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Abstract 

Debris disks are circumstellar disks that mainly contain dusts. The dust grains are thought 
to be produced by the collisions of excited planetesimals. Approximately 15% of the main 
sequence stars have debris disks, of which 26 are spatially resolved at the optical and near-
infrared (NIR) wavelengths. By investigating the morphological evolution of debris disks, we 
can better understand planetary formation. 

Three mechanisms of planetesimal stirring have been proposed: 1) close stellar flybys, 
2) planetary stirring, and 3) self-stirring. To verify these stirring theories, researchers have 
conducted many infrared photometric and far-infrared imaging observations. However, in these 
observations, the stirring theories were poorly constrained by the large uncertainty of the disk 
radius (≳ tens of AU). Thus, to properly evaluate the stirring theories, we investigate the disk 
morphologies by visible or NIR imaging observations. 

We investigate 22 debris disk morphologies and detected the debris disk of HD 15115 
using Subaru/IRCS. We also retrieve the raw archival data of seven targets and obtain a final 
processed image of HD 202628 from the author of a previous study. 

We resolve the HD 15115 disk by subtracting the PSF halo and obtain its disk parameters 
(disk radius, vertical thickness, inner/outer density slopes, scattering asymmetry parameter, 
inclination, and disk position angle) by disk model fitting. Based on the study of HD 15115, 
we also probe other eight other debris disk geometries using archival data. 

The disk radii, which were resolved to several AU, seem to increase with stellar age and 
stellar mass. The vertical thicknesses also increase with stellar age. Furthermore, the inner 
and outer density slopes trend upward with increasing stellar mass. The upper limits of the 
scattering asymmetry parameter seem to decrease with stellar age. 

The increasing trends of disk radius relative to the stellar age and mass are consistent with 
the self-stirring scenario. We examine the possibilities of planetary stirring around three debris 
disks containing detected planets. The planetary stirring model can explain only the presence 
of the inner disk of beta Pic (at radius ∼ 60 AU) by a ∼ 10MJ planet (∼ 9 AU). The verti-
cal thickness is approximately proportional to the disk radius, whereas the velocity dispersion 
might be independent of age and mass. The disk ring widths become thinner for more massive 
stars, suggesting that more massive stars have shorter collision durations. The deceasing upper 
limit of the asymmetry parameter can be due to disappearance of larger grains or observational 
bias. 
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1 Introduction 

1.1 Planetary formation 
This thesis focuses on debris disks, which are related to planetary formation. First, we briefly 
describe what is already known about planetary formation and the origin of debris disks. 

A protostar is born when a molecular cloud in space begins collapsing under gravity. The mat-
ters in the cloud fall into the core (protostar) with random orbiting. The orbital angular momentum 
vector of the matters roughly points in a certain direction, forming a disk composed of gas and dust. 
Within this so-called protoplanetary disk, the dust accretes into planets and planetesimals. After 
∼ 1  10 Myr, all of the gas in the protoplanetary disk has accreted onto the star or disappeared 
through stellar photoevaporation. The dust grains also have disappeared at this stage, leaving only 
planets and planetesimals in the system. Once the protoplanetary disk has disappeared, the formed 
planets and planetesimals collide because their movements are no longer limited by the gas. The 
dust grains ejected from the collisions form a disk. Such secondarily emergent disks are called 
debris disks. 

1.2 Debris disks 
As debris disks have temperatures of several tens of Kelvins, debris disks are luminous at mid-
to far-infrared wavelengths. Debris disks were discovered by the Infrared Astronomical Satellite 
(IRAS) in the 1980s. In honor of the first discovered target, Vega (Figure 1; Aumann et al. 1984), 
stars with debris disks are called Vega type stars. Approximately 15% of the main sequence stars 
are Vega type stars (e.g., Matthews et al. 2014). 

According to spectral energy distribution (SED) observations, the typical temperature of Vega 
type stars is ∼ 40  100 K; therefore, dusts locate at ∼ 10  100 AU (e.g., Zuckerman and Song 
2004). The total dust mass in a disk is estimated as ∼ 10 3  10 1 M⊕ (Rhee et al. 2007). Radio 
spectroscopic observations suggest that most debris disks are CO-poor (< 10 4 M⊕; Moór et al. 
2011a). However, two debris disks, HD 21997 and 49 Cet, contain significant CO gas (≳ 10 4 M⊕; 
Moór et al. 2011a, Zuckerman and Song 2012). 

