rotating (Gaige, 1993), their oblateness are larger than

those of slowly rotating stars, which makes their orbital nodal precessions faster as

Equation 1.3 from Barnes et al. (2013),

θ̇ =
3π J2R2

s cos φ sin φ

Porba2 sin φp
, (1.3)

where θ, J2, Rs, φ, a, φp are the nodal angle, the stellar rotation-driven quadrupole

moment, the stellar radius, the real angle between −→Ls and −→Lp , the semi-majoer-axis,

and the angle between−→Lt and−→Lp , respectively. Figure 1.23 shows the angle informa-

tion by illustration. A star with larger J2 means its shape is more oblate. Iorio (2011)
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estimated the nodal precession of WASP-33b with the speed θ̇ < 1.5 deg year−1

and predicted it can be measured over a 10 years time span. Johnson et al. (2015)

actually detected its precession for six years by two-epoch Doppler tomographic ob-

servations and calculated it θ̇ = 0.373 deg year−1. Iorio (2016) derived φ2008 = 99+5
−4

deg and φ2014 = 103+5
−4 deg from information of the nodal precession by Johnson

et al. (2015). Masuda (2015) also detected the precession of Kepler-13Ab, which is

also a hot Jupiter around an A-type star, by the four-year-transit observation with

the Kepler space telescope.
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FIGURE 1.23: Illustration of the nodal precession. Left figure shows where θ and ip
is and right figure exhibits where φ, φp and ia are

1.5.3 Nodal Precession and Observation

I demonstrate how this nodal precession affects the observation of a hot Jupiter

around a hot star. Here I assume that the orbit is circular, and there are only two

angular momenta, −→Lp and −→Ls ; I ignore the planetary rotational momentum. This

assumption indicates the total angular momentum vector −→Lt is constant, and these

three angular momenta are on the same plane. From Ragozzine and Wolf (2009) and

Barnes et al. (2013), we can express J2, φp, the ratio of −→Lp and −→Ls as

J2 =
k2R3

s
3a3

(
P2

orb

P2
spin

+
3mp

2Ms

)
(1.4)
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sin φp =
sin φ√

|
−→Lp |2

|
−→Ls |2

+ 2
|
−→Lp |

|
−→Ls |

cos φ

(1.5)

|−→Lp |
|−→Ls |

=
mpPspina2

CMsPorbR2
s

, (1.6)

where k2, Pspin and C mean Love number, the stellar spin period and the moment of

inertial coefficient, respectively. We can write a as

a =

(
GMsP2

orb
4π2

) 1
3

(1.7)

from the Kepler’s third law. Then, I regard the stellar rotate velocity V as the ob-

served rotate velocity V sin is, which is projected velocity onto the line of sight. is

is the angle between the line of sight and the stellar spin axis. This is because the

distribution of measured V and the relations between measured V sin is and V are

not obvious yet.

Pspin =
2πRs

V
∼ 2πRs

V sin is
(1.8)

I make the formulation of the time change of impact parameter written as Equa-

tion 1.9 with the change of the nodal angle (Equation 1.10).

b(t) =
a

Rs

(
cos φp cos ia + cos θ(t) sin φp sin ia

)
(1.9)

θ(t) = θ̇t + θ0 (1.10)

where t is time, θ0 is the initial value of θ and ia is the angle between line of sight and
−→Lt .

As time passes, nodal precession will be able to stop a planet from transiting in

front of its host star. To search the fraction of transiting hot Jupiters which will stop

transiting in ten years, I make 100,000 models of the system with a hot Jupiter with a

hot star to search their nodal precessions. This period corresponds to the observation

period of the Kepler telescope. I adopt the numerical values of Ms, Rp, Mp, Rs,

Porb and V sin is randomly by the truncated normal distributions from the data of
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confirmed hot Jupiters around A-type stars from TEPCaT (Southworth, 2011). I set

the median and the dispersion of the observed values, the distribution’s mean and

dispersion, respectively. Then, I choose the numerical values of φ, ia, θ0 from the

uniform distribution setting the ranges 0 deg < φ < 180 deg, 0deg < ia < 180 deg

and 0 deg < θ0 < 360 deg. I substitute C for 0.3 and k2 for 0.03 from Iorio (2011).

Then, I calculate b(t = 0 years) and b(t = 10 years) to count the number of hot

Jupiters satisfied |b(t = 0 years)| < 1 and |b(t = 10 years)| > 1; which means

transiting hot Jupiters will no longer cross in front of host stars after 10 years. I note

that we can observe their transits when b < 1, otherwise we cannot.

I found that about 18,000 hot Jupiter models transit at t = 0 years and about

2,500 of them will stop transiting in front of host stars at t = 10 years. Figure 1.24

shows that hot Jupiters with any impact parameter have a ∼13% probability that

their orbital trajectories will be out of their stellar disks. Thus, two of the confirmed

16 hot Jupiters around hot stars may not be available for transit observations after

ten years.

FIGURE 1.24: Histogram of initial impact parameter of transiting hot Jupiter sam-
ples which will no longer transit after 10 years.
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1.6 Characteristic of WASP-33b

In this section, I briefly introduce the profile of WASP-33b, the target of my the-

sis. This planet was first validated with Doppler tomography by Collier Cameron

et al. (2010b), who found it is a hot Jupiter orbiting in near-polar retrograde way

around an A-type (Teff=7430±100 K) and rapidly-rotating (V sin is = 85.6 km s−1)

star. Doppler tomography is one method to measure spin-orbit obliquities and im-

pact parameters simultaneously based on the apparent acceleration of a bump, some-

times referred to as a "planetary shadow," in the stellar line profiles during planetary

transits. This planetary shadow appears in the line profile because a transiting planet

hides a part of its stellar surface and removes spectral contributions to the line profile

from the occulted part of the photosphere. Johnson et al. (2015) found that the transit

chord of this planetary orbit had slightly changed in six years due to its nodal preces-

sion. They measured its projected obliquity λ = −110.06+0.40
−0.47 deg and its impact pa-

rameter b = 0.218+0.011
−0.029 from the spectral data in 2008, and λ = −112.93+0.23

−0.21 deg and

b = 0.0860+0.0020
−0.0019 from the ones in 2014. They then calculated rates of change of these

orbital parameters, dλ/dt = −0.487+0.089
−0.076 deg yr−1 and db/dt = −0.0228+0.0050

−0.0018

yr−1. From the results of Johnson et al. (2015), Iorio (2016) later measured the angle

between the stellar spin axis and the line of sight is = 142+10
−11 deg and the stellar

gravitational quadrupole moment J2 = 2.1+0.23
−0.21 × 10−4. The system of WASP-33

contains a stellar companion found by Moya et al. (2011), but this candidate has not

been confirmed yet. I summarize parameters of WASP-33’s system from the previ-

ous literature in Table 1.1.

