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Preface

Accretion disks are one of the most important ingredients in the Universe. Recogni-
tion of their importance is, however, rather recent in the long history of astrophysics.
Discovery of quasars in the early 1960s was a trigger for the start of studying
accretion disks. This is because the enormous power of energy generation of quasars
is found to be related to accretion disks surrounding black holes. Accretion disks are
now known in various active objects, including active galactic nuclei, stellar-mass
black holes, ultraluminous X-ray sources, y-ray bursts, and stellar and galactic jets.

Almost all astrophysical objects have periodic and quasiperiodic time variabil-
ities in various timescales. This gives us the important tools to study physical
and dynamical states of the objects. Typical examples are helioseismology and
asteroseismology, where internal structures of the Sun and stars are examined by
analyzing their time variabilities. Astrophysical objects with accretion disks also
have, in many cases, time variabilities, and they are an important tool for studying
the structures of those objects. Obvious observational evidence which shows time-
periodic or quasiperiodic phenomena in accretion disks was, however, limited until
near the end of the 1990s. In that era, however, studies on long-term time variations
in Be stars and superhumps in dwarf novae had been made with much progress.

The launch of the Rossi X-ray Timing Explorer (RXTE) in 1996 changed
the situation. RXTE discovered quasiperiodic variations in X-ray binaries. They
are kHz quasiperiodic oscillations (QPOs) (kHz QPOs) in neutron-star low-mass
X-ray binaries and high-frequency QPOs (HF QPOs) in black-hole low-mass X-
ray binaries. Since that time, quasiperiodic time variations have been observed
in various objects with accretion disks, including micro-quasars, ultraluminous
sources, active galactic nuclei, and the Galactic Center. This observational evidence
stimulated theoretical studies on disk oscillations in order to explore disk structures
and environments around the disks. This opened a new field of “diskoseismology”
(or “discoseismology”).

Much attention has been paid especially to high-frequency quasiperiodic oscil-
lations in neutron-star and black-hole binaries, because their frequencies are close
to the Keplerian frequency in the innermost part of relativistic disks and also they
appear sometimes with a pair whose frequency ratio is close to 3:2. Studies of



vi Preface

these quasiperiodic oscillations are important because they may directly present us
with dynamical phenomena in strong gravitational fields and may lead to a new
way to evaluate spins of central compact objects. The spin of the central black
holes is usually evaluated by comparing observed spectra of accretion disks with
theoretically derived ones. The purpose of this book is to review the present state of
studies of disk oscillations.

This book consists of two parts. In Part I, we first briefly summarize observational
evidence that shows or suggests disk oscillations. Then, after presenting basic
properties of disk oscillations, we derive, in an approximate way, wave equations
describing disk oscillations and classify the oscillations into types. Our attention is
particularly given to the trapping of disk oscillations in the radial direction. Finally,
an attempt to improve wave equations is presented. In Part II, excitation processes
of disk oscillations are presented. Three important processes are reviewed with
additional comments on other possible processes. A process of wave-wave resonant
instability and its application are presented somewhat in detail.

I thank Professor Wasaburo Unno, under whom I started my research career on
astrophysics in the1960s at the University of Tokyo, and Professor Donald Lynden-
Bell for his hospitality at Cambridge University in 19761977, where I started my
studies on disk oscillations. I also thank Professor Tomokazu Kogure at Kyoto
University for having encouraged me to write a book. I appreciate many colleagues
with whom I collaborated and held invaluable discussions on various stages on
studies of disk oscillations. Among them, I especially thank Marek A. Abramowicz,
Omer M. Blaes, Jun Fukue, Fumio Honma, Jiri Hordk, Wlodek KluZniak, Dong
Lai, Jufu Lu, Stephen H. Lubow, Ryoji Matsumoto, Shin Mineshige, Ramesh
Narayan, Atsuo T. Okazaki, Zdenek Stuchlik, Gabriel Torok, and Robert V. Wagoner
(honorific omitted). Chapter 8 especially is based on discussions on one-armed
oscillations of Be-star disks with Atsuo T. Okazaki. Finally, many thanks are due
to Doctors Hisako Niko and Akiyuki Tokuno and Ms. Risa Takizawa of Springer
Japan for their helpful editorial support.

Nara, Japan Shoji Kato
24 March 2016
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Chapter 1
Introduction

Abstract We start this introduction by presenting a brief history of appearance
of accretion disks in astrophysical studies and by pointing out importance of
diskoseismology. Then, we review astrophysical objects which have accretion disks,
and present a brief survey of observational evidences of time variations in accretion
disks, focusing on those which will be related to disk oscillations. The main
oscillatory phenomena which we focus our attention are V/R variations in Be stars,
positive and negative superhumps in dwarf novae, high-frequency quasi-periodic
oscillations in neutron-star and black-hole X-ray binaries.

Keywords Disk oscillations ¢ Diskoseismology ¢ High-frequency QPOs e
Superhumps ¢ V/R variations

1.1 Brief History of Emergence of Accretion Disks
in Astrophysics

Accretion disks are relatively new research subjects in a long history of astronomy
and astrophysics. Until the discovery of quasars in early 1960s and subsequent
theoretical studies on their energy sources, accretion disks are little known in
astronomers and astrophysicists, although they are now well-known to be one of
important ingredients in the Universe. Because the discovery was one of epoch
making events in astronomy, it is introduced in various articles. Here, following
a book “Black-Hole Accretion Disks” by Kato et al. (2008), we briefly summarize
the outline of story of the discovery of accretion disks.

After the World War II, several sky survey projects in radio wavelength band
were started, and the so-called 3C catalogue (the third Cambridge radio-source
catalogue) was published in 1959 by Cambridge University. Based on the catalogue,
the identification of their optical counterparts was started. Matthews and Sandage
found in 1960 a 16-magnitude “star” at the position of 3C 48, the 48th object
in the 3C catalogue (Mathews and Sandage 1963). The “star” is extremely blue
compared with a normal star and changes its luminosity within 1 year or on a much
shorter timescale. Subsequently, Greenstein obtained the spectrum of 3C 48 and
revealed that it is extraordinary in the sense that it exhibits broad emission features
(Greenstein and Matthews 1963).

© Springer Japan 2016 3
S. Kato, Oscillations of Disks, Astrophysics and Space Science Library 437,
DOI 10.1007/978-4-431-56208-5_1



4 1 Introduction

Using lunar occultation, Hazard and his colleagues identified another strong radio
source, 3C 273, as a 13-mag “star” (Hazard et al. 1963). They determined accurate
position of two components, A and B. The latter coincided with a point-like source
and the former showed a jet-like structure. Then, Schmidt observed its spectrum,
and noticed in February of 1963 that these emission features are just the hydrogen
Balmer lines, although they are shifted toward long wavelengths (i.e., redshifted)
(Schmidt 1963). This was the moment of the discovery of quasars. The redshifts of
3C 48 and 3C 273 are now found to be 0.368 and 0.158, respectively.

There was a long discussion as to whether quasars are extragalactic or Galactic
objects. After a long discussion, we now believe that quasars are cosmological
objects and that their redshifts represent the cosmological expansion. The redshift
z = 0.158 of 3C 273, for example, means that its distance is about 1.9 x 10° light
years (if Hy = 71kms~! Mpc™! and the Universe is flat).

If so, quasars should release an enormous amount of energy, which was a puzzle
in these days. In the case of 3C 273, for example, the radiant energy, evaluated based
on the apparent luminosity and distance, is up to 10*” ergs™', which is a thousand-
times more luminous than a normal galaxy. In addition, this tremendous energy is
radiated from the very center of the quasar.

Since the discovery in 1963, the energy source of quasars has been a great enigma
in astronomy. This was finally solved (at least energetically) by the concept of
supermassive black hole and surrounding accretion disks. This is the first time when
accretion disks move into limelight in astrophysics.

One of the reasons why the accretion disks took limelight is that it can release
energy for a long time in a rate stronger efficiency than the nuclear energy burning.
Let us first consider the efficiency of nuclear energy release. In nuclear burning the
energy release rate is the highest when hydrogen is burned. When hydrogen of mass
M is perfectly converted into helium, release energy Ey is

Ex = 0.007Mc?, (1.1)

where c is the speed of light.
Let us next consider gravitational energy released by accretion disks. The
gravitational energy Eg of an object of mass M and size R is approximately

GM?
Eg ~ , 1.2
G R (1.2)

where G is the gravitational constant. In normal stars in which gravitational force (~
GM /R?) is balanced by pressure force (~ ¢2/R), i.e., R ~ GM/c?, the gravitational
energy Eg is on the order of

Eg ~ Mc?, (1.3)
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where ¢ is the sound speed inside stars. Even if temperature is taken as high as
10°K, ¢? is less than 10'7 cm?s™2, and we have

Eg ~ 0.0001Mc?, (1.4)

which is much smaller than Ex given above.

In the case where a compact object is surrounded by an accretion disk, however,
the accretion disk can release much energy. For example, if the compact source is
a black hole or a neutron star and the accretion disk penetrates toward the central
compact object till the radius of 3r,, where r, is the Schwarzshild radius defined by
ry = 2GM/ c2,! the gravitational energy given by equation (1.2) is

1
Eg ~ gMcz, (1.5)

which is much larger than the release energy by hydrogen burning given by
equation (1.1). This means that if gas falls till the radius of 3r, from infinity, a
part of the energy given by equation (1.5) will be radiated away from the accretion
disks,” which is higher than the nuclear energy release.

1.2 Importance of Studying Disk Oscillations
and Diskoseismology

Arguments in Sect. 1.1 suggest that in many energetic astrophysical phenomena
accretion disks are involved as the places of energy release. Nowadays, furthermore,
accretion disks are known to exist in a wide range of objects from proto-planetary
systems to galaxies. Accretion disks are one of most important and elementary
ingredients in the Universe as well as stars.

Many accretion disks have time variations, and thus studies of oscillatory
phenomena of accretion disks are of importance to clarify the disk structures
and environments around the disks. To understand this situation, let us remember
the history of relations between studies of stellar structures and those of stellar
oscillations. Studies of stellar structure began in the beginning of twentieth century,
and Eddington wrote the famous book “The Internal Constitution of Stars” in 1926.

'In the case of the Schwarzschild metric, the circular particle orbit around a central object is
dynamically stable till the radius 3r, (see, for example, Kato et al. 2008). This means that the
gas can fall, by gradually losing angular momentum by viscosity, till the radius of 3r, with roughly
keeping circular orbit.

2Under certain situations, gravitational energy released is swallowed into central black holes as
advection energy or outflows without being radiated away as thermal energy from disks. They are
advetion-dominated accretion flows (ADAF) or radiatively inefficient accretion flows (RIAF) (see
Sect. 1.6).
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At that time theoretical studies on stellar pulsation already began, since various
types of variable stars have been observed from long years ago. Eddington had been
interested in the mechanism of Cepheid variables until just before his death.

A modern development of the relation between stellar structure and stellar
oscillation began by the discovery of 5min oscillations in the solar photosphere
(Leighton et al. 1962). They found that the solar surface is covered by nearly
vertical oscillations almost everywhere whose frequencies are close to 5 min. They
are called “five minute oscillations”. In their early studies, the 5 min oscillations
are thought to be locally excited by granules (convective elements) in the solar
photosphere and chromosphere as trapped oscillations. As observational data are
accumulated, however, it became clear that the 5 min oscillations are independent
of each granules, and are global eigenmode oscillations on the solar surface. The
early observations and various theoretical models of the 5-min oscillations have
been reviewed by Stein and Leibacher (1974).

Subsequently, many non-radial oscillations in addition to the 5min ones are
observed on the solar surface, and they are found to be well described as global
eigenmode oscillations (nonradial oscillations) in the Sun. The excitation of the non-
radial oscillations is now considered to be due to stochastic processes of turbulent
convections in the solar convection zone (Goldreich and Keeley 1977a,b).?

Since eigenfrequencies of solar non-radial oscillations reflect the inner structure
of the Sun, detailed comparisons between observed oscillations and calculated
behaviors of oscillation modes can clarify the internal structure of the Sun. By
this comparison the structure of the Sun is now rather clarified, although we
cannot observe the inner structure of the Sun directly. For example, the internal
rotation of the Sun is found to be almost uniform in the inner radiative zone, but
in the outer convection zone the rotation is differential, i.e., the equatorial region
rotates faster than in the polar region (see a review by Thompson et al. 2003).
The transition region between the uniformly rotating inner region and the outer
convective region is called the tachocline. This research field examining the internal
structure of the Sun by use of solar oscillations is called helioseismology. Recently,
a field called local helioseismology is also developing, where propagating waves
in parts of the Sun (not global eigenmodes) are used to examine the structure of
the Sun. This latter method is closer (than helioseimology) to the technique used to
study the inertial structure of the Earth by use of seismic (earthquake) waves. The

3Ando, H. & Osaki, Y. (1975) proposed that the solar oscillations are excited by the x-mechanism,
which is widely known as the major excitation mechanism of radial pulsation of stars and of some
non-radial oscillations in stars. In solar non-radial oscillations, however, many oscillation modes
are observed simultaneously. Hence, it is difficult to consider that all of them are excited by the k-
mechanism alone, because the mechanism requires a proper phase relation between the change of
k (opacity) and oscillation motion. This is one of the reasons why the excitation processes of solar
non-radial oscillations are considered to be due to stochastic processes of turbulent motions. The
stochastic processes will be also one of prominent mechanisms of excitation of disk oscillations,
which will be discussed in Sect. 13.2.
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local helioseimology contributes on understanding of large-scale flow and magnetic
structure in the Sun.

In studies of stellar variabilities, necessity of nonradial oscillations to describe
observational phenomena in 8 Cephei stars, § Scute stars, and so on had been
recognized, from long years ago. Nowadays, however, almost all stars are known
to have nonradial oscillations. Basics of nonradial oscillation of stars have been
reviewed by Unno et al. (1989). The technique of helioseismology is now applied
to stars, and the field is called astroseismology.

The helioseismology, local helioseismology, and astroseismology are making
great progress in our understanding on the internal structure of the Sun and stars.
Similar contributions are expected on studies of disk oscillations in understanding
disk structures and environments around disks. The term diskoseismology or
discoseismology was thus introduced.* One of the main progresses expected by
diskoseismology is to explore the spin of central black-hole sources of relativistic
accretion disks.

The launch of Rossi X-ray Timing Explorer (RXTE) in 1996 found high-
frequency quasi-periodic oscillations (HFQPOs) in X-ray binaries, which stimulated
studies of disk oscillations. The frequencies of these quasi-periodic oscillations are
as high as the Keplerian frequency of the innermost region of relativistic disks and
thus they are supposed to be related to disk oscillations in the innermost part of
relativistic disks, where gases are in strong gravitational fields. Hence, HFQPOs
will be an important tool to clarify directly gas motions in strong gravitational fields.
Furthermore, studies of HFQPOs have a potential importance in exploring the spin
of the central sources.

Spin of black-hole X-ray binaries is usually evaluated by comparing observed Fe
Ky line or continuous X-ray spectra with those of disks models (McClintock et al.
2011). The results show that in some black hole sources their spins are close to
the possible maximum value. The estimate of spin of black hole objects from the
spectrum fitting is, however, not so robust because of various ambiguities of models
and interpretation of observations. Estimate of the spin of black holes from disk
oscillations is thus expected as one of independent way to evaluate the spin of black
hole objects.

4The term of diskoseismology was introduced first perhaps by R.V. Wagoner and his groups in the
middle of 1980s.
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1.3 Astrophysical Objects with Disks

Accretion disks exist around various types of gravitating objects. They are formed
by gasses falling from outside to the central objects by loosing angular momentum.>
In this section we briefly summarize the central objects surrounded by accretion
(excretion) disks. There are many excellent reviews on these objects, e.g., Wheeler
(1993), Blandford et al. (1995), Lewin et al. (1995), Warner (1995), and Frank et al.
(2002); and so on.

Typical objects with accretion (or excretion) disks and characteristics of these
disks are summarized in Tables 1.1 and 1.2, which are duplication (with slight
addition) of Tables 1.1 and 1.2 in “Black-Hole Accretion Disks” by Kato et al.
(2008).

Gaseous disks are formed in various astrophysical circumstances. Well-known
disks are those in binary systems, since gases falling to a primary star from a
secondary cannot fall straightly to the primary because of angular momentum of

Table 1.1 Central objects with disks (Modified Table 1.1 of Kato et al. 2008).

Object Central “star” Mass Size

YSO PS/TTS ~Mgp ~Rp

CV/SSXS WD ~Mg ~1072 R

XB(NS) NS ~Mo ~10km

XB(BHB) BH >3Mp (rg Z 10km)

Be Be stars ~3-17TM¢g ~4-10Rp

ULX IMBH ~10>"* Mg (rg ~ 300-30,000 km)
AGN SMBH ~10°"° Mg (ry ~ 0.002-20 AU)

Note: YSO young stellar object, PS protostar, 77S T Tauri star, CV cataclysmic variable, SSXS
supersoft X-ray source, WD white dwarf, XB X-ray binary, NS neutron star, BHB black hole
binary, BH black hole, Be Be star, ULX ultra-luminous X-ray source, IMBH intermediate-mass
black hole, AGN active galactic nucleus, SMBH supermassive black hole

Table 1.2 Disks in various objects (Modified Table 1.2 of Kato et al. 2008).

Object Mass Size Temperature

YSO ~Mg ~100 AU ~1017*K
CV/SSXS <LMg ~Ro ~10*6K
XB(BHB) <LMg ~Ro ~10*7°K

Be (single) <LMg ~10R . (H,), > R (radio) ~10* —2 x 10*K
(Binary) ~0.5r,(4 ~ 30Rx)

AGN <10° Mg ~1 pc ~10°7K

Note: Ry : radius of Be star, r,: distance of periastron

SThere is another type of disks, called excretion disks. In these disks, gases are ejected from central
objects by getting angular momentum. The disks surrounding Be stars belong this types of disks
(Lee et al. 1991).
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orbital motions. They form ring around the primary, and the inner part of the ring
falls gradually onto the central object by losing angular momentum to the outer
part, while the outer part extends outward by getting angular momentum. This is
an accretion disk of binary systems. They can be classified into several types by
differences of primary and secondary stars.

Even in single stars, gases can surround around the equatorial plane of the stars
in the case where the stars rotate so rapidly that gases are ejected from the equator.
Such disks are called excretion disks.

In galactic nuclei the central engines will be surrounded by accretion disks as
mentioned before in relation to quasars. The gases will come from tidally disrupted
stars and gaseous clouds, or collisions of galaxies.

The remainings of this section are devoted to rough survey of objects with
accretion disks, following a review by Kato et al. (2008).

1.3.1 Young Stellar Objects

In star forming regions where stars are born from interstellar molecular clouds,
the central part shrinks to form a new star, called a protostar, while the envelope
settles down as a gaseous disk around the newly born star. Such a disk is often
called a protoplanetary disk, since a planet is often formed there. Observational and
theoretical studies on protoplanetary disks are one of the most developing fields
in accretion disks in the present decade. In the present book, however, possible
oscillatory phenomena in protoplanetary disks are outside of our scope.

1.3.2 Cataclysmic Variables

There are many types of close binary systems. The systems consisting of a white
dwarf (primary star) and a red companion (from G type to M type star) show
cataclysmic light variations. They are classified as cataclysmic variables (CVs),
which include novae, dwarf novae, recurrent novae, nova-like variables, and polars
as subclasses. When the mass accretion rate is higher than that of CVs, they are
supposed to be supersoft X-ray sources (SSXSs).

In these systems the gas of the companion overflows through the Lagrange point
toward the white dwarf (Roche overflow). Since the gas has angular momentum due
to orbital motion, it forms an accretion disk around the primary compact star (unless
the star is strongly magnetized).

Rougly speaking, the mass accretion rate from the secondary determines the
type of time variabilities. In cases where the accretion rate on the surface of the
primary is low, hydrogen burning on the surface gives rise to thermal instability
(due to shell burning) and burst-like luminosity changes occur (novae). If mass
accretion rate is sufficiently high, however, the hydrogen burning on the surface of
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the primary occurs steadily, and no burst-like luminosity variation occurs (supersoft
X-ray sources). In polars, white dwarfs have strong magnetic fields and the accretion
gas falls to the polar caps guided by dipole fields.

If the mass accretion rate is moderate, small outburst frequently occur (dwarf
novae). There are many excellent reviews concerning dwarf novae (e.g,. Kahabka
and van der Heuvel 1997; Warner 1995; Wheeler 1993). In the outburst phase
of dwarf novae the brightness increases by 2—-5 magnitudes compared with the
quiescent phase. The duration is a few days to a couple of weak, while the
interval is several months. Distinct from novae, the origin of this dwarf-novae
outburst is thought to be a thermal limit-cycle instability in the accretion disks
(Hoshi 1979; Meyer and Meyer-Hofmeister 1981). In addition to this (normal)
outburst, in dwarf novae, superoutbursts are present, which occur less frequently
compared with normal outburst. During the superoutburst, periodic humps, called
superhumps, always appear with a period slightly longer than the orbital periods
by a few percent. The superoutburst- superhump phenomena are understood by
tidal instability (Hirose and Osaki 1990; Lubow 1991; Whitehurst 1988a,b). The
whole set of the cycle of outburst-superoutburst is understood by the thermal-tidal
instability model by Osaki (1989) (see a review by Osaki 1996).

In addition to superhumps, sometimes small amplitude oscillatory phenomena
whose period is slightly shorter than the orbital period are observed in cataclysmic
variables. This is called negative superhumps, and normal superhumps are then
called positive superhumps.

The superhump phenomena are considered to be due to disk oscillations induced
by the tidal instability. Hence, they will be reviewed more in detail in Sect. 1.5.1.

1.3.3 X-Ray Binaries and Ultra-luminous Sources

In close binary systems in which the primary star is a neutron star or a black hole, the
gravitational potential is so deep that the activity of the systems can be observed not
only in the optical range, but also in the X-ray range. They are called X-ray binaries.
They are classified into neutron-star X-ray binaries (NSXBs) and black-hole X-ray
binaries (BHXBs) by the difference of gas-accreting primary stars. X-ray binaries
are also roughly classified into low-mass X-ray binaries (LMXBs) and high-mass
X-ray binaries (HMXBs), according to the mass of a Roch-lobe filling secondary
star. X-ray binaries are also classified into X-ray bursters, X-ray pulsars, and so on
from the observational point of view.

1.3.3.1 Neutron-Star X-Ray Binaries

LMXBs, where the secondary star is a red dwarf, will be old systems, and the
magnetic fields of the neutron star are weak. The accretion disk thus penetrates
into near or on the surface of the neutron star. Some of LMXBs show X-ray bursts
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and called X-ray Bursters. The burst phenomena will be due to shell burning, and is
similar to novae in CVs. Some group of LMXBs show repetitive long-term light
variations. They are called X-ray transients (or X-ray novae). The origin of the
outbursts is thought to be an accretion-disk instability similar to that in dwarf novae
(e.g., Cannizzo et al. 1995; Mineshige and Wheeler 1989).

Roughly speaking, LMXBs with neutron-star are also classified into Atoll and
Z-sources by behaviors on color-color diagram (CD) or hardness-intensity diagram
(HID) (see, e.g., van der Klis 2004). The Atoll sources are though to have lower
luminosity compared with the Z-sources, the latter having luminosities close to
the Eddington critical one. Depending on positions on CD/HID, LMXBs present
characteristic time variations. Excellent reviews on time variabilities of LMXBs are
presented by van der Klis (2000, 2004).

Since some of time variations in LMXBs will be related to disk oscillations, they
will be reviewed more in detail in Sect. 1.4.

High-mass X-ray binaries (HMXBs) are X-ray binaries in which the secondary
star is a high-mass star. Be/X-ray binaries belong to this class. Be/X-ray binaries
consist of a Be star (primary) and a compact object (secondary, a neutron star in
general) (Reig 2011). Be stars are rapidly rotation B type stars with emission lines.
The spin of Be stars is so high that gases are ejected in the equatorial region and
excretion disks are formed in the equatorial region (Lee et al. 1991). In Be/X-
ray binaries, the orbit of the secondary star is usually eccentric, and dynamical
interaction between the disk and the secondary brings about time variations.

1.3.3.2 Black-Hole Binaries and Microquasars

Some X-ray binaries consisting of a normal star and a black hole are often
called black-hole binaries (BHBs). They exhibit relativistic twin jets and called
microquasars because of an analogy to quasars. An excellent review on black-hole
binaries is written by Remillard and McClintock (2006). Some black-hole binaries
exhibit quasi-periodic oscillations as neutron-star LMXBs do. Roughly speaking
the quasi-periodic oscillations are classified into high-frequency quasi-periodic
oscillations (HFQPOs) and low-frequency quasi-periodic oscillations (LFQPOs).
The former will be mentioned more in Sects. 1.4.1 and 1.4.2.

1.3.3.3 Ultra-luminous X-Ray Sources

Ultraluminous X-ray sources (ULXs) are bright, point-like X-ray sources in nearby
galaxies with apparent luminosities in the range of a few times 10%~* ergss™!
(Fabbiano 1989; Swartz et al. 2011). Their energy output exceeds the Eddington
limit of stellar-mass black holes (~20M(@®), if radiation is isotropic. The nature
of ULXs is a puzzle, and three possibilities are conceivable. (1) The objects are
intermediate-mass BHs (Colbert and Mushotzky 1999), (2) they are stellar-mass
BHs with beaming (King et al. 2001), or (3) they are stellar mass BHs emitting
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above their Eddington limit (Begelman 2006; Ohsuga et al. 2005). We think that
the true nature is still controversial. They might be an inhomogeneous sample with
various types of sources present. Quasi-periodic oscillations are observed in some
of ULXs, as will be mentioned in Sect. 1.4.3.

1.3.4 Galactic Nuclei

As discussed in history of quasars in Sect. 1.1, the presence of accretion disks
around supermassive black holes is one of most energetic sources in the Universe.
Almost all galactic centers, including our Galactic center, are now believed to
consist of supermassive black holes and disks surrounding them. Active galactic
nuclei (AGNs) will be systems with active phase of such systems.

Several possibilities are conceivable concerning the origin of disks around mas-
sive black holes. In processes of formation of a massive black hole by coalescence
of less massive objects some part of gases remains around a coalesced object to form
accretion disks. Collisions or tidal disruptions of clouds and stars orbiting around
central black hole will be also sources of gas supply to accretion disks .

Recently, much attention has been taken to the time variations of Sgr A*, the
center of our Galaxy, since a quasi-periodic oscillations of P = 16.8 min were
detected at IR (Genzel et al. 2003), which will be discussed in Sect. 1.4.4.

1.4 Quasi-periodic Oscillations in Various Objects

As mentioned in Sect. 1.3, many astrophysical systems have accretion disks. In
these objects various types of small amplitude quasi-periodic oscillations are often
observed. Their frequencies depend on the type of objects. One of typical examples
is quasi-periodic oscillations in LMXBs.

The launch of RXTE (Rossi X-ray Timing Explorer) in 1996 led to the discovery
of quasi-periodic oscillations (Z100Hz) in low-mass X-ray binaries (LMXBs).
Some of them are found to appear in twin. Especially, the discovery of twin
QPOs in black-hole binaries whose frequency ratio is close to the ratio of 3:2 took
much attention of many researchers in both theoretical and observational fields. A
resonance model by Abramowicz and KluZniak group (Abramowicz and KluZniak
2001; KluZniak and Abramowicz 2001) stimulated development of this field. This
is because if the mechanism of the QPOs is clarified, it provides indispensable
information on the properties of black holes, accretion disks, and strong gravity
in general.

Variabilities of LMXBs are classified by van der Klis (2004) into four groups;
(1) high-frequency phenomena (> 100 Hz), (2) a low-frequency complex (a group of
correlated 1072-10>Hz phenomena), (3) power-law components, and (4) other phe-
nomena. The high-frequency phenomena are further classified into three subclasses
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Fig. 1.1 Various high-frequency QPOs in X-ray binaries. (a) Twin kHz QPOs in Sco X—1 (van der
Klis et al. 1997), (b) hectohertz QPO in 4U 0614409, (¢) HFQPOs in GRO J1655—40 (Strohmayer
2001a). In panel (c), the lower curve is the power in the energy range of 13-27keV and a QPO
can be seen at 450 Hz, while the upper curve is the power in the range of 2-12keV and a QPO
is seen at 300 Hz (After M. van der Klis (2004), in Compact Stellar X-ray Sources, eds. W.H.G.
Lewin and M. van der Klis (Cambridge University Press; Cambridge), 39, CUP ©; panels (a) and
(c¢) Astrophys. J. ©).

(van der Klis 2004); (i) neutron-star kilohertz QPOs (kHz QPOs); (ii) black-hole
high-frequency QPOs (HFQPOs), and (iii) neutron-star hectohertz QPOs (hHz
QPOs). Examples of these three subclasses of high frequency QPOs are shown in
Fig. 1.1. As shown in Fig. 1.1, kHz QPOs in neutron-star binaries and HFQPOs in
black-hole binaries often appear in twin. There are excellent reviews on variabilities
in X-ray binaries by van der Klis (2004) and on black-hole X-ray binaries by
Remillard and McClintock (2006).

In Sects.1.4.1 and 1.4.2, we focus our attention only on the high-frequency
QPOs, because they have frequencies comparable with the Keplerian frequency
in the innermost region of disks. Examination of high-frequency QPOs will thus
present us a key information on the structure of the innermost region of relativistic
disks and spins of the central sources, as mentioned before.

1.4.1 HFQPOs in Black-Hole Binaries

Although the existing database of RXTE observations is very large, HFQPOs in
black hole sources are detected only in a few ones. The sources and observed
frequencies are summarized in Table 1.3.

It is noted that HFQPOs are observed at particular X-ray state of disks. The X-
ray states can be classified into three ones; low (or thermal), hard, and very high (or
steep power-low) states. HFQPOs are known to be associated with the steep power-
low state (Remillard 2005, and see figure 1.2). Furthermore, the lower HFQPO of
a pair QPOs is seen when the source has high X-ray luminosity, while the higher
HFQPO of the pair is seen at lower luminosity (Remillard 2005, and see figure 1.2).



14 1 Introduction

Table 1.3 Frequencies of HFQPOs in black-hole binaries.

Source name Frequencies (Hz) References
GRS 19154105 41, 67, 113, 168 Morgan et al. (1997), Strohmayer
(2001b), Belloni et al. (2001),
Remillard et al. (2002), and Belloni et al.
(2006)
GRO J1665—40 300, 450 Remillard et al. (1999) and Strohmayer
(2001a)
XTE J1550—564 92, 184, 276 Homan et al. (2001), Miller et al. (2001),
and Remillard et al. (2002)
H1743—-322 166, 242 Homan et al. (2005) and Remillard et al.
(2006)
XTE J1650—500 250 Homan et al. (2003)
4U 1630—47 184 Klein-Wolt et al. (2004)
XTE J1859+226 190 Cui et al. (2000)
IGR J17091—-3624 66, 164 Altamirano and Belloni (2012)
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Fig. 1.2 X-ray states and HFQPOs during 1996-1997 outburst of GRO J1655-40. The left panel
shows the energy diagram, where flux from the accretion disk is plotted versus flux from the power-
law component. Here, the symbol type denotes the X-ray state: thermal (X), hard (square), steep
power-law state (triangle), any type of intermediate state (circle). The right panel shows the same
data points, while the symbol choice denotes HFQPOs detections: 300 Hz (square), 450 Hz (star),
both HFQPOs (circle), and no HFQPOs (X). The HFQPOs detections are clearly linked to the steep
power-low state, and the HFQPO frequency is clearly correlated with power-law luminosity (After
Remillard 2005, Astron. Nachr. 326, 804, reprinted with permission of Astronomische Nachrichten
©).

This suggests that both of hot and cool components are necessary for appearance of
HFQPOs (Fig. 1.2).

Attempts to describe HFQPOs in black-hole binaries by disk oscillations will be
presented in Chaps. 7 and 12.
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1.4.2 kHz QPOs in Neutron-Star Binaries

Compared with HFQPOs in black-hole binaries (BHBs), the kHz QPOs are
observed in many neutron-star binaries (NSBs), but their frequencies are not robust
compared with the cases of HFQPOs in black-hole binaries. The oscillations occur
often in pairs and their frequencies are correlated (Belloni et al. 2002; Psaltis et al.
1999). The correlation between frequencies of the upper and lower kHz QPOs are
shown in Fig. 1.3 for some typical neutron-star binaries. As shown in this figure, the
frequency regions are different for Z-sources and Atoll sources. Roughly speaking,
however, they are along a common line.

Attempts describing kHz QPOs by disk oscillations will be presented in Chaps. 7
and 8.

In a rough sense, NS LMXBs are classified into Z-sources and Atoll ones by
their behaviors on color-color diagram. In Z-sources, for example, they have three
branches of horizontal, normal, and flaring ones on color-color diagram. In each
branch, they have proper low-frequency QPOs. For example, as sources move
from left to right across the horizontal branch, the frequency of horizontal branch
oscillations increases from ~20 to ~50Hz. The frequency of the normal branch
oscillations is around 6 Hz. The frequencies of these low-frequency QPOs are
roughly correlated with those of high-frequency ones (see figure 2.9 of van der Klis
2004). Frequency correlations between high-frequency QPOs and low-frequency
ones are also known in BH LMXBs.

Upper kHz QPO frequency v, (Hz)

bl

j /"I, .
400
100 200 300 400 500 600 70O BOO 900

Lower kHz QPO frequency v, (Hz)

Fig. 1.3 Frequency correlation between lower and upper kHz QPO frequencies for the Sco X-1
(filled circles), for Z sources (open circles) and for Atoll sources (stars). The dotted line is the best
linear fit to the Atoll points, the dot-dashed line is the best linear fit to the Z sources (excluding Sco
X-1), and the thick line represents a fixed 3:2 ratio (After Belloni et al. 2005, Astron. Astrophys.
437, 209, reproduced with permission ©ESO).
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Finally, one of interesting observational evidences is that the correlation between
lower- and higher-frequency QPOs in twin kHz QPOs are phenomenologically
extended to oscillations in cataclysmic variables beyond oder five. In cataclysmic
variables we have so-called dwarf novae oscillations (DNOs) of Ppno ~ 20 s as well
as quasi-periodic oscillations (QPOs) of Popo ~ 32-165 s, i.e., Pgpo ~ 15PpNo.
The correlations in kHz QPOs are extended to this correlation in CVs, which is
shown in Fig. 1.4 (Mauche 2002; Warner et al. 2003).

Attempts to describe kHz QPOs in neutron-star X-ray binaries by disk oscilla-
tions will be presented in Chaps. 7 and 12.

1.4.3 QPOs in Ultra-luminous X-Ray Sources

Some of ULXs show quasi-periodic X-ray oscillations. Studies on the oscillations
will give important clues on the nature of ULXs. Table 1.4 summarizes quasi-
periodic oscillations observed in ULXs.

1.4.4 QPOs in Active Galactic Nuclei and Sgr A*

Ozernoy and Usov (1977) have pointed out that long-term quasi-periodic variations
from several hundred days to a few years are observed in optical wavelength in
some AGNSs. In X-ray wavelengths, active galactic nuclei also have time variations,
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Table 1.4 Frequencies of QPOs in ULXs.

Source name Frequencies (Hz) References
IC 342 X—1 642 mHz Agrawal and Nandi (2014)
M82 X—1 50-170 mHz, Strohmayer and Mushotzsky (2003),
Dewangan et al. (2006),
46 + 2mHz and Caballero-Garcia et al. (2013)
NGC 5408 X—1 10-40 mHz Strohmayer et al. (2007), Strohmayer

and Mushotzsky (2009),

and Dheeraj and Strohmayer (2012)
NGC 6946 X—1 8.5mHz Rao et al. (2010)
MS82 X42.3+59 3—<4 mHz Feng et al. (2010)

Table 1.5 Frequencies of QPOs in active galactic nuclei.

Source name Frequencies (Hz) References

RE J1034+396 ~2.6x107* Gierliriski et al. (2008) and Alston
etal. (2014)

Swift J164449.3+573,451 ~200s Reis et al. (2012)

2XMM J123103.24-110,648 ~3.8h Lin et al. (2013)

MS 2254.9-3712 ~2h Alston et al. (2015)

but they had been considered usually to have no periodic nor quasi-periodic
variations. Recently, however, X-ray observations show the presence of quasi-
periodic variations in a frequency range scaled down from those of black-hole
binaries.® The first robust AGN HFQPOs detection came from Seyfert galaxy RE
J1034+4-396, with ~1 h periodicity (Gierlinski et al. 2008). A recent work by Alston
et al. (2014) confirms this: The QPO frequency remains persistent at ~2.6x 10~* Hz
over years. The QPO is only detected when the source has a low flux and is spectrally
harder, observed in a hard band. The QPOs observed so far in AGNs are summarized
in Table 1.5.

The time variations of our Galactic center, Sgr A*, was first reported by Genzel
et al. (2003). They observed quasi-periodic oscillations of P = 16.8 min in a flaring
phase at IR. Variabilities of similar timescale have been found in the phases of X-
ray flares (Achenbach et al. 2004). Furthermore, Miyoshi et al. (2012) have detected
spatially resolved QPOs close to 16.8 min from the data of VLBA observations at
43 GHz, including other QPOs. They were observed 1.5 days after a millimeter-
wave shorter-time flare. The detection of oscillations by VLBA is important,
because the places where oscillations exist are resolved. Observations by VLBA
may open a way to a new field of local discoseismology (cf., local helioseismology).
Observations of QPOs from Sgr A* are summarized in Table 1.6.

SFor the meaning of “scaled down”, see the next footnote.
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Table 1.6 Frequencies of QPOs detected in Sgr. A*.

Obs. epoch (UT) | Obs. band Period (min) References

2003/06/15-16 K-band 16.8+2, 28.0 Genzel et al. (2003)

2004/09 1.60, 1.87,1.90 (um) |33 £2 Yusef-Zadeh et al.
(2006)

2002/10, 2004.08 | 2-10 (keV) 222 Bélanger et al.
(2006)

2007/04/04 L-band 22.6 Hamaus et al. (2009)

2007/07/22 L-band 454 Hamaus et al. (2009)

2004/03/08 43 (GHz) 16.8 £1.4,22.2 + 1.4, Miyoshi et al. (2012)

09:30-16:30 312+ 1.5,564+6

1.5 Long-Term Variations in Disks

Up to the present, we have considered quasi-periodic oscillations whose frequencies
are on the order of the Keplerian frequency in the innermost region of disks. In
this sense they are short-term oscillations.” Distinct from these oscillations, there
are long-term oscillations in the sense whose frequencies are comparable with the
Keplerian frequency at the outer edge of disks. Two of these examples are described
below.

1.5.1 Positive and Negative Superhumps in Dwarf Novae

In Sect. 1.3.2, time variations of dwarf novae were described. Among their various
time variations, superhumps are of interest here, because they are related to disk
oscillations. Figure 1.5 shows light variation and two-dimensional power spectrum
of superhump of V1504 Cygni, obtained by Osaki and Kato (2013) by analyzing
data of the Kepler satellite. The upper panel of this figure shows that superoutbursts
occasionally occur in addition to outbursts.

The middle and lower panels of Fig. 1.5 show that in the superoutburst stage disk
luminosity has small amplitude periodic variations whose frequencies are slightly
lower than the orbital frequency of the revolution of the binary system. This is called
(positive) superhump. This means that the disk has a slowly precessing prograde

"The frequencies observed at Sgr A* are much lower than those in LMXBs, but they are short-term
oscillations in the following sense. If the frequencies of QPOs are roughly equal to the Keplerian
frequency of the innermost region of relativistic disks, they are on the order of (GM/ rg)l/ 2, where
M is the mass of the central source and r, is the Schwarzschild radius defined by r, = 2GM/c?.
Hence, the frequency is proportional to 1/M. If this scaling is applied, the frequencies of QPOs of
Sgr A* are roughly on the line of the 1/M scaling from those of QPOs of LMXBs. In this sense,
we called the QPOs in Sgr A* short-term variations.
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Fig. 1.5 Two-dimensional power spectrum of the Kepler light curve of a SU UMa V1504 Cygni.
The upper is the light curve, the middle is the power spectrum, and the lower is an enlargement for
the frequency region around the orbital one. It is noticed that in the superoutburst state there are
small amplitude oscillations whose frequency is slightly low compared with the orbital frequency
of the binary system (After Osaki and Kato 2013, Publ. Astron. Soc. Jpn., 65, 59, reproduced with
permission of Publ. Astron. Soc. Jpn. ©).

deformation. Recently, the superhumps whose frequencies are higher than the
revolution frequency are also taken attention, which are called negative superhump.
In the lower panel of Fig. 1.5, negative superhumps are shown like widely spreaded
clouds. This means that retrograde precession waves are also present sometimes
on disks of DNs. It is noted that the negative superhumps appear not only at the
superoutburst stage but also at the outburst stage.
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Positive and negative superhumps can be interpreted as typical low frequency
oscillations which are excited in nearly Keplerian disks. This issue will be discussed
later in detail in Chaps. 11 and 12.

1.5.2 V/R Variations in Be Stars

Be stars are rapidly rotating B-type stars with emission lines and equatorial disks.
The equatorial disks are geometrically thin, high-density gases in nearly Keplerian
rotation (e.g., Porter and Rivinius 2003). Concerning the origin of the disks, several
competing scenarios are presented, but the most promising one is the scenario where
the disks are formed by viscous excretion of gas ejected from the central rapidly
rotating B-type stars (Lee et al. 1991; see also Porter and Rivinius 2003)

Many Be stars are known to show long-term variations in their spectra over years
to decades. Typical ones are variations of the ratio of relative intensity of violet (V)
and red (R) peaks of a double-peaked emission line profile, which is called long-
term V/R variations. Figure 1.6 shows the V/R variations of Hoe emission lines in a
Be star y Cas (Horaguchi et al. 1994).

The long-term variations of Be stars is considered to be due to a slow precession
of one-armed, global oscillations in disks (Kato 1983). Many observations suggest
that the observed one-armed oscillations are prograde, i.e., the one-armed deforma-
tion of disks slowly precesses in the same direction as the disk rotation. For example,
Telting et al. (1994) derived the conclusion that it is prograde in the case of a nearly
edge-on Be star B! Mon. Vakili et al. (1998) also derived the same conclusion for
a Be Shell star ¢ Tauri from interpretation of observations made by interferometry.
Mennickent et al. (1997) analyzed photometric data of a sample of 6 V/R variable
Be stars, and leads to the conclusion that observational data are compatible with
prograde global disk oscillations. Mon et al. (2013), however, suggest that in a Be-
shell star EW Lac the V/R variation is of retrograde structure.
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Fig. 1.6 Long-term variations of y Cas in 1969-1989 (Adapted from Horaguchi et al. (1994),
Publ. Astron. Soc. Jpn., 46, 9, reproduced with permission of Publ. Astron. Soc. Jpn. ©).
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The V/R variations will be due to one-armed oscillations of disks, but there
are discussions whether the oscillations can describe the prograde nature of the
observed V/R variations, This issue will be argued in Sect. 8.2.

1.5.3 Long-Term Variations in Be/X-Ray Binaries

In Be/X-ray binaries the secondary star usually has an eccentric orbit whose
rotational axis is misaligned with the spin axis of the primary. Two types of long-
term variations have been observed in these Be/X-ray binaries. i.e., normal (type 1)
outbursts and giant (type 2) outbursts (Moritani et al. 2013; Negueruela et al. 2001;
Reig et al. 2007). The normal outbursts occur around the periastron passage of the
compact object, and are considered to come from enhancement of mass transfer
(Negueruela and Okazaki 2001; Okazaki and Negueruela 2001), but the latter seems
to be less understood and many models are proposed. The giant outburst might be
partially related to oscillatory phenomena in disks.

1.6 Brief History and Summary on Accretion Disk Models

Before closing this chapter, we will briefly summarize what types of accretion disks
are known up to the present, and what types of disks we concerned with in this book.

As mentioned in Sect. 1.1, importance of accretion disks took footlights in
1960s by discovery of quasars and by efficiency of gravitational energy release by
accretion disks. Lynden-Bell (1969) pointed out explicitly the importance of gradual
mass accretion processes as energy sources of quasars and suggested the presence
of died quasars at the centers of galaxies.

The importance of mass accretion processes in energy liberation was, however,
already pointed out by Zel’dovich and Novikov (1964) and Salpeter (1964),
independently. They considered an isolated system. As an energy source of X-ray
stars, Hayakawa and Matsuoka (1964) proposed accretion processes in a binary
system. Shklovsky (1967) explained ScoX-1 (the first X-ray source observed in the
Universe except for the Sun) as accretion onto a neutron star. After these studies,
in 1970s the importance of accretion processes and the concept of accretion disks
began to be widely recognized in fields of studies of binary systems.