Debris disks scatter the starlight at visible and near-infrared (NIR) wavelengths, and thermally 
emit at mid-infrared to millimeter wavelengths. The disk morphology is difficult to image because 
debris disks are faint. About 80 debris disks have been spatially resolved so far (Choquet et al. 
2015). The first observed star containing a resolved disk was beta Pic (Figure 2; Smith and Terrile 
1984), which was imaged at 890 nm with a du Pont 2.5 m telescope. After this discovery, no 
further debris disks were resolved for a long time. Most of the debris disks have been imaged since 
the 2000s, typically (∼70%) at mid-infrared to millimeter wavelengths. Only 26 disks have been 
resolved at visible or NIR wavelengths. 

Although the diffraction limit of large-aperture telescopes at visible or NIR wavelengths is ≲ 
0.1”, stellar images are blurred by the atmospheric turbulence. To obtain images at the diffraction-
limited resolution, we must observe objects using space telescopes or large ground-based telescopes 
with adaptive optics. The representative space telescope is the Hubble Space Telescope, and famous 
ground-based telescopes are Subaru, Gemini, and the Very Large Telescope. To detect faint disks, 
we must also enhance the contrast by observational and data reduction techniques. The predomi-
nantly bright stellar halo is usually suppressed by a coronagraph mask. To distinguish the faint disk 
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components from the halo and artifacts of the optical system, we apply a common observational 
method, called angular differential imaging (ADI; Marois et al. 2006; See section 2). Especially, 
we use classical ADI (cADI; Marois et al. 2006) to subtract the stellar halo and highlight the disk 
in the data reduction (see Section 3.1). Recently, principal component analysis (PCA; Soummer 
et al. 2012) has become a powerful tool for clearly subtracting the stellar halo (see Section 3.1 and 
Appendix A). 

Direct imaging observations suggest a ring-like structure for most debris disks. In addition, 
many debris disks have structural characteristics such as warps, offsets, and asymmetric brightness, 
which are considered to be related to gravitational interaction between the disk and planets. In fact, 
planets have been detected in several debris disk systems, e.g., beta Pic b (Lagrange et al. 2009), 
HD 10647 b (Butler et al. 2006), and HD 106906 b (Bailey et al. 2014). 

Figure 1: Spectral energy distribution of Vega. Solid and dashed lines represent an 85 K and a 500 
K blackbody spectrum, respectively. The 85 K spectrum implies that the dust grains are located at 
∼85 AU from Vega. Figure from Aumann et al. (1984). 

1.3 Debris disks in our solar system 
Dust grains in the solar system are evidenced from the populations of asteroids and Kuiper belt 
objects. The zodiacal dust can be regarded as a debris disk. According to observations with the 
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we especially observed the debris disk around HD 15115. The data reduction and disk model fit-
ting, which comprise the greater part of this study, are described in Chapter 3. In Chapter 4, we 
present the results of the disk parameters and compare the derived disk radii with those of SED 
observations. Chapter 5 discusses the calculated ring widths and the stirring models supported by 
our results. The thesis concludes with a results summary and discussion in Chapter 6. 
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Table 2: Observations 
Target Instrument βc Date texp αrot Reduction 

(µm) (s) (degree) 
HD 61005 VLT/NACO 1.6 (H) 2010/2/17 2517.0 112 PCA 
HD 202628 HST/STIS 0.6 (no filter) 2011/5/15 4512.0 28 roll-subtraction 
HD 207129 HST/ACS 0.6 (F606W) 2006/5/3 4160.0 20 roll-subtraction 
HD 10647 HST/ACS 0.6 (F606W) 2006/9/2 4660.0 25 roll-subtraction 
HD 141943 HST/STIS 0.6 (no filter) 2014/7/23 3399.6 15 roll-subtraction 
HD 15115 Subaru/IRCS 1.6 (H) 2011/11/11 1840.0 17.3 PCA 
HD 139664 HST/STIS 0.6 (no filter) 2011/5/23 5621.4 48 PCA 