1.7 The Motivation of This Theses

As I presented in Section 1.3, the spin-orbit obliquity of hot Jupiters around hot stars

plays a role in clarifying how gas giant planets have migrated. This is an important

part of understanding the origin of hot Jupiters. Even though the projected spin-

orbit obliquity around hot stars tends to be scattered, there are only four planets

whose real spin-orbit obliquities, φ, have been derived. The number of measured

φ around hot stars is too small to determine the orbital evolution by which a hot



1.7. The Motivation of This Theses 29

TABLE 1.1: Parameters of WASP-33 from the Previous Literature

Parameter Value reference

Planetary Parameter
λ2008 (deg) −110.06+0.40

−0.47 Johnson et al. (2015)
λ2014 (deg) −112.93+0.23

−0.21 Johnson et al. (2015)
b2008 0.218+0.011

−0.029 Johnson et al. (2015)
b2014 0.0840+0.0020

−0.0019 Johnson et al. (2015)
Rp/Rs 0.1143± 0.0002 Kovács et al. (2013a)
a/Rs 3.69± 0.01 Kovács et al. (2013a)
P (days) 1.2198675± 0.0000011 von Essen et al. (2014)
Tc (BJDTDB) 2456878.65739± 0.00015 von Essen et al. (2019)
vFWHM

*(km s−1) 16.2± 0.5 (TLS)† Collier Cameron et al. (2010b)
19.2± 0.6 (McD)† Collier Cameron et al. (2010b)
18.1± 0.3 (NOT)† Collier Cameron et al. (2010b)

Stellar Parameter
V sin is (km s−1) 86.63+0.37

−0.32 Johnson et al. (2015)
log g (cgs) 4.3± 0.2 Collier Cameron et al. (2010b)
Teff (K) 7430± 100 Collier Cameron et al. (2010b)
Fe/H 0.10± 0.2 Collier Cameron et al. (2010b)
Vmag 8.3 Collier Cameron et al. (2010b)

* vFWHM is the FWHM of the instinct profile assumed as a Gaussian line.
† TLS: Thüringer Landessternwarte Tautenburg; McD: McDonald Observatory;

NOT:Nordic Optical Telescope.
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Jupiter generally migrates. Gravity-darkened transit photometry has revealed three

hot Jupiters’ real obliquities, the φ of Kepler-13Ab (Masuda, 2015 and Herman et

al., 2018), MASCARA-4b (Ahlers et al., 2020), and WASP-189b (Lendl et al., 2020).

The other hot Jupiter is WASP-33b. This planet is not favorable for measuring φ

by this method because the stellar surface has non-radial pulsations excited by the

resonant tidal forcing by a very close binary companion (Fekel, Warner, and Kaye,

2003). Johnson et al. (2015) solved this problem by detecting WASP-33b’s nodal

precession by Doppler tomography. Then, Iorio (2016) derived φ2008 = 99+5
−4 deg

and φ2014 = 103+5
−4 deg from information of the nodal precession by Johnson et al.

(2015). There are no other exoplanets whose real spin-orbit obliquities are known

by Doppler tomography. However, these previous studies used only two datasets in

2008 and 2014. Because only Johnson et al. (2015) checked the WASP-33b’s nodal pre-

cession, I doubted whether these few data could confirm the precession and whether

follow-up observations can reproduce the similar nodal precession; then, more ob-

servations to measure its projected obliquity and impact parameter can corroborate

the precession confidently. Therefore, I established the way to derive φ by nodal

precession in this research by verifying WASP-33b’s precession and deriving more

accurate φ of the hot Jupiter via Doppler tomography and transit photometric mea-

surement, which I explain in Section 2.1.
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Methodology

In my thesis, transit photometric measurements and Doppler tomographic observa-

tions are important to measure real spin-orbit obliquities. In this chapter, I explain

the observation methods which I utilized for this thesis.

2.1 Photometric Measurement

When a planet transits in front of its host star, the apparent flux decreases by block-

ing the stellar disk. I draw a cartoon of the light curve during transit in Fig 2.1. This

section shows what parameters we can gain and the theory of the detection of transit

depth.

2.1.1 Transit Photometric Observation

The transit photometric observation can reveal the impact parameter, the semi-major

axis scaled by the stellar radius, and the ratio between the stellar radius and plan-

etary radius. First, I explain how the apparent stellar flux loses by citing equations

from Part II of Seager (2010). The total flux of the star and the planet F(t) during

transit is written as

F(t) = Fs(t) + Fp(t)− A(t)Fs(t)
R2

p

R2
s

(2.1)

where Fs(t) is the star flux, Fp(t) is the planet flux due to the reflection of stellar light

and A(t) is a dimensionless function that represents the overlap area between the

stellar and the planet disk. A = 1 means that the planet is totally on the stellar disk.

Fs(t) varies in time when the stellar activity such as pulsations, starspots and plages
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tI

Time

Flux

tII tIII

tIV

b

no limb darkening

with limb darkening

Ttot

Tfull

δLC

FIGURE 2.1: Cartoon of planet transit and simplified light curves. The middle func-
tion shows the trapezoid light curve without limb darkening. Whereas the bottom
function is the light curve considering limb dark.
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occur, but I simplify Fs(t) is constant Fs(t) = Fs. Fp(t) also varies in time thanks

to the planetary phase and planetary atmospheric variations but can also be ignored

because the planet disk is night side during transit, thereby no lights from the planet.

Divided Equation 2.1 by Fs is expressed approximately as

f (t) = A(t)
R2

p

R2
s

(2.2)

where f (t) = F(t)/Fs. Unless grazing transit, the maximum A(t) is 1 while whole

planet disk exists on the stellar disk. Thus, the transit depth δtr is

δtr ∼
R2

p

R2
s

. (2.3)

from the observed transit light curve, we can measure the radius ratio of the planet

and star Rp/Rs. If A(t) is approximately trapezoid, light curves during ingress and

egress are linear. However, it is not actual thanks to nonuniform motions of plane-

tary disks and circular shape of the disks (Mandel and Agol, 2002). Moreover, the

bottom part of the light curve is not flat because the vertical gradient of temperature

in the stellar atmosphere makes limb darkening. The intensity profile I(Xs, Zs) is

I(Xs, Zs) = I0

{
1− u1

(
1−

√
1− X2

s − Z2
s

)
− u2

(
1−

√
1− X2

s − Z2
s

)2
}

, (2.4)

where u1 and u2 are the limb darkening coefficients calculated based on the stellar

parameters, and (Xs, Zs) is the position on the stellar disk ; Xs and Zs correspond to

x and z of Figure 1.9, respectively.

Here I describe how to measure the impact parameter and the semi-major axis

divided by the stellar radius by transit duration. Here I define four times: the ingress

beginning time tI, the ingress end time tII, the egress beginning time tIII, the egress

end time tIV. For a circle orbit, citing equations from Part II of Seager (2010), the total

duration Ttot and the full duration Tfull, measured from the observed light curve (see

Figure 2.1), are described as

Ttot ≡ tIV − tI =
Porb

π
sin

Rs

√
(1 + (Rp/Rs))2 − b2

a sin ip

 (2.5)
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Tfull ≡ tIII − tII =
Porb

π
sin

Rs

√
(1− (Rp/Rs))2 − b2

a sin ip

 (2.6)

where ip is the angle between the night sky plane and the planet orbit plane, which

has the relational expression b = (a/Rs) cos ip (see Figure 1.23), and Porb is the or-

bital period. We can measure Porb by transit frequency from long-term continual

observation; space telescopes such as Kepler telescope and TESS have a great ad-

vantage about it in terms of observing in dark space. When Rp � Rs � a and

b� 1− (Rp/Rs), Equations of 2.5 and 2.6 are approximated as

Tfull =
PorbRs

√
(1 + (Rp/Rs))2 − b2

πa sin ip
(2.7)

Ttot =
PorbRs

√
(1− (Rp/Rs))2 − b2

πa sin ip
(2.8)

Thus, using Equation 2.7 and Equation 2.8, we can derive the impact parameters b

and the semi-major axis as normalized by stellar radius a/Rs as

b2 =
T2

tot(1− (Rp/Rs))2 − T2
full(1 + (Rp/Rs))2

T2
tot − T2

full
(2.9)

a
Rs

=
2Porb

√
Rp/Rs

π
√

T2
tot − T2

full

(2.10)