After several attempts to construct accretion disk models by many investigators,
Shakura and Sunyaev (1973) proposed an accretion disk model, which is now
called the standard accretion disk model, or o-disk model. The naming of a-model
comes from the parameter « introduced to describe the magnitude of turbulent
viscosity. The relativistic version is given by Novikov and Thorne (1973). In this
standard model the gravitational energy released by accretion through viscosity is
assumed to be radiated away at the place of the release as thermal energy. Hence,
the disk temperatures are relatively low. As observational evidences concerning
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X-ray binaries and galactic nuclei are accumulated, however, it was recognized
that there are many observational evidences which cannot be simply described by
the standard model. In order to describe high temperature disks, an optically thin
radiation-dominated disk model was proposed by Shapiro et al. (1976), soon after
the standard model. The model was, however, found to be thermally unstable and
will not be realized.

In the 1970s—1980s, as a limiting case of no accretion, geometrically thick tori
are considered by Abramowicz and his group (Abramowicz et al. 1978; Kozléwski
et al. 1978, and others). Furthermore, ion tori, which are optically thin and have
such a low density that they cannot radiate efficiently, are examined by Rees et al.
(1982).

In the late 1980s the presence of new type of hot, optically thick disks was
recognized by Abramowicz et al. (1988). In this model the gravitational energy
released through viscosity is transported inwards as advection energy instead of
being radiated away outside the disks as thermal energy. Since the released energy
is stored as thermal energy, the disk temperature is high. This disk model was called
slim disks. The presence of such disk models was soon conformed by an independent
numerical code (Abramowicz et al. 1989). Subsequently, slim disk models of
supercritical accretion flows with photon trapping (accretion rate being more than
the Eddington critical rate) have been extensively examined by Mineshige’s group
(e.g., Ohsuga et al. 2005). In the 1990s, the importance of another radiatively
inefficient disk modes (optically thin models) was recognized by Narayan and Yi
(1994) and Abramowicz et al. (1995) after a pioneering work by Ichimaru (1977).
These models are called advection-dominated accretion flows (ADAFs) and now are
included in a group of disks with a wider notion of radiatively inefficient accretion
flows (RIAFs).

In the 2000s another important disk model has been proposed by Matsumoto’s
group, e.g., (Machida et al. 2006; Oda et al. 2007, 2009, 2010, 2012). This
is magnetic-fields-supported accretion disks, and can bridge between optically
thin disks (RIAFs) and the standard disks so that these two disk states can be
continuously changed.

As described above there are various types of disk models, corresponding to
describing various kinds of objects and their various states. In this monograph,
however, we examine disk oscillations in the most simplified situations, since our
present interest is still at the level of knowing basic properties of disk oscillations.
That is, the disks we treat in this monograph are geometrically thin standard disks.
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Chapter 2
Basic Quantities Related to Disk Oscillations

Abstract After presenting basic assumptions and approximations which we adopt
in this book, we describe important concepts and dynamical quantities which
are basic in studying disk oscillations. They are horizontal and vertical epicyclic
frequencies, Lindblad resonances, and coronation resonance.

Keywords Corotation resonance * Epicyclic frequencies ¢ Lindblad resonances

2.1 General Remarks on Subjects of Our Studies

Before describing basic dynamical quantities which are important in studying disk
oscillations, we briefly notice basic approximations which we adopt in this book.

After the discovery of quasars, studies on accretion disks became one of main
subjects in astronomy, because they are found to appear in various objects and to
have important contributions to their evolutions. In this book, however, we do not
treat all kinds of disks. We treat here only nonself-gravitating and geometrically
thin disks. Effects of global magnetic fields on disk oscillations are studied partially.
Furthermore, effects of accretion flows on oscillations are neglected.

2.1.1 Nonself-Gravitating Disks

In proto-planetary disks and galactic disks, self-gravity of disks has important
effects on dynamical behaviors of the disks. For example, one of main purposes
of Lin & Shu’s density wave theory in 1964 was, we think, to put in effects of self-
gravity into their dispersion relation of density waves, although the formulation was
presented in the appendix of their paper.!

The effects of self-gravity on disks are twofolds. One is on disk structure and the
other is on perturbations. Let us first consider the former. The disk is assumed to be

't is noted that the propagation region of self-gravitating galactic density waves is different from
that of nonself-gravitating oscillations considered in this book.
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Fig. 2.1 Representing the position of a point P(r, z) in disk by coordinates (r, z), where (r, z) is
a part of cylindrical coordinates whose center is at the disk center, the z-axis being perpendicular
to the disk plane. The symbol R represents the distance between the disk center and the position
P(r,2).

geometrical thin and surrounds a central object of mass, M, with nearly Keplerian
rotation (see Fig. 2.1). Then, the vertical component of gravitational force acting at
P(r,z) is (GM/R*)(z/R) ~ (GM/r?)z towards the equator, in the case where z < r.
On the other hand, the force acting towards the equator by the self-gravity of disks is
~ 47 Gpz, where p is the gas density in the disk and G the gravitational constant.
The effects of self-gravity on disk structure are negligible if 47Gp < (GM/r?).
Because surface density, X', of disks is related to p through disk thickness, H, as
Y ~ 2pH, the above inequality leads to

M H
-, 2.1

X<
2nr? r

Roughly speaking, this inequality implies that the disk mass (~ 77> X) needs to be
smaller than the mass of the central source by H/r. This condition is satisfied in
almost all disks except in planetary disks and galactic disks.

Next, even if the above inequality is satisfied, the self-gravity can have non-
negligible effects on perturbations. In wavy perturbations in the radial direction,
the pressure restoring force makes the perturbations oscillatory, when their radial
wavelength is sufficiently short (acoustic oscillations). As the wavelength increases,
however, the effects of self-gravity increase and act in the direction to make the
disks unstable (gravitational instability). If the wavelength increases further, the
restoring force due to disk rotation acts in the direction to make the perturbation
again an oscillatory motion (inertial oscillations). That is, for perturbations with
intermediate wavelengths the disks have tendency to become unstable. The disks can

2If the gravitational potential is written as v/ (r, z), the Poisson equation is V2 = 47w Gp. This
gives 0y/dz ~ 4w Gpz.
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be regarded as stable if they are stable against the above-mentioned intermediate-
size perturbations. To express this condition of stability, Toomre (1964) introduced
so-called Q-parameter defined by

0=u« 2.2)

Gx’
where o is dimensionless quantity of the order of unity, « is the radial epicyclic
frequency which will be defined later in Sect. 2.2, and ¢y is the acoustic speed in
disks. The disks are gravitationally stable if

0> 1. 2.3)

The disks which we treat in this book are those where the above two conditions,
equations (2.1) and (2.3), are satisfied. In disks surrounding normal stars, white
dwarf, neutron stars, and stellar-mass black holes the above conditions are satisfied.

2.1.2 Geometrically Thin Disks

In advection-dominated accretion flows (ADAFs) and slim disks, disk thickness, H,
is not sufficiently small compared with r. In standard disks, however, the disk can
be taken to be thin in the sense of H/r < 1. In this book we are mainly interested
in such geometrically thin disks.

2.1.3 Neglect of Accretion Flows on Wave Motions

In constructing disk models, accretion flows are essentially important in angular
momentum balance in the radial direction, and important in some cases in thermal
energy balance (ADAFs and slim disks). Even in such disks as the standard disks,
accretion flows have important roles around the inner edge of disks, since the flow
becomes transonic there. In studies of disk oscillations in this book, however, effects
of accretion flows on oscillations are neglected. This is mainly because of simplicity.
Careful considerations will be necessary in the future.

2.1.4 Effects of Global Magnetic Fields

Effects of global magnetic fields on disk oscillations are of importance. There are,
however, many ambiguities in configuration of global magnetic fields in disks. In
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this book, we examine only supplementary the effects of magnetic fields in some
special cases (Sects.4.2.4 and 8.1).

2.1.5 General Relativity

Effects of general relativity on behaviors of disk oscillations are of very importance,
when high-frequency QPOs in NS LMXBs and BH LMXBs are examined. Full
examination of effects of general relativity on oscillations is, however, complicated
with many subsidiary terms. In this book, to extract the essential parts of general
relativity on oscillations, we adopt general relativistic expressions for epicyclic
frequencies. Except this, we adopt the Newtonian formulations.

2.2 Epicyclic Frequencies

When we consider motions in differentially rotating disks, there are some important
quantities characterizing the motions. One of them is epicyclic frequency. There are
two kinds of epicyclic frequency, which are called radial epicyclic frequency and
vertical epicyclic frequency. Let us consider first the radial epicyclic frequency.

2.2.1 Radial Epicyclic Frequency in Pressureless Disks

First, we consider an infinitesimally thin, axisymmetric disk (with no temperature),
subject to an external force, —F(r) (per unit mass), towards the disk center, where
r is the distance from the disk center. Then, the disk is at a dynamical equilibrium
when r$22(r) = F(r), where £(r) is the angular velocity of disk rotation.

Let us now consider a fluid element on this disk and perturb it from the circular
orbit, keeping its motion on the disk plane without changing angular momentum.
The element rotates with an elliptical orbit around the disk center. The radial
coordinate changes periodically around the radius of the original circular orbit, when
the deviation from the original circular orbit is small. The frequency of this radial
oscillation around the original radius is called (radial) epicyclic frequency.

This frequency can be calculated by the following consideration. If a particle at
radius, r, is moved to a radius, r + &, holding its specific angular momentum, the
angular velocity of the displaced particle, £2*, becomes to 2* = [r/(r + £)]>2(r).
Then, the centrifugal force acting on the particle is (r + £)(£2*)2, which is £22(r) —
3££2%(r) when the displacement £ is small. On the other hand, the force toward
the central source at the radius r + £ is F(r + &), which is (r + £)2%(r + &).
In the case where the displacement is small, this force toward the disk center is
given by r22(r) + (£22 + rd2?/dr)&. Hence, the net restoring force to return the
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particle to the original radius is the difference between the above two forces, which
is (4222 + rd$2?/dr)§ and proportional to &. This means that the particle makes a
harmonic oscillation in the radial direction, if [4§2% + rd$2?/dr] is positive. That is,
the radial coordinate of the fluid element oscillates around the original radius » with
frequency, [492% +rd$2?/dr]'/?. This frequency is (radial) epicyclic frequency, k (r),
and expressed as

i, 22 d
K2 =20 (29 + r—) =" _("0). (2.4)
dr r dr

In the case where the force, —F(r), is the gravitational one coming from a point
source with mass M, F(r) is GM/r* and we have 2 = (GM/r*)'/?. Such disks are
called Keplerian disks and 2 = (GM/r*)'/? is called Keplerian angular velocity
and is written as 2, i.e., 2k = (GM/r3)1/2. In Keplerian disks, we have

K= §2 = . (2.5)

The above argument can be made in a mathematical way. Let us consider, on the
equator, a test particle rotating around a central object under axisymmetric potential
force, —dyr/dr. The radial component of equation of motion is given by

d’r dy 2

ar —  dr 3 (2:6)

where £(= const.) is the specific angular momentum of the particle. By introducing
an effective potential, V.¢, equation (2.6) is written as

d2r dl//eff

dr _ _dYer 2.7

dr? dr 2.7)
where Ve = ¥ + £2/2r2. A circular orbit exist at the radius, say ry, where

dVreir/dr = 0. If this radius is a local minimum of Vg, i.e., d>Vesr/dr* > 0 there,
this circular orbit is stable against a small perturbation of the orbit. This is because
for r = ry + &, the radial displacement & is governed by

2 2
d-§ _ _(d 1/feff) ‘. 2.8)
0

ar dr?

where the subscript 0 denote the value at r.. Equation (2.8) shows that the particle
makes a harmonic oscillation around ry with frequency, (d*Vesr/ drl)(l)/ >. This
frequency is epicyclic frequency and we have

dzweff d dw 62 ds2
2 _ — — 9
K —( % )0 —[ r( » r3):|0—29(29+r r). 2.9)
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It is noted that the disk is dynamically unstable, if «? is negative. This is the
well-known Rayleigh instability. The quantity 2£2 is specific angular momentum,
and thus the Rayleigh criterion implies that the disk is unstable if specific angular
momentum decreases outwards.

In the followings, some cases where the force towards the disk center is not the
gravitational force of a point mass, GM/r?, are discussed.? In such cases we have
K 75 .QK

2.2.1.1 Case of Rotating Central Star

One of examples of k # £2 is the case where the central star has an oblate

shape by rotation. In this case the gravitational potential, ¥, is deviated from

the Keplerian one, —GM/ (1> + z?)'/2, with an additional quadrupole gravitational
potential (Ogilvie 2008):

GM Q (r* —22%)R?

D=——]1+=———=%1, 2.10

v =R )1+ 55 @.10)

where R> = r>4z? and R, is the radius of the central star and dimensionless quantity

O represents the strength of rotational deformation of the star.* In the equatorial

plane ¥ = —(GM/r)[1 + (Q/3)(R+/r)?, and the radial force balance between the

gravitational force and the centrifugal force gives

R\ 2712
Q= QK[I + Q(—*) } . 2.11)
r
The associated epicyclic frequency « (r) is then
R\ 2712
K(r) = QK[l —Q(—*) } : (2.12)
r

Oscillations in disks with the above deviation of epicyclic frequency from the
Keplerian one have been examined by Papaloizou et al. (1992), Savonije and
Heemskerk (1993), and Ogilvie (2008) in relation to one-armed oscillations in Be-
star disks.

3The disk is still assumed to be pressureless. The effects of gas pressure on epicyclic frequency is
considered in Sect. 2.2.2.

“For a star with uniform angular velocity £2*, we have Q = k,2*2R3./GM, k; being the apsidal
motion constant (Ogilvie 2008).
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2.2.1.2 Case of Binary System

Another important case of k # 2 is tidally deformed disks. Well-known objects
with tidally deformed disks are dwarf novae, where the disk of primary star (white
dwarf) is deformed by the tidal force of secondary star. A general expression for
tidal potential, Yiqa, is given in appendix D (see equation (D.6)). In the case where
the orbital plane of secondary star coincides with the disk plane (coplanar) and the
orbit is circular, the time-averaged part of the tidal potential, ¥/ ., is given by>

— GM, 1(R\? 2
Viga (r.2) = — P : [1 + Z(;) (1 - 3%) + .. .:|, (2.13)

where R = (> 4+ z%)!/? and a is binary separation. The ratio R/a is assumed to
be smaller than unity, and Etidal(r, z) has been expanded by a series of R/a. In
equation (2.13) M is the mass of the secondary star.

If the pressure force is neglected, the angular velocity of disk rotation on the

equator, £2(r), is given by
1 //\312
2=|1--q|- , (2.14)
27 \a

where ¢ = M;/M. In the case where ¢ is smaller than unity (this is really the case
of dwarf novae) and we are interested in the radial region of r/a < 1 (in the case of
dwarf novae, the disk size, 7, is really smaller than a by tidal truncation), we have

approximately
1 (r\’
2= QK[I - _q(_) } @.15)
4" \a

The epicyclic frequency defined by equation (2.4) is then given by
N\ 3712 3
K:QK[I—Zq(—) :| ~S2K|:1—q(—) :| (2.16)
a a

SEquation (D.5) leads to

— GM; ;3
Yidal = — P |:1+(;) Py(cos) + ]

where the overline means time average. In the simplified case considered in the text, equation (D.8)
shows

_ 1 2
P;(costt) = —1(3% — 1).
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2.2.2 Radial Epicyclic Frequency in Fluid Disks

In hydrodynamical disks with temperature, pressure force contributes to the force
balance in the radial direction. In the unperturbed equilibrium state the radial force
balance on a fluid element of unit mass is

1 4
2022 22 =0, (2.17)
Po dr

where po(r) and po(r) are the density and pressure in the unperturbed disks.

When a fluid element is perturbed from the equilibrium position, pressure force
acting on the fluid element varies. This makes gaseous motion in fluid complicated.
If the variation of the pressure force on fluid motions is neglected, however, the fluid
element makes epicyclic oscillations under §2(r) given by equation (2.17). In this
sense, it is helpful to define the epicyclic frequency by equation (2.4) even in the
case of fluid disks.

For simplicity, we assume that the disk is isothermal with acoustic speed cs. Then,
the above force balance gives

»dlnpg
S owdr

2= +c (2.18)

If the density decreases outwards as pp o r~%, o being taken to be constant, and
cs is expressed as ¢, = HS2x (see equation (4.6)), where H is the half-thickness of
disks, equation (2.18) can be written as®

291/2 2
Q:QK[l—a(E) } ~9K[1—3(E) } (2.19)
r 2\ r

In deriving the final relation in equation (2.19), H/r < 1 has been used. By using
equation (2.19), we can derive from equation (2.4) the epicyclic frequency in the

form:
H\271/2 H\2
KZQK[l_za(_)} ~.QK[1—01(—) } (2.20)
r r

where the disk has been assumed to be isothermal in the radial direction, and thus
H = ¢,/$2 o« r*/2. Since the pressure force is usually directed outwards, the angular
velocity of disk rotation, £2(r), is smaller than £2x(r). The epicyclic frequency is
also smaller than £k (7), as shown in equation (2.20).

SIn disks with non-zero temperature, the disk has vertical thickness due to the presence of the
pressure force in the vertical direction. The disk thickness, H, is related to ¢, by ¢ = HS$2 (see
Chap. 4).
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2.2.3 Vertical Epicyclic Frequency

Next, we consider an another kind of displacement of a disk particle from
equilibrium position. If a particle is displaced from the disk plane in the vertical
direction, a restoring force acts toward the original disk plane. As shown below, this
restoring force is proportional to displacement, &, in the vertical direction. Hence,
the displaced particle makes a harmonic oscillation around the equatorial plane. This
frequency is called vertical epicyclic frequency.

If the gravitational potential resulting from central source is written as i, the
gravitational force acting on a fluid element in the vertical direction is —dv/dz,
which is written as f;, for simplicity. We are particularly interested in a fluid element
on the equator (z = 0) in the unperturbed state. Then, (f;)o = 0, where the subscript
0 shows the value at z = 0. The vertical force acting on a displaced element, say df;,
is (f;)1 +&.(9f/02)0, where &, is the vertical displacement of the fluid element. Here,
the subscript 1 denotes the Eulerian variation. In the present problem, the potential is
externally given, and thus (f;); = 0. This means that a perturbed element displaced
in the vertical direction makes a harmonic oscillation as

9 9
5 :(ai;)ogz, (2.21)

0r?

The frequency of the vertical oscillation, §2 , is given by

2 _ (U _ 32_‘#)
22 = (32)0_( 7). (2.22)

This frequency, §2] , is called vertical epicyclic frequency.
In the case of the Keplerain disks with sherically symmetric central star, we have
V¥ = —GM /R, where R* = r* + 7. Hence, we have
2 = . (2.23)
The difference between §2; and 2k occurs in the cases where (i) the central star
is not spherically symmetric due to rotation, and (ii) the disk is subject to tidal force
of secondary star.

2.2.3.1 Case of Rotating Central Star

If the central star is oblate by rotation, the gravitational potential of the central star
is given by equation (2.10) as mentioned before. In this case, equation (2.22) gives

R.\271/2
R, = QK[I + 3Q(7*) } . (2.24)
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2.2.3.2 Case of Binary System

Since vertical epicyclic frequency is defined by equation (2.22), from equa-
tion (2.13) we have

r 39q1/2 1 r 3
Q. = QK[I —i—q(a) } ~ .QK[I + zq(;) } (2.25)

It is noted that in the present approximations of r/D <« 1 and of no eccentricity
of the orbit, i.e., ¢ = 0, we see that xk — §2 and §2, — 2 are the same with the
opposite signs. This character is preserved even if we proceed to the next order of
approximations where the effects of e # 0 are taken into account, although it is not
presented here.

2.2.4 General Relativistic Versions of Epicyclic Frequencies

The general relativistic versions of « and §2 are very important, since in the
innermost region of relativistic disks, trapping of various modes of oscillations is
expected by the specific nature of radial distributions of epicyclic frequencies. These
trapped oscillations may be one of possible causes of QPOs observed in neutron-star
and black-hole X-ray binaries.

2.2.4.1 Radial Epicyclic Frequency

Here, we present a simple derivation of « in the case where the central object has
no rotation (the Schwarzschild metric), based on a Newtonian analogue (see Kato
et al. 2008). A mathematically rigorous derivation of full relativistic versions of «
and £2] is given in appendix B.

Let us write the equation describing the radial oscillation of a test particle in the
form:

d?r dy.
= 226
where the effective potential, Vs (r), is expressed as
GM & 2
Weff(}’) = —T(l + W) + ﬁ (227)

The difference of equation (2.27) from that in the Newtonian case is the presence of
the term of —(GM /r){?/c?r?. This quantity £2/c*r?(= r?$2%/c?) can be interpreted
as showing the effect of a mass increase of a test particle by rotational motion. The
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Fig. 2.2 Radial distribution of Vs as functions of £. r, represents the Schwarzschild radius
defined by 2GM /2.

radial dependence of Y is shown in Fig. 2.2. Circular orbits of a test particle exist
at the radii where dv/er/dr = 0.

It is noted that in the case of Newtonian dynamics, the centrifugal force increases
inward with 1/7 and this always dominates over the gravitational force with 1/r
when r is small. Due to this, there is always a potential minimum at a certain radius,
implying the present of stable circular orbit. In the present case of equation (2.27),
however, the effective potential does not always have a potential minimum because
of the presence of the term with 1/73. This term predominates when specific angular
momentum £ is small beyond a certain limit.

As is well known in stability theory, if the radius where dyess/dr = 0 is a point
of potential minimum, the circular orbit at the radius is stable, while if it is not
s0, this circular orbit is unstable. This consideration suggests that we can derive an
expression for k% by examining the expression for d”ysr/dr? (see Sect. 2.2.1).

Equation (2.26) shows that if a particle is perturbed from the equilibrium radius,
the deviation, say &, is governed by (see equation (2.8))

d’¢ et
— = 2.28
dr? ( dr? )S (2:28)
With the help of equation (2.27), we have
Y. GM /r*
Vet —(1_" # (2.29)
dr? r)r—73rg/2

where 7, is the Schwarzschild radius defined by

2GM
rg =

. (2.30)
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Equation (2.28) shows that the quantity, d>.s/dr?, given by equation (2.29) is the
square of the epicyclic frequency observed in proper time. Since the redshift factor

fOI‘ the CirCulaI mOtiOn iS
( 2’. ) l/ ( )

we divide d’>Y.s/dr? by the square of the redshift factor to obtain the epicyclic
frequency observed at infinity (Kato and Fukue 1980):

K2 = %(1 - 3&) (2.32)

Of course, in the limit of 7, = 0, K2 given above tends to the Newtonian expression
of k2 = 2.

As mentioned before, a relativistic derivation of « is given in appendix B.2. Here,
the results are presented. We consider the Kerr metric, which is specified by mass,
M, and spin of the central black hole. In order to express the magnitude of the
spin by dimensionless parameter, the spin parameter, a, is introduced. The case of
ax = 0 corresponds to no spin, and ax = 1 is the case of the maximum spin. Then,
the epicyclic frequency in disks in the Kerr metric, &, is given by

. %1 — 3ro/1 £ 8ax(ry/2r)%% — 3a%(ry/2r)?
r? [1 %+ ax(re/2r)3?? ’

(2.33)

which was derived in necessity of studying disk oscillations by Okazaki et al.
(1987), but had been derived more generally by Aliev and Galtsov (1981) (see also
Fukue 1980). In equation (2.33), & sign corrspends to a direct/retrograde orbit.

If a. = 0, equation (2.33) tends to equation (2.32), and it tends further to
k> = GM/r* in the Newtonian limit (rg = 0). The radial dependence of epicyclic
frequency, « (r), is shown in Fig. 2.3, as a function of r/r, for some values of a..

2.2.4.2 Vertical Epicyclic Frequency

In the case of the Kerr metric, £2 differs from the angular velocity of the relativistic
Kepler orbits, §2x, and also from the relativistic epicyclic frequency, k. Kato
(1990) derived an expression for §2 for studying disk oscillations, but its general
expression had been more rigorously derived by Aliev and Galtsov (1981):

2/3 2
T ¥
23 = 912([1 F 4(2—gr) as + 3(2—gr) ai}, (2.34)

where a minus/plus sign corresponds to a direct/retrograde orbit.
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Fig. 2.3 Radial distribution of « as a function of r/r, for some a.. For comparison, £2x and £
for ax = 0.9 are shown.

It is noted that there is a relation among 2k, 2, and k, which is 2 > £, > «.

2.3 Corotation and Lindblad Resonances

There are another important quantities in the cases where disk oscillations are
considered. They are corotation and Lindblad resonances.

2.3.1 Corotation Resonance

The rotation of geometrically thin disks is differential. On such differentially
rotating disks we superpose normal mode oscillations (not shearing modes), i.e.,
waves which rotate uniformly in the azimuthal direction with a constant angular
velocity. That is, we consider a wave whose frequency is w and the azimuthal
wavenumber m. The wave is proportional to exp[i((wf—mg)]. The phase velocity of
the wave in the azimuthal direction is w/m. Since the disk is differentially rotating,
the phase velocity, w/m, of the wave in the azimuthal direction becomes equal to
the angular velocity of disk at a certain radius. Then, the disk rotation and the wave
resonantly interact. This is called corotation resonance. The corotation radius is
defined as the radius where

-2, o w=mQ. (2.35)
m
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As will be shown later, if we derive a dispersion relation describing wave motions
(oscillations), the corotation point (radius) appears as a singular point.

Perhaps, systematic studies on the wave motions with exp[i((wt — mg)], m being
a constant in disks, were started first in the field of galactic dynamics (Lin and
Shu 1964). One of the purposes of these studies was to solve the dilemma of
winding problem of spiral pattern of spiral galaxies. Statistical studies show that
geometrical differences of spiral pattern of galaxies and physical nature of galaxies
are correlated. This suggests that the spiral pattern of the galaxies is not a material
pattern which changes in the short time scale of galactic rotation (a few times
10 years) but a wave pattern (density wave) maintained for a longer time. This
was the start of density wave theory in galactic dynamics.

Density waves on the galactic stellar disks are propagating waves and eventually
disappear by propagating in the radial direction, unless there are some sustaining
processes of the waves (for example, excitation, reflection, and so on) (Toomre
1969). Mark (1976 and a series of his papers) showed that the corotation resonance
between density waves and disk rotation amplifies the density waves, which is called
corotation amplification or corotation instability. His analyses are very complicated,
because the analyses are made for collisionless systems.” Later, non-axisymmetric
instability of thick gaseous tori was found by Papaloizou and Pringle (1984;
1985; 1987) (see also Drury 1985), which is called Papaloizou-Pringle instability.
Subsequently, many researchers studied this instability not only for tori but also for
disks. The results show that the instability is the corotation instability. The reason
why the instability was found first for tori and not for disks is that in the case of disks
the growth rate is much smaller than that in tori because of small penetration factor
of waves to the point of corotation radius. Recently, the corotation instability again
has been taken much attention in relation to one of possible excitation processes of
quasi-periodic oscillations observed in X-ray binaries (Lai and Tsang 2009; Tsang
and Lai 2009). Corotation instability of gaseous disks will be presented in detail in
Chap. 10.

It is noticed that the corotation resonance had been known in geophysics
(meteorology and oceanography) and fluid dynamics, before in astrophysics. In
meteorology, for example, the corotation radius is known as critical layer, where
the phase velocity of a wave becomes equal to flow velocity. The phenomena of
“sudden stratospheric warming” are related to this resonance.

2.3.2 Lindblad Resonances

Let us consider again wave motions whose time and azimuthal dependences are
expli(wt — mg)]. In addition to the radius where w/m = §2, the wave equation
describing oscillations have apparently singularities at the radii of w/m = 2 £k /m

Galactic disks consisting of stars are collisionless systems.
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Fig. 2.4 Schematic picture showing rj, < r. < ror in the case of a two-armed oscillation (m = 2)
with frequency  in relativistic disks.

(i.e.,w = m§2=£«), (e.g., see equation (3.50)). These resonances are called Lindblad
resonances, and the radii where w/m = §2 + «/m are called the radii of Lindblad
resonances. In disks where §2 decreases outwards, w/m = §2 — k/m occurs at a
radius smaller than the corotation radius, while w/m = §2 + «/m does at a radius
larger than the corotation radius. The former is called inner Lindblad resonance and
the radius is expressed as ry, and the latter is called outer Lindblad resonance and
the radius is represented by ror. The three radii, ry, 7, and roL are in the order of
L < re < roL, and their positions on frequency — radius relation are schematically
shown in Fig.2.4.

Concerning the Lindblad resonances we should notice a difference between
particle disks (e.g., stellar disks) and gaseous disks. In particle disks, a resonance
between a wave and particles really occurs at the Lindblad resonances, and the
resonances are important on disk dynamics. For example, the resonance leads to
damping of the density wave (Lynden-Bell and Kalnajs 1972). The density waves
in stellar disks are excited at the corotation resonance and absorbed at a Lindblad
resonance. Even in gaseous disks, external forces can have resonant effects on disks
at Lindblad resonances (e.g., Goldreich and Tremaine 1979; Lubow and Ogilvie
1998). In gaseous disks with no external forces, however, the Lindblad resonances
are not real resonances. That is, the radii of Lindblad resonances, i.e., ri. and ror,
are points of apparent singularities, and not points of real singularities.

2.3.2.1 Comments on Singular Points
Here, we mention briefly a difference between wave motions near Lindblad

resonances and those near corotation resonance, following the standard theory of
differential equations.



42 2 Basic Quantities Related to Disk Oscillations

We start from a differential equation of the form:

d’f df
2 +p(x)a + qx)f =0, (2.36)

where f is a perturbed quantity associated with oscillations, and x is a dimensionless
radial coordinate and x = 0 is a point where p and g have poles. The coefficient p is
taken to have a pole of first order at x = 0 as

px) = ;1?(“0 +aix + o’ + .. ) (2.37)

and g(x) has a pole of second order as

q(x) = é(ﬂo + Bix + fox® + .. ) (2.38)

Our purpose is to obtain solutions of equation (2.36) in the region near x = 0. To
do so, we write solutions in vicinity of x = 0 as

f=x Zavx” (ap #0) (2.39)
=0

and determine p and a,’s by equating the terms of the same power of x in
equation (2.36), after equation (2.39) being substituted into equation (2.36). From
the lowest order terms with respect to x, i.e., the terms of x*~2 (v = 0), we have

p(p—1) + pag + Bo = 0. (2.40)

This equation has two solutions of p, say p; and p,, and we have formally two set
of solutions of equation (2.36):

fi=x">"a,(p)x", 2.41)
v=0

=2 an(p)x. (2.42)
v=0

In the cases of p; = p» and p; = py + n (n is a positive integer), however, the
above two solutions are not independent (see text books of differential equations). In
these cases, we must derive another independent solution. Derivation of the solution
is complicated, but is presented in many text books of differential equations.
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In the case of p; = p,, one of the solution, say fi, is equation (2.41). The other
solution is given by

£ = filnx + x* Zl:diau(p)} X (2.43)
P p=p1

v=0

It is important to note that a logarithmic singularity appears in f,.
In the case where p; = p, +n (n = 1,2, ...), the second solution, f>, is given by

I d
f=apns+x Y (0= patn)] .44
v=0 dp P=pP2
where
1
A=t [(p - pz)an(p)} . (2.45)
o p=p2

Different from the case of p; = p,, the term of logarithmic singularity can vanish,
because A = 0 in some cases.

Now, we apply the above results to Lindblad resonances and corotation res-
onance. In the case of Lindblad resonances, we have (see, for example, equa-
tion (5.15))

ap=—1, and By =0, (2.46)
and equation (2.40) gives
pP1 = 2, and P2 = 0. (247)
The difference of p; and p; is an integer, i.e., n = 2. Hence, a logarithmic singularity
appears in one of the solutions, say f,, unless A = 0. A detailed calculations,
however, show that in the present case we have A = 0. Hence, no singularity appears
at the radii of Lindblad resonances.
Distinct from the case of Lindblad resonances, in the case of corotation reso-
nance, we have (see again, e.g., equation (5.15))
ap=1, and By =0, (2.48)

for p-mode oscillations.® Equation (2.40) then shows that in this case we have

p1 = p2=0. (2.49)

81t is noted that n in equation (5.15) denotes the number of node(s) of oscillations in the vertical
direction, and is different from # in this subsection. If n in equation (5.15) is taken to be zero, the
equation represents p-mode oscillations.
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Because p; and p, are equal, the logarithmic singularity does not disappear (see
equation (2.43)). This logarithmic singularity at the coronation resonance is the
cause of wave amplification or damping at the corotation resonance (see also
Chap. 10).
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Chapter 3
Derivation of Linear Wave Equations and Wave
Energy

Abstract We derive wave equations describing periodic oscillations in geometri-
cally thin disks. There are two ways describing wave equations: Lagrangian and
Eulerian descriptions. The former is better to examine some basic properties of
oscillations, but the latter is convenient to study practical problems. In addition
to wave equation, in this chapter, we derive expressions for wave energy, since
the wave energy is one of important quantities which are conserved in periodic
oscillations.

We treat here rather simplified disks. That is, they are geometrically thin nonself-
gravitating, and have no radial accretion flows. We are interested in disks in strong
gravitational fields, since high-frequency quasi-periodic oscillations observed in
neutron stars and black-hole sources may come from the innermost part of
relativistic disks. In this book, however, we use the conventional way that the
effects of the general relativity are taken into account within the framework of
Newtonian formulation by adopting general relativistic expressions for epicyclic
frequencies. Oscillations are taken to be adiabatic and inviscid. The effects of
dissipative processes on oscillations are considered in part IT (Chaps. 9 and 13).

Keywords Energy density ¢ Energy flux ¢ Orthogonality *« Wave energy * Wave
equations

3.1 Lagrangian Description of Oscillations and Wave Energy

In Lagrangian formulation in the Newtonian frame, the hydrodynamical equa-
tion describing perturbations over equilibrium states can be generally written as
(Lynden-Bell and Ostriker 1967)

DE 1

where £ is a displacement vector associated with perturbations, and Dy/Dt is the
time derivative along an unperturbed flow, ug, and is related to the Eulerian time

© Springer Japan 2016 45
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derivative, d/dt, by
209 v (3.2)

In equation (3.1), § represents the Lagrangian variation of the quantities in the
subsequent parentheses, and ¥ is the gravitational potential. Other notations in
equation (3.1) have their usual meanings. The term D%& /Dt? in equation (3.1) comes
from the fact that the operator § and D/Dt (the time derivative along the perturbed
flow u) can be commuted with each other (Lynden-Bell and Ostriker 1967) as

2
§ % = &5,, = & . (3.3)
Dt Dt Dr?

Equation (3.1) is valid for nonlinear self-gravitating perturbations, but hereafter we
restrict our attention only on linear nonself-gravitating perturbations. For quasi-
nonlinear description of equation (3.1), see Chap. 11.

We assume here that the perturbations are adiabatic. Then, the Lagrangian
variation of pressure, §p, can be expressed in terms of p by use of adiabatic relation:

8p = 25p = 25p, (3.4)
Po

where po(r) and py(r) are the density and pressure in the unperturbed state, and I}
is the barotropic index specifying the linear part of the relation between Lagrangian
variations §p and §p.

Furthermore, §p can be expressed in terms of &, which is the equation of
continuity:

8p + podivé = 0. 3.5)

As mentioned above, self-gravity of the disk gases is neglected. This means that the
gravitational potential, ¥ (r), comes from external sources, and there is no Eulerian
perturbation of ¥ (r), i.e., ¥ (r) = 0. Then, after lengthly manipulation, we can
reduce equation (3.1) to (Lynden-Bell and Ostriker 1967)

92 d
P02+ 2potg V) £ (8) =, (3.6)

where .Z (&) is a linear operator acting on & and is (Lynden-Bell and Ostriker 1967,
see also chapter 11)

Z(&) = po(uo - V)(uo - V)& + po(§y- V)Vho + V[(l — I')po divs}

—poV(divE) — V[(§ - V)po] + (§ - V)(Vpo). (3.7)
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The first term on the right-hand side of equation (3.7) is a part of pOD%E /D%, the
second term is pod(Vr), and the remaining terms come from py$[(1/p) Vp]. Equa-
tion (3.6) is the basic equation describing perturbations in terms of displacement
vector, &.

An important characteristic of the operator, .Z’(£), is that it is Hermitian in the
sense that for arbitrary & and » we have (Lynden-Bell and Ostriker 1967)

/ 0 Z(E)av = / £ 2(nav. (3.8)

where the integration is performed over the whole volume where gases exist, and
the surface integration has been assumed to vanish.

If we consider perturbations with frequency @ (taken to be real) and azimuthal
wavenumber m, the displacement vector, &, is written as

£ = R[Eexpliot)] = R [éexp[(iwt - mqo)]:|, (3.9)
where N represents the real part. Then, the wave equation can be expressed as
— @ po + 2iwpo(uo - V)E + 2 (€) = 0 (3.10)

and the equation corresponding to equation (3.8) is

it ZE)av = / E" . 2@av, (3.11)

where the asterisk denotes complex conjugate.

Explicitly writing down wave equation (3.10) is not always useful, because wave
motions expressed in terms of Eulerian variables are more useful in practical studies
than those in terms of Lagrangian variables. For wave motions expressed in terms
of Lagrangian variables, see, for example, Kato (2004, 2008).

It is of importance, however, to mention here the relation between é, and éw in

wave motions (speaking more rigorously, the relation between §, and §¢). Let us
introduce the cylindrical coordinated (7, ¢, z) whose center is at the disk center and
the z-axis is perpendicular to the disk plane. Then, when we consider wave motions
whose azimuthal wavenumber is small, the terms resulting from the pressure force
can be neglected in the ¢-component of wave equation, and the ¢-component of
equation of motion (3.10) is

— w2, + 2io[(o - V)&, + [ - V)(uo - VIE + (£ - V)(Vi)l, =0.  (3.12)

Here, we consider oscillations with azimuthal wavenumber m [see equa-
tion (3.9)]. Neglecting the pressure force in the radial force balance in unperturbed
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disks, we can reduce the above equation to!
i(w —mS)E, + 2928 =0, (3.13)

where the unperturbed flow is taken to be rotation alone, i.e., g = (0, r§2,0). This
relation between &, and §, is often used hereafter.

3.1.1 Orthogonality of Normal Modes

In relation to latter studies (see Chap. 11), we present here an orthogonal relation
of normal mode oscillations. Let us write the set of normal mode oscillations
satisfying wave equation (3.6) with some relevant boundary conditions as &, (r, 1) =
Sﬁ[éaexp(ia)a 1] withe = 1,2,3,..., where w, is real. The subscript « attached to
é is to distinguish oscillation modes (not to represent a component of vector). Then,
éa (r, ) satisfies

— W2pok, + 2iwapo(uo - V)E, + L(E,) = 0. (3.14)

Now, this equation is multiplied by f;: ;(r, 1) and integrated over the whole volume,
where the superscript * denotes the complex conjugate and 8 # «. The volume

integration of ,ooé ; (r, t)-é (', 1) over the whole volume is written hereafter as ( poé ; .

A

&,). Then, we have
— 2ok 5& ) + 2iwn(pok 5o - V)E,) + (£ - Z(E,)) = 0. (3.15)

Similarly, the linear wave equation with respect to é; is integrated over the whole
volume after being multiplied by é «- The results give

— w3 (pok &) — 2iws (pok ,(uo - VE ) + (€, - L(Ep)) = 0. (3.16)

The following formula is convenient to write down a vector (A - V)B into components in
cylindrical coordinates (r, ¢, z):

9 ] ] A
(A-V)B =(A,— +A,— +AZ—)B + —2 (i, x B),
ar rogp 0z r

where A and B are arbitrary vectors, and i, is the unit vector in the z-direction.
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Since the operator . is Hermitian (Lynden-Bell and Ostriker 1967), we have the
relation:

Ak

€, 2Ep) = (L2E) &) = (2E,) - Ep) (3.17)

Hence, the difference of the above two equations [equations (3.15) and (3.16)] gives,
when wg # g,

(o + wp) (pok, - € ) + 2i<P0§a o V)é,Z]} =0 (3.18)

or
(0o + wp) (pok, - £5) - 2z'<po§2 (o V)éa]> =0. (3.19)

In deriving these equalities, we have used an integration by part, assuming that p
vanishes on the disk surface. This orthogonality relation [equation (3.18) or (3.19)]
is used in Chap. 11 in deriving the wave-wave resonant instability in deformed disks.

Different from the case of non-rotating stars, the eigenfunctions of normal modes
of disk oscillations are not orthogonal in the sense that poé o é ;) = 0 whena # B,

because of the presence of unperturbed flow, uy.

3.1.2 Lagrangian Description of Wave Energy
and Its Conservation

Let us derive an expression for wave energy of perturbations. We assume that a
weakly growing artificial force is acting on a perturbation, which is §f per unit
mass. During the initial epoch (r = —oo) when the force began to work on the
perturbation, the force and the perturbation had negligible amplitudes. After that, by
the effects of the force, the perturbation grows. The work done on the perturbation
between t = —oo and ¢ should be regarded as the wave energy, E, of the perturbation
at 7. In this sense, the wave energy of perturbation, E, can be written as

_[ [ %
Em_/[mgﬁmmc (3.20)

Here, the volume integration is performed over the whole volume where the disk
gas exists.

Since &f is an external force acting on unit mass, the integrand of equation (3.20)
can be expressed as

oE [ 0% o
E(Pow 2l V) f(s)). (3.21)
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Integration by part with respect to ¢ under the use of the assumption of no
perturbation at r = —oo gives

L 9E 9% 1 (08

The volume integration of 2p,(0& /0t)(uo - V)(0& /d¢) vanishes if the integration is
performed by part under consideration of vanishing of the surface integrations and
V(pou) = 0. Next, considering that the operator .Z is Hermitian, we have

/_twdt/%—if({f)de %/_;dr/%[g.g(g)}dv _ %/S'X(E)dv.

(3.23)
Combining the above results, we have from equation (3.20)
1 9\’
E= 5 0o e +&-2(8)|dV. (3.24)

This can be regarded as wave energy of perturbations. The first term in the brackets
of equation (3.24) can be regarded as kinetic energy, while the second term potential
energy.

Conservation of wave energy, E, can be derived directly from equation (3.24) by
taking its time derivative. That is, we have

0E 1 0E 0% OF 43

_ [0 % _ 3 0],
_/E(’OOW +$(E))dv— —2/p05[(uo-v)a}dv_ 0. (3.25)

In deriving the second relation the Hermitian of .# has been used, and in the last
relation integration by part has been adopted.

Next, let us express the wave energy, E, in terms of é when perturbations have a
form of normal mode as § = N [é exp(iwt)]. We have?

2
2(%—5) — 02 £ 4 N[0 exp(i20)], (3.26)

2The formula:
RARB) = %ER[AB + AB*] = %[AB + A*B]

is used, where A and B are complex variables and A* and B* are the complex conjugates of A and
B, respectively.
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and
~ ~k
28 - 2(8) =§&- 28 )+ N[E - L(§)expi2wi)]. (3.27)

Furthermore, we have shown that wave energy is time-independent. Hence, it is
obvious that wave energy defined by equation (3.24) is written as

1 Ak o -
E=> /[wzpog*g +& -z(g)}dv. (3.28)
If 2 (&) is eliminated from equation (3.28) by using wave equation (3.10), we have
1 9 pka . Ak ~
E=5 [|o?mbE ~ o - V)E |av
1 A A n N
=5 | + iombo- vig |av. (3.29)

If the flow in the unperturbed state is rotation alone, i.e., uy = (0, r§2, 0), and the
azimuthal dependence of wavy perturbations is proportional to exp(—im¢), we have

E o V)i = —imQ2E § - QEE, + Q8
= —imQ& § — i(0 — mR)EE,. (3.30)

In deriving the last relation, we have used equation (3.13). If relation (3.30) is used
the wave energy given by equation (3.29) is written in the form:

1 oo v oo
E = 3 / pow(w —m82)(§]E, + £ )dV. (3.31)

This form of wave energy is important and useful, because this expression shows
that the sign of wave energy is directly related to the sign of @ — mS2 in the region
where the wave predominantly exists. The radius where @ = mS2 is the corotation
radius, and as will be shown later there are evanescent regions of oscillations around
the corotation radius. That is, waves which exist inside the corotation radius (v —
mS2 < 0) penetrate little into outside the corotation one. Similarly, those outside the
corotation radius (w — m£2 > 0) penetrate little inside the corotation one. Hence, if
we consider waves with @ > 0, the waves inside the corotation radius have negative
energy, while those outside the corotation radius have positive energy.