0.6 (no filter) 2011/7/31 5621.4 42 PCA 
Fomalhaut HST/STIS 0.6 (no filter) 2010/6/13 1260.0 25.9 cADI 

0.6 (no filter) 2010/9/13 3000.0 24 cADI 
0.6 (no filter) 2012/5/29-31 10080.0 28 cADI 
0.6 (no filter) 2013/05/30 9072.0 28 cADI 

HR 4796A Gemini/NICI 1.6 (H) 2012/4/6 4386.7 82.4 PCA 
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3 Analyses 

3.1 Data reduction 
The unprocessed images were subjected to dark subtraction, flat-fielding, bad-pixel correction, and 
cosmic-ray rejection. The images used for HST data had been already processed by these basic 
calibrations. To minimize the residual sum-of-squares of the pixel values in the PSF, we aligned 
the star position in each science frame. 

After the star alignment, the disk was highlighted by subtracting the halo from the science 
frames. The PSF reference images (halo templates) were constructed by three methods: 

1. cADI (Marois et al. 2006) 

2. PCA (Soummer et al. 2012) 

3. Roll subtraction (Krist et al. 2010, 2012) 

PCA or cADI was applied to fields of view with more than two position angles (PAs), whereas roll 
subtraction was applied to fields of view with only two orientations. Locally optimized combination 
of images (LOCI; Lafrenière et al. 2007) was not performed because the optimized subsection 
might limit the disk shape in the final image. 

cADI, which median-combines the complete set of science frames, is the simplest method for 
building PSF reference images. Frame screening of the individual science images was not applied. 
To adjust the variance of the PSF FWHM, we scaled the median-combined image at every annulus 
with a one-pixel width to suit each science frame. 

Initially, we performed cADI reduction of all targets with more than two PAs. However, cADI 
usually generates PSF residuals. In such cases, the images were re-processed by PCA, which 
clearly subtracts the PSF while retaining the disk signals (see Appendix A for more details). Based 
on a specified field rotation criterion, we selected the science frames for building a PSF reference 
image. Next, we derived the eigenvector images (principal components) from the selected science 
frames by singular value decomposition. Finally, we linearly combined these eigenvector images 
into the PSF reference image. This process was performed for each science frame. 

When the field of view has two orientations, the roll subtraction method can extract almost com-
plete disk signals. Our roll subtraction procedure is similar to that of Krist et al. (2010, 2012). We 
build an initial template by comparing the corresponding pixel values in two different orientation 
frames and selecting the smaller value. We then subtract this template from each science frame. 
Next, we rotate one of the residual images to fit the orientation of the other. The smaller pixel val-
ues between these two residual images are recorded onto a disk template, which is subtracted from 
each science frame. This routine is iterated until the PSF template changes by less than a specified 
amount. 

After building the PSF reference images by methods 1, 2, or 3, we subtracted each PSF refer-
ence image from each science frame. Finally, we aligned the PA by rotating the PSF-subtracted 
science frames and median-combined them into a high-signal-to-noise disk image. For the targets 
observed across multiple days (HD 139664, Fomalhaut), we combined all dataset images into a 
single final image. The processed disk images are presented in Figure 3. 
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3.2 Data reduction of HD 15115  
The PSF reference images were extracted by PCA. For this purpose, we used the pipeline1 pub-
lished by Dmitri Mawet. First, we masked the inner region (r ≦ 40 pixels = 0.82”), and then divided 
each science image into concentric ring subsections of one-pixel width. The eigenvectors were cal-
culated in each ring subsection. This calculation is tuned by two parameters, the number of PCA 
modes n and the distance N 抗 were抗 (in units of PSF FWHM). Frames separated by more than N
built into the PSF reference image. The construction of n PCA modes requires at least n frames. 
In contrast, the number of available frames decreases with increasing N抗. Therefore, when n is set, 
N抗 imposes an upper limit on the PSF reference image construction of the n frames. For example, 
when n = 5, the constraint N抗 ≦ 1.054 (∼0.1”) allows no more than five reference frames for all 
science images at r > 40 pixels. In PCA processing, we tried n = 1 to n = 40. To protect the disk 
signal from self-subtraction, we set value of N抗 to the maximum. The disk S/N was maximized at 
∼ 1.5” for n = 15 and N抗 = 0.751. In this study, the HD 15115 disk was analyzed using the final 
image derived with these two parameters. 