2.1.2 Detection of Transit Depth

In this subsection, I consider the proper exposure time for the transit photometric

observation. To detect the dimming by transit, we have to avoid the depth buried in

the light curve’s white noise. Considering the stellar flux is constant without transit,

the white noise σLC is comparable to the reciprocal of signal-to-noise ratio (SNR) of

the target star. When the instrument performance of the zero point magnitude m0,

corresponding to 1 ADU per a fixed period Tfix, is available, the received photon

number per time Fpho from a star whose relative magnitude m is

Fpho =
10−0.4(m−m0)G

Tfix
(2.11)
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where G is the gain of a CCD camera. Then, the gained photon number Npho with

exposure time Texp is derived as

Npho = FphoTexp =
10−0.4(m−m0)GTexp

Tfix
(2.12)

Finally, if the star is sufficiently bright, the SNR is calculated as

SNRpho =
√

Npho =

√
10−0.4(m−m0)

Texp

Tfix
G (2.13)

Thus, from the conditional equation for transit observation

σLC ∼
1

SNRpho
≤ δtr

3
, (2.14)

the requirement exposure time is

Texp ≥
9Tfix

10−0.4(m−m0)δtrG
. (2.15)

However, we have to set Texp shorter than one severalth of transit duration consid-

ering the time resolution.

2.1.3 Multi-color Transit Photometry

A single-camera can measure some planetary parameters if it is a real planet. How-

ever, grazing eclipsing binary and a background eclipsing binary can occur the dim-

ming (See Figure 2.2). These mimics are called false positives. It is not easy to distin-

guish the darkening origin by a single camera. However, more than one camera with

different wavelength-range filters, such as MuSCAT (Narita et al., 2015) and MuS-

CAT2 (Narita et al., 2019), can tell them apart. This is because a transiting planet

is almost dark in all wavelengths, whereas an eclipsing binary shines itself, and its

brightness varies significantly with wavelength (Colón, Ford, and Morehead, 2012).

Thus, multi-color transit photometry is one of the methods to verify a planet.

When a planet has an atmosphere composed light particles such as hydrogen or

including a haze, the ratio between the stellar radius and the planet radius, which

corresponds to the transit depth, depends on wavelength slightly. This is because
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planet transit grazing binary eclipse background binary eclipse

FIGURE 2.2: Illustration of planet transit (left), grazing binary eclipse (middle) and
background binary eclipse (right). Binaries like middle and right figures can imitate
transit dimming as if the planet transit happened.

bluer wavelength scatters easily in the atmosphere by Rayleigh scattering. In the

case of MuSCAT and MuSCAT2 observations, we can ignore the effect of atomic and

molecular absorption for the difference of the transit depths because their filters’

wavelength ranges (∼ 100 nm) are wider than the widths of the absorption lines

(< 1 nm). Thus, multi-color transit photometry can also estimate a condition of the

planetary atmosphere or haze; I do not do the atmosphere observation in this thesis.

2.2 Doppler Tomography

I have explained how to measure λ via Doppler Tomography in Section 1.3. I de-

scribe how to get the planetary shadow, the shadow model, and the detection theory

in this section.

2.2.1 Least Squares Deconvolutions

Regarding an observed spectrum as a convolution of a stellar line profile and a line

mask showing information of atomic absorption depth by δ function (see Figure 2.3),

Least-squares deconvolution (LSD) can extract the stellar line profile (Donati et al.,

1997). This method can be applied even though the spectrum contains broadened

absorption lines due to the fast stellar rotation.

I create a pipeline to get the line profile by LSD following the exact mathematical

method by Kochukhov, Makaganiuk, and Piskunov (2010). The observed spectrum
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* =

M Z Y

Wavelength Velocity Wavelength

FIGURE 2.3: Cartoons of atomic absorption M, stellar line profile Z and observed
spectrum Y .

Y with n data plots can be expressed by Y = MZ, where M is the line mask ex-

pressed a matrix of m × n and Z the line profile with m data points. To calculate

the best-fitting profile Z, the following parameter χ2
spec should be minimized by the

least square method.

χ2
spec = (Y −MZ)TS2(Y −MZ), (2.16)

Here S is diagonal square matrix with Sj,j = σ−2
j (1 ≤ j ≤ n), where σj is a error

of the spectrum at the jth pixel. Differentiating Equation 2.16 by Z partially, we can

write the best-fitting Z as

Z = (MTS2 M)−1(MTS2Y). (2.17)

The right part of Equation 2.17, MTS2Y , shows the weighted cross-correlation be-

tween the line mask and the observation spectrum. The MTS2M is the autocorre-

lation matrix and determines the uncertainties of the line profile. I calculate σj as

inverse of the square root of the photon number per pixel element. the element of M

can be expressed as

Mi,j = wl
vj+1 −Vi

vj+1 − vj
, Mi,j+1 = wl

Vi − vj+1

vj+1 − vj
; Vi = c

λi − λl

λl
(vj ≤ Vi ≤ vj+1)

Mi,j = 0 (otherwise) (2.18)
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where λi is the series of wavelength (1 ≤ i ≤ m) in the observed spectrum, vj is the

series of velocity (1 ≤ j ≤ n) in the line profile, λl is the wavelength of the lth atomic

spectrum in ascending order in wavelength, wl is the depth of lth atomic spectrum

and c is the light speed.The index l correspond to the lth bidiagonal component in

the matrix M. I prepare the line mask from the Vienna Atomic Line Database (VALD;

Kupka et al., 2000). This data calculates available atoms and each depth of each atom

from effective stellar temperature, metallicity, surface gravity and microturbulence.

After the LSD process, I subtract the average line profile of out-of-transit ones from

all stellar line profiles to get the planetary shadow.

2.2.2 Model of Planetary Shadow

I adopt an analytic method of a rotational broadening line profile to create a plane-

tary shadow model referring the appendix of Hartman et al. (2015). Here I estimate

that a host star is a solid sphere. I also assume that its spin axis is normal to the

line of sight though sin is 6= 1. These assumptions make v/V sin is equivalent to x, a

component perpendicular to stellar spin axis in units of the stellar radius (see Figure

1.9).

A normalized rotational broadening profile G(x) is given as

G(x) =
G′(x)∫ ∞

−∞ G′(x)dx
(2.19)

with

G′(x) =
∫ zmax

−zmin

I(x, z)dz, (2.20)

where I(x, z) is a stellar surface intensity at (x, z), the projected position relative to

the center of the star. When the intensity is a quadratic limb darkening law,

I(x, z) = I0

{
1− u1

(
1−

√
1− x2 − z2

)
− u2

(
1−

√
1− x2 − z2

)2
}

, (2.21)
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it works out the rotational broadening line profile to the equation

G′(x) =

 2(1− u1 − u2)
√

1− x2 + π
2 (u1 + 2u2)(1− x2)− 4

3 u2(1− x2)3/2 (|x| < 1)

0 (otherwise)

(2.22)

and

∫ ∞

−∞
G′(x)dx = π

(
1− u1

3
− u2

6

)
. (2.23)

When a planet with radius r(= Rp/Rs) is at (xp, zp), the projected position is

written as

xp(t) =
a

Rs
sin
(

2π
t− T0

Porb

)
cos λ + b cos

(
2π

t− T0

Porb

)
sin λ

(2.24)

zp(t) = − a
Rs

sin
(

2π
t− T0

Porb

)
sin λ + b cos

(
2π

t− T0

Porb

)
cos λ,

(2.25)

then the broadening profile is decreased due to the planet by

K(x, t) =
∫ z2(x,t)

z1(x,t)
I(x, z)dz

= (1− u1 − u2(2− x2))(z2 − z1) +
u2

3
(z3

2 − z3
1)