Friedman and Schutz (1978) pointed out that the above wave energy, E, is not
invariant under a gauge transformation, and introduced a more general expression
for wave energy. See Friedman and Schutz (1978) for details.
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3.1.3 Generalization to Magnetized Disks

The Lagrangian expression for linear perturbations, equation (3.6), is formally
extended to the cases of adiabatic, small-amplitude MHD perturbations, although
detailed expressions for .Z(£) is changed. This generalized form of .Z(£) is still
Hermitian.

In the hydromagnetic case the equation corresponding to equation (3.1) is
generalized to

D3§ 1 1
2 =§( —-Vy —-Vp+ —curlBxB), 3.32
s =5( -V -+ cui <) 6.3

where B is the magnetic flux density. Hence, as the equation corresponding to
equation (3.6) we have

i3 JE
Pos +2p0(0 - V)5t + L (§) + Zp(§) = 0, (3.33)

where
1 1
Z5(8) = ——/(curl 6B) x By — —(curlBy) x éB
4r 4r
—L(diw';')(curlBo X By) — L(‘)’(curl By x By). (3.34)
4 4

By use of the linear part of the induction equation, we can express 6B in terms of

& as
8B = curl(é x By). (3.35)

Hence, we can explicitly express .Z3 (&) in terms of & (e.g., Bernstein et al. 1958).3
The results show that, although detailed procedures are not shown here, Z3 (&) is

3By using the cartesian coordinates, we can express the component of %3 (£) as

0 il
dn (L) = ™ [B()ja—rk(BOkEj - BOj’;:k)i|

i
a

il 0
_3_rj [BOia_rk(BOk‘i:j — Bojér) + BOja_rk(BOk‘i:i — Boték)]

d i 10B2 9
_(éka_rk + leE) |: — Ea_r, + 3—’7(30,'301')].
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also Hermitian as .Z(£) is. That is, for arbitrary & and y we have

/ 0 Zo(&)dv = / £ Zo(n)dv. (3.36)

Since .3 is a Hermitian operator, we can show, using the same procedures as
before, that the wave energy in hydromagnetic perturbations is

1

a 2
p=5 [[m(5) & 20 +5-ae]a. (337)

This wave energy is also conservative, since .23 is Hermitian. We see further that
for a normal mode of oscillation the wave energy is expressed again in the form of
equation (3.29) even in the case of hydromagnetic oscillations.

3.2 Eulerian Description of Oscillations

We consider small-amplitude adiabatic perturbations on steadily rotating axisym-
metric disks with no radial flow. Cylindrical coordinates (r, ¢, z) are introduced,
where the z-axis is perpendicular to the disk plane and its origin is at the disk
center. Then, linear perturbations over the steady state are described by (see
Appendix A):

ad ad ad ad ad
(B_t + 9@)[)1 + E(Vpour) + %(Pouw) + a_Z(POMz) =0, (3.38)
ad d ohy
0 o0, L, O 3.40)
ot R1% Yoo T rog’ '
ad 0 ohy
B o N = -, 3.41
(at + 8<p)uz 0z ©41)
no=P =P (3.42)
Lo Lo

Here, (u,,uy,u;), p1, and p; are the Eulerian velocity, pressure, and density
perturbations over the unperturbed ones, respectively. Equation (3.38) is the
equation of continuity, equations (3.39), (3.40), and (3.41) are in turn the r-, ¢-, and
z- components of equation of motion. Equation (3.42) is the definition of %, and
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due to the assumption of adiabatic perturbations, we have —[(1/p00)Vp]; = —Vhy,
which has been adopted in equations (3.39), (3.40), and (3.41).

When all perturbations are assumed to be proportional to exp[i(wt — mg)] and
written, for example, as

u =N [ﬁ,exp[i(a)t — m(p)]i|, (3.43)

the above hydrodynamical equations describing perturbed quantities are

. d . mo d .
iwpy + ——(rpoit,) — 1—polty + —(poit;) = 0, (3.44)
ror r 0z
Ohy
o, —22u, = ——, 3.45
iou Uy P ( )
iy + i =™ (3.46)
la)u(/, Zgur_l}’ 1 .
dh
i@, = ——", (3.47)
0z

where @ is defined by ® = w — mS2. §
Elimination of #, from equations (3.45) and (3.46) gives a relation between 7,
and it,, which is

oy 2mf2. @ —«k?
o e =2 (3.48)
or ro o

Next, another relation between izl and 1, is derived. Substituting equations (3.45)
and (3.47) into equation (3.44), we have, after some manipulation,

10 ( oy NCAY
po 02 0% 2 2 )

)| 2.
__du +ia)( nr,oo+ mK )

= . 3.49
1w or ar 2ro$2 " ( )

Equations (3.48) and (3.49) are a set of two differential equations describing
relations between i, and h;.
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Eliminating i, from evquations (3.48) and (3.49), we have a partial differential
equation with respect to i1, which is written explicitly in the form

10 ( oh I A VR A Oy _2m$2 5
— — — —— — a)— ——— ——
po 0z e 2 ! or | &> —k?\ or ro
@? dlnrpg mic? 3711 2ms2
——nh ) =0. 3.50
@2 — k2 ( or 2rc?){2)( D 1) (3-50)

ar réd

This is the basic equation to be studied in the following chapters in part I. This
equation is a second-order partial differential equation. Solving this equation in a
general way is thus difficult. We study characteristics of the wave motions described
by equation (3.50) by introducing approximations or idealized situations.

Here, we briefly mention Lindblad and corotation resonances again, although
they are mentioned in Chap. 2. At the radii of > = «? (Lindblad resonances) the
denominators of some terms in equation (3.50) vanish. As mentioned in Chap. 2,
however, detailed examinations show that this does not mean that s#; becomes
singular at the radii of @*> = &2, i.e., the radii are points of apparent singularity.
On the other hand, at the radius of @ = 0 (corotation resonance) /#; becomes
singular, if w is real, i.e., the corotation point is a regular singularity. The frequency
o must be complex there. This leads to amplification or damping of oscillations at
the corotation point, which will be discussed in Chap. 10.

Before proceeding to Chap. 4, we mention an Eulerian expression of the wave
energy.

3.2.1 Eulerian Description of Wave Energy

Let us now express the fluid velocity for perturbed flows by U(r, 1), i.e., U(r,1) =
uo(r,t) + u(r,t), and that for unperturbed flows by Uy, which is u,. Then, by the
definition of the displacement vector, &, we have (Lynden-Bell and Ostriker 1967)

DTOIE =U(r+&,1) — Uy(r,1), (3.51)

which gives in the first order in perturbations

D
DLt& =u(r.t) + (§ - Vuy. (3.52)

In the present problem we consider the case where the unperturbed flow is a
pure rotation with angular velocity £2(r), i.e., uy = (0, r§2(r), 0) in the cylindrical
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coordinates. Then, the above relation (3.52) gives, after a slight arrangement,

i(w —m)E, = iy, (3.53)
. L. . dR2 A%,

i(w—m$2)§, = iy, + EVVE = 714(/;, (3.54)
i(w — m)E, = it,. (3.55)

The second equality in equation (3.54) is obtained by using equation (3.13).
The use of the above relations gives us, after some manipulations,

ok &~ o VE = 5

2 *
_,_(;,W_,_"/—Z“Qv) (u _,_M“)_,_C,C} (3.56)

i(w— m.Q)ur 7 i(w — mS2) “r

pmm+x@

where c.c. denotes the complex conjugate. In geometrically thin disks, the
@-component of equation motion describing perturbations is approximately written
as [see equation (3.46)]

2

K
i(w — m$2)u —1u, =0, 3.57
ilw—m )u¢+29u ( )

unless the azimuthal wavelength of perturbations is short.* Then, the terms in the
large brackets in equation (3.56) vanishes, and we have from equation (3.29) that
the wave energy, E, is written as

1
E:_/_ﬂ_mmm+@@w. (3.58)
o —m$2

This expression for E is consistent with that for E in terms of é given by
equation (3.31), because & and é are related by equations (3.53), (3.54), and (3.55).
Equation (3.58) shows that the wave energy diverges if equation (3.58) is formally
applied in the region around the corotation resonance. This is unrealistic and implies
a limitation of applicability of equation (3.58). This comes from the fact that the
assumption that the frequency is real is violated, when waves are in the corotation
region. In other words, at the corotation point wave amplification or damping occurs.
Amplification or damping of waves at the corotation resonance is discussed in
Chap. 10.

“If relations (3.53) and (3.54) are substituted into equation (3.57), we obtain a relation between §,
and &,, which is equation (3.13).
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3.2.2 Wave Energy Density and Energy Flux

It is well known that in sound waves in a non-rotating homogeneous medium wave
energy density, (1/2)(pou’ + c2 <P 2/ po), and wave energy flux, p,u, are related by a
conservation relation (e.g., Landau and Lifshitz 1960):

;[1 (po 'Oohz):| + div(puu) = 0. (3.59)

Here, we examine how this relation is extended to waves in disks. In the present
case, the set of basic equations, equations (3.38), (3.39), (3.40), (3.41), and (3.42),
give

8 3 1 ,00 2 . _ as?
(E + Q%) I:E(po h ):| + div(pu) = —r o PoltrUyp. (3.60)

If we consider perturbations whose radial wavenumber, A, is sufficiently short
compared with radius r, i.e., A < r, the right-hand side of equation (3.46) can be
neglected, and we have

1/0 Y , K
E(E—FQ%)%—% —uyu, = 0. (3.61)

Then, substituting equation (3.61) into equation (3.60), we have

ad 0 1 4822 1
(8_t + “Qa@)[ po( = ui + uf) 2,0(2)}12:| + div(pu) = 0, (3.62)

which have a form of conservation, and the terms in the large brackets can be
regarded as wave energy density and p u can be regarded as wave energy flux.

3.2.3 Wave Action and Its Implication

Without restricting to short wavelength perturbations, we have an important conser-
vative quantity, which is wave action. Let us consider a time periodic perturbations
whose motions are, for simplicity, restricted in the equatorial plane, i.e., u, = 0.
Then, taking time and azimuthal averages of equation (3.60), we have

0 as?
E(r(plur)) + r;ﬁo(uruw) =0, (3.63)
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where (A) denotes time and azimuthal averages of A. Equation (3.63) can be
rewritten as

(0w — m.Q)i
ror

r Uur rd$2/dr m
I:w(flm[)Z:| + Py }{n.Q [ — 7([71Mr) + po(w — m.Q)(u,u(p):| =0,

(3.64)

where @ and m are, respectively, the frequency and azimuthal wavenumber of wavy
perturbations.

Let us consider that we have (pu,) = (1/2)0%(pi}), where * denotes the com-
plex conjugate. Similarly, we have (u,u,) = (1/2)R(it}i,). Hence, multiplying
equation (3.46) by i¥, we have

R(w — mR)iyit* = —R(pict), (3.65)
rpo

which show that the two terms in the large brackets of the second term of equation
(3.64) are cancelled out in time-periodic perturbations, and we have

i[_’Q’I’M } —o. (3.66)

ror| w —ms$2

This shows that in time-periodic perturbations, r(p;u,) /(& — mS2), which is called
wave action, is constant along the radial direction. This is a special example of
wave action conservation which is known in more general situations (see Bretherton
and Garret 1969). The concept of wave action conservation in wavetrains is briefly
described in Appendix C.

The corotation radius of w — m§2 = 0 is a singular point of wave action.
This means that the oscillatory flows passing through a coronation radius cannot
be purely time-periodic, i.e., frequency must become complex. This brings about an
important result that the corotation radius is the only place where wave action can be
created or destroyed in wave motions (e.g., Drury 1985). This issue will be discussed
in Chap. 10 in relation to overstability of waves at the corotation resonance.
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Chapter 4
Vertical Oscillations

Abstract The basic equation to be solved to study oscillation phenomena in geo-
metrically thin disks is equation (3.50). The equation is, however, very complicated.
We shall study the characteristics of equation (3.50) step by step by considering
some idealized cases. First, in this chapter, we consider purely vertical oscillations,
although such oscillations are not realized in actual disk systems, since the pressure
variation associated with these oscillations inevitably induces horizontal motions.
It is, however, instructive to study pure vertical oscillations to clarify general
characteristics of oscillations in disks. In the next chapter (Chap.5), we examine
characteristics of disk oscillations, based on local approximations in the radial
direction, and classify in Chap.6 oscillation modes. In Chap. 7, frequencies of
trapped oscillations are examined by use of the WKB method.

Keywords Toroidal magnetic fields * Truncated isothermal disks e Vertically
isothermal disks ¢ Vertical oscillations ¢ Vertically polytropic disks

4.1 Vertical Disk Structure

Two cases are considered where the vertical structure of disks is (i) polytropic and
(ii) isothermal. First, we treat the polytropic case.

4.1.1 Vertically Polytropic Disks

A barotropic gas with polytropic index N is considered, i.e., the pressure p and
density p are related by p o« p®™*+D/N The hydrostatic balance in the vertical
direction in the unperturbed state is —dpy/0z = po .Qiz, which leads to

2\N
<
po(r,z) = Poo(V)(l - ﬁ) , 4.1
2\
po(r.z) = Poo(r)(l - ﬁ) , 4.2)
© Springer Japan 2016 59
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where subscript 0 represents the quantities in the unperturbed equilibrium state and
00 are those on the equatorial plane. The acoustic speed defined by ¢2 = I'dpy/dpo
is also given by

2
Z
c?(r, 7) = cgo(r)(l — ﬁ)’ 4.3)
where I" is related to N by I’ = (N + 1)/N or N = 1/(I" — 1). The hydrostatic
balance in the vertical direction also shows that the half-thickness, H(r), of disks is
related to cso(r) and vertical epicyclic frequency, §2, (r), by

Q3 H? = 2Nc2,. (4.4)

4.1.2 Vertically Isothermal Disks

Distinct from the case of polytropic disks, the vertically isothermal disks with
po = c?,oo, ¢ being constant, extend infinitely in the vertical direction. That is, the
vertical hydrostatic balance, —dpy/9dz = po .Qiz, gives that in the vertical direction
the density po(r, z) is distributed as

2
po(r,z) = poo(r)exp( - #), 4.5)

where the scale height, H(r), is related to the isothermal accoustic speed, cs(r), and
the vertical epicyclic frequency, £2 (), by

2

2 _ Cs
H*(r) = 0 (4.6)

4.2 Purely Vertical Oscillations

When we treat oscillations with node(s) in the vertical direction, the vertical
structure of disks has non-negligible effects on their frequencies, because disks
are so thin that the disk structure changes appreciably in one vertical wavelength.
We consider four cases: (i) pressure and density are distributed in the vertical
direction with barotropic relation, (ii) they are distributed isothermally, (iii) they
are distributed isothermally but truncated at a certain height, and finally (iv) a case
where disks are subject to toroidal magnetic fields.
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4.2.1 Vertically Polyrtropic Disks

In the case where oscillations are assumed to be purely vertical, the equation of
continuity (3.44) is!

n d
iwpr + —(pouz) = 0, 4.7)
dz
where @ = @ — mS2. The subscript 1 denotes Eulerian perturbations. The vertical

component of equation of motion is [equation (3.47)]

dh
idou, = _d_l' (4.8)
Z

Eliminating u, from the above two equations and using p; = pohi/c?, we have

2d( dn
@%h + 3—(p0—1) - 0. (4.9)
po dz

In the case of polytropic gases, equation (4.9) is written in the form:

(1 )dhl ON dhl+2N~h 0 (4.10)
T ar T ay 22" ‘

by changing the independent variable from z to a dimensionless variable 1 defined
by n = z/H.

Equation (4.10) is solved with a boundary condition that 4; remains finite at the
surface of disks, i.e., (h1),=+1 < 00. Then, the eigenfunction, & (), is given by the
Gegenbauer polynomial, Cﬁ (wheren = 1,2,3...), (Silbergleit et al. 2001, see also
Kato 2005, 2010), i.e.,

hia()=Cln) (n=1,2.3,...), (4.11)

where A is related to N by

A=N—— 4.12)

'In this chapter and Chap. 5, all perturbed quantities are taken to be proportional to exp[i(wt—mg)],
but, for example, u,, it,, and i,, are not distinguished in order to avoid complexity, except when
the distinction is necessary.
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and the subscript n represents the number of node(s) in the vertical direction. The
eigenvalue, ®, (= w, — m§2), corresponding to h; , is given by

52— n(n+2N—1)QJ2_.

= 4.13
Finally, explicit forms of 4 ,(n) of fundamental three modes are
n for n=1
hia() x 31— +2N)p*> for n=2 (4.14)

n—(+2N/3)n’ for n=3.

It is noted that in the fundamental mode (n = 1), h; o n and u, = const. This is an
up-and-down motion of the disk plane with frequency £2 .

4.2.2 Vertically Isothermal Disks

In the case of vertically isothermal disks, equation (4.9) is reduced to

2h h ~2
Lil_nzl_nil_r; + g—ihl —0, (4.15)
where 7 is defined again by n = z/H, but the range of variation of 1 is —oo <
n < oo. The boundary conditions that pph; does not become infinite at infinity
(n = Z00) imposes @/ .Qf_ to be (positive) integer (Okazaki et al. 1987). Then, the
above equation becomes the Hermite equation, and the eigenfunctions are expressed
by the Hermite polynomials, i.e.,

& =(w,—mR)* =n2 (n=1,2,3..)), (4.16)
and
n for n=1,
hia(n) =, x> -1 for n=2, 4.17)

n*—3n for n=3.

The subscript n is again attached to @ and £, in order to show the number of node(s)
of oscillations in the vertical direction. It is noted again that the fundamental mode
(n = 1) is simply an up-and-down motion and thus its eigenfrequency is £2,
independent of the disk structure.
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4.2.3 Vertically Truncated Isothermal Disks

It is known that in the very high state (the steep power-law state) of X-ray binaries,
geometrically thin cool disks are surrounded by hot coronae, and their innermost
parts are truncated. The truncation will also occur in the vertical height by disk
evaporation due to hot corona. Considering such situations, we examine here
isothermal disks where vertical extension is terminated at certain finite height, say
n = %ns.

In this case the equation describing the purely vertical oscillations is the same as
equation (4.15). Boundary conditions are, however, changed. They are imposed at
the truncated surface of n = +n,, where n; represents the truncation height. The
truncation is assumed to be a result of a hot corona. Inside the corona perturbations
are transported with much higher speed compared with in the disk because of high
temperature. Hence, we adopt the boundary conditions that the Lagrangian variation
of pressure, dp, vanishes at the surface of n = =£7;. In the present problem §p =
p1+&.dpo/dz = ,oo(hl—z.Qiéz) and @*£, = dh /dz. Hence, the boundary condition,
dp = 0, can be written as ndh,/dn — (cT)z/.Qf_)hl = 0, which can be reduced to
d*hy/dn* = 0 [see equation (4.15)] at n = 7.

The equation to be solved to find eigenvalue, K = (0 — m£2)?/£22, and eigen-
function, h, is the same as equation (4.15), but this equation is rewritten here in a
form convenient to show orthogonality of eigenfunctions, which is

d 7\ dhy Ui
£ PV kexp( = L )my =o. 4.18
dn[exp( 2)dn]+ exp( 2 )" (*-18)

The boundary condition to be imposed is

d*h,

dn? =0 at n = %n;. (4.19)

By solving this eigenvalue problem we obtain a discrete set of eigenvalue, K, (n =
1,2,3...), and the corresponding eigenfunction ; , (n = 1,2,3,...).
First, we show that the eigenfunctions are orthogonal in the sense that

" 2\ dhy e dhy
/_ns exp( - %) d‘r} d; dp=0,  form#n. (4.20)

To show this orthogonal relation, we take a derivative of equation (4.18) with respect

to 1 to lead to
772 d nZ d nZ dhl,n
exp| — — |—Jexp| = | —|exp| — = | —
P72 ) an 15\ 2 )y | 7P\ ™ 2 )

2\ dh
+exp( - %)K—l —0. 4.21)
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Then, let us multiply equation (4.21) by dh; ,,/dn and integrate from —n; to 1. By
performing the integration by part, we have

dhy, d ox n?\ dhi,

dn dn P 2 ) dn ]|,

[Lon(5 )il )G Ll )G Jo
e 2 ) dn 2 ) dn |dn 2 ) dn

s 2\ dhi  dhi p
1K, / exp(— ’7—) L @, (4.22)
s 2 ) dn dn

Ms

It is noted here that the term of surface integral is symmetric with respect to A,
and Ay, since 4 / dr)2 = 0 on the surface. We can also derive a similar equation
with equation (4.22), starting from equation of &, ,,. Taking the difference of both
equations, we have the orthogonal relation (4.20) unless K, and K, are equal.

Up to the present, we have adopted /; as the dependent variable describing
oscillations. Instead of /;, we can adopt u, as the dependent variable. For example,
using u, o dh;/dn [see equation (4.8)], we can derive from equation (4.15) the
following equation with respect to u,:

d’u, du, »?
= —1 =0. 4.23
dn? L dn (.Qf_ )MZ (4:23)

Equation (4.23) is written in the form

d 772 du; 772 _
d—n[exp( — ?)d_n:| + (K — 1)exp( — ?)uZ =0. (4.24)

The boundary condition to be adopted to solve this equation is du,/dn = 0, since the
boundary condition, dh% /dn? = 0, is equivalent to du,/dn = 0 [see equation (4.8)].
The orthogonality relation (4.20) can be expressed in terms of u, as

nS 2
/ exp( — %)uz,muzqndn =0, for m # n. (4.25)

s

Eigenvalues, K,,, and eigenfunctions, u,, (not A ,), calculated numerically are
shown in Figs. 4.1 and 4.2, respectively, for three basic modes (n = 1, 2, and 3) in
the cases where the truncation height, zg, is a few times the vertical scale height, H,
i.e., ns = zs/H = 2, 3, and 4. In the limit of ny = oo, K,, = n [see equation (4.16)],

2The difference between equations (4.23) and (4.15) is related to the difference of node numbers
of u,(n) and /1 (n).
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Zs-dependence of eigen-values

h

Eigen-value Kj
ad

(4%
o /
LS
I
[§%]

4 5 6 7
Height of surface (zs/H)

Fig. 4.1 Eigenvalue, K,,, of purely vertical oscillations in vertically isothermal disks as functions
of the truncated height, ny = z5/H. Three basic modes of n = 1, n = 2, and n = 3 are shown.
In the limit of n; = oo, we have K, = n, but K, increases with decrease of 7, in oscillations
of n > 2. In the case of n = 1, the eigenvalue K, is unity and independent of 7, because this
oscillation is just a harmonic oscillations of disk plane in the vertical direction under the restoring
force of Qi&. It is noted that this figure is slightly different from figure 1 of Kato (2012) because
of the difference of adopted notations.

10.0
Eigen-Functions (vertical direction)
5.0 n=2z/H=40 |
n=2 z/H =20 O
:’N i n=2z,/H=30
S 0 n=1
% n=23,z,/H=20
=
y~
= P n=3,z/H=30
<
-10.0 n =3, 2/H =4.0
-15.0
0 1.0 2.0 3.0 4.0 5.0

Vertical height (z/H)

Fig. 4.2 Eigenfunctions, u,, of purely vertical oscillations in vertically isothermal disks. Eigen-
functions of three basic modes (n = 1, n = 2, and n = 3) are shown for three disks of
ns(= z/H) = 2, 3, and 4. The amplitudes of oscillations are taken to be arbitrary. It is note
that in non-truncated disks u, = 1 (i.e., by & ) forn = 1, u, = n (i.e., h; & 5% and u, X 2n)
forn = 2,and u, = 1 —n? (ie., h; X 4 and u, x 3n*> — 3) for n = 3. Eigenfunctions in the
non-truncated isothermal disks are shown by thin curves (After S. Kato 2012. PASJ ©).
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Table 4.1 Eigenvalue K, s of vertical oscillations.

Node number Truncation height ns(= z,/H)
1.0 1.3 1.5 1.8 2.0 2.5 00
=1 1.0 1.0 1.0 1.0 1.0 1.0 1.0
=2 4.00 3.016 2.670 2.365 2.243 2.083 2.0

but the eigenvalue K,, increases as 7 decreases for the oscillation modes of n > 2
(see Fig. 4.1 and Table 4.1).

In the mode of n = 1, both eigenvalue and eigenfunction are free from the
truncation height. This is conceivable, since the vertical motion associated with this
mode is a simple up-and-down motion of the disk plane in the vertical direction (i.e.,
u, is independent of 7, see also Fig. 4.2).

4.2.4 Isothermal Disks with Toroidal Magnetic Fields

Disk rotations are generally differential, and turbulent magnetic fields generated by
the magneto-rotational instability (MRI; Balbus and Hawley 1991) are stretched
in the azimuthal direction. In this sense, it will be natural to suppose that global
magnetic fields in equilibrium disks are mainly toroidal. Here, for simplicity, we
consider the case where magnetic fields in equilibrium state are purely toroidal
and stratified so that the Alfvén speed, c4, is constant in the vertical direction, i.e.,
(B3/47po)'/? = const. with By = [0, By(r, 2), 0].

The hydrostatic balance in the vertical direction in the equilibrium disk is given
by

1d B?
- %d—z(po + ﬁ) =23z (4.26)

Since both ¢s and ca are assumed to be constant in the vertical direction, equa-
tion (4.26) is integrated to give

2 2
po(r,z) = poo(r)exp(— %) and By(r,z) = Boo(r)exp(— #), 4.27)
where the scale height, H, is related to cs, ca, and £2; by
2 2
; 2
W) = ST (428)
2
1

and the ratio between ¢y and ca is an arbitrary constant, which is a parameter
specifying the disk structure.



4.2 Purely Vertical Oscillations 67

We consider a small amplitude MHD perturbation over the above equilibrium
disks. The velocity perturbations over rotation are denoted by (u, u,, u;), and
the perturbed part of the magnetic fields over the unperturbed one by (b, by,
b;). In order to demonstrate the essential part of vertical oscillations, we assume
that the velocity perturbations are mainly vertical, i.e., u, and u, are negligible
compared with u,. The perturbations are not always axisymmetric, but the azimuthal
wavenumber m is taken to be not many. Then, as easily understood from the
frozen-in relation, b, and b, can be neglected in the lowest order of approximations
[see the MHD equations in Appendix A]. However, b, cannot be neglected, since
compression and expansion of gases in the vertical direction induces a change of
azimuthal magnetic fields, i.e., b, # 0. Since this variation of b, is governed by
the azimuthal component of induction equation, which is in the framework of the
present approximation [see equation (A.47)]

.- by d Z

The feedback of b, on u; is governed by the equation of motion of u.. In the
present framework of approximations we can adopt [see equation (A.45)]

- d A& z o (d  z\(by
iou, = —( —+ 2 —-A——-=|(=2). 4.30
1ot (dz + 2¢2 H2) ! cA(dz Hz)(Bo *-30)

Finally, in the framework of the present approximation, the equation of continuity
is written as [see equation (A.42)]

oh d Z 431
ioh ——Cs(d—z—ﬁ)uz. (4.31)

Substituting /; and b, given by equations (4.31) and (4.29) into equation (4.30)
under the use of equation (4.28), we have a wave equation of u, expressed in terms
of the vertical coordinate z. If the coordinate is changed from z to the dimensionless
coordinate 1 defined by n = z/H, we have finally

£ d -2,

where H is related to £2; by equation (4.28). Equation (4.32) is an extension
of equation (4.23), i.e., in the limit of cf\ = 0, equation (4.32) is reduced to
equation (4.23).

Equation (4.32) is a Hermite-type equation. The boundary conditions at infinity
(n = Z£o00) requires that the last term of equation (4.32) must be zero or a positive
integer:

O = p oy =1,2,3 433
m =n—1, (}’l— ,,,...) ( )
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and u, o J%,_1(n). The order of the Hermite polynomials, n — 1, represents the
number of node of u, in the vertical direction. The reason why the node number is
represented by n — 1 (not ») is that the node number of u, is generally less than that
of hy by unity® (see also the next paragraph) and we classify modes by the node
number of A;.

Derivation of an wave equation with respect to h; from the set of equa-
tions (4.29), (4.30), and (4.31) is somewhat troublesome compared with the
derivation of wave equation with respect to u,, but the results show that

&> d @&+ (c3/2c) (1 + 4 /2cH) 723
[_ N @? + (c3/22)( 2CA/ c?) J_H2i|hl —o0. (4.34)
dn? dn 2+
By the reason mentioned in the previous paragraph, we adopt
@F + (c3/2cH(1 + ci/zcg)—lszin . 4.35)

2 2
Cy +Cx

We can really show that equations (4.33) and (4.35) are identical, and the frequency
of the trapped oscillations is given by

~2 2, 2
i =[—§S+§A :|(n—1)+l. (4.36)
21 244 /2

In the limit of co = 0, this equation is reduced to equation (4.16).

In the case of n = 1, the disk gas moves up and down with no node in the vertical
direction (i.e., u. is independent of z) and &> = Qi, as equations (4.36) shows. In
other cases of n > 2, @ increases with increase of ¢3 /c2. This can be understood
since the vertical oscillations considered here are the fast mode among the three
MHD oscillations.

Finally, we should mention possible selections of particular vertical oscillation
modes by their being coupled with horizontal motions. The vertical oscillations
considered in this chapter are local and present at any radius of disks with different
frequencies. In real situations, however, these vertical oscillations cannot be purely
vertical: Horizontal motions are inevitably induced in each of these oscillations,
because the pressure variation associated with them induces horizontal motions. In
some cases these horizontal motions will be trapped in radial region of disks (see
Chaps. 6 and 7 for trapping). Hence, we may have nearly vertical normal oscillation
modes with discrete frequencies. Such oscillations might be possible candidates of
quasi-periodic oscillations observed in LMXBs and others. This possibility will be
examined in Sect. 7.3 with no magnetic field and in Sect. 8.1 with toroidal magnetic
fields.

3For example, equation (4.31) shows that when u, & .J%,—; we have h; X JZ,.
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Chapter 5
Disk Oscillations in Radial Direction

Abstract In Chap.4, we have considered purely vertical oscillations in order
to examine some essential characteristics of disk oscillations. Purely vertical
oscillations, however, cannot be normal modes of oscillations, because the pressure
variations associated with the oscillations inevitably induce horizontal motions. In
addition to these nearly vertical oscillations, disk have nearly horizontal oscillations.
The latter oscillations also cannot be purely horizontal, because the pressure forces
associated with the oscillations induce vertical motions. Disk oscillations thus
cannot consist of horizontal nor vertical motions alone. In this chapter, we examine
these couplings, emphasizing the resulting behaviors of horizontal motions. In this
chapter, however, we are mainly interested in the cases where the coupling is weakly
radial-dependent. The cases where the coupling is strongly radial-dependent will be
argued in Sect. 8.2.

Keywords Wave equation ¢ Perturbation method ¢ Radial variation of disk thick-
ness

5.1 Approximations for Driving Radial Wave Equations

The basic equation describing disk oscillations is equation (3.50). This is a partial
differential equation, and it is hard to solve it rigorously. In solving equation (3.50)
we introduce the approximation that the density, po(r,z), is stratified in the
vertical direction as po(r,z) = poo(r)exp(—n?/2) [isothermal distribution, see
equations (4.5) and (4.6)], where n = z/H(r). The radial variations of pyy(r) and
H(r) are taken arbitrary. If the disk is truncated at a certain height, zs, we introduce
a dimensionless quantity, 75, defined by 1, = z;/H, and 7; is taken as a parameter.
The supposition that the above approximate procedure is acceptable is based on the
following considerations.

Examination in Chap.4 shows that the vertical structure of disks has no strong
influences on purely vertical oscillations, as far as the node number # is small, e.g.,
n = 0,1, and 2.! For example, in the case of n = 0, there is no motion in the

'We are really interested in oscillations with small number of 7.
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72 5 Disk Oscillations in Radial Direction

vertical direction in the lowest approximations, and thus the horizontal motions is
independent of vertical structure of disks in the lowest order of approximations. In
the case of n = 1, the frequency of purely vertical oscillations is §£2; when observed
from the corotating frame (i.e., ® = £2), which is independent of vertical disk
structure. Furthermore, the corresponding eigenfunction is given by A; o z, which
is also independent of vertical disk structure. In the case of n = 2, eigenfrequency
and eigenvalue depend a little on vertical disk structure, but not much.? Really,
the final results of analyses based on the above approximation show that the most
important factors for determining wave trapping in the radial direction are the radial
distributions of rotation and epicyclic frequencies. The vertical disk structure is less
important for wave trapping in the radial direction.

The independent variables (r, z) are now changed to the set of (r, 7). Then, d/dr
and d/0z are changed to

3_>3_d1nH3 3_)13 5.1)
o ar " ar o’ 9z Hony '

We now rewrite the basic equation (3.50) to, using po(r,z) = poo(r)exp(—=n?/2),

9 9 dinH dinH \*
— —n— | + H*%y(hy) + H* A (hm)+| —— | H* % () =0,
an? an dinr dinr
(5.2)
where operators, %), £}, and %, are defined, respectively, by
&> m? d 1) d 2ms2
L) = —— —=|h D—| ——( — — h
o) (c% r2) l+w3r|:cf)2—/<2(3r ro )i| !
@? dlnrpg mic? 0 2mS2
— — —— |y, 5.3
a32—K2|: dr +2ra3[2:|(8r rd ) ! (>3)
@? ad )
Zi(h) = ——— | n5-“40() + n"Zia(h) ). (5.4)
0?—k an
and
@ 1 92 ad
D) = ———|n*— —n*— |h. 5.5
2(h1) o rz(ﬂ o a"l) 1 (5.5)

Eigenvalues of vertical oscillations in vertically polytropic disks are similar to those in vertically
truncated isothermal disks, if a relevant one to one correspondence is made by introducing 7.
Thus, the above-mentioned approximate procedure (the approximation of vertically isothermal
disks) will be valid even if the vertical density distribution is not exactly isothermal.
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Hereafter, m?/r? in the first parentheses on the right-hand side of equation (5.3) is
neglected compared with &2/ cg.

In equation (5.4) operators %y and %), are introduced, which are defined,
respectively, by

2 oh 17d P2 — k2
Lolhy) = =L 4 —[—m(‘” £ )}hl (5.6)
r or rl|dr 000
1/0 2ms2
Lia(h) = ;(a—r - ’r’; )hl. (5.7)

We solve equation (5.2) by two approximate methods.

5.1.1 Perturbation Method

The first is a perturbation method. In the limiting case where the disk thickness, H,
is constant, i.e., dInH /dlnr = 0, equation (5.2) is reduced to

2
SO\ + B ) = o, (5.8)
on? an

This equation can be solved by separating h;(r, 17) as

h(r.n) = f(r)g(n). (5.9)

This separation shows that equation (5.2) is reduced to

1 (d d
o L =y Je =5 e

and
%Hzfo(f) =K, (5.11)

where K is a separation constant, and should be determined later from boundary
conditions. Equations (5.10) and (5.11) are ordinaryy differential equations, and
thus we can solve them easily.

Starting from the set of equations (5.10) and (5.11), we can solve equation (5.2)
by a perturbation method, taking dInH /dlnr as a small expansion parameter. This
process is presented in Sect. 5.2. A further development of the method will be given
in Sect. 8.2.3.
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5.1.2 Galerkin’s Method

Another method we adopt here to solve equation (5.2) is a kind of Galerkin’s
method. The variable h;(r,n) is approximated by a finite sum of expansion
functions, gi(n) (i = 1,2,....N):

i=N
h(ron) =Y _£(n)g). (5.12)

i=0
where g;(n)’s (i = 1,2,...N) are a set of functions which are chosen arbitrary

but under the expectation that equation (5.12) becomes a good approximation of
the real solution of 4 (r,n). The coefficients f;(r)’s are determined later so that
equation (5.12) can well approximate the real /;(r, ).

The above expression for &, (r, 1) is substituted into equation (5.2). The resulting
equation is integrated over the vertical direction after being multiplied by some
given trial functions g;(n)(i = 1,2,...M). We have then a set of simultaneous
ordinary differential equations with respect to f;(r) (i = 1,2, ...N). The number of
equations is M. If the number M is taken to be equal to N, the number of equations
and that of functions f;(r)’s become the same, and thus we can have an approximate
form of hy(r, n). If g;(n) and g;(n) are taken properly, the resulting &, (r, ) will be
a good approximation of the real & (r, 1).

This is the essence of Galerkin’s method. An approximate solution derived by
this method will be presented in Sect. 5.3. A further development of the method will
be presented in Sect. 8.2.4.

5.2 Wave Equation Derived by Perturbation Method

First, we consider wave equations expressing the radial variation of h; by a
perturbation method, where dInH /dlnr is taken to be a small expansion parameter.

5.2.1 Wave Equation in the Limit of dinH /dInr = 0

In the limit of dIlnH/dInr = 0, we have a set of equations (5.10) and (5.11), as
mentioned before. Equation (5.10) is solved by imposing boundary conditions at
n = %00, which leads to

g(n) =) and K =n, (5.13)
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where 7%, is the Hermite polynomial and » is zero or positive integer, giving the
node number of g(7) in the vertical direction.® Then, putting K = n we can derive
from equation (5.11) a wave equation describing radial motions of oscillations,
which is*

P2—k2d[ @ (df e
@ dr| o —«%\dr re
dnrpgo mi? df 2m.§2f N (@* — k) (@* — n2%
dr 2r 82 )\ dr reo ®*c?

f=0. (514

In deriving this equation, m?/r? in equation (5.3) has been neglected compared with
®?/c?. Equation (5.14) is a second order ordinary differential equation and describes
radial behavior of f(r).

If we consider oscillations whose radial wavelength is so short that radial
variations of all unperturbed disk quantities (except for the radial variations of §2
and c,) are neglected, equation (5.14) is reduced to

f=0. (5.15)

®* — k2 dr

&% — K2 i & df 4 (&% — k) (&% — n[?i
o dr

5202
w*c?

This equation is the most simplified wave equation describing the radial variation of

f(@).

5.2.2 Wave Equation Till the Order of (dInH /dlInr)

Next, we proceed to the case where dlnH/dlnr # 0, but it can be taken to be a
small expansion parameter. In the case of dlnH/dInr # 0, by the presence of .Z
and .%, equation (5.2) cannot be separated into two ordinary differential equations.
This means that the radial-dependent couplings between vertical and horizontal
motions occur through the term of dInH /dlnr. The purpose here is to derive ordinary
differential equations under the approximation that the radial-dependent couplings
are weak.

Assuming the effects of dlnH/dlnr # 0 on wave equation is weak, we
approximately separate /i (r, ) as

hi(r,n) = f(r)g(n,r) (5.16)

3 In the cases of vertically truncated disks, K is different from n (see Chap. 4).

4 In the disks we are considering, there is no distinction among £2, £2x, and 2 . However, in order
to emphasize the origin, K/H? is written hereafter as n.Qi /c2 (not n22/c2).
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with a weak radial-dependence of g. This means that the separation constant, K, has
now a weak radial dependence.
First, we divide equation (5.2) by fg to lead to

s )
g\ an? 377

@ dinHH[ dgr
@ — k2 dinr 12 [ Moy g 2+ ?"%(f)}

~2 ,1 2 2
L@ HrPg, rigd, (e
@*—k2 2| g or? g ordr \@*—«?

@? dlnHHz( 2 r3g+ ZI%)

@?* — k2 dlnr r? gar 1 g or

@* dinH 0’g ;5 0g
(208 — —K(). (5.17
@2 — k2 ( dinr ) r2 ('7 gon? 1 gan) (), ( )

and
Hzfl.,%(f) = K(r). (5.18)

It is noted here that in the limit of dlnH/dIlnr = 0, the separation constant K is
really a constant. In disks with dInH/dInr # 0, however, no exact separation is
possible, but the r-dependence of K can be taken to be weak when dIlnH /dlnr is
small.

To emphasize that we are now interested in the n-th mode of oscillations in the
vertical direction, % is expressed by attaching n as

hi = fu(r)gn(n. 1), (5.19)
and g,(n, r) and K are expanded as
2. =g +e¢Vrm+... and K,()=KP4+KV@r)+... (5.20)
The zeroth order solutions are already given in Sect.5.2.1:

gV (n) = A () and K =n. (5.21)
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Let us proceed to the next order approximation. From equation (5.17) we have

(1)

aZg(l) dg!
no_ 1)
o n— o + ng,
@’ dinH H a Yoo
=—=— 2(Nn’ey”
@ — k2 dinr 12 f f

52 H2? By 21) 8 (1)
— W A |%8 T &n ln ~r,000 ¥
@2 — k2 r? or? or dr \@? —«?
_K’gl)(r)gZO)_ (5.22)

In deriving the right-hand side of equatlon (5.22), we have used 8g(0) /or = 0.
Equation (5.22) is solved by expanding g, m (r,n) as

gl =Y al (e (). (5.23)
m#n

where gﬁ,(,)) (n) is the Hermite polynomial, i.e., gﬁ,(,)) (n) = 74,(n).
From the orthogonal relation of the Hermite polynomials we have

+o00
/ eXp( 2) (el (mdn = n!2m)" 8. (5.24)
—0o0

Furthermore, we have the recurrent formulae:

g0 ) —ngQm) +mg® () =0 (5.25)

and

g ) = mg,) (). (5.26)
n

The solvability condition of equation (5.22) is that the right-hand side of
the equation has no component proportional to g( ) Using the orthogonal rela-
tion (5.24), we find from equation (5.22) that the condition is

®* dinH H?
@2 — k2 dinr 12

@ H[ ,da) (d ( rpoof? || day’
—_— —1 i — | =0. 5.27
+cT)2—/c2 r? |:r dr? +{dr n(dz—Kz)}r dr :|f (5-27)

K(l)fn (nrz.flo(fn) + 2n+ 1)V2$12(fn))
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In this equation al! appears but there is no restriction on ai in the perturbation
method. It can be taken arbitrary. Here, we take it to be zero as is done in usual
perturbation methods, since the term of ail ) gﬁo) has the same 7n-dependence as g

and can be included in the zero-th order solution, gn) Then, substituting K(l)
obtained from equation (5.27) into equation (5.18), we have an equation for f,,
which is

& —Kkrd[ @ d 2mf2 N (@* — k*)(@* — nf23 )f
& drl®—«2\dr rd " c2@?

dlnrpgo mic? d 2m$2
+ + ~ - ~ n
dr 2ros2 dr ro

dinH
dinr

+

(n.zlo +@n+ 1).212) £, = 0. (5.28)

This is the wave equation describing the radial behavior of oscillations, when the
effecters of dlnH/dlInr are taken into account as a small quantity. Equation (5.28)
is an extension of equation (5.14). The last term on the right-hand side of
equation (5.28) is the term resulting from the effects of dInH /dlnr # 0.

The remammg problem is to determine the coefficients aly (r) (m # n) of
expansion of g, m [see equation (5.23)]. This is done by integrating equation (5.22)
times exp(— nZ/Z)gm over n = —oo to 1 = oo. The results are

(7)2 dIinH H?
— k2 dinr 12

(n—m)ay, 3 [( + D(m + Z)f Z10(F)mn—2

2
+%=g12(f) (Sm,n+2 + (m + 1)(m + 2)8m,n—2)i|

C‘[)Z d2 (1) d rIOOQfZ da(l)
r2 —In “ | =o. 2
te—er [ ™\ a—e){"ar |7° ©.29)

This is an second order ordinary differential equation for af,}) , where m = n£2. The
expansion coefficients, ay, is obtained by solving this differential equation for aly
after f,, derived from equation (5.28) is substituted into this equation. Equation (5.29)
for ai,} ) (m = n £ 2) is, however, unnecessary for solving the differential equation
for f; till the order of (dInH /dlnr)' [i.e., equation (5.28)], but it becomes necessary
if we want to solve one more higher order equation with respect to dlnH /dlnr (see
Sect. 8.2).
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5.2.3 Wave Equation Expressed in Terms of u,

In Sects.5.2.1and 5.2.2, we have derived wave equations with respect to hy, i.e.,
equations (5.14) and (5.28). In the case of p-mode oscillations of n = 0, for
example, one of boundaries of the trapped region is at @*> — k> = 0 (Lindblad
resonances) or close to it, as mentioned before. In equation (5.28) the radius of the
Lindblad resonances is the points of apparent singularity. Hence, it will be relevant
to use another variable to describe oscillations so that the apparent singularity does
not appear in wave equation. For this purpose it is convenient to use u, as an
independent variable instead of h;.>
Variables 4, and u, are related by [e.g., equation (3.48)]

oh 2ms2 2 — k2
o, =, (5.30)
ar re i

Hence, as a function representing the radial variation of u,, we introduce f;, defined
by

ur(r.n) = fu(r)g(n.r). (53D

Equation (5.30) then shows that f and f,, are related by

i® df 2mS$2
==\ —= . 5.32
’ @2 — K2 (dr rd f) (5-32)
Using equation (5.32) we can write equation (5.28) in the form
_dfy | d mic?
A = — —1 PI’H—1 =0, .
Anf =6 +w[dr n(rpoo ) + Mm}f 0 (5.33)

where A(r) is defined by

A(r) =

@? — n[?i n@? dnH 1[ d @? — k2 2ms$2 (5.34)
—|[r—In — . .
c? @* — k% dinr r2| dr \ pooH*'*! 0]

S

If equation (5.33) is multiplied by [&/(&* — «*)|(d/dr — 2m$2 /r®) after divided
by A in order to eliminate f and to obtain an equation of f,, we have, after some

5 In this subsection, the subscript 7 to be attached to f and f, is neglected in order to avoid
complexity.
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manipulation,
d*f, d . (rppH" ™ df,
+ Sn PO )2
dr?  dr A dr
B I i DL PR il Kzf 0 (5.35)
—In - - u ~ u = ’ M
dr \A 2r 2 ?
where
By = 4 ) 4 (5.36)
= —I1n . .
§ dr "Poo 2rof2

Equation (5.35) is the equation corresponding to equation (5.28), and a basic
equation describing oscillations in terms of f,, i.e., u,.
It is noted that in the limit of dInH /dIn = 0, equation (5.35) is reduced to

d 2mS2 ac? d dlnrpy  mi? @* —K?
4_ » (4 ; —r—0. (537
(dr ) )[dz—nﬂi (dr+ dr +2rd)[2)f:|+ @ i (5:37)

This is the equation corresponding to equation (5.14). In equation (5.14) the wave
equation is written in terms of f, while it is written in equation (5.37) in terms of f,,.

