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A Study of Global Oscillations in Gaseous Disks
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Oscillations are ubiquitous phenomena found in gaseous disks such as circumstellar disks or ac-
cretion disks. These oscillations usually cause variability in the spectra of the object. The study
of disk oscillation is important to give deeper understanding of the physics of these disks. In this
thesis, as the origins of long-term variability in circumstellar disk around B emission stars (here-
after, Be stars) and quasi-periodic X-ray variability in black-hole accretion disks, we investigate
the following two types of disk oscillations.

(1) Global one-armed oscillations in circumstellar disks of Be stars

Spectrum of a star usually shows only absorption lines, but there are several types of stars that
also show emission lines in their spectra. One of these types of stars is called B emission stars
(or Be stars, for short). Be stars are non-supergiant B-type stars whose spectra show one or more
hydrogen Balmer lines in emission. Be stars have a cool equatorial disk (hereafter, Be disk) around
the central star. The Be disk is a geometrically thin, high-density region with material rotating at
nearly Keplerian velocity. The emission lines of Be stars arise from the Be disk.

The most plausible model for the Be disk is the viscous decretion disk model (Lee et al. 1991).
In this model, when the star ejects mass from an equatorial surface, a decretion disk forms, where
the material drifts outward, not inward, by the effect of viscosity. Although the viscous decretion
disk model explains many observed features of Be stars, there are many open questions on the
structure, evolution, and variability of Be disks. Studying them forms the major part of the Be
star research.

Decretion disks share many characteristics with accretion disks, except for the direction of mass
flow in the disk. Kato (1983) showed that in a nearly Keplerian accretion disk, a one-armed
global mode (hereafter, a one-armed oscillation) shows up as a very slowly revolving perturbation
pattern. In Be decretion disks, there are also one-armed oscillations, whose precession causes long-
term variability in emission line profiles. The observed (quasi-)period of line profile variability
ranges from 5 to 10 years for isolated Be stars, and 1 to 3 years for Be stars in binary systems.

Previous theoretical studies of global one-armed oscillations in Be disks are limited to the case
for isolated Be stars. Moreover, most of those studies assumed that the Be disk is steady and
has a power-law density distribution, for simplicity. However, many Be stars are found in binary
systems, where the presence of the companion is most likely to affect the disks and the global mode
oscillation in the disk. For example, Be disks in binary systems are known to be smaller because
they are truncated by the tidal torques of the companion star. In addition to this, some Be stars
exhibit observational evidence of dissipation and re-formation of the equatorial disk, during which
the density distribution in the disk are likely to be different (and sometimes far) from the usually
assumed, power-law form. For example, in the disk dissipation stage, there is an observational
evidence that the innermost part of the disk is cleared, opening a gap between the star and the
inner edge of the disk. It is thus important to study global one-armed oscillations with a more
realistic disk model, taking into account the above observational features. Therefore, we study the
global one-armed modes in:
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e disks around binary Be stars, where the effects of the tidal interaction with the companion
are taken into account, and
e evolving disks.

In these studies, we take account of the three-dimensional oscillation structure, which was found
by Ogilvie (2008) to improve the mode confinement in the disk.

In the former study, we find that the period of the linear, global one-armed modes is shorter and.
the modes are better confined in closer binary systems, where the effect of the companion to the
Be disk is stronger than in wider systems. This trend is also seen in systems where the binary mass
ratio (ratio of the mass of the companion star and the Be star mass) is higher. The eigenmode is
insensitive to the spectral type of the central star.

In the latter study, we first calculate the density evolution in the disk formation/dissipation
stage, using a one-dimensional isothermal disk model with the viscosity parameter o = 0.1. Then,
we seek linear one-armed eigenmodes for the obtained density distribution at several epochs. In
the calculation for the disk formation stage, we inject mass at a constant rate at a radius just
outside the star. We run the calculation for this stage for ten years, but the disk is already fully
developed several years after the disk formation begins. As the disk grows, the density distribution
approaches the power-law distribution corresponding to the steady'disk state, particularly in the
inner part. The frequency of the one-armed mode also increases toward the frequency found for the
steady disk. Next, in order to model the disk in the dissipation stage, we turn off the mass injection
and calculate the density evolution for another ten years. As in the disk formation stage, we seek
linear one-armed eigenmodes for the obtained density distribution at several epochs. Getting no
mass supply from the star, the accretion starts from the innermost part of the disk. As time goes
on, the accreting region becomes wider. As expected, the density distribution of the disk in the
accretion region is far from a power-law form. We also find that in the disk dissipation stage, the
fundamental one-armed mode has significantly higher frequency and smaller propagation region
than in the disk formation stage.

These results show that it is important to take into account the tidal effect if the Be star is in
binary and a realistic density distribution if the disk is forming/dissipating.

(2) Resonant excitation of trapped g-mode oscillations in black-hole accretion disks

X-ray satellites have detected high-frequency quasi-periodic oscillations (hereafter, HF QPOs) in
black-hole X-ray binaries. HF QPOs occurs at fixed frequencies (> 100 Hz), and they appear only
in high-luminosity states where L > 0.1Lg, with Lg being the Eddington luminosity. The high
frequencies of HF QPOs suggest that they are the phenomena originating in a strong gravitational
field near the black hole. HF QPOs can be a powerful tool to explore the mass and spin of the
central black hole. Understanding HF QPO is important, given there is still no reliable means to
measuré these black-hole parameters. ‘

Our study is based on the model proposed by Kato (2004), where HF QPOs are regarded to be
trapped disk oscillations resonantly excited in deformed disks. The deformation of the disk could
be a warp or an eccentric deformation. An outline of Kato’s model is as follows: A non-linear
coupling between a trapped oscillation (hereafter, an original oscillation) and a deformed part
of the disk causes forced disk oscillations (hereafter, intermediate oscillations). The intermediate
oscillation makes a resonant coupling with the disk, and provides a positive feedback to the original
oscillation. As a result, the original oscillation is amplified. We numerically study this model based
on the recent formulation by Kato (2008). '

We first. obtain trapped g-mode oscillations with eigenfrequencies close to the maximum of the
horizontal epicyclic frequency. Then, we examine whether these modes are excited via the resonant
coupling with the warp of the disk. We find that the fundamental modes of the trapped g-mode
oscillations in a warped disk are excited by this mechanism, except in the case of non-rotating
black holes. Studying the effect of the black-hole and accretion-disk properties on these trapped
oscillations, we find that the growth rate increases as the warp amplitude or the black hole spin
parameter increases, whereas it decreases as the sound speed increases.
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