−u1 + 2u2

2

[
z2

√
1− x2 − z2

2 − z1

√
1− x2 − z2

1

+ (1− x2)

{
sin−1

(
z2√

1− x2

)
− sin−1

(
z1√

1− x2

)}]
(2.26)

with

z1 =



0
(
|x| > 1 or |x− xp| > r

)
√

1− x2
(

zp −
√

r2 − (x− xp)2 >
√

1− x2
)

−
√

1− x2
(

zp −
√

r2 − (x− xp)2 < −
√

1− x2
)

zp −
√

r2 − (x− xp)2 (otherwise)
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(2.27)

and

z2 =



0
(
|x| > 1 or |x− xp| > r

)
√

1− x2
(

zp +
√

r2 − (x− xp)2 >
√

1− x2
)

−
√

1− x2
(

zp +
√

r2 − (x− xp)2 < −
√

1− x2
)

zp +
√

r2 − (x− xp)2 (otherwise)

(2.28)

The convolution between K(x, t) and the stellar intrinsic Gaussian profile is our

model of the planetary shadow. We note that in the appendix of Hartman et al.

(2015), a part of the above expression

z2

√
1− x2 − z2

2 − z1

√
1− x2 − z2

1, (2.29)

in equation (2.26) appears to be mistakenly expressed as

z2(1− x2 − z2
2)− z1(1− x2 − z2

1). (2.30)

2.2.3 Detection of Planetary Shadow

I calculate the required SNR per resolution element to detect a planetary shadow

clearly. First, I estimate the depth of the spectral line of a fast rotating star, Dfast,

roughly. The normalized rotational broadening line profile G′(v) is expressed as

G′(v) =
12(1− u1 − u2)

π(6− 2u1 − u2)V sin is

√
1−

(
v

V sin is

)2

+
3u1 − 6u2

(6− 2u1 − u2)V sin is

[
1−

(
v

V sin is

)2
]

− 8u2

π(6− 2u1 − u2)V sin is

[
(1−

(
v

V sin is

)2
]3/2

(2.31)

from Equation 2.22 and Equation 2.23. Thus, G′(v = 0) ∝ 1/V sin is. Here I approx-

imate the atomic line as the shape of the dG′(v), with the width vmic, where d is the

depth from the VALD data and vmic is the microturbulent velocity (typically ∼ 2 km
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s−1). Hence, Dfast is

Dfast = d
vmic

V sin is
. (2.32)

When there are n absorption lines in the spectrum, about 700 lines with d > 0.55

between 5000Å and 6000Å, the averaged depth Dfast,ave is

Dfast,ave =
1
n

n

∑
i

Dfast,i =
1
n

n

∑
i

di
vmic

V sin is
. (2.33)

If the all depths are the same,

Dfast,ave = Dfast. (2.34)

On the other hand, the noise of each absorption line σsp is expressed as

σsp =
1√
N

(2.35)

N is the photon number per resolution element and described as

N = Nλ f ∆λ∆xTexp =
10−0.4mFλ Aη f ∆λ∆xTexp

hν
, (2.36)

where m is the magnitude, Fλ is the flux of zeroth-magnitude; Fλ = 3.631× 109 erg

cm−2 s−1 Å−1 is one of V-band flux of A0 star (Bessell, Castelli, and Plez, 1998), A

is the area of telescope’s mirror, f is the fraction of the light entering the slit, η is

the total throughput, ∆λ is the dispersion (typically 0.015 Å pixel−1 at 5500Å), ∆x is

the width of the spectrum line (typically 5 pixel), h is the Planck constant and ν is

the frequency of light. Nλ(= 10−0.4mFλ Aη/hν) expresses the number of photon per

wavelength and per pixel through the telescope and the instrument before reaching

the slit; I make a equation of Nλ from Section 5.2 in Johnson (2013). Then, the noise

of average line profile is

σ2
sp,ave =

1
n2

n

∑
i

σ2
sp,i =

1
n2

n

∑
i

1
Ni

. (2.37)
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When the photon number of each line profile is same (Ni = N), the average noise is

approximated as

σsp,ave =

√
1
n2

n

∑
i

1
Ni

=
1√
nN

. (2.38)

Here I note this noise is for the line profile with the interval of velocity data points

∆v0 which is written as

∆v0 = c
∆λ

λ0
, (2.39)

where ∆λ is the wavelength interval of the observed spectrum, and λ0 is the center

of the line profile in the wavelength field. When the lines are in the range of 5000Å to

6000Å, the interval of velocity data points is ∆v0 ∼ 1 km s−1 roughly. It is possible to

make the interval narrow (∆v < ∆v0) but the noise will increase as σsp,ave
√

∆v0/∆v.

To avoid that too wide interval of velocity data points hides the planetary shadow,

V sin is should be satisfied

V sin is > 3
Rs

Rp
∆v (2.40)

Thus, from Equation 2.40, it is difficult to detect the planetary shadow around a too

slow rotation star.

When the stellar rotation speed is fast enough, the width of planetary shadow is

so wide that its points in stellar line profile can shape the shadow’s depth with Dfast.

Thus, the condition of detecting planetary shadow is

3σsp,ave < Dfast,ave
Rp

Rs
, (2.41)

where the right side of Equation 2.41 shows the depth of the planetary shadow.

Equation 2.41 can be transformed using Equation 2.32, Equation 2.34 and Equation

2.38 into

N >
9
n

R2
s

R2
p

(
V sin is

vmicd

)2

. (2.42)
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Therefore, the required SNR per resolution element is

SNRmin =
√

Nmin =
3√
n

Rs

Rp

V sin is

vmicd
∼ 120× 0.1

(
Rp

Rs

)−1 ( V sin is

100km s−1

)
. (2.43)

Here, the coefficient of the right side of Equation 2.43 is calculated assuming that a

spectrum has 700 absorption lines with d = 0.05 and vmic = 2km s−1 from 5000 Å to

6000 Å.

In the end of Chapter 2, I summarized parameters shown in this chapter in Table

2.1. I distinguished their values from measured, calculated and fixed ones.
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TABLE 2.1: Summary of Parameters in Section 2

Parameter Name Type of Value Note

Porb orbital period measured value from long-term photometry

Ttot total duration measured value from a single transit photometry

Tfull full duration measured value from a single transit photometry

δfull transit depth measured value from a single transit photometry

u1, u2 limb darkening coefficients calculated value from stellar parameters

Rp/Rs impact parameter by stellar radius calculated value from Equation 2.3

b impact parameter calculated value from Equation 2.9

G gain of CCD fixed value depending on CCD

a/Rs scaled semi-major axis by stellar radius calculated value from Equation 2.10

M line mask matrix calculated value from VALD data

Y observed spectral line observed value from spectral data

V sin is apparent stellar rotation speed measured value from observed dline profile

vmic microturbulent velocity fixed value assuming vmic ∼ 2 km s−1

d depth of absorption line fixed value assuming d = 0.05

n number of lines fixed value assuming n = 700

Dfast depth of line profile calculated value from Equation 2.32

A are of telescope’s mirror fixed value depending on telescopes

m stellar magnitude fixed value depending on stars

η total throughput fixed value depending on instruments

f fraction of the light entering slit fixed value depending on instruments

∆λ wavelength dispersion fixed value depending on instruments

∆x width of spectrum line fixed value depending on instruments

N photon number per resolution element calculated value assuming from 2.36
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Chapter 3

Nodal Precession of WASP-33b

3.1 Methodology for WASP-33b Measurement

3.1.1 Spectroscopic Observation of WASP-33b’s Transit

I used five spectroscopic data sets of WASP-33 around planetary transits. One of

them was taken by the 8.2 m Subaru telescope with High Dispersion Spectrograph

(HDS, Noguchi et al., 2002) on 2011 October 19th UT. Others are the data sets ob-

served by Harlan J. Smith Telescope (HJST) with Robert G. Tull Coudé Spectrograph

(TS23; Tull et al., 1995) at McDonald Observatory on 2008 November 12th UT, 2014

October 4th UT and 2016 December 11th UT. The other is the data I observed with

HIgh Dispersion Echelle Spectrograph (HIDES; Izumiura (1999)) on 2019 December

29th UT.