If the radial wavelength of oscillations is so short that radial variations of all
unperturbed quantities except for those related to rotation and ¢, are neglected,
equation (5.37) is further reduced to

Ld{ &2 df,\ @ —«>
Td(f_ o du " 5.38
(T)dr(cf)z—nﬂi dr)+ @? i (5.38)

This is the equation corresponding to equation (5.15), expressing the wave equation
in terms of f,.

5.3 Wave Equation Derived by Galerkin’s Method

As mentioned in Sect. 5.1, we approximate 4 (r, n) in the form of equation (5.12).
As the expansion functions, g;(n), we adopt here a series of the Hermite poly-
nomials, J#(n), (i = 1,2...N). Furthermore, as trial functions, we adopt
exp(—n?/2).7(n)(i = 1,2,...M) by the following reasons. The vertical den-
sity distribution in the unperturbed disks has been approximated in the form
of po(r,n) = poo(r)exp(—n?/2). Related to this, adoption of Hermite polyno-
mials is convenent because their orthogonal relation can be used with simple
results.



5.3 Wave Equation Derived by Galerkin’s Method 81

Let us now consider the radial behavior of oscillations which have n node(s)
in the vertical direction, where n = 0,1, 2,.... As the first step of application of
Galerkin’s method, we approximate the mode by a single term as (i.e., N = 1)°

hi(r,n) = f(r) 7 (n). (5.39)

Equation (5.39) is substituted into equation (5.2) and the resulting equation is
integrated from n = —oo0 to n = oo after being multiplied by exp(—n?/2).%,(n).
Then, we have, after manipulations,

652—K2d|: @ (d 2m9)}f+(@2—/<2)(@2—n91)f

& drld—«*\dr rd c2@?

dlnrpoo mic? d 2mS$2
+( ar 2@9)(47_ ) )f

dinH 2) ( dinH >
L b @t 1.2, )= P (N (s5.40)
dinr r2 dinr

It is of interest to notice that the wave equation for f derived here [equa-
tion (5.40)] is almost the same as that derived by the perturbation method in
Sect.5.2.2 [equation (5.28)]. The difference is the appearance of the term pro-
portional to (dInH/dInr)? in the present treatment. The term was absent in
equation (5.28) derived by the perturbation method, because it is a higher order
term with respect to (dInH/dlnr).

It is noted that Galerkin’s method is powerful. The method can be applied, in
principle, to cases where the vertical distribution of density, py(r, z), is arbitrary.
However, it is difficult to know the accuracy of the results obtained, unless many
terms are adopted in expansion (5.12).

6 A case of N = 2 is considered in Sect. 8.2.4.



Chapter 6
Classification of Oscillations and Their
Characteristics

Abstract A rough but instructive way for understanding the basic characteristics
of the wave motions described by equation (3.50) is to separate A;(r, n) into r- and
n-dependent terms as 4 (r,z) = f(r)g(n). Based on such approximations, we have
derived in Chap. 5 wave equations describing radial behavior of oscillations. In this
chapter, in the framework of the same approximations, we classify the wave motions
and examine their characteristics. The oscillations in geometrically thin disks are
classified into (i) p-modes, (ii) c-modes, (iii) vertical p-modes, and (iv) g-modes.

Keywords c-modes * g-modes * One-armed precession mode ¢ p-modes ¢ Tilt
mode ¢ Trapping of oscillations ¢ Vertical p-modes

6.1 Classification by Local Approximations

The results in Chap.5 show that the most simplified wave equation is equa-
tion (5.15), which is written here as

d{ @ df\ @ —K,22
—N = ——f=0. 6.1
wdr(d)z—/cz dr) c2 f ©.1)

In deriving this equation, i1 (= p;1/po) associated with oscillations is separated as
hi(r,n) = g(n)f(r). In equation (5.15), K, is written as n, where n is the node
number of oscillations in the vertical direction, i.e.,n = 0, 1,2, .. .. Here, however,
in order to emphasize applicability to cases where the disk gases are polytropic or
the disks are terminated at a certain height, s, K, has been retained without reducing
to n (for K, see Chap.4).!

'In the case of polytropic disks, K, is n + n(n — 1)/2N (see equation (4.13)), and in the case
of truncated isothermal disks, K, is given in Sect.4.2.3 (see Table 4.1). In the followings, for
simplicity, we restrict our attention mainly to the cases of isothermal disks which infinitely extend
in the vertical direction, i.e., K,, = n.
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If wave perturbations are local in the radial direction with radial wavenumber, k,,
equation (6.1) becomes

(@* — k) (@* —nR3) = &>, (6.2)

This dispersion relation (6.2) for disk oscillations was first derived by Okazaki
et al. (1987). The purpose of this section is to classify disk oscillations by using
dispersion relation (6.2). In the Keplerian disks, we have x = 2 = £, where
§2x is the Keplerian angular velocity of disk rotation. In many cases, however,
we are interested in relativistic disks. The general relativistic formulation of disk
oscillations is very complicated. In order to pick up only the essential part of
general relativity on oscillations, we adopt a conventional way that the Newtonian
formulation is adopted under the use of the general relativistic expressions for «
and 2. That is, we use equation (6.2) even in the case of relativistic disks with
relativistic expressions for « and £2 . Detailed general relativistic expressions for
and §2 are given in Chap. 2 and their derivations are presented in Appendix B. We
only note here that in the general relativity we have x < 2 < 2.

We are also interested in oscillations in tidally deformed disks. In tidally
deformed disks, the disks of the primary is time-periodically deformed by tidal
force of a secondary. When we consider disk oscillations of the primary star, the
time-averaged disks are concerned. In time-averaged tidally deformed disks we have
usually ¥k < £2x < £2,, when the orbital plane coincides with the disk plane (see
Sect.2.2).

In the limit of pressureless disks, ¢ = 0, the dispersion relation (6.2) is
decomposed into two relations:

@*—n2t =0 and @ —«*=0. (6.3)

The former represents the purely vertical oscillations discussed in Chap.4. In
pressureless disks, however, only the fundamental mode of n = 1 is possible,
since the overtones (n = 2,3,4,...) are results of presence of pressure force.
This oscillation of @&*> = .Qi is the vertical epicyclic oscillation. The latter of
equation (6.3) shows the horizontal epicyclic oscillation whose frequency is «, i.e.,
inertial oscillations.

In real situations with pressure, the vertical oscillations inevitably involve
pressure variations, which leads to horizontal motions. Even in the case of horizontal
oscillations of ®* = 2, situations are the same as in the case of vertical oscillations,
i.e., vertical motions are inevitably associated with the horizontal motions. In other
words, in both cases vertical oscillations and horizontal ones are essentially coupled
through pressure variation, which leads to the dispersion relation (6.2).

Let us proceed to classification of oscillations. We consider three cases of n = 0,
n = 1,and n > 2.In addition, we are particularly interested in low-frequency modes
in Sect. 6.3
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6.1.1 Oscillations with n = 0 (Inertial-Acoustic Mode
or p-Mode)

In the case of n = 0, we have oscillation modes of @*> = «? + k2c? alone (see
equation (6.2)). These modes are an extension of inertial oscillations (&> = «?)
to cases where pressure effects are taken into account. That is, they are inertial-
acoustic oscillations. We call hereafter, for simplicity, the modes p-modes (pressure
modes).

6.1.2 Oscillations with n = 1 (Corrugation Mode and g-Mode)

In the case of n = 1, we have two kinds of oscillation modes. In one of them, &>

is larger than .QJZ_, while in the other modes @ is smaller than «2. In the former
modes, the equatorial plane of disks moves up and down in the vertical direction
with radial wavelength k,. The restoring force acting on the oscillations is mainly the
gravitational force which acts so as to return fluid elements to the original equatorial
plane. In this sense, the naming of p-modes to these modes will be irrelevant. We
call hereafter these modes c-modes (corrugation modes), because this naming is
often adopted to similar oscillations in galactic disks. The other modes which have
@* < k2 are called hereafter g-modes.

It is important to note that in a rough sense, the corrugation mode is a up-
down motion of the disk plane under gravitational restoring force, and thus the
motions are approximately incompressible. Furthermore, in the case of one-armed
corrugation waves the frequency is extremely low in the Keplerian disks, which will
be mentioned in Sect. 6.1.4.

The fact that the corrugation mode is a roughly incompressible motion can be
shown by the following considerations. The Lagrangian time change of density,
dp/dt, is given by

dp .. dpo dpo - z
i zwpl—i-(urg + uza—Z ~ iwp| — mpouz. (6.4)

In the case of n = 1 the z-component of equation of motion gives
o, = ——n~—— = ———, (6.5)

because i1; o z. Combination of the above two equations leads to dp/dt ~ i@ p;[1 —
c2/@*H?)] ~ 0, because @ >~ 23 = c2/H” in the modes of n = 1.

It is noted here that the terminology “g-mode” for oscillation modes with
®* < k2 might be confusing or misleading, since the modes are quite different from
the g-modes in the stellar pulsation. The g-modes in stellar pulsation represent the

2



86 6 Classification of Oscillations and Their Characteristics

oscillation modes resulting from the restoring force of the Brundt- Viiséri frequency.
If the square of the Brundt-Viisira frequency is negative, the g-mode oscillations
in stellar pulsation changes to the convection modes. In the present issues of
disk oscillations, the Brundt-Viisérd frequency is assumed to be zero (i.e., we are
considering adiabatic perturbations in convectively neutral media). In spite of this
situation, we call the modes of @* < k2 g-modes by usual convention.

If the Brundt-Viisird frequency is not zero, the dispersion relation (6.2) is
modified so that additional modes are included (see e.g., Hirotani and Kato 1995,
and also Kato et al. 1998).

6.1.3 Oscillations with n > 2 (Vertical p-Mode and g-Mode)

In the case of n > 2 we have again two kinds of oscillation modes. One of &? is
larger the n$2? , while the other one is smaller than «2. In the former modes, &? is
larger than .Qi by the presence of the pressure restoring force acting in the vertical
direction. In this sense, it will be relevant to call the modes vertical p-modes. The
modes with @? < «? are called g-modes.

The above classification of oscillations is summarized in Table 6.1.

6.1.4 Comments on One-Armed Low-Frequency Global
Oscillations

Some of one-armed modes are interesting and important because they have very
low frequencies (w, not @, is small) with global patterns. Let us first consider one-
armed p-modes (n = 0 and m = 1). Their propagation regions are specified by
(w — £)* > k2. One of their propagation region is thus @ < £ — k. Since £ and
are close in Newtonial disks, we can expect low frequency global oscillations. This

Table 6.1 Classification of disk oscillations by vertical node number 7.

Node numbers in the vertical direction

n=20 n=1 n>2
Higher &> p-modes c-modes Vertical p-modes
(@2 > «?) (@ > £2%) (@ > n2%)
(Special NAMING) | ettt
m=1 Precession mode Tilt mode
Lower & Absence g-modes g-modes
(@* < Kk?) (@* < K?)

Note: In the case of higher @? oscillations, one-armed (m = 1) modes withn = 0 and n = 1 have
special naming by their characteristics of oscillations
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Table 6.2 Low-frequency global oscillations.

(m, n) Mode Propagation region Alternative name

(1,0) p-mode w< 82—« Eccentric precession mode
1,1 c-mode w<2—-2) Tilt mode

(2,4) Vertical p-mode w<282—5))

2,3) Vertical p-mode in w<22—5))

Polytropic disks with N = 3

issue will be discussed in Sect. 6.3.1, and will be applied to superhumps in dwarf
novae in Sects. 7.4.1 and 12.2, and V/R variations in Be stars in Sect. 8.2.

The one-armed (m = 1) c-mode oscillations (n = 1) are also of interest, since
their propagation regions are specified by (v — £2)> > .Qf_, and one of their
regions is w < £2 — §2,. This propagation region shows the presence of low
frequency global oscillation mode, which is nothing but the tilt. This low frequency
global corrugation mode will be discussed also in Sect. 6.3.2, and will be applied to
negative superhumps of dwarf novae in Sects. 7.4.2 and 12.3. The oscillation modes
which can become global, low-frequency ones are summarized in Table 6.2.

It should be noted that in relativistic disks with a high spin of the central source,
the difference between §2 and 2, is large. In such cases the one-armed corrugation
wave is no longer a low-frequency global one.

It is noted here that realization of low frequency oscillations is not restricted only
to one-armed oscillations. To demonstrate this, we extend our arguments to cases of
polytropic disks and vertically truncated ones. To do so, the eigenvalue of vertical
oscillations, K, is retained here without equating it to n. Then, in vertical p-mode
oscillations, their propagation regions are (w — m2)*> > K .Qi, which consists of
w<m2—KY22, and w > m2 + K22 . Hence, if m2 ~ K'/202 is realized
in a wide region, we can expect low frequency oscillations. In the case of vertically
extended isothermal disks, for example, the condition, m$2 ~ K 1202, is realized
for m = 2 and n = 4. In the case of polytropic disks, the condition is realized when
m* ~ n(n + 2N — 1)/2N (see equation (4.13)), which is N ~ n(n — 1)/2(m? — n).
If we take, for example, m = 2 and n = 3, this relation is realized for N = 3. That
is, in the vertically polytropic disks with N = 3, the oscillations with m = 2 and
n = 3 have low frequencies.

Finally, a difference between oscillations in gaseous disks and those in stellar
disks is briefly mentioned. In density waves, (w — m$2)? is always smaller than
K2, ie., (0 — m§2)?> < k2. This is because the stellar disks are collisionless
systems and there is no pressure restoring force there. Rather, the self-gravity
acts so as to decrease the restoring force resulting from inertial force, leading to
(0 — m2)> < k2. In this book we are considering nonself-gravitating gaseous
disks with pressure. Hence, the p-mode oscillations have (w —m£2)? > k2. In other
words, the wave propagation region of the p-mode oscillations considered here (i.e.,
(w —m82)? > k?) is the evanescent region of density waves, while the propagation
region of density waves (i.e., (o — m§2)> < k?) is the evanescent region of the
p-mode oscillations.
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6.2 Trapping of Oscillations in Relativistic Disks

In accretion disks of low-mass X-ray binaries, quasi-periodic oscillations are
observed (for review, see van der Klis 2000; McClintock and Remillard 2004,
Remillard and McClintock 2006). For example, twin high-frequency quasi-periodic
oscillations are known, whose frequencies are roughly comparable with the disk’s
angular velocity of rotation in their innermost relativistic region (see Chap. 1). The
presence of discrete set of oscillations will suggest the wave trapping process in
disks.

The issue to be addressed here is whether wave trapping processes are expected
in accretion disks. In binary systems, for example, their disks are terminated at a
radius by tidal force (tidal truncation, see Paczynski 1977), and outgoing waves
will be reflected back there inward. In the innermost region of relativistic disks
around compact objects (neutron stars or black holes), however, there is practically
no outer boundary in disks, because they extend far into the outer region. Two
possible processes of reflection of waves are, however, conceivable even in such
disks. One is wave reflection by sharp change of geometrical structure of disks.
For example, if disk structure changes at a certain radius from an inner hot part to
an outer geometrically thin part (i.e., the presence of inner torus), oscillations in
the inner part of disks will be trapped in the inner hot region. Another and more
practical possibility is wave trapping due to radial changes of angular velocity of
disk rotation and of epicyclic frequencies. Especially, in general relativistic disks the
radial epicyclic frequency, k(r), is drastically changed from that of the Newtonian
disks (see Chap.2). In this section we examine the wave trapping due to radial
distributions of epicyclic frequencies in relativistic disks. Trapping of oscillations
in disks of binary systems will be discussed in Sect. 6.3.

6.2.1 Trapping of Relativistic p-Mode Oscillations n = ()

The propagation regions of p-mode oscillations (n = 0) are specified by @* > 2, as

mentioned before. Hence, the propagation regions of axisymmetric (m = 0) p-mode
oscillations are specified by w > k (when w > 0). In relativistic disks, the radial
epicyclic frequency, «(r), has a maximum, Ky, at a radius close to the innermost
stable circular orbit (ISCO), and decreases both inward and outward (see Chap. 2).
This shows that the propagation region of p-mode oscillations is separated into two
regions when @ < kmax, as shown in Fig.6.1. If the inner edge of disks works
as a reflecting boundary of the oscillations, the oscillations in the inner propagation
region are trapped there. That is, in the inner propagation region, trapping of discrete
set of oscillations is expected (see Fig.6.1). Oscillations in the outer propagation
region with @ > kmax, on the other hand, are not trapped, because the propagation
region extends far outside and no particular frequency oscillations are selected there.
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Fig. 6.1 Schematic diagram showing propagation regions of p-mode oscillations (n = 0) in
relativistic disks. Cases of m = 0 and m = 1 are shown. The radius, ry,, is the inner edge of

the disks, which will be the radius of ISCO (inner stable circular orbit) in the cases of geometricaly
thin disks. r, is the Schwarzscild radius defined by r, = 2GM/c?, where M is the mass of the
central object.

Similar argument can be made for non-axisymmetric (m # 0) oscillations. That
is, their propagation regions are (v —m£2)*>—«? > 0, and separated into two regions
of w < —k + mf2 and ® > «k 4+ mS2, as also shown in Fig.6.1 for m = 1. This
result means that in the inner propagation region there will be trapped oscillations
if the inner edge of disks works as a reflection boundary.

It is of important to note here that the frequencies of trapped oscillations are
on the order of the angular frequency of disk rotation in the innermost region, and
are comparable with the frequencies of high-frequency quasi-periodic oscillations
(HFQPOs and kHz QPOs) observed in low-mass X-ray binaries (see Chap. 1). To
know the discrete frequencies of trapped oscillations quantitatively, we must solve
the eigenvalue problems, which is the subjects in Chap. 7.

The non-axisymmetric (im # 0) trapped p-mode oscillations are one of the
prominent candidates of HFQPOs and kHz QPOs, since they will be excited by
corotation resonance (Lai and Tsang (2009), see also Chap. 10) in addition to the
fact that their frequencies are comparable with those of HFQPOs and kHz QPOs.
It is noted that the radius of corotation resonance (w = m&§2) exists outside the
propagation region (evanescent region) of trapped oscillations. In spite of this,
amplification of oscillations occurs, because of a part of the oscillations penetrate
there.
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6.2.2 Trapping of Relativistic c-Mode (n = 1) and Vertical
p-Mode Oscillations (n > 2)

In these oscillations, their propagation regions are specified by @> > K, £2%, where
K,isn (= 1,2,3,...) if the disks are vertically isothermal and extend infinity. The
propagation regions are again separated into two ones. One is w < —K,%/ ’Q 1+ms2
and the otheris w > K,,l/2 + m$2, wherem = 0, 1,2, 3, .. .. The propagation region
forw > K,{/ 20 1 + m$2 extends outside without boundary, and is not interesting
here. The regions of ® < —K,%/ ’Q L +mS$2 for some m and n are bounded if the inner
edge of the disks works as a reflection boundary. To demonstrate this, the boundary
curves of w = —K,t/ 0 1L + mS2 form = 1 and m = 2, and the corresponding
trapped regions are schematically shown in Fig.6.2 in the case where K, = 2.
Figure 6.2 shows that the one-armed (m = 1) oscillations are not trapped, but the
two-armed (m = 2) ones are trapped in the inner region of disks.

It is of importance to note that for trapping to occur, m > 2 is necessary when
K, = 2.In the case of c-mode oscillations (K,, = 1), m > 1 is necessary for trapping
to occur. The case of n = 1 and m = 1, however, has a special position, which will
be mentioned in Sect. 6.2.4.

The frequencies of trapped oscillations are again on the order of the angular
velocity of the disk rotation in their innermost region, and thus these trapped
oscillations will also one of possible candidates of HFQPOs and kHz QPOs.
Compared with the p-mode oscillations considered in Sect. 6.2.1, the frequencies of
the present trapped oscillations are sensitive to the disk structure. This is because

‘\\ Vertical p-mode oscillations
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Fig. 6.2 Schematic propagation diagram showing propagation regions of vertical p-modes (n > 2)
oscillations in relativistic disks. Two cases of m = 1 and m = 2 with K,(= n) = 2 are shown.
In the case of n = 2 oscillations, one-armed (m = 1) oscillations are not trapped, but two-armed
(m = 2) ones can be trapped in the innermost region of disks. Similar arguments can be made for
n > 3 oscillations. Oscillations with a large n, however, will not be of interest in observational
viewpoints.
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K, depends on the vertical structure of disks. That is, for example, in the case
of vertically infinite isothermal disks the value of K, is 2 for n = 2, while in
truncated isothermal disks, K, for n = 2 becomes smaller than 2, depending on the
truncation height (see Sect. 4.2.3). Furthermore, in vertically polytropic disks the
value of K, depends on the polytropic index (see Sect.4.2.1). In addition, if disks
are subject to magnetic fields, the frequencies of vertical oscillations also depend on
the structure and strength of the fields (see Sect. 4.2.4). These dependences of the
trapped oscillations on the disk structure might be favorable for describing the facts
that the frequencies of twin kHz QPOs observed in neutron star LMXBs vary with
time.

One of problems related to these c-mode and vertical p-mode oscillations is
their excitation. They are not excited (rather damped) by the corotation resonance
(see Chap. 10). They may be excited by wave-wave resonant process (Chaps. 11
and 12), if disks are deformed. This issue will be discussed in Chap. 11. In addition,
stochastic processes of turbulence (see Goldreich and Keeley 1977) will be one of
candidates of excitation processes (see Sect. 13.2), but there is no detailed studies
on this direction up to the present time.

6.2.3 Trapping of Relativistic g-Mode Oscillations (n > 1)

The propagation region of the g-mode oscillations is given by @> < «2, as

mentioned before, which is written as —k + mf2 < @ < k + m§£2. This propagation
region is schematically shown in Fig. 6.3 in the case of relativistic disks for m = 0
and m = 1 oscillations.

Frequency
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Fig. 6.3 Schematic propagation diagram showing the propagation regions of g-mode oscillations
in relativistic disks with no magnetic fields. Cases of m = 0 and m = 1 are shown withn = 1. In
the case of non-axisymmetric (m 7 0) oscillations, the radius of corotation resonance (w = ms£2)
appears in their propagation region, unless w is in the range of £2i;, < @ < (£ + K)max-
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In the case of axisymmetric (m = 0) g-mode oscillations, they can be trapped
below the curve of «(r), if @ < kmax. This trapping of axisymmetric g-mode
oscillations is due to the very nature of radial distribution of relativistic «(r), and
free from the wave reflection at the inner edge of disks. This trapping was first
pointed out by Okazaki et al. (1987), and suggested by Nowak et al. (1997) to be a
cause of 67 Hz oscillations observed in the black-hole candidate GRS 1915 + 105.

Recently, an important work was done by Fu and Lai (2009). This is that if the
disks are subject to poloidal magnetic fields, the self-trapping of the axisymmetric
g-mode oscillations is strongly affected and will be destroyed. As their results are
important, further quantitative studies are required so that the effects of vertical disk
stratification on the oscillations are taken into account more in detail.

In the case of m > 1, oscillations are trapped between two curves of m§2 + «,
as schematically shown in Fig.6.3 for m = 1. In the cases of non-axisymmetric
(m # 0) modes, however, the point (radius) of corotation resonance appears in their
propagation region, except when the frequency is very close to the maximum value
of m§2 + k, as shown in Fig. 6.3. It is known that at the corotation point the g-mode
oscillations are damped (see Chap. 10).

In summary, non-axisymmetric g-mode oscillations will be less interesting
compared with axisymmetric ones, because they will be damped by corotation
resonance except for special cases where w ~ (§2 + mk)max-

6.2.4 Trapping of Relativistic One-Armed (m = 1) c-Mode
Oscillations (n = 1)

Up to the present, we have considered high frequency oscillations in relativistic
disks in order to examine whether there are trapped oscillation modes whose
frequencies are comparable with the observed HFQPOs and kHz QPOs. Here, we
emphasize that extremely low frequency oscillation modes are also expected even in
the innermost part of relativistic disks, unless the spin of the central source is high.

Let us consider c-mode (n = 1 and m = 1) oscillations. Their propagation region
is specified by (v — 2)? > .Qi as mentioned before, which is separated into two
regions; w > §2 + §2) and w < §2 — §2, . The former propagation region extends
outwards without boundary. Hence, we cannot expect trapping of oscillations. Our
concern here is oscillations with w < £2—£2 . Itis noted that the difference between
£2 and £2, is small and positive in disks with the Kerr metric with a small spin
parameter, ax. Hence, we can expect low frequency trapped oscillations with @ >
0 (prograde oscillation) in the inner part of disks. This is schematically shown in
Fig. 6.4.
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Fig. 6.4 Schematic propagation diagram showing a propagation region of relativistic c-mode
oscillations with m = 1 and n = 1. The inner edge of disks, rj,, is shown to be smaller than
3r,, since the cases where the central source has spin are considered. The spin, however, must be
small for the trapped oscillations to have low frequencies. Otherwise, the difference between 2
and £2 is large and frequencies of trapped oscillations become high.

6.3 Trapping of Low-Frequency Oscillations in Newtonian
Disks

Up to the present, we have focused our attention on possible trapping of oscillations
in relativistic disks. Here, cases of non-relativistic (Newtonian) disks are considered.
In Newtonian disks we can also expect many trapped oscillations, if there are
relevant reflection boundaries of waves. Among them, we mention here one-armed,
low-frequency oscillations. Since in Newtonian disks both of £2; and « are close
to £2 (~ £2x), various one-armed low-frequency trapped oscillations are expected.
Here, we focus, in particular, on binary systems, since extensive observational
evidences of low-frequency oscillations are accumulated in these systems (see
Chap. 1), and thus detailed comparison between observations and disk oscillation
models is possible.

In the followings, for simplicity, the orbit of the secondary star is assumed to be
circular around the primary and the orbital plane coincides with the disk plane.

6.3.1 One-Armed Eccentric Precession Mode (m =1, n = ()
in Binary System

The propagation region of one-armed (m = 1) p-mode (n = 0) is specified by (w —
£2)? > k2. This region consists of two parts. One of them is @ < —« + £2. In tidally
deformed disks, «k(r) is slightly smaller than §2(r) in general (see equations (2.15)
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Fig. 6.5 Schematic propagation diagram showing the propagation regions of one-armed preces-
sion mode (m = 1 and n = 0) and tilt mode (m = 1 and n = 1) in non-relativistic disks of a
binary system. The former oscillation is prograde, while the latter retrograde. The radii of the inner
and outer edges of disks are shown by r;, and rp, respectively.

and (2.16)). Hence, —« (r) + £2(r) > 0 and increases with increase of r, as shown in
Fig. 6.5. In tidally deformed disks, the disk size is limited by the tidal force resulting
from the secondary (tidal truncation of disks Paczynski 1977). Hence, we can expect
low-frequency oscillations trapped between the radius where w = 2 — k is realized
and the disk outer edge, rp (see Fig.6.5). These trapped oscillations are prograde.
This low-frequency trapped mode is known to be the cause of superhumps of dwarf
novae (Osaki 1985). The excitation of this mode is discussed in Chaps. 11 and 12.

6.3.2 Tilt Mode (m = 1, n = 1) in Binary System

One-armed corrugation mode (tilt mode) has a propagation region specified by o <
2 — £2,, as mentioned before. In Newtonian disks the difference between §2 and
£2, is always small. The angular velocity of disk rotation, £2(r), is smaller than £k,
since the presence of tidal force of the secondary and the outward pressure force on
the disk, i.e., £2 < k. In binary systems, the vertical epicyclic frequency, £2 (r),
is usually larger than £2¢, because an additional force coming from the secondary
works so as to return the disk gases to the equator, i.e., 2 > §2x. From the above
two relations, we see that £2 — £2 is negative and its negative value increases with
increase of r (see equations (2.15) and (2.25)). This is also schematically shown
in Fig.6.5. Since the propagation region is specified by w < £2 — £2, we can
expect the presence of low-frequency trapped oscillations with @ < 0, as is shown
in Fig. 6.5. These trapped oscillations are retrograde.
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This kind of retrograde oscillations are considered to be one of possible causes of
negative superhumps in dwarf novae (Kato 2014; Lubow 1992). Excitation of these
oscillations in tidally deformed disks will be discussed in Chaps. 11 and 12.
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Chapter 7
Frequencies of Trapped Oscillations
and Application

Abstract In this chapter, we examine the frequencies of trapped oscillations and
their parameter dependences for various oscillation modes. The purpose is to exam-
ine whether they can describe periodic or quasi-periodic oscillations observed in
X-ray binaries and dwarf novae. First, we examine frequencies of p-mode, c-mode,
and vertical p-mode oscillations trapped in the innermost regions of relativistic
disks. The results are compared with the high-frequency quasi-periodic oscillations
observed in neutron-star or black-hole X-ray binaries. Second, frequencies of low-
frequency trapped oscillations in Newtonian disks are examined. The oscillation
modes examined are one-armed p-mode (one-armed precession mode) and one-
armed vertical p-mode (tilt mode). The results are examined whether they can
describe positive and negative superhumps in dwarf novae.

Keywords Frequencies of c-mode ¢ Frequencies of p-modes ¢ Frequencies of
vertical p-modes * High-frequency QPOs e« Relativistic disks * Superhumps

7.1 Trapped Oscillations and Their Frequencies
by WKB Method

In this chapter we solve equation (6.1) (or equation (5.15) or equation (5.38)) by the
WKB method. The purpose is to have rough pictures how frequencies of trapped
oscillations depend on oscillation modes and to know whether they can qualitatively
describe quasi-periodic oscillations observed in low-mass X-ray binaries, dwarf
novae, and so on.

It is emphasized here that in deriving equation (6.1) (or equation (5.15) or equa-
tion (5.38)), the local approximations of neglecting |dInH /dInr| and |dInpy/dInr|
compared with 1/A have been adopted, where A is the radial wavelength of
oscillations. This approximations is allowed as the first step to know the frequencies
of trapped oscillations, because the radial width where oscillations are trapped is
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usually not wide, except for special cases.! The radial variations of £2(r), k(r),
and £2, (r), however, have been taken into account. Under these approximations we
solve the wave equations by using WKB method.

We have two equations from which our examination is to be started: equa-
tions (5.15) and (5.38). Which equation should be adopted depends on what wave
modes are considered. Hence, we treat a few cases separately.

It is noted that we adopt vertically isothermal disks. Eigenfrequencies of trapped
oscillations in polytropic disks have been examined extensively by Wagoner’s
group (e.g., Nowak and Wagoner 1991, 1992; Perez et al. 1997; Wagoner 1999;
Wagoner et al. 2001; Silbergleit et al. 2001; Ortega-Rodriguez et al. 2002, 2008,
and references therein).

7.1.1 p-Mode Oscillations in Relativistic Disks (n = 0)

We first consider p-mode (n = 0) oscillations in relativistic disks. As discussed
in Chap. 6, a propagation region of p-mode oscillations with frequency w is inside
the radius 7y defined by @ = mS$2 — k (for the case of m = 1, see Fig.6.1).
The inner edge of the propagation region, ri,, is taken at ri, (the radius of the
innermost stable circular orbit). The radius of @ = m$2 — k is the point of the
inner Lindblad resonance (see Chap.?2), and an apparent singularity appears there
in equation (5.15). In equation (5.38), however, the radius is a regular point. In
equation (5.38), the radius of @*> = K, .Qf_ appears as an apparent singularity, but
the radius is outside the propagation region of p-mode oscillations (this is obvious
because in the case of n = 0, @2 — an?i is ®% and always positive). Hence, in the
present case of p-mode oscillations, it will be relevant to start from equation (5.38)
in order to avoid an apparent singularity in the propagation region.

In order to change equation (5.38) to a standard form, we introduce a new
variable 7,(r) defined by?

r 152 2 ro~2
o — K, $2
7, (7) :/ |—2J‘|dr = w—zdr. (7.1)
Fin CS Tin CS
Then, equation (5.38) is written as
d*f,
f + 0. =0, (7.2)
dt?

Tn the cases where the V/R variations of emission lines in Be stars are considered, the local
approximations are irrelevant, since the trapped region of oscillations describing the V/R variations
is wide (see Chap. 8).

2In this chapter, n in equations (5.15) and (5.38) are written as K,, so that truncated disks can be
also taken into account.
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where Q, is given by

P < S it O i 3
Y@ - K23 @? @? @2 ‘

Equation (7.2) shows that the propagation region of oscillations in the radial
direction is the region of Q, > 0. In p-mode oscillations the outer boundary of the
trapped region is at o, defined by = m$2 — « (i.e., ®* = k>) as mentioned
before. In terms of 7, defined by equation (7.1), the outer boundary is denoted t, oy
where O, = 0. The outer boundary 7, oy is a turning point of Q,,, and near 7, oy, We
can write Q, as Q, = a*(Tuou — Tu), Where a*>(> 0) is the expansion coefficient.
IfQ, = az(tuqout — 1,,) is adopted, equation (7.2) may be solved in terms of Bessel
functions of the order of 1/3. Their two independent solutions are

3 3
(tu,out_t)l/zjl/S[Ea(fu,oul_fu)3/2i| and (tu,out_tu)l/z‘,—l/B [Ea(fu,oul_tu)3/2i|-
(7.3)

In the propagation region far inside of t, oy, the WKB solution is well-known to
be?

Q;1/4exp[ +i / rle/zdru:|. (7.5)

Hence, we must look for functions which tend to equation (7.4) near to 7, o, and
does to equation (7.5) far inside of 7, y. As such solutions we have (Morse and
Feshbach 1953)

1/2
1. :(Qﬁ) [AT1/3(w) + BJ_1 s(w)]. (7.6)
where
W(TM) _ Tu,out Qu(‘[,:)l/zdtt,:’ (77)

Tu

and A and B are integration constants. The relation between A and B is determined
later.

3The WKB method is applicable to equation (7.2), although Q,, is a small quantity. This is because
the range of 7, where oscillations are trapped is rather wide.



100 7 Frequencies of Trapped Oscillations and Application

For 1, <« 7t,0u Where w is large, from the asymptotic behavior of Bessel
functions, we find that equation (7.6) tends to (Morse and Feshbach 1953)

2 \? 5 1
Ju :(N_Qu) [A cos (w - En) + B cos (w - Eﬂ):| (7.8)

Outside of the trapping radius 7, oy, the eigenfunctions must spatially damp to
tend to zero. For 7, > 1,00, O, is negative, so that both Q,i/ 2 and w are imaginary,
having a branch point at 7, . Continuation of the expression (7.6) into the region
of 1, > t,0u requires A = B for spatial damping of eigenfunctions (Morse and
Feshbach 1953). Hence, we have

2 \"? (=x 1
Ju = ZA(]TQ ) cos(g)cos(w - Zn) (7.9)

Next, an inner boundary condition is considered. The inner boundary, 7, ,, is
taken at the inner edge of disks (i.e., the radius of the innermost stable circular
orbit (ISCO), risco, or the radius of sonic point), inside which the gas falls with
supersonic speed and the gas density decreases there sharply inwards. Hence, a
relevant boundary condition to be imposed there will be vanishing of the Lagrangian
pressure variation, i.e., §p = 0 or §p = 0.* The equation of continuity then
shows that the condition is roughly written as d&,/dr = 0, since & ~ 0 in p-
mode oscillation (n = 0), where the &, and £, are the r- and z-components of the
Lagrangian displacement vector of perturbations, respectively. Although &, and u,
are related by u, = (0 — m£2)§,, 0&,/dr = 0 will be approximated by df,/dr ~ 0
if the radial wavelength of oscillations is short. Hence, for simplicity, we adopt here
df,/dr = 0 as the boundary condition at ri,. Then, we find from equation (7.9) that
the condition, df,/dr = 0,isw — /4 = n,7 at 7, = 7,in, Which is

Tu,out

1
QLll/Zdru Z(Z + nr)n (n,=0,1,2,...), (7.10)

Tuin

where n, denotes the node number of f, in the radial direction. Returning variable
from 7, to r, we find the trapping condition (7.10) is written as

/rzt.out ((1’32 _ K2)1/2
r

Cs

1
d}"Z(Z"'nr)ﬂ (n,=0,1,2,...). (7.11)

u,in

Equation (7.11) is the trapping condition for the p-mode (n = 0) oscillations.

4There is no strong support for validity of this boundary condition. We think, however, a partial
reflection of inward waves to outgoing waves will occur there, because strong mode couplings due
to inhomogeneity of disk structure produce there outgoing waves (e.g., Honma et al. 1992; Kato
et al. 1988; Matsumoto et al. 1998).
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It is noted that if we adopt f, = O instead of df,,/dr = 0 as the inner boundary
condition, the term (1/4 + n,)7 in equation (7.11) is changed to (3/4 + n,) 7.

7.1.2 c-Mode (n = 1) and Vertical p-Mode (n > 2) Oscillations
in Relativistic Disks

In c-mode (n = 1) and vertical p-mode (n > 2) oscillations in relativistic disks, the
trapping region is between ri,(~ risco) and roy, the later being the radius where
w = mf2 — (Kn)l/Z.QJ_ is realized (see Chap. 6, and for the case of n = 2 and
m = 2, see Fig.6.2). In equation (5.38) the point of ® = m2 — (K,)'/2£2 is an
apparent singularity, while in equation (5.15) the point is not so. In this sense it is
proper to start from equation (5.15) in the present problem, distinct from the case
of p-mode oscillations. As in the case of p-mode oscillations, we introduce a new
variable defined by

r~2_ .2
r(r):/ @ (7.12)

Then, equation (5.15) is written in a standard form as

da’f
where
_* - K27
0(r) = 2= (7.14)

The outer boundary of the propagation region is the turning point of Q, and the
same WKB procedures as those adopted in the case of p-mode oscillations can be
applied. The inner boundary condition is again taken as 6p = 0, which is reduced
tof = 0in case of n > 2 and to d*f/dr? = 0 in the cases of n = 1.> Applying the

3The boundary condition §p(= c28p) = 0 can be written as

ot | 05

~0 *
ror 0z ’ )

by using the equation of continuity, where £, and &, are, respectively, the r- and z-components of
displacement vector associated with oscillations. In vertical p-mode oscillations withn = 1, &, is
roughly independent of z. Hence, the boundary condition is approximately reduced to 0&,/dr ~ 0.
This boundary condition is the same as that of p-mode oscillations, and is df,,/dr ~ 0. In terms of
£, this is written as d*f/dr* ~ 0 (see, e.g., equation (5.32)). In cases of n > 2, the second term
of equation (*) predominates over the first one, and the boundary condition is written as d¢,/dz ~
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above inner boundary condition to a similar equation with equation (7.8), we have
as the trapping condition for n > 1

Tout 3
/ 0'"%dr :(Z + n,)n (n,=0,1,2,..)), (7.15)

Returning the variable from t to r, we have finally the trapping condition:

Fout 22 — k2 W(0? — Kn.Qz 172 3
/ [(w K )52(1:62 J_):| dr:(Z +nr)n (nr = 0,1,2,...)-
Tin § (716)

It is noted that the right-hand side of this equation is (3/4 + n,)m, not (1/4 4+ n,) 7.
If df /dr = 0 is adopted as the inner boundary condition, (3/4 + n,)7 on the
right-hand side of equation (7.16) is changed to (1/4 4 n,)x.

7.1.3 g-Mode Oscillations in Relativistic Disks (n > 1)

In the case of g-mode oscillations in relativistic disks, the propagation region is
specified by m$2 — k < w < m§2 + k (Chap. 6, and for m = 0 and m = 1 modes,
see Fig. 6.3). That is, the both ends of the propagation region are turning points of Q.
In this case, solutions around rj, and ro, are both obtained by using the turning point
solutions discussed in Sect.7.1.1 for the p-mode oscillations. Then, both solutions
are fitted in a region between ri, and roy. The results show that the condition of the
trapping is (Morse and Feshbach 1953)

ron [ (2 — k2) (@2 — K, $22 1/2 1
/ [(w K )(2(0~2 J_):| dr:(—+nr)77 (n,=0,1,2,...).
Tin Csa) 2
(7.17)

It is noted here that except for axisymmetric mode (rm = 0) and for special cases
of m # 0 oscillations (see Fig.6.3), the g-mode oscillations are damped by the
presence of the corotation resonance in their trapped region (Chap. 10).

0. The z-component of equation of motion reduces this boundary condition to 9%h;/dz> ~ 0.
Since ki (r, n) is written as hy = f(r).9%,(n), 3*h1 /02> = n(n — 1)f(r).#,—>(n) and the boundary
condition is finally reduced to f = 0.
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7.1.4 One-Armed, Low-Frequency Oscillations in Binary
Systems

As mentioned before, there are two oscillation modes which are interesting in
relation to oscillatory phenomena observed in binary systems. One is one-armed
eccentric precession mode (one-armed p-mode, i.e., m = 1 and n = 0), and the
other is tilt mode (one-armed vertical p-mode, i.e., m = 1,and n = 1).

(i) one-armed eccentric precession mode (m = 1, n = 0)

Oscillations of this mode are trapped in the region between the inner radius where
w = £2 —k = 0 is realized and the outer edge of disks (see Fig.6.5). In wave
equation (5.15) the radius of @ = §2 — « (inner Lindblad resonance) is an apparent
singular point, while it is not so in wave equation (5.38). Hence, we start from wave
equation (5.38), as in the case of p-mode oscillations in relativistic disks.

As in the case of p-mode oscillations in relativistic disks, we introduce a new
variable defined by

r ~2
wr) = | Zar. (7.18)
Fin CS
Then, equation (5.38) is written as
&,
—-— w =0, 7.19
i + O (7.19)
where Q) is given by
2 & — 2
0. = Ty - (7.20)
1) 0]

In the present case, the difference from the case of p-mode oscillations in
relativistic disks is boundary conditions. In the present problem, the inner boundary
is a turning point of O, and the outer boundary is a free surface where boundary
condition §p = 0 will be relevant. That is, boundary conditions at ri, and ryy are
exchanged from those in the case of p-mode oscillations in relativistic disks. Except
this, there is no essential difference. Hence, the trapping condition is the same as
that in the case of p-mode oscillations in relativistic disks:

Fout

1
024z, :(Z + n,)n (n,=0,1,2,...). (7.21)

Tin
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Returning the variable from t, to r, we can write the trapping condition as

Fout -0 2 _ 21172 1
/ (=2 =17, :(Z + nr)n (n=0,1,2,...). (7.22)
ri Cs

(ii) Tilt mode in binary systems (m = 1,n = 1)

In the case of tilt mode in binary systems, it is relevant to start from equa-
tion (5.15), as in the case of vertical p-mode oscillations in relativistic disks.
Different from the vertical p-modes in relativistic disks, #, = 0 will be relevant
as the boundary condition at the inner edge, because the inner edge of the disk
will be the surface of the primary star (see Fig.6.5). Since equation (5.15) is a
differential equation with respect to f, the boundary condition u, = 0 need to be
expressed in terms of f. As discussed before, we use here df /dr = 0 as a rough
inner boundary condition. The outer edge of the propagation region is a turning
point which represent the outer boundary of the propagation region (see Fig. 6.5).
The above consideration about boundary conditions leads to the trapping condition:

ru [ (2 — 122 — £22)7/? 1
/ [(w @ L)} dr=(1+n,)zr (n,=0,1,2,..), (1.23)

522
w*c?

where ® = w — £2. It is noted that this trapping condition is different from
equation (7.16).

