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1 INTRODUCTION

1.1 Diversity of exoplanets

Over 3,000 planets have been discovered since the discovery of the first known exoplanet, 51 Pegasi
b (Mayor & Queloz, 1995). The increasing number of detections helps to understand the statistical
properties of planets and develop theoretical models of planetary formation and evolution.

Figure 1 shows the distribution of exoplanets on a mass—period plane. We can see that giant planets
with masses greater than 0.3 Mjyp and orbital periods between 1-10 d are clustered, which we call hot
Jupiters (HJ). However, the formation and evolution of HJs still is not completely understood.

One of the reasons why understanding the origins of HJs has been difficult is the age of the systems at
which the HJs were discovered. Most of the planets detected by the RV and transit methods are orbiting
old main-sequence stars in the age groups of > 1 Gyr. In the meantime, the number of planets discovered

around younger stars is small.

1.2 Mechanism of hot Jupiter formation

In the standard core-accretion scenario, giant planets are formed beyond the snow line, far from the cen-
tral star, where there exists plenty of solid materials to form the massive solid cores of giant planets.
The existence of HJs suggest there should be some mechanism by which the giant planets are displaced
from their birthplace to the vicinity of their central star. Two leading models are proposed to explain the
formation of HJs — gas disk migration (GDM, so-called Type-II migration) and high-eccentricity tidal
migration (HEM). In GDM, the young giant planet creates a gap in the protoplanetary disk and moves
inward through the gap (e.g. Goldreich & Tremaine 1980). HJs formed with this mechanism are con-
sidered to have nearly close-in circular orbits. In HEM, giant planets are scattered through gravitational
interaction with other companions on high-eccentricity orbits that evolve into close-in circular orbits

through a tidal interaction with the central star (e.g., Rasio & Ford 1996).
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Figure 1: Exoplanet mass as a function of orbital period. Each color denotes the detection method and
the corresponding meaning is shown in the right-bottom corner. This figure is retrieved from NASA
Exoplanet Archive (https://exoplanetarchive.ipac.caltech.edu).

The crucial factor to discriminate between GDM and HEM is the time-scale over which HJs are
formed by the respective mechanisms. In GDM, the planet migration has to be completed before the
dissipation of the protoplanetary disk, and the timescale of HJ formation is determined by the lifetime
of the disk (< 10 Myr, Haisch et al. 2001). In HEM, planet scattering and tidal circularization take
hundreds of Myr to form the final shape of the system. Therefore, the planet survey targeting stars in the
age groups of approximately 100 Myr will help to distinguish between GDM and HEM. However, such
approaches have not yet been successful due to the large stellar surface activities on young stars (e.g.,
Lagrange et al. 2013).

1.3 Paucity of massive HJs around solar-type stars

The paucity of massive HJs (MHJ) orbiting solar-type stars has been reported in transit surveys. MHJs
with masses greater than 5 Mjyp were preferentially detected around hotter stars.

Several studies tried to reproduce the distribution with numerical simulations. Bouchy et al. (2011)
for instance suggested that close-in massive planets around G-type dwarfs might be engulfed due to the
loss of angular momentum caused by magnetic braking and tidal interactions. On the other hand, those
orbiting early and mid F-type dwarfs can escape the engulfment since they are rapid rotators with small
outer convective zones, and thus they do not produce tidal forces strong enough to cause an angular

momentum loss in the planets.
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Figure 2: The mass of planet as a function of the host star’s effective temperature. Filled and open circles
correspond to planets with orbital periods from 1-5 and 5-10 days, respectively. The color range on the
right denotes the masses of host star. We only plotted planets of masses greater than 1 Mjyp.

1.4 Planet survey in open cluster

Both observational and theoretical works have tried to understand the formation and evolution of HJs.
The common factors preventing the comprehension of these processes are the age of the stars and the
uncertainties pertaining it. To overcome this problem, surveys in open clusters should be one of the most
effective approaches.

So far 26 planets have been discovered in open clusters. Although several HJs have been discov-
ered in open clusters, these clusters are relatively old (2600 Myr), and the constraint on the formation
and evolution mechanism of HJs has been inconclusive. In the K2 mission, some young open clusters
(Pleiades, M 18, M 21, M 25, and M 35) in age groups less than 200 Myr were observed. Up until today,

no planets have been discovered in these observations.