The data set of HDS includes 35 spectra obtained with a resolution of R =

110, 000; 16 spectra are taken in-transit. The exposure times are 600 s for 33 spec-

tra and 480 s for two spectra. I adopted a range of wavelength from 4930Å to 6220Å

except for Na D lines and regions of wavelength around bad pixels. From these spec-

tra, I took continua, corrected them to eliminate the Earth’s atmospheric dispersion

by dividing spectra of a rapidly rotating star HR8634 (V sin is ∼ 140 km s−1: Abt, Le-

vato, and Grosso, 2002), and shifted these spectra to the barycentric frame. For these

processes, I used PyRAF and the calculating tools from Wright and Eastman (2014)

and Eastman, Siverd, and Gaudi (2010). Then I found that each SNR per pixel of

each spectrum was ∼160 at 5500 Å. To pick up each line profile from each spectrum,

I adopted least-squares deconvolution (LSD; Donati et al., 1997). In this method, I

regard an observed spectrum as a convolution of a line profile and a series of delta
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functions. I referred to depths of about 1,000 atomic absorption lines from Vienna

Atomic Line Database (VALD; Kupka et al., 2000) and considered these lines delta

functions. Then I derived all of the line profiles and their error bars by the decon-

volution using the matrix calculations in Kochukhov, Makaganiuk, and Piskunov

(2010). Finally, I shifted these profiles by the velocity of this system γ = −3.69 km

s−1 (Collier Cameron et al., 2010b).

On the other hand, three data sets of TS23 have R = 60, 000 resolution. One data

set for the 2008 epoch has 13 spectra and SNR per pixel of ∼140. Another set for

the 2014 epoch has 21 spectra and SNR per pixel of ∼280. Both of them include ten

in-transit spectra. All of their exposure times are 900 s. I note that the two data sets

have already been extracted and published in Johnson et al. (2015), and I used the

extracted line profile series. I also utilized the other reduced and extracted data set

for the 2016 epoch having 21 spectra and SNR per pixel of ∼250. The data for 2016

also includes ten in-transit spectra.

Moreover, the HIDES data set includes 12 spectra obtained with a resolution of

R = 65, 000; 8 spectra taken in-transit. All of their exposure times are 1200 s. I uti-

lized a range of wavelength from 4980 Å to 6220 Å except for Na D lines and regions

of wavelength around bad pixels. I reduced these spectral data by subtracting bias

and dark features, flat dividing, making one-dimensional spectrum, and wavelength

calibration. I then took continua of them as well as the process of HDS. I chose alp

Leo as a rapid star (V sin is ∼ 300 km s−1; Abt, Levato, and Grosso, 2002) to erase the

Earth’s atmospheric absorption lines. Then, I shifted these spectra to the barycentric

frame by PyRAF. I measured each SNR per pixel of each spectrum ∼ 100 at 5500 Å,

which was the limitation. Finally, I extracted stellar line profiles in the same way as

the analysis of HDS data.

3.1.2 Extracting planetary shadow

I computed a median line profile for each data set. I subtracted the median line

profile from each exposure’s line profile to calculate the time series of line profile

residuals. In the time series of residuals, there is not only a planetary shadow caused

by the WASP-33b’s transit but also a striped pattern (see Figure 3.1). The different

tracks occur from non-radial pulsations on the surface of WASP-33 (Collier Cameron
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et al., 2010b). Herrero et al. (2011) showed the pulsation period is about 68 min, but

it is hard to determine the period from the Doppler tomographic results due to the

irregular patterns.

To extract only the planetary shadow, I applied a Fourier filtering technique

(Johnson et al., 2015). First, I did a two-dimensional Fourier transform. There are

gathered pulsation’s components in the Fourier space in the first and third quad-

rants and planetary shadow’s components in the second and fourth quadrants. Sec-

ond, I made a filter in which I set unity in two diagonal quadrants, including power

from the planetary shadow, and zero in the other quadrants, including power from

the pulsation with a Hann function between these quadrants. Finally, I multiplied

the Fourier space by the filter and performed an inverse Fourier transform on the

filtered Fourier space to extract the planetary shadow’. These procedures are shown

from top to bottom in Figure 3.1.

3.1.3 Deriving parameters

To obtain best-fit values and uncertainties of transit parameters, I adopted Markov

chain Monte Carlo (MCMC) using the code EMCEE (Foreman-Mackey et al., 2013).

I modeled a planetary shadow by a convolution between Equation 2.26 in Sec-

tion 2.2 and a Gaussian line profile due to intrinsic broadening, thermal broadening,

and micro-turbulence. I then applied the same filter to the planetary shadow model

following the procedures described in Section 2.2

I fitted the observed residuals of the five data sets to the models with 21 parame-

ters using MCMC: λ, b and transit mid-time Tc of each epoch, V sin is, Rp/Rs, a/Rs,

two quadratic limb darkening coefficients and FWHM of Gaussian line profile. Note

that limb darkening coefficients are derived by the triangular sampling method of

Kipping (2013), q1 and q2. Here I estimated that q1 and q2 of HDS and TS23 are

equivalent. They can be calculated from the stellar parameters, i.e., effective temper-

ature Teff, surface gravity log g, and metallicity. I set priors of λ and b for all epochs

and the FWHM as uniform functions, otherwise as Gaussian priors. For values and

widths of Gaussian priors, I set priors of Rp/Rs and a/Rs based on the values and

uncertainties from Kovács et al. (2013b), ones of each Tc of each epoch from Porb in

von Essen et al. (2014) and T0 in von Essen et al. (2019), ones of q1 and q2 calculated
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FIGURE 3.1: Doppler tomographic data sets and Fourier filters. The first, second,
and third columns are the data sets of TS23 in 2008, HDS in 2011, TS23 in 2014,
TS23 in 2016, and HIDES in 2019, respectively. Top row: observed residuals of line
profile series. Virtual dotted lines show v = 0,±v sin is. Bottom, middle and upper
horizontal dotted lines show the beginning, middle, and end of WASP-33b’s transit,
respectively. Second row: Fourier spaces after Fourier transform of the residuals of
line profile series. These color scales are shown in square-roots. A faint narrow
structure from the right bottom to the left upper is a component of WASP-33b’s
planetary transit. On the other hand, a bright wide structure from the left bottom
to the right upper is a pulsation component. Third row: filtered Fourier space so
that only the transit component remains.
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by PyLDTk (Parviainen and Aigrain, 2015, Husser et al., 2013), and ones of V sin is

from Johnson et al. (2015).