7.2 Frequencies of Trapped p-Mode (n = 0) Oscillations
and QPOs

Frequencies of trapped p-mode (n = 0) oscillations are examined. Results of
numerical calculations obtained by using equation (7.11) are presented in Fig.7.1.
In order to compare the results of numerical calculations with high frequency quasi-
periodic oscillations observed in black-hole LMXBs, we consider relativistic disks
surrounding a black hole of 10 Mg. The spin of the central source is taken to
be zero, i.e., ax = 0. The adopted angular velocity of disk rotation, 2, and the
epicyclic frequency, k, are those of relativistic Keplerian ones. It is noted that in the
present calculations the disk parameter involved is the radial distribution of square
of acoustic speed, c2(r), alone. It is noted again that radial distributions of poo(r)
and H(r) are neglected in deriving equation (7.11) under the assumption that the
trapped region is narrow.

In the standard Shakura-Sunyaev disks, the square of acoustic speed, i.e., cgo, is
described by (e.g., Kato 2008)

C?O —1.83 % 10161—1(1—1/5’,;12/5(M/MQ)—I/S(r/rg)—9/10 sz S_Z, (724)
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Fig. 7.1 Frequencies and captured regions of trapped p-mode (n = 0) oscillations. Four thick
horizontal lines represent the trapped regions of four oscillation modes. From bottom to upper, they
are axisymmetric (m = 0), one-armed (m = 1), two-armed (m = 2), and (m = 3) oscillations.
The central star is a 10 M black hole with no spin (ax = 0). The inner boundary of the trapped
region is taken at 3r,, r, being the Schwarzschild radius defined by r, = 2GM/c?. The radial
distribution of acoustic speed, cs(r) has been taken as equation (7.24).

in the case where the gas pressure dominates over the radiation pressure and the
opacity mainly comes from the free-free processes. Here, the subscript O has been
attached to cg, since we adopt this value of cg as a standard one, and cases where
c? is larger or smaller than this value by a factor are considered sometimes. In our
present calculations we adopt the above expression for ¢2 with I' = 1, = 0.3, and
m=0.3.

In Fig. 7.1, four oscillation modes of m = 0, 1, 2, and 3 with n, = 0 are shown.
The case of n, = 0 means that we consider oscillations which have no node in
the radial direction, i.e., the fundamental mode in the radial direction. As expected,
trapped oscillations occur in a narrow region around the inner edge of disks. The
overtones (n, > 1) in the radial direction have lower frequencies compared with
those of the fundamental modes, although they are not shown in Fig. 7.1. Figure 7.2
shows how the frequency ratio of m = 2 and m = 3 oscillations depends on disk
parameters, cs.

Frequencies and trapped regions of two oscillation modes of m = 2 and m = 3
seem to good candidates of HFQPOs by the following reasons. In HFQPOs observed
in black-hole LMXBs, the time change of their frequencies is little. In the present
trapped oscillations, the frequency of trapped oscillations is also insensible to
parameter changes. Second, in some HFQPOs in black hole LMXBs the QPOs often
appear in pairs, and their frequency ratio is close to 3:2 (see Chap. 1). In the present
trapped p-mode oscillations, the frequency ratio of m = 2 and m = 3 oscillations
are close to 3:2 as emphasized by Lai and Tsang (2009). In order to demonstrate
this, the frequency ratio of m = 3 and m = 2 oscillations is shown in Fig.7.2 as
functions of the frequency of the m = 2 oscillation, when the disk temperature is
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Fig. 7.2 Dependence of frequency ratio ws;/w, on w,, where w, and w; are frequencies of trapped
m = 2, and m = 3 oscillations, respectively. Frequency changes due to change of disk temperature
are shown. For moderate changes of trapped frequencies due to changes of disk temperature, the
frequency ratio is almost unchanged and close to 3:2 observed in black-hole LMXBs.

changed as a parameter. The third point favor for the p-mode oscillations is that the
p-mode oscillations can be really excited by corotation resonant process (Lai and
Tsang 2009; Hordk and Lai 2013; and see Chap. 10).

7.3 Frequencies of Trapped c- and Vertical p-Modes
and QPOs

Trapped frequencies and trapped regions of c-mode (n = 1) and vertical p-mode
(n = 2) oscillations are calculated by using equation (7.16). The results are shown
in Fig.7.3 for two-armed (m = 2) and three-armed (m = 3) oscillations with the
vertical node number of n = 1 and n = 2. The central star is taken to be a black hole
of 10 Mg with no spin (a« = 0). It is noted that the node number n denotes that of
hy in the vertical direction, and u, has one less node number. That is, in the mode of
n = 1 the disk plane oscillates in the vertical direction with no node. In the mode of
n = 2 the equatorial plane of the disks is just the node of oscillations, i.e., above and
below the equator the disk oscillates in the opposite phase in the vertical direction.
Comparison of Figs. 7.1 and 7.3 shows that the trapped regions are slightly wider in
the present case than in the case of p-mode oscillations.

Figures 7.4 and 7.5 show the propagation diagram forn = 1 and n = 2
oscillations with m = 2, in order to show how the frequencies and trapped regions
depend on the node number, n;, in the radial direction. As n, increases, the frequency
of the trapped oscillations decreases and the width of the trapped region becomes
wide. It should be noted that in the vertical p-mode oscillations with n > 2
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Fig. 7.3 Frequecies and captured regions of trapped c-mode (n = 1) and trapped vertical p-
mode (n > 2) oscillations in vertically extended isothermal disks (n; = z,/H = 00). Four thick
horizontal lines represent the trapped regions of four oscillation modes. Upper two horizontal lines
are for three-armed (m = 3) oscillations with two different n (i.e., n = 1 and n = 2). Lower two
lines are for two-armed (m = 2) oscillations with two different n (n = 1 and n = 2). The central
star is a 10 M black hole with no spin (ax = 0). The inner boundary of the trapped region is
at 3r, and free boundary condition has been adopted there, where r, is the Schwarzschild radius
defined by r, = 2GM /c?.
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Fig. 7.4 Propagation diagram for two oscillations of (n, n;) = (1,0) and (1,1). The azimuthal arm
number, m, is taken to be m = 2. The horizontal lines show the radial range where oscillations are
trapped. B = ¢2/(c?)o = 10.0 has been adopted. M = 1.4 M and a,. = 0 are taken.
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Fig. 7.5 Propagation diagram for vertical p-mode oscillations of (n, n;) = (2,0) for three cases
of ny = 00, 2.0, and 1.1. Other parameters are the same as Fig. 7.4 (After Kato 2012. PASJ ©).

the truncation of disk thickness in a finite height has non-negligible effects on
frequencies of oscillations. In order to demonstrate this, cases of n = 2 are shown
in Fig. 7.5 for three values of s, i.e., ny = 00, 2.0 and 1.1. It should be noted that in
the disks whose vertical thickness is thin by truncation by hot corona, frequencies
are low. For example, the frequencies are as low as the low frequency quasi periodic
oscillations (LHQPOs) in the case of ny = z,/H = 1.1.

A remaining parameter related to disk structure is disk temperature. As a
parameter describing disk temperature we adopt again f = 2/ C?o- The B-
dependence of frequency of trapped oscillations is shown in Fig. 7.6 for some values
of ns. The central star is a 1.4 M neutron star with no spin. The inner edge of the
disk is taken at 37, and the free boundary condition is adopted there.

The dependences of frequencies of trapped oscillations on spin of the central
star are shown in Fig. 7.7 for four oscillation modes (n, = 0 and 1 with n = 1,
and n, = 0 and 1 with n = 2) in the case of M = 1.4 M. In the cases where
n > 2, frequencies of trapped oscillations decreases as the vertical disk thickness
decreases. Hence, two cases of ns(= z5/H) = oo and 2.0 are shown for oscillations
ofn=2.

As shownin Figs. 7.3,7.4,7.5,7.6 and 7.7, frequencies of trapped oscillations are
roughly in the frequency range of kHz QPOs observed in neutron star LMXBs. In
these objects, kHz QPOs are often observed in pairs, but different from the cases of
black-hole LMXBs, their frequencies are neither fixed, nor their ratio is fixed to 3:2
(see Chap. 1). In order to examine whether c-mode and vertical p-mode oscillations
can describe these characteristics of kHz QPOs, the frequency-frequency relation of
two oscillations of n, = 0 and n, = 1 is shown in Figs. 7.8 and 7.9 by changing
B(= 2/ c?o) for two cases of a, = 0 and ax = 0.2. The oscillation mode adopted
is the c-mode (n = 1) with m = 2. Figure 7.8 is for M = 1.4 M and Fig. 7.9 is for
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Fig. 7.6 Frequency — temperature relation of trapped two-armed (m = 2) c-mode (n = 1) and
vertical p-mode (n = 2) oscillations in vertically isothermal disks. Two cases are shown where the
disks extend infinitely in the vertical direction (z5/H = 00) and are terminated at the height of
2H,i.e., ns = zs/H = 2.0. Four oscillation modes are shown, i.e., the set of (n, n;) are (1,0), (1,1),

(2,0) and (2,1). In oscillations of n = 1, the frequencies are independent of 7. The mass M and
the spin parameter ax adopted are M = 1.4 M and ax = 0.
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Fig. 7.7 Frequency — spin relation for four oscillation modes of (n, n;)
(2,1). In the case of n = 2, the relation depends on 7. Two cases of n; = 00 and 2.0 are shown
for the oscillation of n = 2. M and B adopted are M = 1.4 Mg, and B(= c2/(c?)o = 3.0 (After
Kato 2012. PASJ ©).

(1,0), (1,1), (2,0), and

M = 1.8 M. These figures show that the observed time variation of frequencies of
pair QPOs seems to be well described by assuming that the pair QPOs are a set of
two-armed (m = 2) n = 1 oscillations: One is the fundamental mode (1, = 0) in the
radial direction and the other is its first overtone (n, = 1) in the radial direction. If
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Fig. 7.9 The same as Fig. 7.8, except that M = 1.8 M and three cases of ax = 0, 0.2, and 0.4
are considered (After Kato 2012. PASJ ©).

twin kHz QPOs are really n, = 0 and n, = 1 oscillations of n = 1, Figs. 7.8 and 7.9
suggest that the spin of neutron-star LMXBs is ax = 0 ~ 0.1 if their masses are
around 1.4 Mg and as« = 0.2 ~ 0.3 if their masses are around 1.8 M. Furthermore,
the figures suggest that ¢2 changes in these objects in the range of (1 — 10) x c%.
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It is noted that the above results are based on the assumption that magnetic fields
in neutron-star LMXBs are so weak that they have no essential effects on wave
motions. Even if magnetic fields are present, however, qualitative results obtained
here are qualitatively unchanged, if the global magnetic fields are toroidal. This will
be presented in Sect. 8.1.

One of important problems remained to be clarified is whether the oscillation
modes considered here (mainly c-mode oscillations) are excited in disks. This issue
will be discussed in Chaps. 11 and 12.

7.4 Frequencies of Trapped One-Armed Oscillations
in Binary Systems

Up to the present, we have not considered two kinds of oscillations of (m,n) =
(1,0) and (m,n) = (1, 1). This is because these oscillations have low frequencies,
and may be related to other types of oscillatory phenomena than those in LMXBs.
As mentioned in Chap. 1, in dwarf novae superoutbursts are observed in addition
to normal outbursts. The origin of these superoutbursts is now understood by the
thermal-tidal instability model (TTI model) proposed by Osaki (1996). During a
superoutburst, a periodic photometric hump with amplitude 0.2-0.3 mag appears,
whose period is very close to the orbital period of the system but longer than that
by a few percent. This is called the “positive” superhump, because another periodic
humps with a period shorter than the orbital period are found in some SU UMa and
nova-like variable stars and the latter called the “negative” superhump. The origin
of the positive superhump is understood as due to a deformation of accretion disk
into an eccentric form (excitation of one-armed (m = 1) oscillation with n = 0),
while the negative superhuman is thought to be produced by a tilt (excitation of one-
armed (m = 1) oscillation with n = 1). We examine the trapping of the one-armed
eccentric precession mode (m = 1 and n = 0) in Sect. 7.4.1 and the trapping of the
tilt mode (m = 1 and n = 1) in Sect. 7.4.2.

7.4.1 Eccentric Precession Mode and Superhumps
of Dwarf Novae

The condition of trapping of one-armed precession mode (one-armed p-mode, i.e.,
m = 1 and n = 0) is given by equation (7.22). The disk size of primary star
is limited by tidal effect (tidal truncation) of secondary star. The disk size is now
denoted rp. As discussed in Sect. 6.3.1, the one-armed precession mode is trapped
between the radius where w = 2 —« is realized, say r., and the disk outer boundary,
rp (see Fig. 6.5).
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In dwarf novae the disk of the primary star is deformed by the tidal force resulting
from secondary star. In the case where the orbit of the secondary star around the
primary is circular, the time-averaged part of the tidal potential, 1, is given by

GM; ,
r 9
4q3

Yr(r) = — (7.25)
where M; is the mass of the secondary star, and a is the separation distance between
primary and secondary stars.

If the pressure force is neglected, the angular velocity of rotation of the disk gas,
£2(r), is given by (see equation (2.14) in Chap. 2)

GM 1 7
2 —_— —_— R —
2% = > (1 2qa3)’ (7.26)

where ¢ = M;/M is the mass ratio, M being the mass of the primary. Since we
are interested in the case where ¢ is smaller than unity and in the radial region of
r/a < 1, we have approximately

17

where §2x is the Keplerian angular velocity of rotation, given by 2x = (GM/r?)!/2.

The epicyclic frequency defined by k2 = 262 (252 + rd$2 /dr) is then approximately
given by

3
K= QK(I - q%). (7.28)
"

The above two equations lead to

3 N\’
22—k =—-qSx|(-) . (7.29)
4 a
Since the frequency of the trapped oscillations is low compared with §2, we can
approximately write the integrand of equation (7.22) in the form:

1/2 1/2
(22) [— o+ (2 - /c):| . (7.30)

Cs

Considering that

0= (2 -« (7.31)
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and 2 — « is given by equation (7.29), we can reduce equation (7.30) to

3 M\ /2 1\ V2
(- —) 1-(’ /“) - (7.32)
27 ac? rla a
Here, we consider that (rp — r.)/r. < 1 (the WKB method is still valid, since

GM/ac? is a large quantity). Then, we can approximately perform the integration
of equation (7.22) to obtain

3 1/2
(ro/a)¥/? = (r/a)*? (GMq) :(nr N %)m (7.33)

(re/a)l/? ac?

We are interested in the fundamental mode of oscillations in the radial direction,
i.e., n; = 0. Equation (7.33) gives then an approximate expression for the width of
the trapped region:

D — e b4 Cs

= (GM/a)l - (7.34)

It is noted that the normalized width of the trapped region, (rp — r.)/a, is roughly
determined only by parameters g and cg /(GM/a), independent of rp.

Considering that the frequency of the trapped oscillations, w, is given by v =
(£2 — k). and §2 — k is given by equation (7.29), we can express w normalized by
the observed binary orbital frequency, £2os, in the form:

o 3 q e 3/2 (7.35)
2orb - 4(1 +q)1/2 a . .

It is noted that £2,, and the orbital frequency of the secondary star seen from the
primary one, £2,, are related by

Qorb = Q:rb(l + q)l/z. (736)

The above consideration shows that the dimensionless parameters describing
/R are q, c;/(GM/a)"/?, and rp/a. Figure 7.10 shows @/ as functions
of rp/a in two cases of ¢ = 0.1 and 0.3 with ¢,/(GM/a)'/> = 0.1 and 0.01. It
is noticed that disk-temperature dependence of frequency is weak. For a change of
disk temperature of an order, the frequency change is less than a factor.

In the framework of the present treatment, rp/a is a free parameter. If we want
to compare the calculated frequencies with the observed ones of superhump in
dwarf novae, we must know what determines the disk radius, rp, in actual binary
systems. This issue will be discussed in Chaps. 11 and 12, but it is noted here that
the truncation radius, rp, is determined by the tidal instability. The tidal instability
is found numerical simulations by Whitehurst (1988a,b) and later theoretically
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0.1
Precession Mode
0.08
o cs =0.01 0]
S 0.06
.:3
S 0.04
0.02
0
0.1
Fig. 7.10 Frequencies of trapped one-armed p-mode oscillations (m = 1 and n = 0) (in

another terminology, eccentric precession mode) as functions of disk radius, rp. Parameters are
¢;/(GM /a)"/? and g. Two cases of ¢;/(GM/a)'/?> = 0.1 and 0.01 are shown for ¢ = 0.1 and 0.3.
It is noticed that the frequencies are insensitive to c;.

by Hirose and Osaki (1990, 1993) and (Lubow 1991a,b). Lubow’s mode-mode
coupling model is further developed to a wave-wave coupling model by Kato (2013,
2014), see also Kato et al. (2011), which will be described in Chaps. 11 and 12.

7.4.2 Tilt Mode and Negative Superhumps of Dwarf Novae

The condition of trapping of one-armed tilt mode (m = 1 and n = 1) is given by
equation (7.23). We consider again the case where the secondary star has a circular
orbit around the primary star with separation distance a. The vertical epicyclic
frequency, §2, is then given by equation (2.25) in Chap. 2, and we have

3 3
2-92=-7492 (2) . (1.37)

Then, considering that the frequency of trapped oscillations is low, i.e., |o| <K £2,
and §2 and « are close, we see that the integrand of equation (7.23) is written as

2 1/2 1/2
f|:(—w+9—x)(—w+9—9l)i| = ;[(Q—Ql)gm—(:z—m)z}

1/2 3 3q1/2
_3,(6m/p) [(2) _(5) } I (7.38)
2 Cs a a a

where £2 — k = —(§2 — £21) has been used.

N
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Tilt Mode
q =101

0 0.01 0.02 0.03

cs A\GM/a)!?

Fig. 7.11 The radius of turning point, roy (the outer capture radius), as functions of disk
temperature. In typical dwarf novae disks, ¢, normalized by orbital velocity, (GM/a)'/?, is around
0.02.

Using this expression for the integrand of equation (7.23), from the trapping
condition (7.23) we can derive ri,/a as functions of roy/a, c2/(GM/a)'/?, and ¢,
like in the case of one-armed precession mode. The radius, oy, is the place where
the tilt mode is trapped, i.e., the radius where v = §2 — §2, (see Fig.6.5). If we
take, for simplicity, the inner edge of disk, rj,, to be zero, i.e., ri, = 0, the trapping
condition is a relation among 7oy /a, ¢, and ¢,/ (GM /a)'/?.

The relation is shown in Fig. 7.11 as a relation between roy/a and ¢,/ (GM/a)'/?
with a parameter g. It is noted that because the frequency of the trapped oscillations
is given by o = (£2 — £2 )our, We have

o 3 q Tout 32 (7.39)
-Qorb B 4 (1 + Q)l/z a ' .

It should be noted that if r,, derived from the trapping condition (7.23) becomes
larger than the disk radius, rp, it means that the result is inconsistent with the outer
boundary adopted in calculations. A relevant outer boundary condition is then a free
surface, which will be close to df,/dr ~ 0.

Another issue to be addressed is whether the tilt mode is really excited on disks.
This issue will be discussed in Chaps. 11 and 12.

Finally, it is important to remember that in the case of tilt modes, their
propagation region is rather wide. In some cases it will extend from the inner edge of
the disks to the outer edge of the disk (cf., Fig. 6.5). In such cases, the assumption
that the radial wavelength of perturbations is shorter than the characteristic radial
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lengths of disk structure may be irrelevant. That is, the effects of radial variations of
dinpgyy/dInr, dinH /dinr and others should be taken into account in wave equation
to obtain more reliable results. This can be made by solving equation (5.28), which
will be a subject in the near future.
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Chapter 8
Two Examples of Further Studies on Trapped
Oscillations and Application

Abstract In Chaps. 6 and 7 effects of magnetic fields on oscillations are neglected.
In real disks, however, global toroidal magnetic fields will present, because the
magnetic fields generated by magneto-rotational instability (MRI) will be generally
stretched in the azimuthal direction by the shear of differential rotation. In Sect. 8.1,
we examine effects of toroidal magnetic fields on c-mode oscillations. The purpose
is to know whether toroidal magnetic fields affect the interpretation that kHz QPOs
comes from the c-mode oscillations.

In Chaps.6 and 7 we had neglected the effects of radial variations of disk
thickness, disk density and others on oscillations. This was allowed as the first
step, since we are mainly interested in trapped oscillations and their trapped regions
are not wide. In some important cases, however, the propagation regions of such
oscillations as one-armed precession modes and tilt modes are as wide as the whole
disk size. Hence, it will be necessary to relax the above approximations to study,
for example, precession of the V/R variations in Be stars (see Chap. 1). This issue is
discussed in Sect. 8.2.

The main parts in this chapter are special and technical. In particular, Sect. 8.2
treats a special issue. Thus, the readers who are not interested in mathematical
procedures can skip this chapter, except for Sect. 8.1.3.

Keywords Disk thickness ¢ Global oscillations ¢ Toroidal magnetic fields e
c-modes oscillations ¢ V/R variations

8.1 Trapped c- and Vertical p-Mode Oscillations in Disks
with Toroidal Magnetic Fields

We consider vertically isothermal disks with axisymmetric toroidal magnetic fields.
The fields are assumed to be purely toroidal with no poloidal component;

By(r,z) = [0, By(r,z),0]. 8.1)

The fields are further assumed to be distributed so that the Alfvén velocity, ca,
defined by (B2/4mpo)'/? is constant in the vertical direction. Then, as mentioned in

© Springer Japan 2016 117
S. Kato, Oscillations of Disks, Astrophysics and Space Science Library 437,
DOI 10.1007/978-4-431-56208-5_8
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Chap. 4, the hydrostatic balance in the vertical direction leads to

2

2
po(r,z) = Poo(")eXP( - #) and By(r,z) = Boo(r)eXP( - 4—) (8.2)

where the scale height, H, is related to cs, ca, and 2 by

c2+ck/2

H(r) =
2L

, (8.3)

and the ratio between cs and cy is an arbitrary constant.

On such disks small-amplitude MHD perturbations are superposed. The velocity
perturbation over rotation is denoted by (u,, uy, u;), and the perturbed part of the
magnetic field over the unperturbed one by (b,, by, b;). Then, the r-, ¢-, and z-
components of the equation of motion are written as equations (A.43), (A.44),
and (A.45), respectively. Similarly, the r-, ¢-, and z-components of the induction
equation give, respectively, equations (A.46), (A.47), and (A.48). Furthermore, the
equation of continuity is written as equation (A.42).

Here, the azimuthal and time dependences of the perturbed quantities are taken
to be proportional to exp[i(wt — mg)], where w and m are frequency and azimuthal
wavenumber of the perturbations, respectively. The perturbations are assumed to be
local in the sense that their characteristic radial wavelength, A, is shorter than the
characteristic radial scale of disks, Ap,i.e., A < Ap, where Ap, is on the order of r. By
using this approximation, we neglect such quantities as dlnpgy/dlInr, dinBgy/dInr,
and dInH /dlnr, compared with terms of the order of r/A, but the radial variation
of £2 is retained to be taken into account. Then, the r-, ¢-, and z-components of
equation of motion, equations (A.43), (A.44) and (A.45), are reduced to

h 3 (b
idu, —2Qu, = —a—rl - C/Z*E(B_z)’ (8.4)
K2
ia~)u¢ + Eur = O, (85)

- 3 Az (0 2\ (Db m , (b,
o, = —— + A Y- (= - ) (22) =22 (=), 8.6
U (8z+2c§H2) ! CA(@Z Hz)(Bo) lrcA(Bo) (8.6)

where @ = @ — m$2, and hy defined by hy = pi/py = cpi/po has been
introduced instead of p;. Similarly, the r-, ¢-, and z-components of induction
equation, equations (A.46), (A.47) and (A.48), are reduced to

i = —i—ur, 8.7)

ol 42 h %_(3 _ L)MZ, (8.8)
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.. b, .m 8.9)
w— = —1l—U,. .
B() r <

Finally, the equation of continuity, equation (A.42), is reduced to

on = -2 2 (L2 (8.10)
ioh) = —c; 5 % u |. .

Now, we further simplify equations (8.6) and (8.8). The last term of equa-
tion (8.6), —i(m/r)c%(b./By), can be expressed in terms of u, by using equa-
tion (8.9). The result shows that the term of —i(m/r)c3 (b./By) is smaller than
the left-hand term, i@u,, of equation (8.6) by a factor of ¢ /(r§2)*. Considering
this, we neglect the last term on the right-hand side of equation (8.6). Next, we
consider equation (8.8). The first term on the right-hand side, r(d$2/dr)(b,/Bo), is
smaller than the second term, —du, /dr, by a factor of A /r, which can be shown by
expressing b, in terms of u, by using equation (8.7). Hence, we neglect the term in
the following analyses.

After introducing the above approximations into equations (8.6) and (8.8), we
multiply i& to equation (8.6) in order to express s and b,/Bj in equation (8.6)
in terms of u, and u, by using equation (8.10) and (8.8). Then, after changing
independent variables from (r, z) to (r, ), where 7 is defined by n = z/H, we
have

N It o5 P B (L S Ve B LV .
— —N—+——--H|u —— =0. .
o T T axa ST T e a e

This is the basic wave equation to be solved in this section (Kato 2011).

Let us compare this equation with wave equations used in Chaps.6 and 7.
First, if u, is neglected, the oscillations are purely vertical and equation (8.11)
becomes equation (4.32) as expected. Second, if magnetic fields are neglected,
equation (8.11) becomes

2 ) - ou
O L T e m T ), 12
[anz m T e }“ZJ“ onar - ° (8.12)

S
This equation is identical with equations used in Chap.6 for classification of
oscillations, as shown below.

In the case of no magnetic fields, the z-component of equation of motion is
iou, = —dh; /9z. Hence, equation (8.12) can be written in the form:

1.2
— =+ ———LH
on? 77877 c?

on Y anar

2 "‘2_92 2
[ 0 0 w :|3/’l1 _ '~H2 0 U, (8.13)

Eliminating u,, from the r- and ¢-components of equation of motion, we have (&> —
k?)u, = i@dhy/dr. Substitution of this equation into equation (8.13) to eliminate u,
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gives us an equation of 4;, which is

P 0 @2 N 06 ()
o~ oy 2 o ) T s\ —ea )\ oy ) T
(8.14)

If we write h;(r, n) in a separable form: i (r,n) = g(n)f(r), and consider that
[d?/dn* — nd/dn + (n— 1)](dg/dn) = 0, we have

~ ~2 2
~d[—w d}f+—w " (8.15)

a)— — —_—
dr| &% —«?dr c?

This is the wave equation considered in Chap. 6 (see equation (6.1)).

8.1.1 Derivation of Wave Equation Describing Radial Behavior

We are interested here in c-mode (n = 1) and vertical p-mode (n > 2) oscillations
in the presence of toroidal magnetic fields. In these oscillations, motions are nearly
vertical. In this sense, we introduce here an approximation that the main terms in
equation (8.11) are those of the first brackets and the terms of the second ones are
small perturbed quantities.! Although the terms of the second brackets are small,
they are of importance to determine the wave trapping in the radial direction, as
shown below.

First, we should notice that the third term on the first large bracket in equa-
tion (8.11) is a function of r, but its radial change in the trapped region is not
large because the trapped region is generally narrow as the final results show.
Hence, its weak r-dependence is regarded as a small perturbed quantity when we
solve equation (8.11) by a perturbation method. To do so we introduce a small
dimensionless quantity €(r) defined by

~2 2 ~2 2
w-— 2 w-— 52

- ;H2=[ ;HZ} + e(r), (8.16)
cg tCy g+ c

where the subscript ¢ represents the value at capture radius (trapped radius), r..> The
capture radius, r, is the radius where €(r) vanishes there and represents the outer
boundary of the propagation region of oscillations, as will be shown later. Inside

'In nearly vertical oscillations, the vertical component of equation motion gives approximately
u, ~ hy/cs (e.g., see equation (8.6) in the limit of ¢, = 0). Furthermore, the radial component
of equation of motion (equation (8.4)) gives u, ~ (1/£21)h;. Combining these two relations, we
have u, ~ (H/A)u,, i.e., u, is smaller than u, by a factor of H/A. Hence, the terms of the second
brackets of equation (8.11) is smaller than the terms of the first brackets by a factor of (H/1)?.

2In Chap. 7, oy Was used to denote r.. Both of them have the same meanings.
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the radius r., €(r) is a small positive quantity depending on r. The magnitude of
€(r) can be found from equation (8.16) when r. and w are determined later by an
eigenvalue problem in the radial direction.

By introducing small dimensionless quantity €, we can write equation (8.11) in
the lowest order of approximations with respect to € as

~2

d @? — 22
(0) (0) L2 ) —
n H — 0, 8.17
on? "z "anuz [ 2+ luz ( )

where the superscript (0) is attached to u, in order to emphasize that it is the quantity
of the lowest order of approximations. By imposing the boundary condition that uio)
does not grow exponentially at z = Fo0, we find that the z-dependence of uéo) can
be expressed by a Hermite polynomial, 7%, (n), and the term in the large brackets in

equation (8.17) is determined as the eigenvalue (see Chap. 4). That is, we have

u® = £.(ng" (). (8.18)
where
g0 = Hi(n). n=123... (8.19)
and
[ai_—fzzin} —n—1. (8.20)
cs + ¢y c

Here, it is noted that the eigenfunction is taken to be .7%,_, not .7%,. The reason is
that in many previous studies 4 is adopted as the dependent variable (not u,) and the
z-dependence of £, is taken to be proportional to .77, where n is the node number of
h; in the vertical direction. In this case u, is proportional to 7%,—; () and the node
number of u, in the vertical direction is smaller than that of /; by unity. As shown
in equation (8.18), in the lowest order of approximations, u§°) (r,n) is expressed in a
separable form with respect to r and 5. The r-dependence of uio) is free at this stage,
which is denoted by f;(r) in equation (8.18). It will be determined later by solving
an eigenvalue problem in the radial direction.

Equation (8.20) can be rewritten in the form

w —m2\? 2+ :|
== n—1)+1. (8.21)
( 21 )C [C§+Ci/2 c( )
In the limit of ci = 0, this equation is reduced to cbcz = n.Qf_c, which is

the expected result (see Chap. 4). The local dispersion relation in non-magnetized
isothermal disks shows that the propagation region of c-mode and vertical p-mode
oscillations is described by &> > n.Qi This means that for oscillations with w,
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one of their propagation region is @ < m$2 — n'/?§2, . That is, the outer boundary
of this propagation region on the @ — r plane is given by o = m2 — n'/?$2, .
Equation (8.21) suggests that in the present magnetized disks, the outer boundary of
the propagation region is given by

A +e 1/2
w = m.Q—|:—A( —1)+ 1} Q1. (8.22)
A/2

Now, we proceed to take into account the deviation of the oscillations from purely
vertical ones by a perturbation method. We see soon that separation of u, into two
functions of r and 7 is no longer valid. Hence, we consider the effects of small
perturbed quantities by introducing a weak r-dependence in g. That is, u; is now
written as

w(r,m) = £(N[gP () + & (rom) + ... (8.23)

Then, from equation (8.11), using equations (8.16) and (8.20) we obtain, as an
equation describing fzg(l)

02 9 d cz/2 u®

— _p— — (1) _ Oy gl — — _=A "

240 (g =g =1 a0 = =€)~ - 2 [
(8.24)

) .

where u; is the lowest order expression for u,(r, n).

The next subject is to solve equation (8.24). To do so, ul”

is expressed in terms

of u(o)[ fz(r)gzo) (n)]. First, eliminating u,, from equations (8.4) and (8.5), we have
y ah(O) 9 b(O)
(—% + Kz)u£0) = la)|: PP + Ci; (BL;))} (8.25)

In the lowest order of approximations, the term of du,/dr on the right-hand side
of equation (8.10) can be neglected in evaluating /;, compared with the term
of (9/3z — z/H?*)u,. Hence, by using equation (8.10) we can express 8h§0)/8r on
the right-hand side of equation (8.25) directly by u,. Furthermore, the main term
on the right-hand side of equation (8.8) is the term with uio) . Hence, by using
equation (8.8) the term of a(b;?’ /B)/dr on the right-hand side of equation (8.25) can
be also expressed in terms of u( . Consequently, in the lowest order approximations
of nearly vertical oscillations, u( ) can be expressed in terms of uio) alone from
equation (8.25). After some manipulations we have finally

9 J 1
u® _g(a_n ,7) <0)+gA(a_Z_§,7) o (8.26)
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where .Z; and %), are operators defined by

Q/H [  diné
A 2 27
< -2 + k2 [8r dr :| (8.27)

and

Ly = (8.28)

A/H [ dind
-2 + k2| Or dr |

Now, we return to equation (8.24). The equation is an inhomogeneous equation
with respect to gil) (r,n):

2L =) = )
3,72 an z ’ z

(- B2 (L)oo £
n 2 s\Uz

d_r}_c§+ci f. dr

d /2 d 1Y\ «, Hd
N5 l--3 —Z Z(f). (829
(dn c§+ci)(dn 2")& ()7 2 Zalo)- (8:29)

As is done in a standard perturbation method and also in Chaps.4 and 5, gﬁl) (r,n)
is now expressed in a series of orthogonal functions of the zeroth order equation as

gl (rm) = cn(n (). (8.30)

m

The solvability condition of equation (8.29) is obtained by using the orthogonality
of the Hermite polynomials, and is written as

ﬁ(%il(m}e(r)

d d 1 d
Ho LA | = = 5525 ) - —n ) -
o (fz)< ‘(dn 26§+Ci)(dn ") 1>

d d 1 & d 1
H—% A ——=-—24 — —n)#_ ) =0, 831
st (§ =5t (G —31) ) o e

where (A(n)B(n)) is the integration of A(n)B(n) with respect to 7 in the range of
(—00, 00) with a weighting function exp(—7%/2).

This solvability condition leads to an ordinary differential equation of f,(r), when
the integration with respect to 1 is performed. After some manipulation we can write
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the results in the form:

dr 1)

where

1 A n?+Aaj2
22+ 2+A/20

A=n (8.33)

In the previous studies (Chap. 4) on nearly vertical oscillations in non-magnetized
disks, we have adopted i (not u;) as a dependent variable. To compare our present
results with those in the previous ones, we introduce here a new variable f defined
byf = f./@.> Then, equation (8.32) is reduced to (Kato 2011)

1d[ & df € -
-4 4 =0, 8.34
& dr |:c52 — K2 dri| A.QJZ_HZf (839

where €(r) is written explicitly by using equations (8.16) and (8.20) as

?— 23
€er)=———=H —(n—1). 8.35
(r) ara (n—1) (8.35)
Equation (8.34) is a wave equation describing the radial behavior of c-mode and
vertical p-mode oscillations in disks with toroidall magnetic fields. In the limit of
ci = 0, equation (8.34) becomes formally the same as that used in Chap. 6.

8.1.2 Radial Eigenvalue Problems

We solve equation (8.34) as an eigenvalue problem to examine where the oscil-
lations are trapped and how much the eigenfrequency of the trapped oscillations
depends on strength of toroidal magnetic fields. As we did in Chap. 7, we introduce
a new independent variable, t(r), defined by

ro 200N 20,
0= / %d”’ e = (), (8.36)

in

31n the lowest order of approximations, the equation of continuity gives i@h; + (c2/H)(3/dn —
nu, = 0. If u, is taken to be proportional to 74,—;(n), i.e., u;, = f.(r)#,—1(n), the above
continuity relation shows that &; has a component proportional to .7, (n), i.e., hy = f,(r)7,(n)
and .f(r) and £, (r) is related by i@f;, = (c2/H)f,.
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where t = 0 at the inner edge of disks and t = ¢, at the capture radius r.. It is
noted that @ is negative in the inner trapped region of c-mode and vertical p-mode
oscillations. Equation (8.34) is written in the form:

d*f

i of =0, (8.37)

where

@2 €

O(r) = mm (8.38)

and €(r) is given by equation (8.35). It is noted that the dependent variable is
changed from f; to f. Equations (8.37) and (8.38) show that the propagation region
of oscillations is the region where Q > 0, which is the region of € > 0.

We solved equation (8.37) by a standard WKB method with relevant boundary
conditions. The outer edge of the propagation region is a turning point where Q
vanishes, and as the inner boundary condition, we adopt f = 0 (see Sect. 7.1). Then,
the trapping condition is (see Chap. 7)

7o 3
/ 0'2dx Z(Z + nr)n, (8.39)
0

where n,(= 0,1, 2,...) is zero or a positive integer specifying the node number of
f in the radial direction. If independent variable is returned to r from t, the above
trapping condition is written as

re (032 _ K2)1/2 e\ V2 3
= dr=|= E 2 8.40
. . 2 r 1 +n, | ( )
In the limit of ¢ = 0, equation (8.40) is reduced to
e (02 — k232 — n2 )12 3
@ O ) T (3, 8.41)
os(nQ)12 4

This equation should be compared with equation (7.16). In the limit of c4 = 0,
an equation corresponding to equation (8.41) has been derived without using the
approximation of € < 1, which is equation (7.16). Comparison of equations (8.41)
and (7.16) shows that the present approximation of €(r) < 1 corresponds to partially
regarding @” as n.QJz_ The validity of the approximation of € < 1 can be checked by
calculating the value of € after the final results are obtained. The calculation shows
that this approximation is acceptable as the first approximation (see figure 9 of Kato
2012b).

For a given set of parameters, including spin parameter, as, and mass of
neutron stars, M, any solution of equation (8.40) specifies r., which gives w of the



126 8 Two Examples of Further Studies on Trapped Oscillations and Application

trapped oscillation through equation (8.21). In other words, w and r. are related
by equation (8.21), i.e., o = w(r.) or r. = r.(w), and the trapping condition

determines 7. or w as functions of such parameters as cé, ci, asx and M.

8.1.3 Comparison of c-Mode Oscillations with KHz QPOs

To obtain numerical values of the frequency, w, and the capture radius, r., of trapped
oscillations, we need to specify the radial distribution of acoustic speed, cs(r), and
strength of magnetic fields, ci (r). In addition, the mass of the central star, M, and
its spin, a, are needed. As dimensionless parameters specifying these quantities,
we adopt ¢s/cso = B, ci / cg, M /Mg, and ax. Here, c4(r) is a reference distribution
of acoustic speed in disks, which is given by equation (7.24).

We particularly consider two-armed (m = 2) c-mode (n = 1) oscillations. The
inner boundary of oscillations is taken at the radius of k = 0, i.e., at rigco (the
radius of the marginally stable circular orbit), and u, = 0 (i.e.,f = 0) is adopted
there. We had calculated the cases where du,/dr = 0 at the radius. We find that the
differences of these boundary conditions bring about small quantitative differences
in results, but there is no essential difference in parameter dependences of results.

In Sect.7.3 we have presented a picture that two-armed (m = 2) c-mode
(n = 1) oscillations of the two fundamental modes (n, = 0 and n, = 1) in
the radial direction are the upper and lower kHz QPOs, respectively. Our purpose
here is to examine whether this picture is affected if toroidal magnetic fields are
present. Kato (2012b) extended this examination to cases where disks with toroidal
magnetic fields have finite thickness in the vertical direction. Including this latter
case, we summarize here comparison of calculated frequency correlations between
two modes (n, = 0 and n, = 1) and observed correlations of twin kHz QPOs.

First, we focus our attention to disks with M = 1.4 M and a« = 0, and consider
the case where the disk is non-terminated isothermal one (s = o0). In this case we
find that the calculated correlation curve is almost universal in the sense that for a
moderate set of B = ¢2/(c?)o and ¢} /c2, the calculated correlation curve is almost
a part of a unique curve. To demonstrate this, let us first consider the case where
is fixed at B = 3.0 and 3 /c? is changed from O to 64, which is shown in Fig. 8.1.
When ci /c2 = 0, the point representing the set of frequencies of the n, = 0 and
n, = 1 oscillations on the frequency-frequency diagram is the right-end point of
the curve in Fig. 8.1. In the another limit of ci /c2 = 64, the point is the left-end
of the curve. As the value of ci /c2 changes from 0 to 64, the point on the diagram
moves along the curve from the right-end to the left-end. As in the cases in Chap.7
(no magnetic field), observational data of kHz QPOs of some typical sources are
plotted, using a part of the figure of Abramowicz (2005). Next, let us consider the
case where § = 10.0 and ci/cf is changed from 0 to 64, which is shown in Fig. 8.2.
Comparison of Figs. 8.1 and 8.2 shows that an increase of § under keeping other
parameter values unchanged decreases frequencies of both n, = 0 and n, = 1
oscillations. Hence, in the case of Fig. 8.2, the correlation curve on the frequency-
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Fig. 8.1 Diagram comparing the calculated frequency-frequency correlation curve with the
observed frequency-frequency plots of twin kHz QPOs of some typical NS LMXBs. The plots of
observational data are a part of the figure of Abramowicz (2005). Adopted parameters specifying
disk structure are 7, = oo and B = c¢2/(c2)o = 3.0. The value of ¢3/c? is changed from
ci /c2 = 0 to 64.0, and the left and right ends of the correlation curve are for ci /2 = 64.0
and 0, respectively (After Kato 2012a, PASJ ©).
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Fig. 8.2 The same as Fig. 8.1, except for = 10.0 (After Kato 2012a, PASJ ©).

frequency diagram move leftwards compared with the case of Fig.8.1. In the part
overlapping, however, the curves in Figs. 8.1 and 8.2 are almost the same.

Next, let us consider the case where % /c? is fixed and B is changed in the range
of B = 1.0 ~ 10.0, which is shown in Fig. 8.3 for ¢4 /c? = 4.0 and in Fig. 8.4 for
cx/c? = 16.0. In both figures, the left-end points of the curves are for § = 10.0.
This is because if the value of § increases under keeping other parameter values
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Fig. 8.3 The same as

Figs. 8.1 and 8.2, except that
ck/c2is fixed at 3 /¢ = 4.0
and S is change in the range
of B =1.0to f = 10.0. The
right-upper end-point of the
correlation curve is for

B = 1.0, and the left-lower
end-point of the curve is for
B = 10.0 (After Kato 2012a,
PASJ ©).

Fig. 8.4 The same as
Fig. 8.3, except that ¢3 /2 is
fixed at ¢4 /2 = 16.0 (After
Kato 2012a, PASJ ©).
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unchanged, the frequency of both oscillations decrease. As f decreases, the point
representing the set of the frequencies moves along the correlation curve and reaches
at the right-upper end of the curve when 8 = 1.0. In the case of ¢3/c? = 16.0,
frequencies of both oscillations are low compared with those in the case of ¢3 /c? =
4.0, if other parameters are fixed. Hence, in Fig. 8.4 the calculated correlation curve
shifts to the left-lower direction compared with the case of ¢%/c? = 4.0. In the
region where frequencies are overlapped, however, the correlation curve is almost
the same as that in Fig. 8.3. That is, as mentioned before, the correlation curve is
almost unique. Of course, if the mass of the central source is different from M =
1.4 Mg the correlation curve on the frequency-frequency diagram is not overlapped

(see below).
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Fig. 8.5 The same as Fig. 8.3, except that the disk is vertically trancated with n; = 1.5 (After

Kato 2012a, PASJ ©).
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Fig. 8.6 The same as Fig. 8.5 except for ¢4 /c2 = 16.0 (After Kato 2012a, PASJ ©).

Here, we consider the case where the disks are terminated in the vertical
direction. To demonstrate rather extreme cases, we adopt 7, = 1.5. The correlation
curve is calculated by changing the value of ¢2/(c?)o from 0 to 10.0, fixing the
value of ¢} /c2. The case where ¢3 /c? = 4.0 is shown in Fig. 8.5, and the case of
cx/c? = 16.0 is in Fig. 8.6. The results show that decrease of the disk thickness
brings about no essential characteristic changes on the correlation curves.
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Fig. 8.8 Same as Fig. 8.7, except that the mass of the central source is 1.8 M (After Kato 2012a,
PASJ ©).

Next, we show effects of mass and spin of the central source on the correlation
curve. Figure 8.7 is for three cases of ax = 0, 0.2, and 0.4 with M = 1.4 M.
Non-terminated disks with 8 = 3.0 are adopted and ci /c? is changed in the range
of ¢} /c2 = 0-64. Figure 8.8 is the same as Fig.8.7 except that M = 1.8 Mg is
adopted. As is easily understood, an increase of spin of the central source increases
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the frequencies of both the n, = 0 and n, = 1 oscillations, but the increase in the
n, = 0 oscillation is larger compared with that of the n, = 1, since the former is
more concentrated in the inner region of disks. Hence, the correlation curve shifts
in the right-upper direction on the frequency-frequency diagram as a, increases,
as is shown in Figs. 8.7 and 8.8. An increase of mass of the central source shifts
the correlation curve in the left-lower direction on the diagram, as is also easily
understood from the fact that mass increase decreases the frequencies of oscillations.
Comparison of Fig. 8.7 with Fig. 8.8 shows, for example, that if the masses of typical
LMXBs presented in figures are 1.4 M, their spin will be around a+ ~ 0 and at
most a, < 0.2. If their masses are 1.8 M, their spin is larger and 0.2 < a, < 0.4.