1.5 Motivation of this thesis

As described in the previous section, information on the age groups of open clusters where the exoplanets
were found are not young enough to investigate the formation and evolution of HJs. To set a stringent
constraint on the HJ formation mechanism, the ages of open clusters are preferred to be less than ~ 0.1
Gyr. Planet surveys in younger open clusters can also help to investigate HJ evolution, and particularly
the paucity of MHJ.

On these grounds, we performed a HJ survey in the Pleiades open cluster (~ 0.1 Gyr) using RV
methods. By determining the occurrence rate of HJs in the Pleiades, this study aims to set constraints on
their formation and evolution.

The reasons why we chose the Pleiades cluster are its young age and close proximity to our solar



system. Due to the age of the cluster, we can set more stringent constraints on the timescale of formation
of HJs. Pleiades is the second nearest open cluster to our solar system. Therefore, it is possible to observe

relatively bright stars, which allows us to perform precise RV measurements.

2 OBSERVATIONS

2.1 Sample selection

We selected sample stars in the Pleiades open cluster based on the following criteria: i) the membership
probability is over 70% (Kharchenko et al. 2004; Bouy et al. 2015); ii) visual (V) magnitude is approx-
imately 9.4-10.5; and, iii) the spectral type is between F8 and G5. We selected fifty stars based on the
criteria and among those observed thirty.

The aim of our observations is to prove the presence or absence of HJs around young stars. To
achieve this, we planned to observe each star approximately 5 times — three observations at consecutive
nights and more than two observations over an interval of several days. Although we could not obtain
five pieces of data for some stars, we made at least three consecutive observations for them, which is still
useful to explore very short period planets (<3 d).

2.2 Observation

All data were obtained with the 1.88-m reflector and High Dispersion Echelle Spectrograph (HIDES;
Izumiura et al. 1999; Kambe et al. 2013) at the Okayama Astrophysical Observatory (OAO). An iodine
absorption cell (I cell; Kambe et al. 2002) was set on the optical path, which superposes numerous
iodine absorption lines onto a stellar spectrum of 5000-5800A as the fiducial wavelength reference for

precise RV measurements.

2.3 Data reduction

Reduction of echelle data was done on IRAF. We go along the flow chart in Figure 3.

3 ANALYSIS

3.1 Radial velocity
3.1.1 Computation of radial velocity

We compute RV variations following the method described in Sato et al. (2002) based on the ones es-
tablished by Valenti et al. (1995) and Butler et al. (1996). In this method, the observed spectrum (I,-
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Figure 3: Flow chart of IRAF reduction

superposed stellar spectrum) is modeled using a stellar template spectrum and high-resolution I, spec-
trum, both of which are convolved with the instrumental profile (IP) of the spectrograph.

We used the spectra obtained by other instruments as stellar template spectra. Among our sample,
ten and five stars were observed through High Accuracy Radial Velocity Planet Searcher (HARPS) with
the 3.6 meter telescope at La Silla and High Resolution Echelle Spectrometer (HIRES) with the 10 meter
telescope at Keck Observatory, respectively. Additionally, we obtained the spectra of eight stars through
High Dispersion Spectrograph (HDS) with the 8.2 meter telescope at Subaru Telescope. Excluding the
duplication, we could collect template spectra for 15 stars.

3.1.2 Rotational velocity

To determine a template spectrum for stars without pure spectra, we derived the rotational velocity of
our sample. We fitted the observed spectra covering 6400-6500 A with theoretical spectra made by
SPECTRUM code (Gray & Corbally, 1994). The chemical composition of the model spectra is assumed
to be identical to that of the Sun. The fitting parameters are the rotational velocity, vsini, Doppler shift,
and a linear normalization function. Figure 4 shows how the stellar rotation affect on the profile of stellar

absorption lines.
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Figure 4: Spectra broadened by stellar rotation. Blue, green, yellow, and red lines correspond to the
rotational velocities, vsini, of 5, 20, 40, and 60 kms ™!, respectively.

3.2 Line profile analysis
3.2.1 Least-squares deconvolution

Each absorption line has low SNR, which prevents the precisely evaluation of the line-profile deforma-
tions. Therefore, we adopted a technique to enhance the SNR of the line-profile. For this purpose, we
computed a mean stellar absorption line profile with the use of the least-squares deconvolution (LSD)
method following Kochukhov et al. (2010).