For the fitting, I maximize the logarithm of the posterior probability ln Lpost,

ln Lpost = −∑
i

(Oi − Ci)
2

σ2
i

−∑
j

(pj − µj)
2

s2
j

, (3.1)

where Oi is the data, Ci is the model, σi is the error for the ith data point, p is the

parameter value at the gained iteration of the Markov chain, µ is the value from

the literature, and s is the uncertainty from literature. Indices j denotes the param-

eters for the Gaussian priors. Here I note that there are no parameters related to

the uniform priors. However, when the Markov chain’s gained iteration shows the

values out of range in the uniform prior, the posterior Lpost turns zero. To converge

these parameters’ values, I ran 4,000 steps, cut off the first 2,000 steps as burn-in, and

iterated this set 100 times. The posterior distributions are plotted in Figure 3.2.

3.2 Photometric Measurement of WASP-33b

3.2.1 Photometric Observation of WASP-33b’s Transit

I also observed transit of WASP-33b by photometry with two instruments of simul-

taneous cameras: Multicolor Simultaneous Camera for studying Atmospheres of

Transiting exoplanets (MuSCAT; Narita et al., 2015) on 188cm telescope at Okayama

Astrophysical Observatory (OAO) and MuSCAT2 (Narita et al., 2019) on Telesco-

pio Carlos Sánchez (TCS) 152cm telescope at Teide Observatory (OT). MuSCAT has

three different filters, g
′
2 (400-550 nm), r

′
2 (550-700 nm) and zs,2 (820-920 nm) bands.

On the other hand, MuSCAT2 contains four filters, g
′
2, r

′
2, zs,2 and i

′
2 (700-820 nm).

These bands are the types of Astrodon Photometrics Generation 2 Sloan filters. I

gained the dataset of MuSCAT on November 5th UT. I set exposure times of g
′
2, r

′
2

and zs,2 bands for 4 s, 4 s and 10 s, respectively. I also analyzed the data set of MuS-

CAT2 on October 18th UT. The exposure time of g
′
2, r

′
2, i

′
2 and zs,2 are 3 s, 2 s, 5 s and

12 s, respectively.

I reduced both data sets using the pipeline created by Fukui et al. (2011), which
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FIGURE 3.2: Corner plots for the free parameters after using MCMC in section
2.3. Black circles indicate 68%, 95% and 99.7% confidence from the inside. In each
posterior distribution of each parameter, vertical dotted lines show its best-fit value
(middle) and 1σ confidence (both ends). We created these plots with corner.py
(Foreman-Mackey, 2016).



3.2. Photometric Measurement of WASP-33b 51

executes flat division and dark subtraction. Then, to make light curves of WASP-

33b, I performed aperture photometry using the pipeline by Fukui et al. (2016). This

process finds the stellar barycenter on every frame. I used BD+36 488, the second

brightest star image in the frame, as a companion star to erase the variation of raw

flux from the sky weather, atmospheric turbulence, airmass, and so on. Next, the

pipeline reads the shift of the stellar position comparing with the reference frame. It

photometers the target star and the comparison star in the aperture radius. Here I

set the radii 36 pixels for MuSCAT and 40 pixels for MuSCAT2. After the sky back-

ground in the torus area centered on the stellar barycenter, the pipeline subtracts the

sky background from WASP-33b’s flux and the comparison’s one. Finally, dividing

WASP-33b’s flux by the comparison’s one makes its light curve.

3.2.2 Light Curve Fitting

To measure the WASP-33b’s impact parameter b in 2017 and 2018, I produced light

curve models with Gaussian process by using the python code exoplanet (Foreman-

Mackey et al., 2020). WASP-33b’s light curve contains not only the dimming by the

transit, but also a short sinusoidal-wave-like feature due to the stellar pulsations.

Thus, Following the previous study Johnson et al. (2015), I applied a Matern 3/2

kernel Kker whose element is expressed as

ki,j = α2

(
1 +

√
3|ti − tj|

l

)
exp

(
−
√

3|ti − tj|
l

)
+ σ2

i δi,j (3.2)

for the Gaussian process. i and j denote the orders of photometic observation’s data,

ti and tj are the observation times, α and l are the hyper parameters indicates the

amplitude and timescale of the stellar variations, and σ is the error of data point i

respectively.

Then, I fitted the light curves on two epochs to the models with 30 parameters

using MCMC: base line B for each light curve, b and Tc of each epoch, Rp/Rs, two

quadratic limb darkening coefficients u1, u2 and α of each bands, l, a/Rs and Porb. I

set priors of b for both epochs and Rp/Rs for all bands as uniform functions, other-

wise as Gaussian priors. For values and widths of Gaussian priors, I referred values

and widths of Gaussian priors from Johnson et al. (2015) for α and l and von Essen et
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al. (2014) for Porb; the other ones are quoted in the same way as the spectral analysis.

I measured these parameters so that the likelihood with Gaussian process

ln Plike = −
1
2
(ln |Kker|+ rTK−1

kerr) (3.3)

is maximized. r is a series of residuals by subtracting model data from observation

data. In the MCMC process by PyMC (Salvatier, Wiecki, and Fonnesbeck, 2016), I ran

1,000 steps, cut off the first 500 steps as burn-in, and iterated this set 50 times. The

posterior distributions are plotted in Figure 3.3 and Figure 3.4.

3.3 Fitting with Nodal Precession Model

The angular momentum of WASP-33b’s planetary orbit |−→Lp | (= 2πMpa2/Porb) is

much smaller than the stellar rotational angular momentum of its host star |−→Ls |;

|−→Lp |/|
−→Ls | is∼ 0.05 using the value of |−→Ls | from Iorio (2011), ones of Mp from Lehmann

et al. (2015), a and P from Collier Cameron et al. (2010b). In this case, we can re-

gard the stellar rotational axis as a stable vector, thereby approximating φp ∼ φ and

ia ∼ is. Thus, I calculated the changes of b and λ

b(t) =
a

Rs
(cos φ cos is + sin φ sin is cos θ(t)) (3.4)

tan λ(t) =
sin φ sin θ(t)

sin φ cos is cos θ(t)− cos φ sin is
. (3.5)

Here θ can be expressed as

θ(t) =
3π J2R2

s cos φ

Porba2 t + θ0, (3.6)

where the slope of Equation 3.6 is the precession speed.

Then, I fitted the model of Equations 3.4 and 3.5 with the measured values by

MCMC using PyMC. I considered φ, θ(t = 2008), is and J2 as free parameters and set

their priors as uniform functions. Here I regard θ in 2008 as the intercept of Equation

3.6 instead of θ0. For this fitting, I minimize the χpre,

χ2
pre = ∑

i

(Omes,i − Cmod,i)
2

σ2
mes,i

(3.7)
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FIGURE 3.3: Same corner plots as Figure 3.2, but for the transit photometry by MuS-
CAT1 and MuSCAT2. This figure describes plot distributions for impact parameter
of each epoch, radial-ratio of each band, limb darkening coefficients of each band
and base line of each light curve.
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FIGURE 3.4: Continuance of Figure 3.3. This figure describes plot distributions for
impact parameter of each epoch, σ of each band, l, period and transit mid-time of
each epoch.

where Omes,i is the measured value of λ and b of each epoch, Cmod,i is the model

value of λ and b, and σmes,i is the uncertainty of the measured λ and b. I concerned

that the values b in 2017 and 2018 are zero from Figure 3.3. I ran 20,000 steps, cut off

the first 10,000 steps as burn-in, and iterated this set 20 times. The posteriors from

MCMC is shown in Figure 3.8 and the values are written in Table 3.2. I exhibit the

change of λ and b of WASP-33b in Figure 3.9.