Figure 3: Resolved disk images. In all images, north is up, and east is left. The intensity scales are 
adjusted for individual disk brightness. 

1http://www.sc.eso.org/˜dmawet/pca-pipeline.html 
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Figure 4: Artificial disk (top panels) and simulation results of self-subtraction (bottom panels). In 
the left and right panels, the disk width w is 5 pixels and 10 pixels, respectively. The 100000-levels 
intensity is the artificial disk brightness. The black region covers the spider patter or the saturated 
pixels. The blue-dashed circle represents the projected distance affected by self-subtraction. 
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Figure 5: Example of model fitting (HD 202628). Top: model disk. Middle: observation. Bottom: 
residual map (observation - model). The coordinate (x, y) = (0, 0) represents the star position. 
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Figure 7: Rd versus t determined by the identification of moving groups. Larger and smaller sym-
bols indicate the disk radii derived by our model fitting and referred from previous studies, respec-
tively. 

Figure 8: Rd versus t plot determined from isochrones of the evolution tracks. Larger and smaller 
symbols indicate the disk radii derived by our model fitting and referred from previous studies, 
respectively 
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Figure 14: Rd relation between visible/NIR direct imaging (this study) and SED (Chen et al. 2014). 
The blue line is the 1:1 correspondence line between the two disk radii. 
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Figure 15: Stellar age versus mass for the targets investigates in this study. The age and mass are 
completely uncorrelated. 
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Rayleigh scattering is isotropic, whereas Mie scattering is anisotropic. As Mie scattering oc-
curs when the grain size exceeds the wavelength, the disappearance of large grains diminishes the 
scattering asymmetry. Older systems could lose large grains by repetitive grain-grain collisions. 
However, dust size is difficult to be quantified by g alone, and this phenomenon needs verification 
in multi-band observations. 

The optical depths reduce as the system ages (Figure 22). To be detected, the grains in old 
debris disks need to scatter the starlight efficiently to observers. In high-g disks around old stars, 
most of the photons are forward-scattered in various directions rather than being directed toward 
the observer. This observational bias needs validation in spatially-resolved targets. 
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Figure 23: Histogram showing the distribution of xm in the self-stirring scenario. The six targets 
with xm ≥ 10 cannot maintain disk gravitational stability in the protoplanetary stage. 

Figure 24: Disk radii (calibrated by stellar mass) versus stellar age in the self-stirring scenario. The 
green, blue, and magenta lines indicate the disk radii in the self-stirring model with xm = 1, 3, and 
10, respectively. Half of the young targets (t < 30 Myr) lie above the xm = 10 line, which marks 
the upper limit of disk gravitational stability in the protoplanetary stage. 
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Figure 30: Upper limit of the collisional timescale versus stellar age. Planetesimal collisions appear 
to be less frequent in older targets. 

Figure 31: Upper limit of collisional timescale versus the stellar mass. Planetesimal collisions 
appear to be more frequent in system with more massive stars. 
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A.2 Difference between PCA and LOCI 
Our PCA image processing is similar to LOCI processing (Lafrenière et al. 2007), but there are two 
differences between the methods. 

One difference is the image separation technique. LOCI separates images into small arched 
pieces, and then builds reference images in each separation. The smaller separations bring the ref-
erence images closer to the science images. On the other hand, PCA does not set image separations. 
In cases of large residual noise in the halo (HD 15115 and HD 61005), we separate the annulus and 
build the reference images in each piece by PCA. However, we consider that the annulus separa-
tions limit the disk images to a lesser extent than arched separations for edge-on disks. 

The other difference is the images used for building the reference images. Both methods con-
struct the reference images from a linear combination of images, whereas LOCI constructs them 
from the science images themselves. PCA generates them from the orthonormal bases (principal 
components). 
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