8.2 Extremely Low-Frequency Global Oscillations
and Application to Be-Star Disks

In Chaps. 6 and 7, we have examined disk oscillations, neglecting radial variations
of H(r), poo(r), and others. This is allowed as the first approximation, because the
trapped region of oscillations is narrow in many cases. As was shown in Chap. 6,
however, the trapped region of the tilt mode is rather wide in the radial direction.
Furthermore, observations of Be stars frequently show the so-called V/R variation
in emission line spectra with period of a few to a few ten years, as described in
Chap. 1. These V/R variations are considered to be due to global low-frequency
oscillations (one-armed p-mode oscillations, i.e., m = 1 and n = 0, or in other
words, one-armed precession modes) in Keplerian disks surrounding Be stars (Kato
1983; Okazaki 1991).

Effects of radial change of disk thickness, H, on disk oscillations were already
examined in Chap.5 by regarding dInH/dlnr as the first-order small perturbed
quantities. In these treatments, effects of radial variations of unperturbed disk
quantities such as dlnpgo/dInr on disk oscillations have been taken into account.
Examination of disk oscillations by using such wave equations have been made by
Okazaki (1991) in the case of one-armed oscillations in order to study the V/R
variations of Be stars.

His results show that discrete low-frequency oscillation modes are possible
only when the disks have a definite outer boundary, and further that the resulting
oscillations are retrograde. These results are, however, not always compatible
with observations, since many Be stars are single stars (not binary systems)
and thus the disks have no definite outer boundaries (no tidal truncation), and
further many observations suggest that one-armed precession waves in many Be
stars are prograde, as mentioned in Sect. 1.5.2. This discord between observations
and calculations of precession waves will suggest that somethings are missed in
theoretical considerations of oscillations. Hence, many attempts have been made



132 8 Two Examples of Further Studies on Trapped Oscillations and Application

to obtain trapped prograde precession modes in non-truncated Be disks. That
is, Papaloizou et al. (1992), Papaloizou and Heemskerk (1993), and Savonije
and Heemskerk (1993) considered the effects of the quadrupole gravitational
potential associated with the rotational deformation of the star. Papaloizou and
Savonije (2006) considered the effects of inner boundary condition. Ogilvie (2008)
emphasized the importance of 3D behaviors of oscillations. That is, he pointed out
the importance of taking into account the quantities of the order of (dlnH /dlnr)?.
The purpose of this section is, as Ogilvie (2008) did, to proceed to the second order
approximation with respect to a small expansion parameter dInH /dlnr.

In the following formulations, we use u, (not /) as the dependent variable, since
in studies of global disk oscillations in Be stars, u, are often used instead of &, as
the dependent variable.* In Sect. 5.3 we have derived a wave equation with respect
to u, till the first order of dInH/dInr for wave modes of arbitrary m and n. What
we need here, however, is a wave equation including terms till the second order of
dInH /dlnr. Derivation of such equations are generally very complicated. Hence, we
restrict our attention in this section only to the oscillations of m = 1 and n = 0,
since we are now interested in the V /R variations of Be stars.

8.2.1 Basic Equations and Separation of Variables

We start from the basic equations described in Chap. 3, but here @ is approximated
as —£2 except when it appears in the form of (@> — «?), since in the present
case m = 1, w < £2, and thus @ ~ —£2. In the term of (®> — «?), however,
this approximation cannot be applied, because (&> — «?) is a small quantity. The
basic equations describing linear perturbations, equations (3.48) and (3.49), are then
reduced, respectively, to

@* —K?

10 .
r_zg(rzhl) = i, (8.42)

92 z 0 £2? 9 d. {pwo 22 dinH
& 2 Y i Ly S P L 2T, (843
(8z2 H? az+ cg) ! l |:8r+dr n(r.Q)_'_H2 dr :|u (843)

In the above equations the independent variables are (r, z), not (r, 7).

4The wave equation expressed in terms of /; is simpler than that expressed in terms of u,, e.g.,
compare equations (5.28) and (5.35). See also that the basic wave equation (3.50) has been
expressed by h;. In spite of this, we use here u, as the dependent variable to represent wave
motions.
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Our purpose here is to derive a wave equation expressed in terms of u, from the
above two equations. Equation (8.43) is multiplied by r?H? and partial derivative
with respect to r is taken. Then, using equation (8.42) we have

R P R NG}
i — — I U+ ——
2 02 ‘oz dr 92
0 a d. {po 7> dinH
= —i—|FPQH? S 2) 2 o 8.4
lrzarl: or + dr n r§2 + H? dr " ( )

The independent variables (7, z) are now changed to (r, n). Then, considering that
d/dr and d/dz are changed, respectively, to d/dr—n(dInH /dr)d/dn and (1/H)d/n,
we can arrange equation (8.44) in the form:

02 ad 41 2i £ dnH h
on? on @?* — k% dinr 0n?

1 C? ) ad d ad d P00
-5 2 S )( L+ L
r2 @2 — k2 [r (3r+dr n(r ))(ar dr r.Q)
dinH d 0 d £00
2 I\ (2 4 LpP2),,
+d1nr r( nan)(3r+dr nr.Q)u
LdnH (L) ( | 4 dng
— —_— r r r
amr \ oy dinr

dinH s d d

(o) (P gy o
Here and hereafter, dlnH/dlnr is assumed to be constant. Equation (8.45) is
practically an equation for u,, but partially /; retains as is shown on the right-hand
side. To remove h; from this equation we must use again equation (8.42). Then, the
order of the derivative with respect to r increases. For the purpose of the present
analyses, however, it is unnecessary to proceed to such direction, since the term
with 4 in equation (8.45) is found later to contribute to results only in the order of
(dnH /dlnr)>.

Now, u, and h; are separated as

Mr(rs ’7) :f(”)g(’ls V) and hl(rs ’7) :fh(r)gh(ns V), (846)

where the r-dependences of g and g, are assumed to be weak. In these separation
subscript 4 is attached to f and g for h;, but no subscript to f and g for u,.> By

SIn Chaps. 5, 6, 7, and Sect.8.1, we have used f(r) in the case where hy(r,7) is separated as
hy(r,n) = f(r)g(n, r). In this section, however, we use f(r) when u,(r, ) is separated, and fj, is
used when h; (r, n) is separated, without confusion.



134 8 Two Examples of Further Studies on Trapped Oscillations and Application
dividing equation (8.45) by fg, we have

1 82 d 2i 2 dinH 32ghfh
(-5 —n—+1)g-
g \ on? on @2 —k2 dinr n? fg

_ 1 Cg }’2 0 d d £00
e o) (5 + s )
dinH r 0 0 d . poo
+dlnrf_g(2_n8_r))(8 +dr r§2 )(f)
dnH 1 ( , d din$2
+dlnrf_g(n —Ua—n)(—(f) f)

+dlnH S Y 54)
dlnr T an? n&n 1 on £ '

This equation can be separated as

1[0 0 2dinH 2 Pgfn 1 2 1
s\ap "o )6 T

rdinr i(@2—k2) P gf | P@d2—«2g

1 ¢cs dnH 1dg 1 0 d . poo ag
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1 & (dnH\’1( , &
S =5l - - —lg=K 8.48
+r2a~)2—/<2(dlnr) g(’l an? (° + 1) )g (r) (8.48)

and

1 C% }’2 d d d d £00
1+ 5= (L4 S ) (= + Sin2
+r2c52—/c2|:f (dr+drn( ))(dr dr r.Q)f

dnH_ 1/(d d . poo
(L 4+ 4 - —K(r), 8.49
* dinr rf(dr o )f} ") (849)

where B(r, n) is defined by

B(r,n) =r g—gfl[ i + —ln(rpoo)}f +r—= (8.50)

and K(r) is a separation constant. In the limit of dlnH /dlnr = 0, K is obviously a

constant. We consider cases where dInH /dlInr is a small expansion parameter in a
perturbation method. Then, K depends weakly on r.
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8.2.2 Solution Until the Order of (dinH /dInr)!

The initial part of this subsection is a repetition of Sect.5.2.2 in the special case of
m=1landn =0.

Equation (8.48) is solved by perturbation method by taking dInH/dlnr to be a
small expansion parameter. That is, g(7, r) and K are expanded as

g.r) =g + ¢V r) + P00 + ... (8.51)

and
Kr) =K + KV +KP@) + ..., (8.52)
where the superscript (0), (1), and (2) show the order of expansion when g and
K are expanded in terms of dinH/dInr. Then, in the zeroth order with respect to

dInH /dlnr, equation (8.48) is

£2g0  dg®
dn? 1 dn

—K©9 =9, (8.53)

where 9g© /9r = 9%¢®/9r> = 0 have been used. Since we are interested here in
one-armed p-mode oscillations, we adopt

§Om =4 =1, and KO =0. (8.54)

Next, we proceed to the order of dinH /dlnr. From equation (8.48), as the first
order equation, we have

FEMON O
-1
on? on

L& [pu, dnH1l( d  dwg
dinr f

2 ,(0) K(l) (0)' 8.55
"o T dinr )f”g }r g7 (33

T T Ra -«
In deriving equation (8.55), dg'® /dr = 0 and dg®¥’/dn = 0 have been used, since
g9 =24 =1
The first order expression for g, i.e., g(! is generally written in the form:

dinH

M _
g (dlnr

) PCUCEADE (8.56)
m#0

Here, a,(,,1 ) (except for a(()l)) is determined from equation (8.55) as will be shown

(1)
0

later. The value of a(()l) is, however, undetermined, i.e., a, ~ is arbitrary. As usually
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done in perturbation method, we adopt ag)l) = 0, since the term has the same 7-
dependence as the zeroth-order solution and thus we can include it in the zeroth-
order solution. Then, the solvability condition of equation (8.55) that the right-hand
side of equation (8.55) has no component proportional to g© is written as

1 $H? dnH d

KWp— 77 =~ 7
g r2 @2 — k2 dlnr dr

(r$2f). (8.57)
It should be noted that the term B) in equation (8.55) has no contribution to the

above solvability condition, since a(()l) = 0 has been adopted.

In order to derive a wave equation describing radial behavior of the oscillations,
K(r) on the right-hand side of equation (8.49) is written as K = K@ 4+ KD = k()
Then, we have, from equation (8.49),

2
c; d d d d _ poo
— =+ —-In("’0 — + —In—
f+a~)2—lc2|:(dr+drn( ))(dr+drnr.Q !

dnH1( d d_p
din _(3 +_]n@)fi|20. (8.58)

dinr r\"dr ' dr rQ

This equation can be arranged in the form:

&f d Ldf @ — k2

U | HHL

dr? + dr n(rpoo )dr + c2 !

N dlnr? 2 dln o d? (P2 4 dinH d n 0% F=0. 8.59
dr dr \r2 dr2  \ rf2 dinr rdr- \ r2 o '

This is a wave equation describing radial behavior of oscillations in the case where
the terms till the order of dInH /dlnr are taken into account.

Equation (8.59) is identical with the wave equation derived by Okazaki (1991)
under the approximation that u, is independent of n and u, & 7. It is further noticed
that equation (8.59) is a special case of equation (5.35) in the sense that m and n are
restricted here only tom = 1, n = 0, and @ ~ —£2. It is noted that f in the present
section is f, in Chap. 5.6

Next, we consider the coefficients ai,}) (m # 0) in the expansion of g(” (see
equation (8.56)). Multiplying .7 (n) to equation (8.55) and using the orthogonality

%It is noted again that in the present section the subscript u to f is omitted in order to avoid
complexity. f in the present section should not be confused with f when h;(r, 1) is separated as

hi(r,n) = g(n, Nf (r).
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relation of the Hermite polynomials, we have

1 QH* 1d
1 _
2y = 5o
Q2H* [da" 1 (. d d d*a)’
- HE R . (8.60
t= —K2|: & f( n(rpoo))f-i- 0 i| (8.60)

()’

and a;,”’s for other than m = 2 are zero. In equation (8.60) the terms with da(zl) ) /dr

and da2 D /dr? comes from B, Equation (8.60) can be arranged into the following
form:

42 1) 1) ~2

d da 0] —K2 1)
T P S - ) = e, s

This is a second-order differential equation which determines the behavior of agl) .
This equation is unnecessary in studying the first order wave equation for f (i.e.,
equation (8.59)), but becomes necessary when we proceed to the wave equation of
the next order of approximations, as is shown in Sect. 8.2.3.

In the remaining part of this subsection, we examine characteristics of wave
equation (8.59) and show that it is the same as that derived by Okazaki (1991).
For simplicity, we consider the case where the disk thickess, H, varies as H oc r/?
so that ¢; = const. in the radial direction,” and further pgy o ¢ is adopted with a
parameter, «. Then, we can express equation (8.59) in the form:

d* ~

ﬁf +Kf =0, (8.62)
where f and k? are defined, respectively, by

f=rtaely (8.63)

and

(@=-2P-K _ (@=1/2)@+3/2)

K =
c? 472

(8.64)

Okazaki solved equations (8.62), (8.63) and (8.64), assuming that the disk is
terminated at a certain radius, say rp, and imposing the boundary condition that
the Lagrangian variation of pressure vanishes there. He obtained retrograde trapped

7Exactly speaking, equation (8.59) has been derived under the assumption of dinH /dlnr < 1, but
we apply here equation (8.59) to more general cases.
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oscillations. In the cases where the disk extends infinitely without outer boundary,
there is no trapped oscillation.

The above results can be also derived by the WKB method which was often used
in Chaps. 6 and 7. To do so, let us introduce the variable defined by

|
= dr. 8.65
0 = [ —ar (8.69)

in

Then, equation (8.59) can be written in the form:

d2f

-3 + 0(0)f =0, (8.66)
where
92 — k2 dlanQ d Poo
_ P Ko d, (Po
Q = (rpoH") [ 2 + dr dr n r§2
> (po)  dinH d (pf
+ﬁ“‘(m) e Jr“‘(m)] (8.67)

By using the boundary conditions that f = 0 at ty, = t(rjy) and .[= t(r;)] is a
turing point of Q, we have a trapping condition, which is

Tc 3
/ 0'"%dr :(Z + n,)n. (8.68)
Returning the variable from t to r, we can reduce the condition to
re Ql/2 3
/ dr =\ - +n,|m. (8.69)
ra TP0OH? 4

If we adopt again H(r) o r*? and poo(r) o< r~® as Okazaki (1991) did,
equation (8.69) is reduced to

[ —k? 152" 3
/rm|: c§ + 72 i| dr:(z—i—n,)rr. (8.70)

In low-frequency oscillations, @* —«? ~ —2w$2,if 2 = « is adopted. Furthermore,

the term of 1/r* in equation (8.70) is negative for & > 1/5. Hence, ® < 0 is
necessary for the trapping condition is realized. That is, for an oscillation to be
trapped, it must be retrograde.

In summary, we cannot have trapped prograde oscillations, although observations
suggest that in many cases the V/R variations are due to prograde oscillations.
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In Sect.8.2.3 we examine whether prograde trapped oscillation modes are
expected, if we proceed to the next order of approximation of (dlnH /dlnr)?.

8.2.3 Solutions Until the Order of (dInH /dInr)?

We proceed to the terms of the order of (dInH/dlInr)?. From equation (8.48) we
have

2,0\, 2dH__ @ Pgfi 1 _QH
an? an rdinr i(@2—«2) on? f  rra?—«?

1 £H? dnH 9g 70 d 9g
e =T () (0%,

2 &2 — k2 dlnr ar  f \or an
10 9
—— 10 — 2]
for { f('7 an " )g
=K@ + KD (r)g" + K@ (r)g®. (8.71)

In deriving this equation, dg(®’ /dr = 0 and 9¢® /91 = 0 have been used.

In calculating the second term on the left-hand side of equation (8.71) careful
consideration is necessary, since gzl) and f, are involved there. The pressure
perturbation, 4, and the radial velocity, u,, are related by (see equation (8.43))

om0,
on? "ar, !
) a d 00 dinH d
= —iQH*| — + —In| = —n— + 1% ) |u.- 8.72
! [8r+dr n(r9)+rdlnr( "an+")}“ ( )

By substituting h(ll) = [afllé 6 + (dlnH/ dlnr)azgj‘é + ...]f» into equation (8.72),
we have®

dinH
i aks o~ ot ) =

i [2 1 (2] ()

or dr \rS2
dnH 1 9 dinH
—iQH*~ T ( —ng )(f R “)%ﬂ) . (8.73)

8The coefficient a;,% is not always zero, although a(()l) is taken to be zero as mentioned before.
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This equation consists of terms proportional to .74, 74, and 7. From the terms
proportional to .7 we have

d d
(1 P00 a .
Clh ;fh ZQH2|:dr + E(E)}(dz )f) =+ lQHzf, (874)

neglecting the terms of the order of dInH /dInr compared With those of unity.

Considering that azg;” /on? = 2(d1n/d1nr)a§:) and a is given by equa-
tion (8.74), we see that the solvability condition of equatlon (8.71) (i.e., the
condition that the second and subsequent terms of equation (8.71) has no term
proportional to .74j) is found to be, after some manipulation,

1 Q2H? [dinH\?
K0y = o ()
Plgegm(@enc] o

Consequently, substituting the above expression for K?f into equation (8.49)
by taking into account the terms till (dInH/dlnr)?, we have, as an extension of
equation (8.58),

f+ i:Q—Hzi[er(i 4 i] @)f}

r2 @2 —k2dr dr dr rS$2
1 22?H? dinH d d In £00 i
r@? —«? dlnr dr dr rS$2

1 220 (dinH\’[. (d d_ (po\], o
== =—) [2r] >+ —In 4| =0. (876
+r2a~)2—/c2(dlnr)|:r%dr dr (9)}(a2f)+f} (8.76)

This equation is arranged in the form:

&f  d df @ —x?
4 Lo |2
dr? + dr n(rpoo )dr + c? f

d P00 d* . ( poo dinH\ d 3
Lo —1 Lty el L[ P
[ nee) ( .Q) + dr? n(r.Q + dinr ) rdr "\ r2 f

dinH\? 1 d d. {po o ~
() 7 an(5)) o +y] =0 8.77)
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This is the wave equation derived by taking into account the terms until the
order of (dInH/dlnr)?. If the terms proportional to (dInH/dInr)? are neglected,
equation (8.77) is reduced to equation (8.59).

One of the additional terms in equation (8.77), compared with equation (8.59),
is the term with a(zl)l f. The radial behavior of a(zl) (r) is governed by equation (8.61).
Since aél) appears in equation (8.77) in a package of aél) f, it is convenience to
write down an equation describing agl)f , using equation (8.60). In the derivation of
equation of a(zl) 'f, however, the terms of the orders of dInH/dInr and (dInH /dInr)?
are unnecessary, since the term with a;” f in equation (8.77) is already on the order
of (dInH /dInr)?. The results show that

& d d
il all | el
pp (aof) + o n(rpoo) dr(azf )
dinr’2 d . ( poo > ( poo @* —K?
Zn( 2O 2 20 —
+[ dr  dr n(r[?) t e n(r.Q) 2 }(“m

d
——(r2f) = 0. 8.78
282 dr r$2f) ( )

The set of equations (8.77) and (8.78) describes wave motions of the one-
armed low-frequency p-mode oscillations in the case where the terms till the
order of (dInH/dlnr)? are considered. By solving simultaneously equations (8.77)
and (8.78), we can study whether one-armed, low-frequency p-mode oscillations can
be trapped in a finite region of an infinitely extended Keplerian disks and whether
the oscillations are prograde.

To examine the above problem, numerical calculations will be necessary. Here,
however, we are satisfied by suggesting a possibility of presence of prograde
oscillations, if the effects of the second term with respect to (dInH/dInr)? in
equation (8.77) are considered. This term is (4 /72)(dInH /dInr)?f. It is obvious from
the following considerations that this term acts in the direction so as to make the
oscillations prograde and trapped in a finite region of disks. That is, if the terms
with a(zl) f are neglected, the trapping condition becomes roughly as (compare with
equation (8.70))

@2 —k2  1—5a 4 (dinH\*1"? 3
— dr ~ >, 8.79
/,m [ c? * 212 * rz(dlnr) :| d 4]T ( )

where H(r) o r*/? and pgy o r~ are adopted. Compared with equation (8.70),
equation (8.79) has an additional term, (4/r%)(dInH /dInr)?. This additional term
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obviously acts in the direction to make w positive. This is because the additional
term is positive, and thus equation (8.79) has a tendency to be satisfied with &> —
k2 < 0. This means @ > 0, because @2 — k2 ~ —2w$2.

8.2.4 Derivation of Wave Equation by Galerkin’s Method

In Sect. 8.2.3 we have examined one-armed p-mode oscillations by a perturbation
method till the order of (dInH/dlnr)?, where dinH/dlnr is a small expansion
parameter. The results obtained are applicable in principle only when dlnH /dInr
is smaller than unity. Hence, it will be worthwhile to consider an alternative method
to approximately solve the basic partial differential equation of wave motions.
To do so, we had considered a kind of Galerkin’s method in Chap.5. Here, we
extend the method to cases where u, is approximated by two terms. That is, the
velocity perturbations associated with one-armed p-mode oscillations, u,, are now
approximated by two Hermite polynomials as

ur = fo(r) 7 (n) + f2(r) A5 (n). (8.80)

The above expression for u, is substituted into the partial differential equation
governing u,(r, 1), i.e., equation (8.45). Then, the resulting equation is integrated
over the vertical direction after being multiplied by J#(n) with the weighting
function exp(—n%/2). The Hermite polynomials, .7#(n), with different order are
orthogonal each other with the weighting function exp(—7?/2), when their products
are integrated over n = —oo to n = oo. Using this fact, after substituting
equation (8.80) into equation (8.45), we equate the sum of the terms proportional
to %) in the resulting equation to zero, and also those proportional to .74 to zero.
From the terms proportional to %), we have

cbz—xzf v 4 dlan
— 1
c2 TN H dnre"

d dlnrz.Q d d Poo
= — —_— —1 —
(dr+ dr )(dr+ drnr.Q)fO
VdinH[. (d  d. poo d dInH
il ol =+ S 20 _ Bl il
e |2(G+ S )+ 5o + o]

dr dr rS$2
6 (dinH\>
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Similarly, from the terms proportional to .73, we have

@? —K? _ 24
2 St i o
(222 (s D)
e 37720+ 3G
_% (%)zfz_ (8.82)

where f;» and fj4 are the coefficients when h;(r, ) are expanded by the Hermite
polynomials as

hi = fio(r) () + fur () A2(n) + fra(N)Ha(n) + ... (8.83)

In order to express fy» and fi4 in terms of fy and f>, we consider the following
equation (equation (8.43))

LA A
an? an !

. d d Poo dinH 1 0
= —iQH| [+ —InE2 )y, —\ P —no Jur| (884
' |:(dr+dr nr.Q)u + dlnr r(n "an)”} (8.84)

The J#)-dependent terms of this equation give

fio = —imﬁ[(i + iln%)fo 4 ldlano] (8.85)

dr  dr r dinr

The 7%-dependent terms of equation (8.84) lead to

. d d . poo 1 dinH
=iQH*|| -+ —Ih— -——(fo—-3hH) | 8.86
fir =1 |:(dr + dr nr[? )fz + r dlnr (fo fz)i| ( )
Furthermore, the 7#;-dependent terms give
1 dinH
3w = iQH -0, (8.87)

r dlnr
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Substitution of fj, given by equation (8.86) into equation (8.81) gives an equation
governing the radial variation of fy(r), which is

d dlnr’2 d &% —«?
£, 4 + — ,Ooo 0+ . -fo
dr dr dr d c2

S

L ldwH[ dd péo L f
R r_ —_— —_—
2 dnr |~ dr " dinr\r2 ) [° dinr ) 7°

dnH1(d d_ po 6 (dinH\>
=2 —(=+=n=2)p- = . 8.88
dinr r(dr tar nr.Q)f (dlnr) f (8.88)

The right-hand side of this equation shows that f, has effects on the radial variation
of fo. To solve this equation, we need another relation between f and f>, which is
equation (8.82). That is, substituting equation (8.87) into equation (8.82), we have

d dinr’$2 d d @* —K?
L
S

dr dr dr d
1 dinH [ _dIn$2 1 (dinH\?
- 3 —12—
ta dlnr[ dinr rZ(dlnr) fz}
1 d
= ———(r2f)). 8.89
er(r fo) (8.89)

Equations (8.88) and (8.89) are simultaneous differential equation describing radial
variations of fy and f,. By imposing relevant boundary conditions, the eigenvalue @
is obtained.

The next issue is to compare the set of equations (8.88) and (8.89) with the set of
equations (8.77) and (8.78) derived by the perturbation method.

In the perturbation method described in Sect.8.2.3, fy and f, are written

as f and (dIlnH /dlnr)(aél)f ), respectively.” If these expressions are used here,

°In Sect. 8.2.3, u,(r, n) was expanded as

w(r,m) = (g0 +g? 4. )f(r) = [J%Jr—( ”%ﬂz)+( )((2)%+a(2)}iﬂ)+..}f.

In the present subsection, u,(r, n) is expressed as (see equation (8.80))

ur(r.n) = A (Mfo(r) + HGfH (7).
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equation (8.88) is written in the form:

2f  d df & =i
a4 )L
dr? + dr n(r,ooo )dr + c2 f

P00 d’ 000 dinH d 3
[—m(ﬂg)—l ( Q) + ﬁln(m)+( T )Eln(m)}f
dinH\* 1 d d_(pw)\], o

6 (dinH\®
+ﬁ( dlnr) @"f) =o. (8.90)

Next, rewriting fy and f, again by f and (dInH/ dlnr)o:;l) f, we have from equation
(8.89)

dz d d (:L')2 K2 1)
|:— + Eln(rpOO)E + T:|(052 1)

dr? 2

d? dnH\ d |
Lpermit(5) 2B
+3(d1“H)( O -+ G )(é”f)+ S Lean =0, @91)

The set of equations (8.90) and (8.91) is the final results obtained by using
a Galerkin method. These equations should be compared with the set of equa-
tions (8.77) and (8.78). Equation (8.90) is the same as equation (8.77) except
the last term of the order of (dInH/dlnr)3. In perturbation method all terms of
the order of (dInH/dlnr)? have been neglected, since (dlnH/dlInr) is assumed to
be less than unity and only the terms till the order of (dInH/dInr)> had been
taken into account. Next, If the two terms with dInH/dlnr and the one term with
(dnH /dlnr)? in equation (8.91) are neglected, the resulting equation becomes the
same as equation (8.78) derived by the perturbation method. In the second order
perturbation method considered in Sect.8.2.3, the equation which we need for
aél) f was that till the zeroth-order terms with respect to (dlnH/dlnr). Hence, the
terms with (dInH /dInr) and (dInH /dlnr)? did not considered from the beginning in
deriving wave equation for aél) f-

It is not clear which approximation (perturbation method and Galerkin’s method)
better represents real situations when dInH /dlInr is not small. We suppose that the
perturbation method can represent real situations even when dInH /dlnr is close to
unity or slightly larger than unity, but the Galerkin’s method will be better when
dInH /dlnr is larger than unity.
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Part 11
Excitation Processes of Disk Oscillations



Chapter 9
Overstability of Oscillations by Viscosity

Abstract For disk oscillations to be observed, excitation processes are necessary.
Otherwise, they will be damped with time by dissipative processes which usually
act so as to dampen oscillations. It is well-known, however, that in thermally non-
equilibrium open systems dissipative processes can often excite oscillations. The
excitation of stellar pulsation by non-adiabatic processes is one of these typical
examples in classical astrophysics. Three typical excitation processes are known
in stellar pulsation, which are «-, €-, and 6-mechanisms (see Unno et al. (Nonradial
oscillations of stars. University of Tokyo Press, Tokyo, 1989) for details of stellar
pulsation theory).

The above excitation mechanisms of oscillations can also operate in accretion
disks, if favorable situations are realized. In case of accretion disks, however,
another important mechanism exists, which does not work in stellar pulsation.
This is a process due to angular momentum transport in disks. In accretion disks
angular momentum is transported outward by viscous processes. If this outward
angular momentum flow is modulated by oscillations, it can work so as to excite
the oscillations when the modulation occurs in a phase relevant to excitation of
oscillations.

Keywords Angular momentum flow ¢ p-mode oscillations ¢ Viscous overstability

9.1 A Mathematical Derivation of Criterion of Viscous
Oscillatory Instability (Overstability)

Before deriving a mathematical expression for stability criterion, the physical cause
of presence of overstability is briefly mentioned. Accretion disks are differentially
rotating systems. Hence, azimuthal forces work on fluid elements through viscosity.
These azimuthal forces transport angular momentum outwards, while fluid elements
fall inwards (this is accretion). Let us now impose an oscillation on such systems.
The oscillation modulates the azimuthal force by changing viscosity by the oscilla-
tion itself. If this modulation of the azimuthal force occurs in a proper phase with the
change of azimuthal velocity associated with the oscillation, a positive (or negative)
work is done on the oscillation, and the oscillation grows. This is the essence of the
viscous overstability of oscillations (Kato 1978).

© Springer Japan 2016 149
S. Kato, Oscillations of Disks, Astrophysics and Space Science Library 437,
DOI 10.1007/978-4-431-56208-5_9
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This amplification process is similar with the x-mechanism in stellar pulsation.
In k-mechanism the radiative energy flow through stellar interior is modulated
by change of opacity due to oscillations and a part of the radiative energy is
converted into energy of oscillations. In accretion disks angular momentum is
transported outwards in the unperturbed state. This angular momentum flow through
the disks is modulated by oscillations. If a part of this modulation is converted to
angular momentum of oscillations, the oscillations can grow. It is noted that such
excitation process is absent in stars, since there is no angular momentum flow in the
unperturbed stars.

This viscous oscillatory instability was first derived by an Eulerian description
(Kato 1978), using a perturbation method. A Lagrangian description, however,
seems to be more instructive and perspective. Hence, we adopt here the latter one.

A Lagrangian description of small amplitude perturbation on equilibrium states
has been presented in Chap.3 under conditions of adiabatic and inviscid per-
turbations. If viscous processes are present, the equation of motion describing
perturbations, equation (3.1), is modified to

Dok (1 B
Bﬁ+w(;vp+v¢)_aw, ©.1)

where N is the viscous stress force per unit mass. The symbol § denotes Lagrangian
variation.
As an energy equation describing non-adiabatic processes, we adopt here

%817 — ch—(;Sp = §[(Is — 1)(—divF + ®)], 9.2)
where F and @ are thermal energy flux and thermal energy generation rate (per unit
volume), respectively. Furthermore, I3 in equation (9.2) is an exponent specifying
the ratio of the specific heats in the case where the effects of radiation pressure
are taken into account, and c; is the speed of sound, defined by cg = Ipo/po,
where I is another exponent specifying the ratio of the specific heats (see, e.g.,
Chandrasekhar (1938) for adiabatic exponents). If the Lagrangian pressure variation
is decomposed into the adiabatic part, I'po/ po, and non-adiabatic part, (6p)na, the
latter is

(6pna = 80— [ 226p 93)
0o
and the energy equation (9.2) is written as

20 5pha = 81T — (~divE + @] 9.4)
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Finally, the equation of continuity is
3p + podivé = 0, 9.5)

which is unchanged from the case of adiabatic and inviscid perturbations.
By performing the same procedure as in Chap. 3, we can reduce equation (9.1) to!

9? 9
p‘)a_tf + 200(0 - V)& + L(E) = podN = V(Ep)na- (9.6)

This equation is an extension of equation (3.6) in Chap.3 to the cases of non-
adiabatic and viscous perturbations. In Chap.3, the unperturbed flow, uy, was
considered to be rotation alone, but this Lagrangian expression can be applied in
more general cases (Lynden-Bell and Ostriker 1867) and here accretion flows can
be included in uy.

All perturbed quantities are assumed to be proportional to exp[i(wt — mg)], and
the displacement vector, &, for example, is written as

£ = R[Eexpliot)] = R [éexp[i(wt - mqo)]:|, 9.7)
where N represents the real part. Then, equation (9.6) is written as
— ook + 2iwpo(uo - V)E + L (&) = podN — V(Ep)na. 9.8)

Multiplying equation (9.8) by the complex conjugate of é ,1.e., é *, and integrating
the resulting equation over the whole volume, we have

S[—wZ/poé*éd3r+2iw/p0§*(u0'V)§d3ri|
=3 [ é*-[poé’TV— V(SAp)na}d% 9.9)

where J represents the imaginary part and we have used the fact that . is a Hermite
operator under the condition that py vanishes on disk surfaces.

't is noted that

1 S 1
8(—Vp) = Y+ LVp + & - V)Vl
o Po Po

) 1
= 2V, + —[V(Ep) — V(& - VIpo + (& - V)Vpol.
Po Po

If §p in the above equation is written as 8p = I'|(po/p0)8 + (8p)na> We have py8[(1/po)Vp] =
V(ép)nat parts of Z(§).
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Due to non-adiabatic and viscous processes, the frequency of oscillation, w,
becomes complex with imaginary part w;. If we write » as’

© = wo + i, 9.10)

equation (9.9) is written as

—Zwi[wO/Poé*'éd?’r—i/Poé*(MO'V)éd3r:| = 5/5*'[P0f§1\v-v(/5\17)na:|d3r,
®.11)

where the fact that ipy(uo - V) is a Hermite operator has been used. In Chap. 3 we
have defined wave energy, E,? which is

1 Ak A Ak ~
E= / [wépos - & — iwopok (HO'V)g}dS"- (9.12)

By using this expression for wave energy, we find that the growth rate of oscillations,
—wj, is given by

— i = f—é%/é*-[poﬁ\f— V(E\p)na:|d3r. (9.13)

Equation (9.13) has a clear physical meaning. Roughly speaking, the work done
on oscillations is proportional to the volume integration of u - py f, where u is the
velocity associated with the oscillations and f is the force acting on the oscillations.
In the present problem, u ~ 0& /0t and po f is po6N — V(ép),,. The product u -
pof 1s thus E}t[iwoé exp(iwpt)] - Eﬁ[pofexp(iwot)], whose the time-independent part is
(1/ 2)9%[—in§* . f].“ Hence, the growth time of wave energy (i.e., —2w;) is found
to be given by equation (9.13).

The second term of the right-hand side of equation (9.13) comes from non-
adiabatic processes. The stability criterion coming from this term is compared
with that used in stellar pulsation theory. Performing integration by part and using

2Non-adiabatic and viscous processes introduce not only an imaginary part of frequencies but also
a slight change of the real part. By neglecting the latter change, however, we regard w as the
frequency of non-adiabatic and inviscid oscillations.

3The expression for wave energy is now slightly modified by the presence of accretion flows, but
it is negligible.
“4The formula

RA)R(B) = %ER[AB +AB*] = %ER[AB + A*B]

is used, where A and B are complex variables and B* is the complex conjugate of B.



9.2 Overstability by Viscous Stress Force 153

equation (9.4) and (I3 — 1)dp/po = 8T /Ty, we have

-3 / é*.[V(@)na}d3r: " / (wo—msz)—l(‘;—T) §(—divF + ®)d’r.  (9.14)
0

Equation (9.14) shows that the growth rate by non-adiabatic processes, (—®i)nonad>
is given by

1 15 ST\* V.
(_(Ui)nonad = EER/ m(%) 5(—d1VF+ d))dS}’. (915)

In the case of non-rotating stars, wo/(wo — m§2) is unity, and the real part of
the integral in equation (9.15) is two times the mechanical work done on stars by
thermal processes (see, for example, Eddington 1926). Hence, dividing it by 4E we
obtain the growth rate of oscillations. This pulsation instability is well-known since
Eddington by thermodynamical considerations (see Unno et al. 1989).

9.2 Opverstability by Viscous Stress Force

Because the overstability by thermal processes (see equation (9.15)) is well known,
we restrict our attention hereafter only to overstability by viscous force. The growth
rate by viscous force, —wj, is given by’

o= 25 / pok” SN, 9.16)

Lagrangian variation of viscous force per unit mass, 8N, consists of two parts as
SN =N + (& - V)N,, 9.17)

where N 1 is the Eulerian variation of N , and Ny is the imbalance of viscous force
in the unperturbed state. It is noted that the presence of Ny is the cause of accretion
flow (advection flow) in the unperturbed disks.

The components of §N in the cylindrical coordinates are

~

- N 20,0
ON), =N+ &— + &— |Nor — E—“’No(,, (9.18)
ar 0z r

3The growth rate of oscillations comes from both non-adiabatic and viscous processes. Hereafter,
however, —w); is used to represent the growth rate due to viscous process, in order to avoid many
subscripts.
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((SN)w = N¢1+(§r + %‘Z )N()(p + %Nor, (9.19)

(6N). = z1+(s, e )NOZ. (9.20)

Among the various terms including components of Ny in equations (9.18), (9.19)
and (9.20), the main ones are —(&,/r)Ny, in the r-component and &,.0No,/r in the
@-component. Further, £, and £, are related by?®

(w0 — mR)E, = i2QE,. 9.21)

Based on the above considerations, we decompose —w; given by equation (9.16)
into two terms:

—wj = (_wi)viscosily + (_wi)imbalancea (9.22)
where
w % 9 - 1% ~ “
(_wi)viscosity = és / pO(g;kNlr + g;nga + S;le)d3ra (923)
and
@o ., 282
(_wi)imbalance = _ﬁg}l /00 g Sr (rNO‘ﬂ)d r. 9.24)

Equation (9.23) is the main term of —wj, and equation (9.24) is supplementary. First
we consider the former.

%1t is noted that in the case where the force acting on perturbations in the azimuthal direction is
neglected, it, and i, are related by

2

i(w—mut, + —u, =0
i(w — m$2)u, 2o ,
but §¢, and §, are related by (see equation (3.13))

i(w —mR)E, + 22§ = 0.
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9.2.1 Viscous Overstability by Viscous Shear

It is convenient to change variables from displacement vector to velocity perturba-
tion. The relations between & and # are already given in Chap. 3, which are

i@ — mQ)E, = iy,

. ... dR2 427,

i(w—m$2)é, =1, + E,rg = 2l

i(0 —mR)E, = it,. (9.25)

Using these relations, we have

o 1 Ly 4027 . e
(—wi)viscosity = ém/Pom(MfN1r+7M;N1¢+M:le)d3r. (9.26)
0 —

9.2.1.1 Expressions for poN;
To calculate pgNi,, poN1p, and pgNi, it is convenient to use the relation:
poN1 = (pN)1 — p1No, 9.27)

since (pN); is directly related to stress tensor #;; as shown in Appendix A, where the
subscript 1 denotes the Eulerian perturbation. Here, to demonstrate the presence of
overstability, we consider oscillations whose radial wavelength is sufficiently short
compared with the characteristic radial length of unperturbed disk quantities. We
have, then,

d
(pNy)1 = ik(tyr)1 + B_Z(trz)lv (9.28)

where k is the radial wavelength of the perturbation. For example, d(z,.);/0dr is
written as ik(z,,);. From the expressions for stress tensor given in Appendix A, we
have

4 2 du
Lrr ik r >y Z’
()1 31 Nou 3770 e

u,
() = 1o (ikuz n a” ) (9.29)
Z
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where 7 is viscosity in the unperturbed disks. Then, substituting equations (9.29)
into equation (9.28), from equation (9.27) we have

4 2 ou 0
Nir = —=knouy — —ikng— + — (t,)1, 9.30
PoN1 3K nour — Sikno % + BZ( )1 (9.30)

where the second term on the right-hand side of equation (9.27) has been neglected
since Ny, is small.
Under the same approximations, we have

9
(pNo)1 = iktry)1 + 5=tz 9.31)

where

. ds? Ouy
(l‘,(p)l = lki]ou(p =+ nlrw, and (tzw)l = noa—z. (9.32)
It is noted that in (#,,); given above, we have a term resulting from viscosity
variation. This is because in the unperturbed state (¢.,)o (which is proportional to
n) is present, and thus a term of variation of viscosity is present in (#.,)1. This is of
importance in relation to the cause of overstability. Using the above expressions for
(t-p)1 and (t,,)1, from equation (9.27) we have

9 e,
poN1, = =k 10Uy + 5 o)t + ikmr—= = piNo,. (9.33)

Furthermore, the Eulerian variation of pN, is given by (Appendix A)

(N1 = ik(te)1 + - (. 934
where
(tr)1 = iknou, + ﬂoaaL;,
(toh = 27;033—'? — %770 (iku, + Salz) (9.35)

Substituting the above expressions in equation (9.34), from equation (9.27) we have

0 0
ﬂ + a_(tzz)ls (9~36)
Z

poN1; = —szlouz + ikVIo P
Z

where the last term on the right-hand side of equation (9.27) has been neglected.
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9.2.1.2 Expressions for Growth Rate

In the framework of the local approximations in the radial direction, the z-
dependence of perturbed quantities are all expressed in terms of a single Hermite
polynomial (see Chap.5). That is, in the oscillation mode with n node(s) in the
vertical direction, u,, u,, and p;/po are all proportional to J%,(z/H), while u; is
proportional to J#,—1(z/H), where H is the scale height representing disk half
thickness, and n(= 0, 1,2,...) represents the node number of oscillations in the
vertical direction. Here, we write n = pv, where v is the kinematic viscosity and
assumed to be independent of z. Furthermore, we remember that d.77,(z/H)/dz =
(n/H)7¢,—1(z/H) and the Hermite polynomials with different index are orthogonal
with a weighting function exp(—z?/2H?). This weighting function has the same z-
dependence as that of the unperturbed density in the vertically isothermal disks. In
addition, in the framework of the local approximations, u, and h; (or p;) are the
same phase but they are anti-phase with u, and u (see Sect. 3.2). For example, we
have Sﬁit;ﬁ, =0.
Considering these properties, we have, from equation (9.30),

y di* i,
9 / poit* Ny dz = — / ( K2 i+ ;‘Z ab; )dz. (9.37)

In deriving this relation, we have performed the integration of it*d(.,)1/dz with
respect to z by part under the condition that iy vanishes on the disk surface.
By similar procedures we have, from equation (9.33),

Cx ¥ xo o Ougd ds2
E)?/pou;Nl(,dz: —/r)o(kzu*uq, + a—z%)dz—k%/lkmu rd—dz
(9.38)

It is noted that the term of p;No, in equation (9.33) does not contribute to the
integration of equation (9.38), because in the local approximations in the radial
direction, i, and p1/po are anti-phase as

5 01 (0 — m2)? — «k? (w0 —m2)? —«? Z.Q 9.39)
cC— =— i, =i .
* po k(w —mS2) kic2 P

Different from the term of piNo,, the term with 7; in equation (9.33) does not
disappear in equation (9.38). Here, for simplicity, we assume 1 /19 = p1/po. Then,
using equation (9.39), we can reduce equation (9.38) to

Cw v BM Bu
m/p()u;Nl(de: —/7]0|:k2u M¢ + a—za—;

(a) ms2)? — «? rd[?z/dr“kvi|
dz,

- > (9.40)
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or using the local dispersion relation given by [(w—m$2)?—«?|[(w—m$2)? —n.Qi] =
K*c2(w — ms2)?%, we have

SIS 2vky 8&; 351(,
R | poiigNipdz = — | no|K*iiyit, + e

B(w—mR)> rd2%/dr.,.
©-m2—n2l u;u¢i|dz. (9.41)
Finally, we have, from equation (9.36),
o 4 0¥ Ju
9, / poit* Ni.d’r = — / o (k2uu +3 ;‘Z ai;)dz, (9.42)

where integration by part has been performed in the vertical direction and the surface
integral has been neglected.

Summing the above results (equations (9.37), (9.41), and (9.42)), we can express
the growth rate by viscous processes, equation (9.26), in the form

(_wi)viscosily = (_wi)damping + (_wi)sheara (943)
where
wo o
(_wi)damping = _ﬁ / m
4 4827 ¥ on oy it 4 ok on
k2 _v*vr vk v vk v r 2 7" o7 T d3 ,
X[ (3’4’” + K2 u(puw—l—uzuz)—}- 0z 0z * 0z 0z +3 oz 0z |°
(9.44)
and
W o B(w—mR)* 42*din2? 3
(_wi)shear - T U,y d’r.
4E | wo—mQ [ (0 —mS2)?> —n2% «* dnr ¥
(9.45)

Equation (9.44) shows the usual viscous damping of oscillations. The sign of the
integral in equation (9.44) is the same as the sign of wy—mS2 in the region where the
oscillations predominantly exist. That is, if the oscillations exist inside the corotation
point of wy —m$2 = 0, the sign of the integral is negative. In these cases, the sign
of E/wy, is also negative, and we have (—wj)damping < 0. If the oscillations exist in
the region of wy — m§2 > 0, the integral is positive and E/w, is also positive. This
leads again to (—;)damping < 0.