3.4 Results

I show the line profile residuals and the best fitted filtered models in Figure 3.5. The

best values of λ and b are listed in Table 3.1. Our results of λ and b in 2014 are in

excellent agreement with the values of Johnson et al. (2015), whereas ones in 2008

are marginally consistent with Johnson et al. (2015) within 2σ.

I also display the best fit light curve models in Figure 3.9. The range of b from

MuSCAT and MuSCAT2 are written in Table 3.1. The posteriors of both b in Figure

3.3 look like truncated normal distribution with the minimum value∼ 0. Hence, I set

1 σ as a 68% confidence interval from the minimum value 0 because the same values

but the opposite signs of impact parameters make the same transit light curves.
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TABLE 3.1: Observed Parameters of WASP-33b

Date λ (deg) b Tc(BJDTDB) Method

2008 November 12th −111.30± 0.60 0.2398+0.0054
−0.0051 2454782.92501+0.00017

−0.00016 Doppler tomography

2011 October 19th −113.94± 0.26 0.1574+0.0023
−0.0022 2455853.96859+0.00015

−0.00014 Doppler tomography

2014 October 4th −112.90± 0.30 0.0847+0.0026
−0.0025 2456934.77143± 0.00015 Doppler tomography

2016 December 11th −111.22+0.41
−0.38 0.0436+0.0033

−0.0031 2457733.78452± 0.00015 Doppler tomography

2017 November 5th - |b| < 0.099 2458063.14903± 0.00015 Photometry

2018 October 18th - |b| < 0.061 2458403.49234± 0.00015 Photometry

2019 December 27th −112.29+0.79
−0.80 −0.0599+0.0052

−0.0055 2458845.08379+0.00015
−0.00016 Doppler tomography
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Moreover, I show the posteriors from MCMC with the nodal precession model

in Figure 3.8 and the values of φ, θ(t = 2008), is and J2 in Table 3.2. Here I note that

Iorio (2016) may have considered φ as a variable value. I exhibit the change of λ and

b of WASP-33b in Figure 3.9.
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FIGURE 3.8: MCMC corner plots for architecture angles, φ, θ2008 and is, and stellar
quadrupole moment J2 of WASP-33b System

3.5 Discussion

I inspected the nodal precession of WASP-33b by more extended observations than

Johnson et al. (2015) and Iorio (2016). It is the first time to verify the nodal preces-

sion by Doppler tomographic observation and transit photometry. The errors from
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black solid lines are model. In the right bottom figure, two black dotted lines show
edges of a stellar disk of WASP-33b.
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TABLE 3.2: Calculated Parameters of WASP-33b

Parameter Iorio (2016) Results of This thesis Fitting with fixed is

φ (deg) 99+5
−4 (in 2008) 110.2+1.3

−1.4 105.26± 0.10

103+5
−4 (in 2014)

θ2008 (deg) - 76.7+2.9
−2.5 104.14± 0.15

is (deg) 142+10
−11 67.0+7.4

−6.8 142 (fixed)

J2 (2.1+0.8
−0.5)× 10−4 (1.11+0.15

−0.11)× 10−4 (2.118± 0.045)× 10−4

χ2
pre - 57 187

the transit photometric observations are large. However, in the change of impact pa-

rameter (See the left bottom part of Figure 3.9), the results from the transit photome-

try are consistent with the predicted values from decreasing trend from the Doppler

tomographic observations. This means that transit photometry can contribute to the

measurement of the nodal precession using Doppler tomographic data at the same

time.

3.5.1 Verification of Stellar Spin Inclination and Quadrupole Moment

The φ and J2 agrees with one of Iorio (2016) within 3σ. However, is disagrees with

the previous study within 3σ. Once I tried to calculate φ, θ(t = 2008) and J2 fixing

the value of is from Iorio (2016) by the same way as ; The MCMC result and The

these values are shown in Figure 3.10 and Table 3.2, respectively. I also display the

changes of λ and b in Figure 3.11 with this thesis’s result. Although the values of φ

and J2 from fitting with fixed is agree with those of Iorio (2016) and the uncertainties

are smaller than our result, χ2
pre is larger. Moreover, the λ variation model fits worse

than those of our result (see Figure 3.11). This inaccuracy may happen because λ

does not vary as Iorio (2016) expected from only two data points. Thus, our values

seem to be more accurate than the previous study. To measure more accurate is, we

need more Doppler tomographic observations to measure λ.

I also derived WASP-33b’s stellar quadrupole moment J2 = (1.11+0.15
−0.11) × 10−4.

For comparison, the solar value of J2 is ∼ 2× 10−7. Iorio (2011) calculated the stellar

quadrupole moment J2 = 3.8× 10−4 in theory by Equation 1.4; Iorio (2011) considers

the Love number, as known as the internal structure constant, for WASP-33 is k2 =
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0.03 from Claret and Gimenez (1995). Comparing these values, this result shows that

observed WASP-33’s shape is more spherical than the model. From Equation 1.4 This

difference is possibly due to the actual WASP-33b’s internal structure constant that

is less than 0.03; which indicates that WASP-33 is slightly more rigid than that in

theory by Claret and Gimenez (1995).
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FIGURE 3.10: MCMC corner plots for architecture angles, φ, θ2008, and stellar
quadrupole moment J2 of WASP-33b system.

3.5.2 Nodal Precession with Eccentricity

In the calculation of the nodal precession of WASP-33b, I estimated its orbit com-

pletely circle because the age of WASP-33b (∼100 Myrs; Moya et al., 2011) is enough

to have already undergone the tidal circularization, whose timescale is ∼ 1.72 Myrs
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FIGURE 3.11: The same graphs as the left column of Figure 3.9, but including the
model with fixing is showing as dashed lines

(Smith et al., 2011). There is the fact that no one has measured its value yet. Lehmann

et al. (2015) derived RV’s change by this hot Jupiter, and its shape looked like from

the circular orbit. Considering the eccentricity, the nodal precession’s speed, the

slope part of Equation 3.6, become

θ̇ =
3π J2R2

s cos φ

Porba2(1− e2)2 (3.8)

from Equation 10 of Iorio (2016). When the exact value of WASP-33b’s eccentricity

is clear, we can expect that the nodal precession becomes slightly faster; the speed

when e = 0.1 is ∼ 1.02 times as fast as the circular orbit.

If the eccentricity is not a fixed parameter for the parameter fitting in Section

3.3, comparing with Equation 3.8 and the slope of Equation 3.6, the best-fit value of

J2/(1− e2)2 in Equation 3.8 is probably similar to that of J2 in Equation 3.6. However,

determining the best-fit values of J2 and e is difficult from that of J2/(1− e2)2. Thus,

another way to derive e, RV observation for instance, is needed to derive J2 with an

eccentric planet.

3.5.3 Orbital Evolution of WASP-33b

I found the real spin-orbit obliquity of WASP-33b φ = 110.2+1.3
−1.4 deg and could re-

duce the uncertainty thanks to dealing with more data than Johnson et al. (2015).
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Our value of φ is slightly close to the ones of projected spin-orbit obliquities |λ|.

The derived value indicates the possibility that WASP-33b has undergone the mech-

anisms which makes the orbit misaligned easily (e.g. planet-planet scattering or

Kozai migration). Because the absolute value of our φ is slightly larger than one of

Iorio (2016), it has a little possibility that WASP-33b may have evolved by Kozai mi-

gration than planet-planet scattering according to the histograms in Section 1.2.4 and

1.2.5. The existence of WASP-33b’s companion star is necessary to distinguish these

two evolution models clearly. Nevertheless, Doppler tomographic observations and

transit photometry cannot detect the companion star.