3.2.2 Indices of line profile deformation

To monitor the line-profile deformation, we computed three line-profile indices from a mean line profile;
the FWHM, Vpan, and Wypan.

The FWHM is computed by fitting a line profile with a Gaussian profile. Boisse et al. (2011) proposed
Vspan as the indicator of line asymmetry. Vpa, is defined as the velocity difference of two Gaussian
profiles. One Gaussian profile is fitted to a line-wing region, and other Gaussian profile is fitted to a
line-core region. Wypay is proposed by Santerne et al. (2015), which is an alternate asymmetry diagnosis
t0 Vspan. Wepan 1s also defined as a velocity difference of two Gaussian profiles. One Gaussian profile is

fitted to a line blue-wing region, and the other Gaussian profile is fitted to a line red-wing region.



3.3 Holine

We check the flux variability of Ho line core at 6562.808 A. Ha line is used to check chromospheric ac-
tivities. Boisse et al. (2011) showed the correlation between RV and several activity indicators, including

Ha line core flux, for an active K2V star. We define Ha index, Sy, as
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where Fyyq, is the integrated flux within a 1.6-A-wide bin centered at Ha line, and Fg, Fg is a 6.0-A-wide
bin centered at 6552.3 A and 6574.8 A, respectively.

3.4 Statistical analysis
3.4.1 Detection limit and search completeness

The detection limit — the upper limit of detectable planetary masses at a given orbital period — gives
important information that will help to establish the presence of HJs. Following Meunier et al. (2012),
we compute the detection limit with the root-mean-square (RMS) method.

Next, we compute the search completeness, C, by stacking the detection limits of our sample (Howard
et al., 2010). The search completeness shows the fraction of stars from which we can detect planets with

a given mass and orbital period if present.

3.4.2 Planet occurrence rate

We compute the planet occurrence rate following Borgniet et al. (2017). For the first step, we compute

the integrated search completeness, C;, over a specific parameter range, [, : my] and [P, : P,], defined

as
P, mp2 1 N
Y Y ¥ Y &) dpdm,
C — Py mp; i=1 )
1= Py My : @)
Y) 1drdm,
Pl mpi
To account for the search incompleteness, we estimate the number of missed planets, np;ss, defined
as

1
Nmiss = Ndet X (CI - 1) 3)

where nge¢ is the number of detected planets within the specific parameter range. Although we did not
detect any planets in our survey, we defined nge; = 1 following Borgniet et al. (2017).

Then we compute the planet occurrence rate with the use of binomial statistics.



4 RESULTS

4.1 Radial-velocity variations and activity indicators
4.1.1 Rotational velocity

We derived rotational velocities for our sample. We found that larger V magnitude stars tend to have

slower rotational velocities. This is consistent with previous studies (Queloz et al., 1998).

4.1.2 Radial-velocity measurement errors

We found that Gryer exceeds 100 ms~! for stars with vsini > 30 kms™!

. When compared with the
expected Oryerr, the observed Gryerr S€ems to be worse by a factor of 2—5. This indicates that there might
be some factors that led to the gap between the RV measurement errors and the expected errors.

There can be two possible factors causing the discrepancy of RV errors. Firstly, the stellar template
mismatch could be a matter of RV precision for stars for which we used template spectra of different
stars. Secondly, the wavelength-dependent stellar activities may also worsen the RV precision. If each
stellar absorption line profile were subjected to different deformations, the velocity variance of each

segment would increase.

4.1.3 Radial-velocity variabilities

We found that four stars exhibit large RV variations when compared to the RV measurement errors. The
large RV variations could be caused by planets or stellar activities. In the next section, we examine the

causes of the large RV variations.

4.1.4 Activity indicators

To evaluate the effect of stellar activities on RV variations, we computed FWHM, Sy, Vipan and Wypa,
for our sample. For each star, the strong correlation between RV and FWHM, V., and Wp,a, are seen.
For these reasons, we conclude that the significant RV variations seen from the four stars were caused by

stellar activities and no planet candidates were detected among our sample.

4.2 Statistical analysis

We computed the detection limits for our sample. When we found a significant correlation between the
RVs and activity indicators, we fitted a linear function to the correlation and subtracted it to mitigate
the effect of stellar activity on RV variations. After that, we computed the detection limit again. By
performing the correction of stellar activity, the mass limit came down to approximately 1 Mjyp in the

same range. In this way, we could improve the detection limit by a factor of 2-3.