Different from (— ;)damping, the sign of (—w {)shear can become positive. The
term (—®;)shear cOmes from a combined action of time change of viscosity (i.e.,
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n1) and the shear flow (see equation (9.38)).” As shown in equation (9.45), in the
disk systems where dn§2? /dinr < 0, (—w ;)shear becomes positive (overstable) for
oscillation modes with (wy — m£2)* — n.Qi > 0.

9.2.2 Application to Various Oscillation Modes

The results obtained by equations (9.43), (9.44) and (9.45) are now applied to typical
oscillation modes.

(i) p-Mode Oscillations (n = 0)

In the case of p-mode oscillations (n = 0), there is no vertical motion in the
lowest order of approximations, i.e., u; = 0, and furthermore du,/dz = du,dz = 0.
Then, using the relation between it, and it, given by it, = —i(252/k%)(w — m$2)ii,,
we have, from equations (9.43), (9.44) and (9.45),

1 o o[4 k24+d%/dinr], , 4
— | ——— | -+ —— L \nutdr. 9.46
4E/a)—m.Q [3+ @ —msy |rrdr 040

(_a)i)viscosily = -

The corotation region, w — mS2 ~ 0, is an evanescent region of oscillations (see
Chap. 6). We are thus interested in oscillations which are either in the region of
® —mS2 < 0 orin the region of @ — mS2 > 0. In each region the sign of E/w has
the same sign as the sign of @ — mS2, since

g=1 / — oot + iwiit)dr, (9.47)
w —mS2 '

(see equation (3.58)).

Considering these situations, we see from equation (9.46) that growth of the
oscillations is determined by the sign of the terms in the large brackets of
equation (9.46). That is, the condition of growth, (—w;)viscosity > 0, s

4 (w0 — mf2)? 41 22 din§2?
3 K2 k2 dlnr

(9.48)

In the p-mode oscillations with n = 0, the dispersion relation for local perturbations
is (w —m2)? = k* + k*c2. Equation (9.48) is thus reduced to

7@ 7
o2 Lamy -
3<K2[ 3 (k)

dln[?z} 2? din$2?

_ . 9.49
dlnr k2 dlnr ( )

In deriving the last relation, H < 1/k(~ A) < ris adopted.

7In the expression for (—a ;)snear given by equation (9.45), 1, does not appear explicitly, because
M is written as 1 = nop1/ o-
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In Newtonian Keplerian disks, k> = 2?2 and dIn2?/dlnr = —3. Hence,
the above condition of overstability, equation (9.49), is satisfied, and the p-mode
oscillations are excited by the viscous process. One of possible applications of
this overstability is one-armed low-frequency global oscillations in Be-star disks.
In Be-stars long term V/R variations in double-peaked emission lines have been
observed (see Chap. 1). This variation is usually considered to be due to one-armed
low frequency p-mode oscillations (Kato 1983). The oscillations may be excited by
the present viscous processes, although the present results cannot be quantitatively
applied, because the local approximation is involved in our present derivation of
inequality (9.48) or (9.49). Recently, viscous excitation of one-armed global p-
mode oscillations with long wavelength in Be-star disks has been shown by Ogilvie
(2008).

In relativistic disks, p-mode oscillations with (v — m§2) < —« (ie., (@ —
ms2)> > «?) are trapped in the innermost region of the disks if the inner edge
of disks is a reflection boundary (see Chap. 6). In the trapped region, « is smaller
than §2 (especially, much smaller in the region near the inner edge). In addition,
|dIn§22 /dlnr| is much larger than 3. Hence, the condition of overstability (9.48) is
safely satisfied (see Kato 2001).

In neutron-star and black-hole X-ray binaries, quasi-periodic high-frequency
oscillations (HFQPOs) whose frequencies are comparable with the Keplerian
frequencies of the innermost region of disks are often observed (see Chap.1).
Their origin is still a question and is under debate. One of the possibilities is p-
mode oscillations trapped in the innermost region of relativistic disks. The present
excitation mechanism supports this idea from the viewpoint of excitation of the
oscillations. It is noted that the trapped p-mode oscillations can be also excited
by corotation resonance (see Chap. 10), but the p-mode oscillations which can be
excited by corotation resonance are non-axisymmetric ones (m # 0) alone, while
the present viscous process can excite axisymmetric ones (m = 0), not only non-
axisymmetric ones.

The order of the growth rate of oscillations is obtained from equation (9.46) as

(—1)siscosity = @(%), (9.50)
where vy is the kinematic viscosity defined by vo = 19/po, and A(~ 1/k) is
the wavelength of oscillations, which is roughly the width of trapped region of
oscillations.

In studies of accretion disks, we introduce various timescales in order to clarify
behaviors of various time-dependent phenomena in disks. One of them is the viscous
timescale, tyis. This is the timescale by which a global disk structure evolves by the
effects of viscosity. As the viscous term of the Navier-Stokes equation shows, Tyis
can be defined by r;sl = vo/r*. Equation (9.50) shows that by use of zy; we can
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express (—®ji)viscous aS

2

(_wi)viscous ~ T\;SI (%) (951)
Since we are now considering local perturbations (A < r), the growth time is
shorter than the viscous timescale by the factor (A/r)%. This growth time given
by equation (9.51) is comparable with that of the so-called secular instability in
accretion disks (for the secular instability, see, e.g., Kato et al. 2008).

An important issue to be remembered is whether viscosity behaves like 11 /1n9 =
p1/po when the equilibrium state is perturbed. In the region of relativistic disks
the frequencies of oscillations are high. Hence, it is uncertain whether turbulent
viscosity responds quickly to rapid time variations and whether the response is
described by n1/n0 = p1/po-

As will be discussed in Sect. 13.1, in the innermost region of relativistic disks
transonic accretion flows are unstable against axisymmetric p-mode oscillations, if
viscosity is larger than a critical value. This instability of transonic flows seems to
be related to the present viscous instability.

(ii) c-Mode Oscillations (n = 1)

In c-mode (n = 1) and vertical p-mode (n > 2) oscillations, we have
(—i)shear > 0, because (0 — m$2)*> — n23 > 0 for these oscillations (see
equation (9.45)). Thus, we examine whether this positive value of (—®;)shear > O
can overcome the negative value of (—w;)damping < 0. If s0, the oscillations will be
amplified. First, we consider c-mode oscillations.

In this case the oscillations have z-components as well as z-dependences, i.e.,
ur, Uy < 6 (z/H) and u, o< % (z/H) (see Chap.6), where /% and J# are the
Hermite polynomials of index 0 and 1, respectively. Furthermore, the magnitude
of u; is larger than that of u, (and u,) by 1/kH(~ A/H), where A is the radial
wavelength of oscillations.

Let us estimate the magnitudes of the terms in the large brackets in equa-
tion (9.44). We can neglect the term of (4/3)(0u} /0z)(dit./0z). Hence, we see that
the magnitude of the terms in the large brackets in equation (9.44) is on the order of
(u¥u,)/H ie.,

1
order of terms in [ ] in equation (9.44) ~ ﬁuf U, (9.52)

which comes from the terms of k?uu., (du}/3z)(du,/dz), and (0u, / 9z) (duy / 02).
The magnitude of the corresponding terms in equation (9.45) is k> (u}u,). That is,

order of terms in [ ] in equation (9.45) ~ K u*u,, (9.53)



162 9 Overstability of Oscillations by Viscosity

Comparison of the above two equations show that
(_wi)shear : (w i)damping = kz : 1/[12- (954)

That is, the magnitude of the damping term, (— ;)damping, 1S larger than that of the
amplification term, (—® {)shear» by 1/(kH)?, which is ~ (1/H)?.

In the case of one-armed (m = 1) oscillations (i.e., tilts), situations are
somewhat different. That is, in the above estimate of (—® ;)shear, the magnitude of
(0 —m2)*/[(w — m$2)?> — n.Qi] in equation (9.45) has been taken to be unity. In
the case of one-armed oscillations, however, we have (0w — m$2)* — .Qi ~ —2ws2,
because the oscillations have low negative frequencies (see Sect. 6.3), which leads
to (0 —m2)*/[(w — ms2)? — n.Qf_] ~ §2/(—2w). The frequency of the tilt mode is
negative and its absolute value is smaller than the Keplerian frequency of the outer
edge of disks (see Sect.7.4.2 for the order of w in the case of binaries). This means
that in typical propagation region of tilt mode oscillations, §2/(—®) is much larger
than unity. This implies that in the case of tilt modes, (— ;)snear i larger than the
estimate in the above paragraph, and the tilt mode might be excited. More careful
arguments will be worthwhile.

Finally, possible excitation of c-mode oscillations in tori is mentioned. In this
book, we concern only with geometrically thin disks. In geometrically thick disks
(tori), however, H is comparable with A, i.e., H ~ A. In such cases, the viscous
damping becomes week and we might expect excitation of c-mode oscillations as
well as p-mode oscillations.

(iii) Vertical p-Mode Oscillations (n > 1)

In the oscillations with n > 2, the vertical component of velocity, u,, has node(s)
in the vertical direction, i.e., u, o #;,—;. Hence, the main term in the large brackets
of equation (9.44) is (4/3)(dit*/dz)(dit,/dz) and it is on the order of (it*it;)/H>.
The corresponding term in equation (9.45) is on the order of k? (it ity). Comparison
of these two terms gives |(—®;)damping| : (—®i)shear = (I 1t;): (kH)z(it;ﬁ(p) ~1:
(kH)* > 1. That is, the oscillations are strongly damped by viscosity.

Finally, it is noted that the above arguments are based on the assumption of
isotropic viscosity. In real disks turbulence will be strongly anisotropic. It is known
that viscous processes in disks are due to turbulent magnetic field resulting from
the magneto-rotational instability (magneto-rotational instability MRI (Balbus and
Hawley 1991)). In this case, momentum transport in the vertical direction might
be less efficient compared with those in the horizontal directions, because the
eddies of magnetic turbulence are elongated in the horizontal direction. If so, the
above arguments concerning the viscous damping of c-mode and vertical p-mode
oscillations might be much overestimated, compared with the viscous amplification
(see also Nowak and Wagoner 1992). More careful discussions will be required.
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(iii) g-Mode Oscillations
The propagation region of g-mode oscillations is characterized by

(0 —mf2)* —k? <0, (9.55)

which means (v — ms2)? — n.Qi < 0, and thus we have (—®;)spear < 0. That is, the
viscosity always acts so as to dampen the g-mode oscillations.

9.2.3 Effects of Viscous Imbalance

As a supplement, we briefly consider the effects of angular momentum imbalance in
the unperturbed disks on overstability by examining the sign of (—®;)imbalance given
by equation (9.24). In the unperturbed state disks rotate differentially in such a way
as the inner part rotates faster than the outer part does. If we consider the disk gas
at radius r, the gas gets angular momentum from the gas of the inner region and
transport it toward the gas of the outer region by viscous processes. The net gain
of angular momentum is negative and the gas falls inward. The angular momentum
balance in the unperturbed state is then described by (e.g., Kato et al. 2008)

d
Uod—r(ﬂg) = rNoy, (9.56)

where Uy (r), which is negative, is the accretion flow in the unperturbed disks.
The accretion flow, Uy(r), is related to mass accretion rate, M, by

M = —Q27)*?rH(r) poo (r) Uo(r). (9.57)

It should be noted that in the unperturbed disks the radial distributions of Uy(r),
H(r), and poo(r) are adjusted so that M becomes independent of r. Using the fact
that M = const, from equations (9.56) and (9.57), we have

d(rz.Q)/dr):|
rH poo '

1d

d d
;d—r("Nwo) = —Uod—r("zﬂ)gr[ln( (9.58)

In standard disks the term of d[In...]/dr in equation (9.58) is negative. For
example, in the innermost region of the standard disks where radiation pressure
dominates over gas pressure (p ~ prad) and opacity comes from electron scattering
(kK ~ Kes), we have pooH /2 and thus rH P00 O /2, In the middle region where
gas pressure dominates over radiation pressure (p ~ pgas) With K ~ kes, we have
rHpgo o< r*/%, and in the outer region where p ~ Dgas and opacity comes from free-
free processes, k ~ ki, we have rH pgy o ri/4 (see, e.g., by Kato et al. 2008, p. 111).
If we consider that d(r2£2)/dr o r'/? in Keplerian disks, the term of d[In .. .]/dr in
equation (9.58) is negative and we have d(rNyo)/dr < 0, except in the innermost
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region. This shows that (—®;)imbatance > 0, except in the innermost region. That is,
the imbalance of the viscous force in the unperturbed flow acts so as to amplify the
oscillations except in the innermost region. This growth is, however, weak compared
with the growth or damping resulting from (—wj)viscosity- That is, roughly speaking,
from equations (9.24) and (9.12), using equation (9.58), we have

(_wi)imbalance ~ (XT ~ Q(_), (9.59)

where o is a numerical factor of order of unity and its sigh depends on disk structure
and on the part of disks. In deriving the last relation of equation (9.59), we have used
B(Uy) = B(vo/1). The value of (—@i)imbalance 1S smaller than (—wi)viscosity bY the
factor of L2 /r?.

Up to the present, we focused our attention on geometrically thin disks. It is of
importance to extend our attention to tori. It is noted here that Horék et al. (2012)
studied viscous overstability of slender tori. They show that the “inertial mode” in
terms of terminology of Blaes et al. (2006) is overstable. The mode will be related
to c-mode.
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Chapter 10
Corotation Instability

Abstract Corotation resonance is one of important processes which excite or
dampen disk oscillations. Especially, in the case of non-axisymmetric p-mode oscil-
lations, this is one of important excitation processes. The corotation instability had
been recognized in fields outside the accretion disk dynamics (i.e., fluid dynamics,
oceanography, meteorology, and galactic dynamics), before its importance in tori
was found by Papaloizou and Pringle (Mon Not R Astron Soc 208:721, 1984)
(see Chap.?2). This work by Paparoizou and Pringle stimulated many subsequent
studies on corotation instability in tori and disks. In this chapter, we will describe the
essence of corotation instability in geometrically thin disks by presenting Drury’s
work (Mon Not R Astron Soc 217:821, 1985).

Keywords Corotation resonance ¢ Overreflection ¢ P-mode oscillations ¢ Spe-
cific vorticity

10.1 A Brief Historical Review of Corotational Instability
in Disk Dynamics

In astrophysics, perhaps, the first recognition of corotation amplification was in
density wave theory of spiral galaxies. As mentioned in Chap.2, the density
wave theory made great success in describing the spiral structure of disk galaxies
(started by Lin and Shu 1964). Soon after its success, however, a problem of
maintenance of the spiral wave was pointed out by Toomre (1969). This problem
was partially solved by the finding of excitation process of density waves at the
corotation resonance by C.C. Lin’s group (especially by energetic work by Mark
1974, 1976a,b). A series of Mark’s work were done for collisionless stellar systems,
and thus it is very hard for persons in other fields to understand the essence of the
instability.

In the middle of 1970s, structure and stability of tori took much attention of
many researchers, because Papaloizou and Pringle (1984, 1985, 1987) found that
geometrically thick tori are dynamically unstable and may be destructed. This
instability was the corotation instability, and is related to the corotation amplification
known in galactic dynamics. After Papaloizou and Pringle, stimulated by their work,
many researchers extensively studied the corotation instability (e.g., Blaes 1985,
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1987, Goldreich and Narayan 1985, Goldreich et al. 1986, Kojima 1986, Hanawa
1986, Kato 1987,! Narayan et al. 1987, and Glatzel 1887a,b). Especially, the
instability was extensively examined by Goldreich and Narayan (1985), Goldreich
et al. (1986), and Narayan et al. (1987) under simplification of shearing sheet
approximation introduced by Goldreich and Lynden-Bell (1965).

After quasi-periodic oscillations were observed in X-ray binaries in the end of
1990s, the corotation instability was taken again much attention of many researchers
as one of possible processes of excitation of disk oscillations. Lai’s group are
extensively studying the corotation instability in disks in order to apply to QPOs
(Lai and Tsang 2009; Tsang and Lai 2008, 2009a,b). Studies in general relativistic
disks are made by Hordk and Lai (2013).

It should be noted here that the corotation instability may lead to destruction of
tori in the nonlinear stage of its evolution. In geometrically thin disks, however, this
is not the case, because the growth rate is much smaller in the case of thin disks. This
is related to the fact that the corotation region is located in the evanescent region of
the oscillations, and the penetration of oscillations to the corotation region is weak
in geometrically thin disks. Because of this, the growth rate of oscillations is small,
while in the case of tori, it is not the case.

Effects of coronation resonance on oscillations can be briefly summarized as
follows. We need to separate two cases where oscillations have node(s) in the
vertical direction or not (i.e., » > 1 or n = 0). In the case of n = 0 (i.e., p-mode),
wave amplification at the coronation resonance occurs. This amplification can be
divided into two cases: The coronation point is really singular or not singular. If
specific vorticity, d(x?/282po0)/dr, just vanishes at the corotation point (radius),
the singularity at the coronation point disappears (see Sect.10.2). In this case a
wave incident to the corotation point from each side of the corotation point can
be overreflected at the corotation point (see Sect. 10.3). The case of shearing sheet
approximation is a case where the specific vorticity vanishes at the corotation point.
In the case where the corotation point is a singular (i.e., d(k*/282p0)/dr # 0), the
overreflection occurs only in one side of the corotation point, depending on the sign
of the specific vorticity at the corotation point (see Sect. 10.3).

In the case where the oscillations have node(s) in the vertical direction (i.e., n >
1), the corotation point is always singular, and the waves are underreflected there
(Drury 1985; Kato 2003; Li et al. 2003).

Soon after the work of Papaloizou and Pringle (1984), Drury (1985) published
an important paper, which seem to imply that Drury had recognized the corotational
instability before Papaloizou and Pringle, and present mathematical bases of the
instability. His analyses include the cases where oscillations have node(s) in the
vertical direction (i.e., n # 0).

Examination of the corotational instability in realistic cases is mathematically
complicated. Hence, we shall be satisfied here with presenting general arguments
made by Drury (1985).

I'This paper seems to have errors.
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10.2 Preliminary Remarks on Wave Equation in Studying
Corotation Resonance

The corotation instability occurs for p-mode oscillations (n = 0). Hence, many
studies on this instability have been made by using vertically integrated quantities.
In this chapter, however, in addition to the corotation instability of p-mode
oscillations, we show that the corotation resonance make oscillations with node(s)
in the vertical direction (n # 0) dampen. To demonstrate the latter, it is convenient
to start from wave equations approximately separating radial and vertical behaviors
of oscillations. To do so, we consider vertically isothermal disks and neglect the
radial change of disk thickness for simplicity, i.e., dInH /dInr = 0.

Under the above approximations, we decompose variables describing oscillations
into - and z-dependent parts. That is, variables, 4 (r, z) and u,(r, z), are written as

hi(r.2) = fu() A (), ur(r.2) = fu(r) Aa(n), (10.1)

where n = z/H, .7,(n) is the Hermite polynomial of index n with argument 7, and
n(= 0,1,2,...) is the node number in the vertical direction. In cases of p-mode
oscillations, we have n = 0.

From equation (5.32) (or equation (3.48)) we have

dfy _ 2mS$2

o= fr — —(a) — kD). (10.2)
r }"

Furthermore, equation (5.33) leads to

df, dl
i:_( nrp |k ) L (10.3)

@* — n.Qi m?
dr dr 2r 2
Elimination of f, from the above two equations leads to an equation with respect
to f,, which is

d2
fh+ ln( ¥ 000 )@
dr

dr? 0? —«k? ) dr

2m2 d . [ &* —k? @? — k2 23 m?
1 l-n—)—— = 0. 10.4
e e R () R (R

This equation is the limit of dinH/dlnr = 0 of equation (5.28). By introducing a
new variable defined by

) 1/2
fh:( TP ) fin (10.5)

o2 — k2
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we can reduce equation (10.4) to

2

d? - _
—h = K, (10.6)

where

1 d P00 2 1d2 ¥ Poo
K?=_—| ZIn| =22 — ——In| 22
h 4|:drn(d)2—/c2):| 2dr "\ @2 _ 2
N 2m2 d | @* —k? +c52—;<2 | 22\ m? (107
—In —_n— |- —|. .
ro dr 00082 c? ncf)2 r2

Hereafter, p-mode oscillations and other type oscillations are considered separately.

10.2.1 p-Mode Oscillations

Let us consider p-mode oscillations (n = 0). Equation (10.7) then shows that
the corotation radius, @ = 0, is a regular singular point of equation (10.6), if
(d/dr)In[(@* — k?)/poo2]c # 0, where and hereafter the subscript ¢ denotes the
value at the corotation radius. Using @ = 0, we can reduce this condition of the

presence of singularity to
d (k*]282
dr\  poo c

2

This is non-zero of specific vorticity at the coratation resonance.

A glance of equation (10.7) might suggest that the radii of the Lindblad
resonances, i.e., the radii of ®* — k2 = 0, are also singular points. This is, however,
not the case. This can be shown by examining the solution of equation (10.6) around
the radii by a power series of r — r, where ry is the radius of one of the Lindblad
resonances. By this procedure we can find that two independent solutions of power
series have no singularity, i.e., the radii of the Lindblad resonances are not real
singularities (see Sect. 2.3). The apparent singularity at the Lindblad resonances can
be removed from wave equations, if we use wave equations expressed in terms of
fu, instead of f,. Such a wave equation can be derived by eliminating f;, from the

2If vertically integrated disks are considered, instead of H-constant disks, the condition of presence

of corotation singularity is
d (k)28
(=) #e
dr 2() ¢

where X is the surface density in the unperturbed disks.
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set of equations (10.2) and (10.3). The resulting wave equation is the special case
of equation (5.35) of dlnH/dInr = 0. It is noted that even in wave equation with
respect to f,,, the corotation radius is singular point if inequality (10.8) is realized.

Now we discuss approximate forms of wave equations in studying p-mode
oscillations. The disk is geometrically thin (i.e., r>£22/c2 > 1). Hence, if the
terms related to the apparent singularities are neglected, the main terms of K? in
equation (10.7) are two. One is (®> — k?)/c?, and the other is the term related
to corotation singularity. The latter term is —(2m$2 /r@)dIn[pg2 /(&* — «?)]/dr,
which is important only in a narrow region around @ = 0, and thus written
approximately in the form

2
2m@ d | (K /29)1 (10.9)

n .
r dr Poo 1)
As mentioned before, the gradient of specific vorticity determines the sign of the
coefficient of 1/®.

In order to make the wave equation a dimensionless form and to change the origin
of the radial coordinate to the corotation radius, r., we introduce a dimensionless
radial coordinate defined by

r—re

(10.10)

X =

re
Then, an approximate dimensionless equation describing the behavior of /; is

dhy

— 4+ k*h =0, 10.11
72 Tk ( )
with
@ —«? L[ mrpo d [(k?/282
K=+ — — . 10.12
a2 ’°+cb[<x/zs2>2dr( o )} (1012

A brief comment is presented here. Terms related to apparent singularities at
Lindblad resonances (@ — k> = 0) are neglected in the above equation of k2.

Figure 10.1 is a schematic diagram showing the radial distribution of k?(x) in
the case of [d(k?/2pg0$2)/dr]. < 0. Roughly speaking, the region between two
Lindblad resonances, i.e., xi [= (riL — rc)/re] < x < xoL[= (roL — 1c)/re], is an
evanescent region of oscillations, and the corotation point is inside this evanescent
region. Near the corotation point, however, a point of k> = 0 appears, which is
denoted xo. In the case of [d(k?/2p0$2)/dr]. < 0, xo is negative. The region
between xo and x = 0 is a narrow propagation region of oscillation. The waves
trapped in this narrow region are called Rossby-type waves by analogy with the
Rossby waves in meteorology. If [d(k?/2p00£2)/dr]. > 0, the point x, is positive,
and a narrow propagation region appears outside the corotation radius, i.e., xo > 0.
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| of| " x-axis
T T 0/ Zo, ToB

Fig. 10.1 A schematic diagram showing the radial distribution of k?(x). The case of
[d(k?/2pp$2)/dr]e < O is shown. The symbols x; and xop show the radii of the Lindblad
resonances, i.e., xy, represents the radius where @ — m§2 = —«, and xpp does the radius of
® — m$2 = k. The radius x is the position where k> = 0, which is negative (xy < 0), in the case
of [d(x?/2pgo$2)/dr]. < 0. Inner and outer reflecting boundaries are sometimes imposed, which
are shown by xjg and xog, respectively.

Fig. 10.2 A schematic diagram showing the radial distribution of k*(x) in the case of
[d(k?/2p0$2)/dr]. = 0. Different from the cases of [d(k?/2pp0$2)/dr]. # 0, the whole region
between xy. and xg is an evanescent region of oscillations.

In the special case of [d(k?/2pp0$2)/dr]. = 0, the narrow propagation region near
x = 0 disappears and the whole region between xy. and xor, is an evanescent region
of oscillations, which is schematically shown in Fig. 10.2.

As will be shown later in Sect. 10.3 (see also Fig. 10.3), in the case of Fig. 10.1,
an incident wave from the inner propagation region of x < xy towards the
corotation point is overreflected, while an incident wave from the outer propagation
region of x > xgr, towards the corotation point is underreflected. In the case of
[d(k*/2p00$2)/dr]. > 0, the situations are opposite. That is, an incident wave
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from the propagation region of x > xgr is overreflected. In the case of Fig. 10.2
of [d(k*/2p00$2)/dr]. = 0, waves towards the corotation point are overreflected
back whether they come from inside or outside (see Sect. 10.3). It is noted that in
the case of [d(k?/2po0$2)/dr]. = 0, the corotation point is not a singular point of
k2, but overreflection of waves is present at the corotation point.

10.2.2 Oscillations of Other Than p-Modes (i.e., n # 0)

In oscillations other than p-mode ones (i.e., n # 0), k> has a pole of the second order,
as equation (10.7) shows, i.e., k> has a term proportional to 1/@>. In this case, if the
wave equation is written in the form of equation (10.11), k> has an another singular
term which is proportional to 1/@2. Then, as shown in Sect. 10.3, the oscillations
coming to the corotation point are underreflected.

10.3 Drury’s Argument on Overreflection

Following Drury (1985), we introduced a new variable ¢ (r) defined by ¢ = irf, /fj.
This variable has an important meaning. If we multiply the complex conjugate of
fus 1.e., £, both to the denominator and numerator of the above expression for ¢,
then we have { = irf*f,/|fu|*. That is, the sign of the imaginary part of ¢ shows the
direction of the wave energy flux.> By using equations (10.2) and (10.3), we have

(Drury 1985)

d¢ dnpyo 1 [ ,n2} —a&? K? .

G _ a0, )t — e 20 ) —a2e.

dr dr ¢ ra~)|:r c? F\m 2628 m+2.QC @
(10.13)

This is the basic equation to study the overreflection at corotation resonance (Drury
1985).

If we integrate equation (10.13) along a segment of the real axis and J({) is zero
at any point, then because all coefficients in equation (10.13) are real, J(¢) is zero
at all points of the segment. This means that the direction of the energy flux is not
changed along the segment, since if it is changed at a point, the energy flux must be
zero throughout the segment and is inconsistent with the above assumptions. This
argument is, however, violated at a corotation point since at the point the path of the
integration is forced to leave the real axis since the point is a singular point. This
brings about an important conclusion (Drury 1985) that if there are places where
wave amplification or wave dampening occurs they are corotation points alone.
Furthermore, it enables us to relate local results valid in the neibourhood of the
corotation singularity to the global behavior of the system.

3Equation (3.62), for example, shows that the energy flux is given by poh;u.
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Based on the above considerations, Drury derived important conclusions from
equation (10.13). (i) A necessary condition for the corotation region to act as a wave
amplifier is the existence of a mode where the energy flux is directed away from
the corotation region on both sides. (ii) A sufficient condition for waves incident
from interior to be amplified is that all modes with a positive energy flux outside
corotation have a negative energy flux inside corotation. Conversely, for a wave
incident from the exterior, a sufficient condition for overreflection is that all modes
with a negative energy flux inside corotation exhibit a positive energy flux outside
corotation.

The next subject here is to explicitly show what cases the above amplification
condition is satisfied. To do so, we change the independent variable in equa-
tion (10.13) from r to @. Then, we have

d
d)—é =al* + bt +c, (10.14)
do
where
a(®) = ;(Kz o)
mrdS$2 /dr ’
; 1 k*  1dlnpgo -
b@) = — (20 + — + — ,
@) rd.Q/dr( 22 T “’)
~ 1 2 ’_2 2 ~2
= — —(n27 — . 10.15
c(@) mrd[?/dr|:m + cf(n 1= ( )

The purpose here is to examine how the sign of J(¢) changes at corotation point
o = 0.

First, we examine a solution of equation (10.14) which can be obtained by
expanding by a power series of @ as

L@) =) &ud". (10.16)
n=0

The coefficients a, b, and c are also expanded by power series of @, for example, as
a(®) = ap + a;@® + a»@* + . ... Then, in the present problem we have

2

K
= :O,...
a0 mrd§2 /dr “
2 1 dl
bo=——(20+—), b=—0>v 2P0
rdS2 /dr 282 mrd§2 /dr dlnr

_ ! 2, 2 —0 (10.17)
CO_mrd.Q/dr m n > . c1 = VU,... .

N
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Equating the terms of @° in equation (10.14), we have
aoy + bolo + co = 0, (10.18)

which gives . Next, the terms of @ in equation (10.14) leads to

& = Qaolo + bo)l1 + (@183 + bilo + c1), (10.19)

which gives ¢;, unless 2aplo + by = 1. Proceeding to the terms of @’ in
equation (10.14), we have

28 = Qaglo + bo) oo + (aoli +2arLols + bily) + (@283 + balo +¢2),  (10.20)

which gives &, unless 2agly + by = 2. In this way, if 2a¢ly + by is not equal to
a positive integer, we can calculate ¢, sucessively from ¢,_;, and obtain a formal
power series of @ as a solution of equation (10.14).

Next, let us consider what case 2ao{y + by = 1 is. Taking the square of 2ayly +
bo = 1 and substituting equation (10.18), we see that (2aglo+bo)> = 1 is equivalent
with b% —dapco = 1, where b% — 4aycy is written by using equations (10.17) as

b3 — dagco = 1 — 4%, (10.21)
Z; being the Richardson number given, in the present case, by

= 1 nxzﬂi _ n k2
" (mdQ/dr)? 2 (mdIn§2/dlnr)? 22 H?'

(10.22)

In deriving the second relation we have adopted ¢? = .QJZ_H 2. The most interesting
case is horizontal p-mode oscillations, i.e., n = 0. In this case, #Z; = 0 and (2ao¢y +
bo)* = 1. Even in this case, we can have a power series solution to equation (10.14)
by adopting ¢, which satisfies 2a¢lo + by = —1 (not 2apo+ by = 1). It is noted that
in the case of Z; = 0, b% — 4apco = 1 and thus the solution of equation (10.18) is
2a0Co+bo = +£1. Itis also noted that there is no case where 2aolo+bo = 2,3, 4, ...,
since b% — 4apco = 1 in the case of n = 0.

In the cases of n > 1 oscillations (g-mode, c-mode, and vertical p-modes), %;
is usually much larger than unity, since k/2 ~ 1 and (r/H)?> > 1 except for
region very close to the inner edge of disks where k2> < £22. That is, we find that
b(z) —4agcy < 1, and ¢, satisfying (10.18) does not make ayy + by a positive integer.

The above argument shows that in all cases one of the solutions of equa-
tion (10.14) can be expressed by a power series of @, which is denoted hereafter
. This solution is regular at corotation point. This means that this solution does not
contribute to overrefletion.
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Once one particular solution of ¢, i.e., Z , is known, the general solution of
equation (10.14) , i.e., {, is obtained by writing it as { = ¢ + 1/£. Substitution
of { = ¢ + 1/£ into equation (10.14) shows that & is the solution of the linear
equation:

. d§
o=

=+ (2at + b) +a = 0. (10.23)

By solving this equation we obtain

1 [® ~
£ = ——/ aBdTw, (10.24)
B D w
where
@ ~
- d
B(@) = exp / 2al + b) =, (10.25)
Bx w

and @, is the integration constant. Equation (10.24) is easily shown to be the
solution of equation (10.23) by substituting it into equation (10.23). It should be
noted here that we are interested in the behavior of £ near to corotation point, and
thus @ is taken to be small as well as @ so that the integrands in equations (10.24)
and (10.25) can be expanded by power series of @.

In summary, the general solution of equation (10.14) is (Drury 1985)

= B

{=¢— W- (10.26)

In the followings, we first present results on J({) in the case of %; > 1/4. Next,
the case of %; = 0 is considered. The cases between the above two ones are only
briefly noted, because these cases will be less interesting.

10.3.1 The Case of %; > 1/4

Waves other than p-mode ones belong to this class.* In this case, v? defined by
v? = bé —4agcy is negative, and v = iy is a purely imaginary quantity. As a regular

solution in neighborhood of corotation we adopt { = {y + ..., where
. —by+i
fy= 0TI (10.27)
2610

4Equation (10.22) shows that %, >> 1/4 in the case where n > 1, because r>/H? >> 1.
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Then, B(®) defined by equation (10.25) is found to be, in the lowest order
approximations,

W

B(®) =(ﬁ) (10.28)

After some manipulation, we find that ¢ defined by equation (10.24) becomes, in
the lowest order approximations,

EEHE]

_z _ b v (@' +1
(=¢+1/E= 2a 2a0—(@/@*)v—1+”" (10.30)

Finally, we have

We are interested here in whether J({) can change its sign at corotation point.
Neglecting terms which do not contribute to the change, we have (Drury 1985)

- n ko' + 1
Sgns = —Sgn —N
gn3 (&) en o [kd)u — 1}

— —Sen i(u@wz — 1)
2610

= —Sgn Ll [|I~c exp(—parg @)|? — 1i|, (10.31)
2610

where
k=1/®’ and k= kexplin In|@|]. (10.32)

In deriving the last equality in equation (10.31), we have used
®" = exp(ipln &) = exp[iu(ln|d)| +1i aIgcT)):|. (10.33)

Our purpose here is to examine whether Sgn J(¢{) changes around @ = 0. In
the case where angular velocity of rotation decreases outwards (d§2/dr < 0), the
value of @[= w — m§2] on the real axis of r is negative when r is smaller than
the corotation radius, say r., and becomes positive for r > r.. The corotation point
@ = 0 is a branch point of In @. When considering the value of In @, we must
consider the complex r-plane. As shown by Lin (1945a,b), the correct procedure to
treat branch points (as well as singular points) is to consider tentatively a growing
mode (in the present problem it means that the imaginary part of @ is negative),
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and then to examine the limiting case where the imaginary part tends to zero. In the
present case of d§2/dr < 0, the point of @ = 0 is just above the point of r = r,
on the complex r-plane.’ Hence, the imaginary part of In & increases by 7 when r
passes the corotation point, r = r., along the real axis from inside to outside.

Let us consider the case of © > 0. If Sgn J(¢) < O inside corotation, it
means that Sgn [|kexp(—parg®)|> — 1] < 0 (notice that ap < 0). Then, outside
corotation we have Sgn J(¢) < 0, because Sgn [|k exp(— parg @)|? — 1] is changed
to Sgn [|k exp(—parg @ — u)|* — 1] = Sgn [exp(—2um)|k exp(—parg@)|* — 1],
which is negative. If Sgn J({) > 0 outside corotation, it means that
Sgn[lkexp( parg @)|?> — 1] > 0. Then, inside corotation Sgn J(¢) > 0, because
Sgn [|kexp(—parg @ + pu)|? — 1] > 0. Situations are the same when . < 0, as will
be shown by similar considerations. That is, if the energy flux interior to corotation
is zero or negative, it must be negative outside corotation. If it is positive or zero
outside corotation, it must be positive or zero inside corotation. This means that
the corotation region cannot be a wave amplifier if %; > 1/4. That is, waves with
node(s) in the vertical direction (n # 0) are not amplified at corotation. Really,
Kato (2003) and Li et al. (2003) showed that g-mode oscillations are damped at
corotation. The damping of c-mode oscillations is shown by Tsang and Lai (2009a).

10.3.2 The Case of %; = 0

This is the most important case. In this case it is convenience to rewrite equa-
tion (10.14) into the following form (Drury 1985):

595 = aC D). (10.34)
w

Of course, f and g are related to a, b, and c by
b=—-a(f+g), and c=afg. (10.35)

Now, f and g are expanded in terms of @ as
F=0 5" =) gd" (10.36)
n=0 n=0

Equation (10.34) then shows that the solution regular at corotation point, i.e., E ,
is fo or go in the lowest order approximation with respect to @. Here we take it to be

SWe consider the point of @ = 0 on the complex r-plane. The point is written as (., €) on
the plane. Then, because ® = w — m2 = w. — m2. + iw; — m(d2/dr)ie = 0, we have
€ ~wi(md2/dr)™" > 0forw; <O0.
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fo, 1.e., EO = fo. Then, in the next order of approximation, equation (10.34) leads to

& = ao(o — g0) (&1 — 1) (10.37)

In previous discussions we showed that in the case of ‘@L: 0, we adopted 2aofo +
by = —1. From this and equations (10.35) we see that {; = (1/2)f;. That is, the
solution regular at corotation point is written as

E=f+ %ﬁzb + 0(@). (10.38)

Once E is obtained, we can calculate the whole solution of equation (10.34) by
the same procedure as that in the beginning of Sect. 10.3. To do so, we first perform
the integration in equation (10.25) by using b = —a(f + g), the power series of {,
f and g, and ao(fy — go) = —1. The result is

B= “’—[1 —ay (gl n —;)«o — ) + O, cbi)} (10:39)

a) 0

Then, £ given by equation (10.24) becomes, after some manipulations,

£ = ao[l + apg1@® 1n(§) _e } (10.40)

* Wx

where @x has been taken to be sufficiently small and, for example, In @« is neglected
compared with 1/®,. Although @, is small, @ has been taken to be much smaller
than @,,% and finally we have

1 | o 1 @
Cz(fo+—+—ﬁw+...)—g1wlnw+—~—+... (10.41)
ay 2 ap W«

Equation (10.41) shows that

Sgn J(¢) = —Sgn[gl;“s(cbln cb)} + Sgno J(k)

= —Sgn &[g; arg & — J(k)]. (10.42)
where
1
k= ——1. (10.43)
agwx

%As mentioned before, we can study overreflection at the corotation point by examining local
behavior at corotation point.
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In deriving equation (10.42), terms in J({) which do not change obviously their
sign across corotation point have been neglected, because we are interested in the
change of sign of J({) across corotation point.

The imaginary part of In @ increases by = when r passes corotation point along
the real axis from inside to outside, as mentioned before. This means that when
Sgn [@arg ®] < 0 outside corotation radius (Sgn @ > 0 and arg @ < 0), we have
Sgn [warg @] > 0 inside corotation radius, because Sgn @ < 0 there and arg @ is
smaller than that in the outside by —= and thus arg @ < 0.

The above arguments give an important sufficient condition for overreflection.
That is, if g > 0, a positive energy flux outside corotation implies a negative
energy flux inside corotation. That is, corotation point is a source of wave energy
for waves transmitted from interior to exterior. This means that a transmitted wave
in the exterior from interior will be overreflected at the corotation point and it will
be amplified if there is a reflecting boundary inside (see panel labeled “g; > 0 in
Fig. 10.3).

We can also say that when Sgn [@arg @] < 0 inside corotation (Sgn &@ < 0 and
Sgn [arg @] > 0) we have then Sgn[@arg @] > 0 outside (Sgn @ > 0 and Sgn
[arg ®] > 0). Hence, if g; < 0, a negative energy flux inside implies a positive
energy flux outside, i.e., corotation point is a source of energy. This means that a
transmitted wave in interior from exterior will be overreflected at corotation and will
be amplified if there is a reflecting boundary outside (see panel labeled “g; < 0” in
Fig. 10.3).

In the exceptional case of g; = 0, the corotation singularity is removed, but the
energy flux changes sign at corotation point in both cases where waves approach to
corotation from inside or outside, when (k) # 0. If Sgn ¢ < 0 inside coronation,
it means that J(k) > 0, because Sgn @ < 0. Then, outside coronation Sgn ¢ > 0,
because Sgn @ > 0. That is, if the energy flux interior to corotation is negative,
it must be positive outside corotation. Similarly, if Sgn { > 0 outside coronation,
Sgn ¢ < 0 inside coronation, because the sgn of @ changes at corotation. That is,
overreflection occurs on both sides of corotation (see panel labeled “g; = 0” in
Fig. 10.3).

The next problem is to derive an explicit expression for g;. To do so Drury (1985)
introduced an elegant way. Let us introduce an variable y defined by y = poo¢ and
change equation (10.13) into an equation of x as, in the case of n = 0,

_dy P00 282 'S -
a__po (28 . 10.44
a6~ mrdjdr (’" * X) (’" 2200 X) +0) (10.44)

Since the whole theory depends only on the sign of the imaginary part of ¢, the same
argument can be made for y. Then, we see that the quantity corresponding to g is
—mpoo/ (k?/282) in the present case of y (compare equation (10.44) with equation
(10.34)). This means that

dg 1 dg
Sengi =Sen( %)  =sgn|-— %8
g &l gn(dd))azo gn[ md$2]dr dr],c

q 1 d (220 (1045)
= n| — _— . .
S T agrarar\ pw ).
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Since we are interested in disks with d§2 /dr < 0, we have

2
Sgn(g)) = Sgn[i('c /29)} . (10.46)
dr Poo re

The quantity, k2/242, is called vorticity of the flow, and (k2 /2£2)/ po is the specific
vorticity.

In summary, for n = 0 oscillations (the p-mode oscillations), corotation point is a
singular point, unless the sign of the gradient of specific vorticity at the point is zero.
That is, waves ingoing to corotation point from inside are overreflected there, if the
gradient of specific vorticity at the corotation point is positive (g; > 0) (see the
upper-left corner of Fig. 10.3). When the gradient of specific vorticity is negative
(g1 < 0) at the corotation point, the situations are changed, and waves ingoing
there from outside are overreflected (see the upper-right corner of Fig. 10.3). If the
gradient of the specific vorticity vanishes at the corotation point, the singularity at

Overreflection at Corotation Resonance

Three Cases
g]_ > 0 01 < 0

-1—I = = | —»
incident ey | ..» ' . =- | <= incident
. transmitted  transmitted | —
reflected reflected

I 91:0

-— = = | —
incident spe | --» - | <= incident
’ transmitted transmitted | ——»

Fig. 10.3 Schematic picture showing overreflection in three cases of g; > 0, g; < 0, and g; = 0.
In the case of g; > 0 (the upper-left part of this figure), if an outgoing wave from the corotation
point (shown by =) exists, there is an ingoing wave (shown by <—) from the corotation point.
That is, the corotation point works as a source of energy. This means that a wave from inside
to the corotation point is partially transmitted outwards and the remaining part is overreflected
inwards. If there is a reflecting boundary inside the corotation point, the wave trapped between the
boundary and the corotation point is amplified. In the case of g; < 0, the situation is changed. If an
ingoing wave from the coronation point (shown by <=) exists, there is an outgoing wave (shown
by —) from the coronation point. That is, a wave coming to the corotation point from outside is
overreflected at the coronation point. In the case of g; = 0, waves from both sides of the corotation
point are overreflected as shown in the lower part of this figure.
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the pint is removed, but waves approaching to corotation point are overreflected, no
matter what the waves come to the corotation point from inside nor outside (see the
lower part of Fig. 10.3).

10.3.3 Cases of 0 < %; < 1/4

Since these cases are less interesting, Drury’s results are briefly summaries below.

e 0<Zi<1/4
The corotation region can be a source or sink of energy for perturbations,
depending on the perturbations.
° %,' =1 / 4
Amplification of perturbations at corotation point is impossible when %Z; =
1/4.
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Chapter 11
Wave-Wave Resonant Instability in Deformed
Disks

Abstract In addition to excitation processes considered in Chaps.9 and 10, we
have another important excitation process of disk oscillations. This is a wave-wave
resonant excitation in deformed disks. Disk deformation from axisymmetric state is
widely expected in tidally deformed disks. Even in a single star, long-living (time-
periodic) deformations may be present on disks (e.g., warps).

Basics on a wave-wave resonant instability in deformed disks was studied by
Kato (Publ Astron Soc Jpn 56:905, 2004; 60:111, 2008), and later examined from
different ways by Ferreria and Ogilvie (Mon Not R Astron Soc 386:2297, 2008)
and Oktariani et al. (Publ Astron Soc Jpn 62:709, 2010). Subsequently, Kato (Publ
Astron Soc Jpn 65:75, 2013; 66:24, 2014, see also Kato et al. (Publ Astron Soc Jpn
63:363, 2011)) formulated the instability in a perspective way. In this chapter, we
outline the formulation by Kato (Publ Astron Soc Jpn 65:75,2013). Applications to
time variations in dwarf novae and X-ray binaries are presented in Chap. 12.