Moya et al. (2011) found a companion candidate estimated a dwarf star or brown

dwarf, located at 227 AU (Porb ∼ 2, 200 yrs) from the host star by direct imaging.

SEEDS project (Tamura, 2016) also detected the companion candidate by High Con-

trast Instrument for the Subaru Next Generation Adaptive Optics (HiCIAO) on Sub-

aru telescope (see Figure 3.12). However, it is not confirmed as a companion star

yet due to the lack of its proper motion. Thus, one more direct imaging observation

is essential to confirm whether the companion moves in the same proper motion as

the host star or not. If the stellar companion candidate with 0.1 M? revolves in a

circular orbit (e = 0) and WASP-33b has been formed near the snow line, ∼ 5 AU

(Porb ∼ 12 yrs), the planet has undergone a Kozai oscillation with the Kozai cycle

period PKozai ∼ 6 Myrs following Equation 3.9,

PKozai =
MsP2

c
McPb

(1− e2
c )

3/2, (3.9)

where Ms, Mc, Pc, Pb and ec are the stellar mass, the companion’s mass, the com-

panion’s period, the planetary mass and the companion’s eccentricity, respectively

(Wu, Murray, and Ramsahai, 2007). Though we have to be aware that the distance

from the host star to the companion star is the sky-projected one and the eccentricity

of the companion star may exist, the Kozai cycle period can be shorter than the age

of WASP-33 (∼ 100 Myrs). Therefore, if the companion candidate is confirmed, the

stellar companion have had the possibility of causing Kozai mechanism of WASP-

33b.
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1.0”

Kc

FIGURE 3.12: Top: Direct imaging of WASP-33b from Keck-II/NIRC2 in the K-
band (Moya et al., 2011). The vector points a companion candidate star while the
largest dark image shows the host star. Bottom: Direct imaging of WASP-33b from
HiCHAO/Subaru (Tamura, 2016). Takahashi, 2014 analyzed this image and Ryu,
2018 used this data. The white circle locates the position of the host star and the
image showing in the right side is the companion star.
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3.5.4 Nodal Precession Speed

From the slope of Equation 3.6, I also calculated the nodal precession speed θ̇ =

0.458+0.027
−0.020 deg year−1 and its period Ppre = 785+36

−44 years; the precession is faster

than one from Iorio (2016) (θ̇ = 0.37+0.04
−0.03). Then I found that WASP-33b transits in

front of the host star for only ∼ 20 % of the whole nodal precession period, which

means that it is rare to discover WASP-33b as a transit. This implies that WASP-33b

began to transit in 1976± 2 and stop to transit in 2057± 2. Therefore, we can observe

its transit until 40 years later.
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Chapter 4

Conclusion

I have presented the observations to detect the nodal precession of hot Jupiters

around hot stars and the derivation of spin-orbit obliquities via measuring nodal

precessions.

I confirmed the WASP-33b’s more accurately and more precisely than the previ-

ous study Johnson et al. (2015) using various high spectrograph instruments, Sub-

aru/HDS, HJST/TS23, OAO/HIDES, and two simultaneous cameras, OAO/MuSCAT

and TCS/MuSCAT2. I established how to observe planetary nodal precession using

two methods, Doppler tomography and transit photometry.

I acquired the method to measure the real spin-orbit obliquity of WASP-33b φ =

110.2+1.3
−1.4 from the nodal precession. This measurement will help calculate the real

spin-orbit obliquity and make its real distribution. Therefore, this research is the first

step to make the distribution of spin-orbit obliquity, which may have the potential

to determine the evolution trend of hot Jupiters more accurately.

I also derived the stellar quadrupole moment of WASP-33b J2 = (1.11+0.15
−0.11) ×

10−4 from the observation of its nodal precession at the same time. WASP-33 has the

propability that WASP-33’s internal structure is slightly different than that estimated

from the method in Claret and Gimenez (1995). The measurement of J2 may be a clue

to search the internal structure of hot stars.
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4.1 Future Plans

4.1.1 Nodal Precession Observation of Other Confirmed Hot Jupiters

There are 16 confirmed hot Jupiters around hot stars by Doppler tomography. Four

of them disclose their real spin-orbit obliquities (WASP-33b, Kepler-13Ab, MASCARA-

4b, and WASP-189b): the rest of them reveal only their projected one.

For hot Jupiters with near-polar orbits, KELT-9b, KELT-17b, MASCARA-1b, HAT-

P-70b, and WASP-178b have a possibility of their observable nodal precessions. Even

if λ is near 0 deg or 180 deg, we can observe the change of transit trajectory and mea-

sure φ close to 90 deg when the star rotates nearly pole-on for the line of sight. On

the other hand, when λ is near 0 or 180 deg and the star rotation axis is almost per-

pendicular to the line of sight, the transit trajectory moves scarcely because φ should

also be near 0 deg or 180 deg. In this case, we can estimate φ as λ. Therefore, we

should observe their nodal precessions around hot stars regularly to measure their

φ by Doppler tomography and transit photometry.

Kepler-13Ab, orbiting around an A-type star, is the other hot Jupiter whose nodal

precession detected by only transit photometries (Szabó et al., 2011 and Barnes, Lin-

scott, and Shporer, 2011). Other previous studies measured φ of this hot Jupiter by

gravity-darkened transit photometry, but the values are different between these two

results (φ = 60± 2 deg in Masuda, 2015 and φ = 29± 1 deg in Herman et al., 2018).

Even though Kepler-13Ab is likely to have evolved with Kozai migration due to

its companion star, Kepler-13B (Santerne et al., 2012), we have to double-check the

value of its φ by adding Doppler tomographic observations and transit photome-

tries for the proper histogram of derived φ. Because Johnson et al. (2014) measured

Kepler-13Ab’s λ on 2014 by Doppler tomography, one more transit spectroscopic

observation can be detected the change of λ then derive its φ independently to the

gravity-darkened transit photometry.

Ahlers et al., 2020 measured φ of MASCARA-4b by gravity-darkened transit pho-

tometry (φ = 104+7
−13 deg). Lendl et al., 2020 also did the same observation for φ of

WASP-189b (φ = 85.4± 4.3 deg). These planets are hot Jupiters around A-type stars.

In fact, no one has detected their nodal precessions yet. Observing the nodal pre-

cessions of MASCARA-4b and WASP-189b is important to crosscheck the values of
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their φ.

4.1.2 Confirmation of Hot Jupiter

Even though there are 16 hot Jupiters around hot stars whose spin-orbit obliquities

are measured and their obliquities tend to have a wide range, the number of those is

still few to determine the orbital evolution tendency. If normal planet-disk interac-

tion is the main migration, the distribution should gather at φ = 0 deg (Lai, Foucart,

and Lin, 2011). If the orbital evolution by planet-planet scattering is the majority,

the orbits are likely to incline about φ = 60 (Nagasawa and Ida, 2011). When Kozai

migration is the primary evolution, φ takes a wide range from 10 deg to 140 deg

(Petrovich, 2015). Barclay, Pepper, and Quintana (2018) predicted the TESS mission

could find 500 hot Jupiters around A-type stars for the two-year-observation. Thus,

I will increase the number of hot Jupiter samples around hot stars by validating a

TESS candidate to contribute to the φ distribution in detail.
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