By combining the detection limits of our sample, we derived the search completeness of our survey.
Since stars with high rotational velocities show large RV measurement errors, we divided our sample into
two sub-samples; 18 stars with vsini < 20 kms~! and 12 stars with vsini > 20 kms~! to examine the
search completeness for less massive planets. We can see a remarkable improvement for the sub-sample
of rapidly rotating stars. Although the completeness is worse than the sub-sample of slowly rotating
stars, the correction lets us rule out massive close-in planets (~ 10 Myyp). From the whole sample, we
can see that our observation rules out the existence of massive HJs with orbital periods of 1 — 5 day.

We derived the planet occurrence rate from our survey. We divide the mass and period ranges into
two groups, respectively: 1-5 Mjyp and 5-13 Mjup for mass, and 1-5 day and 5-10 day for orbital
period. In the domain of the less massive planets (1-5 Mjyp), the completeness is less compared to the
domain of the massive planets. In the meantime, our survey distinctly investigates the domain of massive
planets. This indicates that RV-measurement precisions are sufficient to confidently rule out the existence

of such planets among our sample.

S DISCUSSION

5.1 Stellar radial-velocity jitter

Based on the analysis of RV and activity indicators, we evaluate the stellar RV jitter of the Pleiades stars.
The values we derived are consistent with those obtained by other surveys targeting open clusters as
young as the Pleiades; 128 ms~! for NGC 2422 (73 Myr, Bailey et al. 2018), 67 ms~! for NGC 2516
(141 Myr, Bailey et al. 2018), 58 ms~! for Castor moving group (2004100 Myr, Paulson & Yelda 2006)
and 65 ms~! for Ursa Major moving group (300 Myr, Paulson & Yelda 2006).

5.2 Planet occurrence rate

Although the planet occurrence rate derived from our sample gave us a constraint on the HJs population
around young stars, we attempted to enforce a more stringent constraint by combining our results with
those obtained by other surveys targeting young clusters. For this purpose, we referred to Paulson &
Yelda (2006) (P06) and Bailey et al. (2018) (B18). P06 observed four young open clusters and moving
groups by the RV method; B Pic association (~12 Myr), IC 2391 (30-50 Myr), Castor moving group
(2004100 Myr) and Ursa Major moving group (300 Myr). We do not refer to B Pic association due to its
poor constraints on the detection limit. B18 derived the detection limits for 117 stars in NGC 2516 (141
Myr) and NGC 2422 (73 Myr) based RV observations.



6 SUMMARY

We conducted a radial-velocity search for short-period planets in the Pleiades open cluster to investigate
their formation and evolution process. The observations were done between November and December
2017 at Okayama Astrophysical observatory with High Dispersion Echelle Spectrograph.

Firstly, we computed the RVs for our sample and found that the RV measurement error was worse
than expected. Although we have not yet fully clarified the cause of degradation, the wavelength-
dependent stellar activities might provide a partial explanation. We also computed several stellar activity
indicators as well as RV measurements. Several stars showed significant RV variations compared to
RV measurement errors. By comparing RVs with the activity indicators, we found strong correlations
between them and concluded that these RV variations were caused by stellar activities. From our obser-
vations, no planet candidates were detected. For stars exhibiting RV variations by stellar activities, we
fitted a linear function to the correlation and subtracted it from the RV values to mitigate stellar intrinsic
RV variations.

Secondly, we performed a statistical analysis on our sample. By correcting the effect of stellar
activities on RVs, the detection limits were improved by a factor of 2-3. Then, we combined the detection
limits of whole samples and derived the search completeness for our survey. We divided our sample into
two sub-samples based on stellar rotational velocities. We then derived the planet occurrence rate in the
Pleiades open cluster. Our observations set a constraint on the occurrence rate of planets in the Pleiades
for the first time.

By combining our survey with two other surveys targeting the open clusters in the age groups of
30-300 Myr, we attempted to enforce a more stringent constraint on the planet occurrence rate with an
orbital period of 3 days. To take the difference of the detection sensitivities of each survey into account,
we divided the planet masses into three ranges; 1-5, 5-13, and 13-80 Mjyp. The lack of detection
of massive short-period planets might indicate that such planets are originally less likely to be formed

around solar-type stars.
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