Keywords Disk deformation ¢ Tidal wave * Warp * Wave energy * Wave-wave
coupling

11.1 Brief Outline of Wave-Wave Resonant Instability

In Chaps.9 and 10 we have considered two important excitation mechanisms of
disk oscillations. They are (i) viscous overstability and (ii) excitation by corotation
resonance. Types of oscillations excited by these mechanisms, however, are rather
limited. They are p-mode oscillations alone.

Observations, however, suggest the presence of other types of oscillations in
disks. For example, tilt mode (one-armed vertical p-mode oscillation) seems to be
excited on dwarf novae disks, in addition to one-armed eccentric precession mode
(one-armed p-mode). The origins of quasi-periodic oscillations observed in low-
mass X-ray binaries are still in debate, but some of them might be due to disk
oscillations other than p-mode oscillations (see Chap. 7).

Before examining the resonant instability condition in detail, we present here the
situations which we consider and briefly summarize the resulting condition of the
resonant instability.

© Springer Japan 2016 181
S. Kato, Oscillations of Disks, Astrophysics and Space Science Library 437,
DOI 10.1007/978-4-431-56208-5_11



182 11  Wave-Wave Resonant Instability in Deformed Disks

Resonant Instability
(E]/Wl)(E?/wz) > 0

Resonant Coupling

Oscillation 1 Deformation v
Eifw; >0 Efw >0
(or Eyfuwr <0) | | wp (or Ez/wn <0)
wy mp, Np Wy
( my, ny ) U ( my, Ny )
) Oscillation 2

Resonant Coupling
my+ma+mp=0, wi+w+wp=0

Fig. 11.1 Schematic diagram showing simultaneous amplification of two oscillations which are
resonantly coupled through disk deformation. The set of frequency, azimuthal wave number, and
vertical node number are represented by (w, m, n), and the subscripts 1 and 2 represent the two
oscillations, and the subscript D does the disk deformation. The resonant conditions are m; +m; +
mp = 0, and w; 4+ w, + wp = 0. The condition of resonant amplification is (E/w);(E/w), > 0,
where E is wave energy of oscillations. That is, for amplification to occur two oscillations must
have the same signs of E/w > 0. This amplification condition is derived in Sect. 11.4.

Let us consider a disk deformed from an axisymmetric state. The deformation
is assumed to be time-periodic with frequency, wp, and azimuthal wavenumber
mp. On such deformed disks, two small-amplitude normal mode oscillations are
superposed. The set of frequency and azimuthal wavenumber, (w, m), of these two
normal mode oscillations are (w;, m;) and (w,, my). If there are the following
relations:

wy+wy+wp =0, m +my+mp=0, (11.1)

the two oscillations with (w;, m;) and (w,, my) can resonantly couple each other
through the disk deformation with (wp, mp).! This coupling is schematically shown
in Fig. 11.1.

In addition to the above, the vertical motions also need to couple for the resonant
to occur. For example, if the variable & (= p;/po) associated with disk deformation,
say hy p, has no node in the vertical direction, i.e., by p(r, z) X % (z/H), h’s in the
wi- and w,-oscillations must have the same node number in the vertical direction,
i.e., ny = ny, since the product of .7%, and .74 is proportional to .77,. In the case
where the disk deformation has one node in the vertical direction, i.e., np = 1, the

! Adoption of equations (11.1) as resonant conditions means that we do not restrict @’s and m’s to
positive values.
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difference of vertical node numbers of w; - and w,-oscillations needs to be unity, i.e.,
n1 = 1 = ny, since JZ, times J# consists of terms proportional to 77,1 and J%, ;.

Furthermore, for couplings among two modes really to occur, the radial domains
where waves and disk deformations exist need to be overlapped. Otherwise, these
modes cannot have nonlinear interactions.

The above conditions on frequency (w), azimuthal wavenumber (m), vertical
node number (n), and radial propagation regions are all necessary conditions for
resonant couplings. If these conditions are satisfied, the w;- and w,-oscillations
resonantly couple through the disk deformation. As the results of the coupling the
oscillations grow or damp. The problem to be examined is what is the condition of
the amplification. This is the subject of this chapter.

The final results of analyses show that the condition of amplification is rather

simple. That is, if
E E
(—1) (—2) >0 (11.2)
w1 wr

is realized, both of the two oscillations grow with time, where E| and E, are wave
energies of the w; - and w;-oscillations, respectively (Kato 2013, see also Kato 2004,
2008; Ferreria and Ogilvie 2008; Oktariani et al. 2010; Kato et al. 2011).

One of basic assumptions involved in our analyses is that the disk deformation
is a small perturbation on the unperturbed disks, but its amplitude does not change
by resonant coupling with the oscillations imposed on disks. This means that the
amplitude of disk deformation is larger than those of oscillations imposed. Cases
where this assumption is relaxed are discussed in Sect.11.4 in relation to the
mechanism of amplifications.

11.2 Derivation of Quasi-nonlinear Wave Equation

To examine wave-wave resonant couplings, we must extend the linear wave equation
derived in Chap. 3:

02 d
pos e+ 2poly V) o+ Z(8) =0, (11.3)

to quasi-nonlinear cases. Here, & is Lagrangian displacement associated with
perturbations, .Z () is a linear Hermitian operator with respect to &, and uy is
the velocity in unperturbed disks and is taken to be rotation alone in the present
treatments, i.e., uy = (0, r§2,0).

Returning to a Lagrangian formulation of full nonlinear wave equation, we start
here from (Lynden-Bell and Ostriker 1967, see also chapter 3)

D& _ 1
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where Dy/Dt is the time-derivative along an unperturbed flow, ¢, and related to the
Eulerian time derivative, d/dt, by

Dy d
—_— = — -V. 11.5
Dt ot T Ho ( )

The Lagrangian change of a quantity, Q(r,?), i.e., 8Q, is defined by

(SQ:Q[r+$(rvt)vt]_Q0(rst)s (116)

where the subscript 0 to Q represents unperturbed quantity. The Eulerian change of
0, i.e., O, on the other hand, is defined by

Ql = Q(rvt)_QO(rvt)‘ (117)

If Q[r + &(r, 1), 1] is Taylor-expanded around Q(&, t) up to the second-order terms
with respect to perturbations, we have from equations (11.6) and (11.7),

9%Qo

gjm. (11.8)

9Qo 00, 1
(SQ—Q1+SJ arj +$j arj +2$I
This is a relation between §Q and Qj, up to the second-order small quantities with
respect to perturbations. Here and hereafter, the summation abbreviation is adopted,
using Cartesian coordinates.
Our purpose here is to explicitly write down equation (11.4) up to the second-
order small quantities with respect to perturbations. Since the self-gravity of disks
is neglected here, i.e., {; = 0, we have easily

2

d 1 0
§(Vy) = Sja_rj(v%) + Egigjw(v%)- (11.9)

The second term on the right-hand side of equation (11.9) represents nonlinear
terms.

Expressing §(Vp/p) in terms of Lagrangian displacements is somewhat compli-
cated. Using equation (11.8) and the definition of Lagrangian change, we have

1 1 d
sl -V = \Y \% —V
(p P) ,oo+8p[ Po + PH‘%Brj (po+p1)

2

1
—V o= —=Vpo. 11.10
E,ariarj Po + } ™ Po ( )

1
+§§i
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The Eulerian pressure variation, p;, which appears on the right-hand side of
equation (11.10), is expressed in terms of p and & by using

P
8p = pi +é‘ja—(po +p1) + &s,ar";: (11.11)
i0rj

We have then (Kato 2004)

1 .3 %o il
oo et )

2

a Do 1
+§;a—rjv[l’o +ép— Eia—ri} + E&éjmvpo

) 9 8p\>
—f[w%+vwm—wvml@]+(ﬁ)vm. (11.12)
Lo Brj Lo

This explicitly expresses pod(Vp/p) up to the second-order quantities in terms of
Lagrangian quantities, §p, §p, and &.

Next, dp and 6p on the right-hand side of equation (11.12) are explicitly
expressed in terms of &. To do so we use the equation of continuity and adiabatic
relation. The equation of continuity is expressed as (e.g., Kato and Unno 1967)

9&;
5/04‘/30—S = poNe, (11.13)
3ri
where
1785 | 0% 05
Ne==|(Z) + &% 11.14
2[(8@) *’aaan} (9

The adiabatic relation is written as (e.g., Kato and Unno 1967)
§p— I22%6p = poN,, (11.15)
Po
or

9E;
ép + Flpoa—i = po(INc + Ny), (11.16)
J
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where
1 §p\?
N, = =I'(I' — 1)(—p) . (11.17)
2 Po

Substitution of equations (11.13) and (11.15) into equation (11.12) finally gives
an expression for po§(Vp/p), expressed in terms of & alone. This is summarized as

1
,005(;VP) = Plinear + Pnonlineara (1118)

where Plipesr and Pponiinear are the linear and quasi-nonlinear parts of pyd (p_1Vp),
respectively. An explicit form of the linear part is given by (Lynden-Bell and
Ostriker 1967)

0 0&; 9 B]
Piinear = V[(l —1)po aé :| poV(ai) (Sj Po) + Sjavp(). (11.19)
T 2 J

At the stage where equations (11.13) and (11.15) are substituted into equa-
tion (11.12) the quasi-nonlinear part of py8[(1/p)Vp] has various terms, but after
some manipulation the part can be summarized into the following form (Kato
2008)%:

_(Pnonlinear)k = —i( agl asj) i I:(Fl _ 1) Po—2 asj agl:|

or; ark or; or; dry 0
10 0&; 0§ 10 e 8&, 8&1
+23rk |:(F1 1)p ()a or i|+23 |:( 1 —Dp o, a}’/ s (11.20)

where (Pponlinear)x TEpresents the k-component of Pyopjinea-

Substituting equations (11.9), (11.18), (11.19), and (11.20) into equation (11.4),
we find that the linear wave equation (11.3) is now extended into a quasi-nonlinear
equation as

9% 0&
Pogs + 2po(uo - V)— + Z(§) = C(§), (11.21)

where C(&) is the quasi-nonlinear term and its Cartesian component is written as

1 9?
Cu(§) = _Epogtgja awg — (Pronlinear)k- (11.22)

2In expression for Pontinear given by equation (82) by Kato (2008) there are typographical errors.
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An explicit expression for .Z(€) is presented in Chap. 3, but here it is presented
again for completeness:

Z(&) = po(uo - V) (o - V)& + po(& - V)(VYo) + Piinear(§). (11.23)

11.3 Quasi-nonlinear Coupling Among Oscillations and Disk
Deformation

After the above general arguments on quasi-nonlinear equations, we proceed to
quasi-nonlinear couplings among disk oscillations and deformation. Before that,
however, we briefly mention on normal mode oscillations of linear perturbations
and on disk deformation.

11.3.1 Linear Oscillations and Disk Deformation

On an axisymmetric steady disk a deformation is superposed. The origin of the
deformation is not discussed here, because it is outside of our present interest.
However, if the deformation is due to tidal force, for example, the disk deformation,
&), is related to the tidal potential, say ¥p, by

PEp 9€p
75p R vapail
P05 T 200 V)~

+ Z(§p) = —poVp. (11.24)

The deformation is assumed to be time-periodic with frequency wp and with
azimuthal wavenumber mp. Our basic assumption here is that such a time-periodic
deformation is maintained on disks over a timescale longer than the growing or
damping timescale of oscillatory perturbations on disks. The displacement vector,
&, (r, 1), associated with the deformation over the steady state is denoted by

Epr.1) = 0 [éD(r)exp(iwDr)} " [éDexp[i(wDr - mw)]], (11.25)

where i denotes the real part, and ¢ is the azimuthal coordinate of the cylindrical
coordinates (r, ¢, z) whose center is at the disk center and the z-axis is the rotating
axis of the disk. In the case of tidal deformation, for example, the deformation is
the forced oscillations resulting from the exp[i(wpt — mpg)]-component of the tidal
force.

In addition to such a deformation, a set of two normal modes of oscillations with
small amplitudes are superposed on the axisymmetric steady disks. The set of eigen-
frequency and azimuthal wavenumber of these oscillations are denoted by (w;, m;)
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and (w,, my). The displacement vectors, &;(r, ) (where i is 1 or 2), associated with
these oscillations are expressed as

E(&.1) = m[&(r)exp(iwir)} = m[éiexp[i(wir—miw)l} (i=12).
(11.26)

It is noted that these small amplitude normal modes of oscillations are governed by

P, 3,

vy ~+ 2po(uo - V) o + Z(&;) =0. (11.27)

Je

wherei=1 or 2.
We now assume that the following resonant conditions are present among the
two oscillations and the deformation:

o +w,+wp=Aw and my +my +mp =0, (11.28)

where m;’s (i = 1,2, and D) are integers. In order to include in our formulation
the cases where three frequencies are slightly deviated from the exact resonant
condition, Aw is introduced in the first relation of equation (11.28), where |Aw|
is assumed to be much smaller than the absolute values of w; and w,.> In the final
analyses of instability, however, we consider only the case of Aw = 0. In order to
represent the resonant conditions by a simple form without separately considering
such cases as w, = w; + wp and w, = —w; + wp, we have adopted simple
resonant forms as equations (11.28). Hence, @’s and m’s can be taken to be positive
or negative as long as the conditions (11.28) are satisfied.

In the non-linear stages, the w;- and w,-oscillations satisfying conditions (11.28)
resonantly interact with each other through the disk deformation specified by
wp.* Our main concern here is to examine how the amplitudes of the w;- and
wsy-oscillations are changed by the quasi-nonlinear interactions through the disk
deformation. Quasi-nonlinear changes of the w;- and w,-oscillations by themselves
are not considered, assuming that their amplitudes are smaller than that of the disk
deformation. It is further assumed that the amplitudes of the oscillations are so small
that the amplitude of the disk deformation is unchanged by the resonant couplings
with the oscillations.

3The cases where wp = 0 can be included in our analyses.

“For oscillations to resonantly interact, additional conditions concerning wave forms in the vertical
and radial directions are necessary, as mentioned in Sect. 11.1. These conditions are not considered
here in detail. If these conditions are not satisfied, the value of the coupling term, W or WT, given
by equation (11.48) or (11.49) vanishes.
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11.3.2 Quasi-nonlinear Resonant Coupling of Oscillations

In the linear stage, the perturbation, &, imposed on a deformed disk is simply the
sum of two oscillations:

E(r,n) = Aig(r, 1) + A€y (r.1)

=N [Alélexp(ia)lt) + Azézexp(ia)zt)}
=N [Alélexp[i(wlt —mp)] + Azézexp[i(a)zt — ngo)]}, (11.29)

where A; and A, are amplitudes and are arbitrary constants at the linear stage.
In the quasi-nonlinear stage, the oscillations are modified through quasi-nonlinear
couplings with disk deformation, &, so that they satisfy a quasi-nonlinear wave
equation. The quasi-nonlinear wave equation is

82§ o€
Pos 20000 - V)5t + Z(8) = C(§.&p). (11.30)

where C is the quasi-nonlinear coupling terms and is given by (see equations (11.20)
and (11.22))

9° 0 d&; 0 dép; 0
Cv(§.8p) Z—PoéiSDjmlﬁo ™ (P a}i 521 + po aka ai)
e 1= Do glaivg + 5 Paie ) |
J
o] = 35, 2| ai[(n - pdivgdingy | (13D
s

where the subscript k attached to £ and r, for example, denotes the k-component of
vectors & and r in the Cartesian coordinates, and we use Einstein’s convention of
indices (i.e., take summation if a term has the same index variable twice).

It is noted here that in the cases where the disk deformation is due to an external
force, additional terms should be added to equation (11.31). If the external force is
tidal one, for example, there appears a quasi-nonlinear term in § V. This is because
a general expression for §V is given by

2
VY = VYo -+ G50V 0+ ¥0) + FE6 TV o+ o) s (1132)

where v, is the unperturbed gravitational potential in the unperturbed axisym-
metric disk. Corresponding to this, the quasi-nonlinear wave equation (11.30) is
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modified to
w28 ap - E 4 @) = ey, (1133)
and C" is
C'(&.8p) = C(&. &p) —pos,-a%wn. (11.34)

Here and hereafter, however, the coupling terms are sometimes represented by
C(&,&p) without C(£, &) and C* (£, &) being distinguished, because there is no
formal difference in the final results except that C(&, &) is replaced by C* (&, &p).

The disk oscillations, & (r, f), resulting from the quasi-nonlinear coupling through
disk deformation, & (r, 7), will be written generally in the form:

2 2
E(r.0) =N Y A0 (rexplioir) + % Z( > A,-,aéa(r))exp(iwat)

i=1 i Na#l2

+-oscillating terms with other frequencies. (11.35)

The original two oscillations, &, and &,, resonantly interact through the disk
deformation. By this resonant interaction their amplitudes secularly change with
time, which is taken into account in equation (11.35) by taking the amplitudes, A;’s,
to be slowly varying functions of time. The terms whose time-dependence is the
same as exp(iwif) but whose spatial dependence is different from &; are expressed by
a sum of eigen-functions, éa (o # 1 and 2), assuming that the set of eigenfunctions,
é B (B =1,2,3,...), make a complete set. The terms whose time-dependences are
different from exp(iwit) are not written down explicitly in equation (11.35), because
these terms disappear by taking long-term time average when we are interested in
phenomena with frequencies of w; (i = 1 and 2).

In order to derive equations describing the time evolution of A;(f) i = 1
or 2), we substitute equation (11. 35) into the left-hand side of equation (11.30)
or (11.33). Then, considering that f; ;’sand f; o« S are displacement vectors associated
with eigenfunctions of the linear wave equation (11.3), we find that the left-hand
side of equation (11.30) or (11.33) becomes the real part of

2
dA; N
200 Z d_tl [ia)i ~+ (uo - V):|§iexp(ia)it)
i=1

2
+po Z ZAW [(wj — w}) = 2i(wy — o) (o - V):|§aexp(ia)it), (11.36)

=1 «

where d?A;/dt* has been neglected, because A;(¢)’s (i = 1 and 2) are slowly varying
functions of time.
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Now, the real part of equation (11.36) is integrated over the whole volume of
disks after being multiplied by &,[= 9 & exp(iw;?)].°> Then, the terms resulting
from the second term of equation (11.36) vanish by the orthogonality relations
given in Chap. 3 (see equation (3.18)). It is also noted that we are interested only
in secularly changing terms, i.e., time-periodic terms are neglected by taking time
average. Then, the result of the integration is

dA ok A
n iTtl<PO§1 (w1 —i(uo - V)]$1>, (11.37)

where (X) denotes the volume integration of X (&), and the asterisk * denotes the
complex conjugate. It is noted that the cross term between é T and é , disappears by
the volume integration, because the w;- and w,-oscillations are different modes and
w,; = w; and my = m, cannot be realized simultaneously.

Equation (11.37) can be further reduced to

2E; dA
DI (11.38)
w1 dt

because the terms in the brackets of equation (11.37) are related to the wave energy,
E, of the oscillation &, which is (see Chap. 3)

1

E, = 5@ [M(Poéjél) —i(Poér(”O ) V)él)] (11.39)

It is of importance to note that in the case of the oscillations with small azimuthal
wavenumber (which is m) in geometrically thin disks the wave energy can be
expressed as (see equation (3.31))

w1

E, = ?<(a)1 - ml.Q)PO(éirgl,r + él*,zél,z)>7 (11.40)

where £2(r) is the angular velocity of disk rotation. An importance of this expression
for wave energy is that the sign of wave energy is related to the value of w —mS2 in
the region where the wave exists predominantly. That is, if a wave exists inside the
radius of the corotation resonance where w — mS2 = 0, the wave energy is negative
(when w > 0), while it is positive if the wave is outside the radius of the resonance
(when w > 0).

5 The formula
1 1
RAR(B) = RAB +AB'] = JRAB+A"B)

is used, where A and B are complex variables and B* is the complex conjugate of B.



192 11  Wave-Wave Resonant Instability in Deformed Disks

Now, after preparations in the above two paragraphs, we multiply &, (r) to the
real part of equation (11.30) and integrate over the whole volume. Then, we have

2E, dA,

g 2Erdd 1y I:Az(t)AD<§1 - C(£,, éD)>exp(iAa)t):|, (11.41)
wy dt 2

where C (é 2 é p) is replaced to C* (é 2 é p), When tidal deformation is considered. In
deriving the right-hand side of equation (11.41), the time periodic terms with high
frequencies (i.e., non-resonant terms) have been neglected by time average being
taken.

Similarly, we multiply &,(r) to the real part of equation (11.30) and integrate
over the whole volume to lead to

2E, dA;

1 .
Wi k= |:A1(t)AD<§2 C(,. §D)>exp(iAwt)i|. (11.42)

As mentioned above, in the case of tidal deformation, C(él,éD) is replaced by
C"(£,.&p). The set of equations (11.41) and (11.42) are simultaneous differential
equations describing time evolution of A; and A,.

11.3.3 Commutative Relations Among Coupling Terms

Before studying the simultaneous equations (11.41) and (11.42), we should notice
an important and general characteristic of the coupling terms. This characteristic
leads the stability criterion to a simple and general form. That is, we consider three
arbitrary functions of &, say £W, £ and €3, which are continuous and py times
each of them vanishes at far outside of the disk. Then, for arbitrary exchanges of
)‘;'(”, 5(2) , and 5(3) , we have the following commutative relations (e.g., Kato 2013):

[ meee® g0 = [ e, g

= [ s P 600 = [ mEVCE® s = 143

These commutative relations can be shown by performing the integrations by
parts with using the expression for C given by equation (11.31). Integrations by
parts lead integrands to forms symmetric with respect to &V, £ and £®. In the
case where the coupling term is CT, however, commutability is less general. Let us
regards £ as & p (the displacement vector associated with tidal force). Then, £
and £ are commutative as

[ g0 6. p)d's = [ mg Ve g1 (1.4
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but not commutable with &, i.e., we have

/pos‘”CT(S(z’,ED)fHé /pOEDC(E(Z),E(I))d3r. (11.45)

It is noted, however, what we need in the following analyses is relation (11.44)
alone.

11.4 Conditions on Growth of Resonant Oscillations

Since the amplitude Ap, is assumed to be constant, the time evolutions of A; and A,
are determined by solving the simultaneous equations (11.41) and (11.42). What are
governed by equations (11.41) and (11.42) are the imaginary part of A; and A5, say,
A1 and A, ;. Their real parts are not related to the resonance, and we consider the
cases where they can be neglected.

Hereafter, we restrict our attention only to the case of Aw = 0. Then, we have
from equations (11.41) and (11.42)

2E| Ay 1

_w_lg = _EAZ,iS(ADW)v (11.46)
2E2A2,i _ _l ~
—w—zz = 2A1,1\§(ADW), (1147)
where
w={d o)) {8 o) (11.48)

The last equality of equation (11.48) comes from commutability between él and é 5
(see equation (11.43) or (11.44)). In the case where the deformation is due to the
tidal force, W’s in equations (11.46) and (11.47) are replaced by WT which is

wr E<§1 -C' (&, ED)> =<§2 CE(E, ED)>. (11.49)
Eliminating A, ; from equations (11.46) and (11.47), we have
Ay 1 (EiE)\ ! 2
_— == I(ApW) | Ay 11.50
= re(m2) [aasm | a (11.50)

A similar equation is obtained for A,; by eliminating A;; instead of A,; from
equations (11.46) and (11.47).
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Equation (11.50) shows that if

E\E,
wiwy

> 0, (11.51)

the oscillations grow with the growth rate given by

1/2
wi1wr
— S(ApW)]. 11.52
AR (152

In the case where the disk deformation is due to tidal force, W in equation (11.52)
is changed to WT.

The resonant interaction of two oscillations through disk deformation are
schematically shown in Fig. 11.1.

11.5 Cause of Instability and Three Wave Interaction

In this section we discuss the cause of the resonant instability. In the case where
|wp| is small, the resonance occurs between two oscillations with opposite signs of
w’s, i.e., wjw; < 0. In this case the instability condition (11.51) is written as

E\E, < 0. (11.53)

This might suggest that the instability is a result of energy exchange between two
oscillations through a catalytic action of disk deformation. Positive energy flow from
a negative-energy oscillation to a positive-energy oscillation leads to growth of both
oscillations.

This interpretation is not always correct. Energy exchange between deformation
and oscillations is of importance in the case where |wp| is large compared with |w |
and |w»|.% In this case the resonance (w; + w» + wp = 0) occurs for oscillations
with the same signs of w; and w,, and the instability condition (11.51) is written as

E\E, > 0. (11.54)

Equation (11.54) clearly shows that in the present case of |wp| being large, the
instability cannot be interpreted as energy exchange between two oscillations. That
is, both oscillations grow by getting energy from the deformation (in the case of
E; > 0and E, > 0), or by lossing energy to the deformation (in the case of E; < 0
and E, < 0). In other words, energy exchange between oscillations and deformation
is essential for growth of the oscillations.

SThe tidal instability in dwarf novae, which is discussed in Sect. 12.2, corresponds to this case.
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To understand this situation, it is helpful to examine the case where the disk
deformation is not fixed, but subject to changes of amplitudes of &, and &,. That
is, we consider the case where the wp-deformation is an another disk oscillation
and has resonant interactions with w;- and w,-oscillations (i.e., a three-modes
interaction). In this case, we can study the amplitude variation of the wp-oscillation
by performing similar analyses used to derive equation (11.41) and (11.42). Then,
as the results we have

)ez@‘?—t‘) = %m [Al(t)Az(t)<§D -C(&,, éz)>exp(iAa)t):|, (11.55)

wp

where Ep is the wave energy of disk deformation. In this case we have the
commutative relation:

<§D 'C(§1,§2)> =<é1 'C(EZ’éD)> =<§2 : C(él’éD)> =W. (11.56)

Hence, if Aw = 0, we have the following set of equations (see equations (11.46)
and (11.47)):

2E dA; 1

= ——AyiAp; W, 11.57
w; dt 2 2D ¢ )
2E, dA,; 1

T — A AW, 11.58
w, dt 2 LIeD ¢ )
2Ep dAp; 1

_2EpdAbi _ L4 siw, (11.59)
wp dt 2

where RW is the real part of W. That is, in addition to equations describing time
evolutions of A ; and A, ;, we have an equation describing time evolution of Ap ;
and time evolutions of A; ;, A, ;, and Ap; are coupled each other.

In order to examine how the amplitude, Ap;(f), changes with time, we take the
time derivative of equation (11.59) and substitute equations (11.57) and (11.58) into
the resulting equation. Then, we have

PApi 1 (BE)\ [, | E/o2 5 | qune

yoa 16(60260[)) |:A +E/ A21:|(RW) Api. (11.60)
This equation shows that in the case of (E;/w1)(E>/wy) > 0, Ap; oscillates
with time unless (Ep/wp)(E2/w;) > 0. However, (E;/w;)(E;/w;) > 0 and
(Ep/wp)(Ez/w;) > 0 cannot be realized at the same time at resonance. This
comes from the following situation. The sign of Ep/wp is equal to the sign of
(wp — mpS2), where angle ( ) denotes a spatial average in the region where the
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wave exists (remember the definition of wave energy, i.e., see equation (11.40)).
When the resonant conditions are satisfied, we have

Sign {(wp — mp82) = —Sign [(w; — m 1 2) + {(w, — My 82)]. (11.61)

Roughly speaking, the signs of (w; —m£2) and (w, —m,$2) are equal, respectively,
to the signs of E; /w; and E,/w, (see equation (11.40)). This means

. Ep B E;
Sign — < 0, if —>0and — > 0, (11.62)

wp w1 (2]

E E E
Sign 2 >0,  if — <0and — < 0. (11.63)

wp w1 w7

In both cases we have (Ep/wp)(E2/w;) < 0. In other words, when w;- and w;-
oscillations grow by (E;/w1)(E2/w2) > 0, the sign of (E2/w;)(Ep/wp) is negative
and the amplitude of wp-oscillation changes with time (oscillates with time).

This situation can be also demonstrated clearly from the following considera-
tions. Equations (11.57), (11.58), and (11.59) are a set of simultaneous nonlinear
differential equations with respect to A;;, Az, and Ap;. By multiplying A;; and
A, ;, respectively, to equation (11.57) and (11.58), and taking the difference of the
resulting two equations, we have

E;

E
2 2
—A—
w1

—~A%, = const. (11.64)
wy 7

By the similar procedures, we also have

E E
w—iAii - w_EAzD’i = const. (11.65)
E E
—2A§,i - —DAZD,i = const., (11.66)
wr wp

where the right-hand sides of equations (11.64), (11.65), and (11.66) are time-
independent constants. Equation (11.64) shows that when (E;/w)(E2/w2) > O,
A;; and A;; can increase with time. Equation (11.65), however, demonstrates that
in this case Ap; decreases because the signs of E/w, and Ep/wp are opposite.

More generally speaking, let us consider resonant interactions among three
oscillations. Then, two of them can grow by consumption of the other oscillation,
but all oscillations can not grow.

Finally, it is noticed that the excitation condition, (E/w)(E/w), > 0, is
unchanged even in MHD disks, if as E wave energy in magnetized disks is adopted.
This is shown in Sect. 11.6.
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11.6 Generalization of Stability Criterion to MHD Systems

Analyses in Sects. 11.1, 11.2, 11.3, and 11.4 have shown that oscillations resonantly
coupled through disk deformation are amplified if (E/w);(E/®), > 0. This was
shown for hydrodynamical perturbations. The procedure of the analyses is rather
general and suggests that it will be extended to the cases of MHD disks. Really,
the criterion is applicable, without changing the expression, even in cases of MHD
oscillations in magnetized disks, if E| and E; are wave energies generalized to MHD
oscillations (Kato 2014). The necessary conditions for derivation of the criterion,
(E/w)1(E/w), > 0, are that perturbations associated with the oscillations vanish
on the boundary of the system. In the followings we will present the outlines of the
derivation of the criterion, (E/w){(E/w); > 0, in MHD oscillations.

11.6.1 Quasi-nonlinear Wave Equation Describing Couplings

The unperturbed disk which we consider is steady and axisymmetric. In the
Lagrangian formulation, hydromagnetic perturbations superposed on the unper-
turbed disks can be described by extending the hydrodynamical formulation by
Lynden-Bell and Ostriker (1967) to hydromagnetic cases as (cf., equation (3.1))

D3¢ 1 1
-2 =§ -Vy —~Vp+ —curlBx B, 11.67
D2 ( ¥ p p+4ﬂpcur X ) ( )

where § represents the Lagrangian variation and & (r,t) is a displacement vector
associated with the perturbations, B is the magnetic field flux density, and other
notations are the same as those in Sect. 11.1.

In the case where the perturbations have small amplitudes and are non-
dissipative, equation (11.67) is written as

92 d
P02+ 2poly V) Z(8) =0, (11.68)

where .Z (&) consists of hydrodynamic and hydromagnetic parts as
L&) =2L%¢&) + L7 ). (11.69)

A detailed expression for .Z9(£) is given by equation (11.23), but that of .Z2(§)
is not presented here (for a detailed expression, see Bernstein et al. 1958; see also
Khalzov et al. 2008), because its detailed expression is not needed here. What we
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need here is that both of them are Hermitian in the following sense:

[r-2o@@r= [s-2omar. [v-20@r= [ 20w
(11.70)

where & and 7 are any non-singular functions of r defined in the unperturbed volume
of the disk and having continuous first and second derivatives everywhere. The
integration is performed over the whole volume of the system, assuming that the
surface integrals vanish.

Now, we consider two normal modes of oscillations, &, and &,, with (w1, m)
and (w,, my), respectively. In the linear stage, the perturbation, &, imposed on a
deformed disk is simply the sum of these two oscillations:

g(rv t) = A1§1("s t) +A2£2(rv t)

9N [Alélexpmwlt — m1)] + Azéexpli(wat — mzso)]] (11.71)

where A; and A, are amplitudes and are arbitrary constants. In the quasi-nonlinear
stage, the oscillations are coupled through disk deformation, &5, so that they satisfy
a quasi-nonlinear wave equation. The nonlinear wave equation is

9? 9
P TS 2o )+ 2(6) = O 8o (1172

where C is the quasi-nonlinear coupling terms and consists of hydrodynamic and
hydromagnetic terms:

C(§.&p) = CO(§.&p) + C°(£.&p). (11.73)
where CY(£, &) is the same as C(£, £p,) or CT(&, &) in Sect. 11.3.2, and CB (&) is
a new term appeared here due to effects of magnetic fields.

A detailed expression for CB(£) is very complicated (see Appendix 2 by Kato

2014), but we can show after very long manipulations the following commutative
relations (see Appendix 3 by Kato 2014)

/poél CB(E, Ep)dPr = /poéz-CB(él,éD)d% (11.74)

Hence, we have finally

WE/Poél'C(ézséD)dsr:/Poéz'c(élvéD)d3”- (11.75)
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Then, by similar procedures used in Sects. 11.2, 11.3, and 11.4 for hydrodynam-
ical oscillations, we can show that the condition of resonant amplification is

E| E,
w1 Wy

> 0, (11.76)

where E; and E, are wave energies of two oscillations coupling through disk
deformation, and their formal expressions are the same as those in the case of
hydrodynamical waves, if .Z’(£) in hydrodynamical cases is extended by adding
#B(&) as shown in equation (11.69). That is, E; (i = 1,2) is given by (see also
Sect.3.1.2)

Ei= i[cﬁ / pof; Eidr + / & -$<éi)d3r} (i=12), (11.77)

which is rearranged in the form given by equation (11.39) (see also Sect. 3.1.2). Of
course, the necessary conditions for the resonance are m; + my + mp = 0, and
w1 + wy + wp = 0. Furthermore, the oscillations must be trapped in disks and their
trapped regions must be overlapped so that the coupling occurs.
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Chapter 12
Wave-Wave Resonant Instability in Deformed
Disks: Applications

Abstract In Chap.11 we have shown that if certain resonant conditions are
satisfied, a set of two oscillation modes are resonantly excited in deformed disks.
This wave-wave resonant process is the cause of positive superhumps observed in
dwarf novae, and perhaps will be one of possible causes of negative superhumps.
Furthermore, some oscillatory phenomena in X-ray sources might be attributed
to this process. In this context we present here attempts to apply the process to
describing high-frequency QPOs in X-ray sources, in addition to superhumps.

Keywords High-frequency QPOs ¢ Superhumps ¢ Tidal deformation e Tilt e
Warp

12.1 Types of Tidal Waves

In tidally deformed disks, mp and wp are related by wp = mp£2),, when the orbit

of the secondary star around the primary star is circular (e = 0) and the orbital plane
is aligned with the disk plane (6 = 0), where £2, is the orbital frequency of the
secondary star around the primary star, observed from the primary star,' and mp is
an integer. If the secondary star has a circular orbit (i.e., e = 0) around the primary
and is far outside the disk, the tidal deformation with mp = 2 much dominates over
other deformations. In the cases where e # 0 and § # 0, various types of tide waves
appear.

Before examining trapped oscillations satisfying the resonant conditions, m; +
my+mp = 0 and w; +w; +wp = 0, we must know what sets of (mp, wp/$27,) are
allowed as tidal waves. Detailed studies on these sets are presented in Appendix D.
Based on the results in Appendix D, we summarize here the possible sets of (mp,
wp/$82%). There are three factors determining the combination of mp and wp/$25,.
They are (i) binary separation (i.e., R/a), where R is the distance of the observational
point on the disk from the disk center and a is the mean separation between the

ITo distinguish .Q;jb from the orbital frequency, £2,, observed from the inertial frame, the asterisk

has been attached. The relation between .Q:rb and 2o, is 2o = (1 +q)1/ 2Q*  where g = M, /M.

orb?
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primary and secondary, (ii) eccentricity (i.e., e) of the orbit of secondary star, and
(iii) inclination (i.e., &) of the orbital plane from the disk plane.

A general form of tidal potential, ¥p, is given in Appendix D (equation (D.1)).
The potential is expanded by power series of R/a, e and 8. Then, as is well-known,
in the limit where the binary orbit is circular (e = 0) and coplanar with the disk
plane(6 = 0) and the secondary star is far outside (R/a < 1), the tidal potential
has a form proportional to (R/a)?exp[i(282%,t — 2¢)], i.e., (mp, wp/R2%,) = (2,2)
(see Table 12.1). This is the result in the lowest order approximation when the tidal
potential is expanded by a power series of R/a, e, and the disk inclination angle
8. Table 12.1 shows the set of wp and mp/$25, which appear in each stage of
expansion of the tidal potential by power series of R/a and e. No inclination of
the orbital plane of secondary star has been assumed. If e = 0 and § = 0, but unless
R/a is sufficiently small, for example, the tidal potential has terms proportional
to (R/a)? in addition to those of (R/a)?. These additional terms consist of terms
proportional to exp[i(§25,t — ¢)] and to exp[i(3§2),t — 3¢)] (see Table 12.1), i.e.,
we have additional tidal waves of mp = 1, wp = 25, and mp = 3, wp = 382}, It
is noted that the tidal wave with mp = 3 and wp = 382, is what is considered in
the studies of the superhump phenomena.

In the cases where the secondary star is far from the disk and the orbit is slightly
eccentric, by expanding the tidal potential in terms of a power series of e, we have
additional tidal waves proportional to exp[i(£27,7 — 2¢)] and exp[i(32),t — 2¢)]
in the order of e!. The results till the orders of (R/a)* and ¢* are summarized in
Table 12.1 in coplanar cases.

It is noted that in the coplanar cases, the velocity fields associated with the tidal
potential are plane-symmetric with respect to the equatorial plane. This means that
np is even (not odd) and in the lowest order of approximations np = 0.

Table 12.1 The set of (mp, The set of (imp, wp/2%,)
wp/$25,) of the tidal waves . 0 I 5 o
: . Separation | e e e
which appear by expanding 5
the tidal potential by power (R/a) (2,2) [ (2,1) | (2,0)
series of small dimensionless 2,3) 1(2,2)
parameters, R/a and e in 2.4
coplanar (§ = 0) case. (R/a)? W 1,0 1=
(1,2) | (1,D
(1,3
(33 G2 |GD
(3.4) | 3.3)
(3.5
R/a)* 22 @1 |20
(23) |22
24

44) |@43) 42
4,5 |44
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Table :2.2 The §et of (mp, The set of (mp, wp/2.5)
@p/$2opy) Of the tidal waves Separation |¢* | e! e
(np = 1) which additionally
appear in the cases where the (R/a)* 1,0 | 1,—1) [ (1,=2)
orbital plane is weakly (1,1) (1,0)
misaligned from the disk 1,2)
plane. 1.2 (L) | (1.0)
(1,3) (1,2)
1.4
(R/a)® 2,1) | (2.0 2,—1)
2,2) 2,1)
(2,3)
2,3) |(2,2) (2,0
2,4) 2,3)
(2,5
®/a)* (12 (LD | (10)
(1,3) (1,2)
(1.4
3,2) |3, (3,0
3,3) (3,2)
(3.4
34 (33 (3.2)
(3,5) (34
(3.,6)

If the orbital plane is misaligned with the disk plane (§ # 0), another types
of tidal waves appear, which are asymmetric with respect to disk plane, i.e., np is
odd and in the lowest order of approximations we have tidal waves with np = 1.
The set of (mp, wp/$2,) for these tidal waves are summarized in Table 12.2 (see

Appendix D for detailed calculations).

12.2 Applications to (Positive) Superhumps in Dwarf Novae

Typical objects with disks externally deformed by tidal forces are dwarf novae,
where the gravitational potential in disks is tidally deformed by a secondary star.
Whitehurst (1988) found by numerical simulations that under a certain condition
tidally deformed disks become unstable to an eccentric deformation with slow
precession. This instability is now called the tidal instability and is known to be
due to a so-called 3 : 1 resonance resulting from mode-mode coupling processes
(Lubow 1991, see also Hirose and Osaki 1990). This disk precession is a result
of excitation of one-armed oscillation by the tidal instability and it brings about
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superhump phenomena (Osaki 1985). (See Osaki (1996) for review of superoutburst
and superhump of dwarf novae.)

Lubow (1992) further shows that a tilt is also excited at the 3 : 1 resonance in
dwarf novae disks by a mode-mode coupling process similar to that in the case of
superhumps.

The wave-wave resonant instability process presented in Chap.11 can be
regarded as a generalization of Lubow’s mode-mode coupling process from
a slightly different viewpoint. This generalization allows us to study resonant
instabilities in deformed disks in a perspective way from a wide viewpoint, and
allows us to regard the tidal instability in dwarf novae as one of examples of
wave-wave resonant instabilities in deformed disks (Kato 2013).

In this section (Sect.12.2) the tidal excitation of eccentric precession mode
(one-armed p-mode) is argued in terms of a picture of wave-wave resonant
instability. The excitation of tilt mode in deformed disks is investigated in the next
section (Sect. 12.3), and in the subsequent sections (Sects. 12.4 and 12.5), possible
applications to high-frequency QPOs are investigated.

12.2.1 Precession Mode (w1-Mode) and Its Counter-Mode
(w2-Mode)

As the wi-oscillation, we take one-armed (m; = 1) low-frequency p-mode
oscillation with a positive frequency. This is the low-frequency eccentric precession
mode. The propagation regions of this mode is specified by w — 2 < —«k (see
Chap. 6). This is one of the propagation regions specified by (v — £2)?> — k2 > 0 for
one-armed p-mode oscillations (see Chap. 6). In tidally deformed disks, §2(r) —« (r)
is positive and increases outwards as (see Chap. 2),

3
Q2—x= éq.QK(f) , (12.1)
4 a

in the lowest order of approximations, where ¢ is the radio of mass of the secondary
to that of the primary, i.e., ¢ = M;/M, and a is the separation between the primary
and secondary stars. Hence, an oscillation with a positive frequency, say wy, is
trapped between the radius, r., where w; = (§2 — «). (the subscript ¢ denotes the
value at r;) and the radius, r;(>r.), where the disk is truncated by the tidal effects
(see Fig. 12.1).2 This oscillation has E;/w; < 0, since in its propagation region it
has w; — £2 < —« and thus w; — 2 < 0.

Next, let us consider a p-mode oscillation with w, and m;. Here, w, and m;, are
taken to be positive. The local dispersion relation shows that one of the propagation
region of the w,-oscillation is specified by w, — m§2 < —« (see Chap. 6). Since

2In Chaps. 6 and 7, r; is denoted by rp. Both of them are the same.
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Fig. 12.1 Schematic diagram showing frequencies and propagation regions of the w;- and w;-
oscillations in the case where the w;-oscillation is one-armed low-frequency p-mode oscillation,
and the w,-oscillation is two-armed p-mode oscillation. The scales of coordinates are arbitrary, and
are not linear. The one-armed p-mode oscillation is trapped between r. and r;. The inside of r, is
the evanescent region. The w,-oscillation can propagate inside r;.

my§2 — Kk is positive and decreases outwards, the propagation region of the w;-
oscillation with w, > 0 is bound from outside. Figure 12.1 schematically shows
the case of my, = 2. The outer edge of the propagation region is taken at ry, i.e.,
wy = (282 — k), where the subscript t denotes the value at r. This oscillation has
Ey/wy < 0, since wy — mp 82 < 0.

A comment on the outer edge of the propagation region of the w,-oscillation is
necessary. This outer edge needs not always to be at ;.. We adopt, however, the outer
edge at ¢, because the growth rate of resonant instability will be large when the outer
boundaries of ;- and w,-oscillations are close (i.e., WT given by equation (11.49)
is large in this case). We should remember that in the limit of pressureless disks,
the w;- and w,-oscillations are localized at the radii where w; = §2 — k and w, =
252 —k, respectively. Hence, for the resonant interaction to occur, both of these radii
needs to coincide.

In summary, we have (E;/w;)(Ez/w;) > 0. Furthermore, the propagation
regions of the w;- and w;-oscillations are overlapped (see Fig. 12.1). It is noted
that this condition of overlapping of propagation regions is necessary for instability.
Otherwise, the value of coupling term, WT (see, e. g., equation (11.49)), is small, and
growth rate is small even if resonant conditions concerning w’s and m’s are satisfied.

Let us next consider the resonant condition, w; + w, + wp = 0. Considering that
there are various types of tidal waves, we write here

wp = n* 2%, (12.2)
where n* is a positive or negative integer, depending on the type of tidal wave. Since
w) = (2 — k). and w; = (M52 — k), the resonant condition, w; + w; + wp = 0,
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is written as
(2 —K)e + (M2 — k) +n* 25, = 0. (12.3)
For simplicity, if the difference between 2 and « is neglected, the above equation

leads to

*

2 = 2%, (12.4)

1—m2

First, let us consider the case of m, = 2, which means mp = —3 because one of
the resonant condition is m; 4+ m, + mp = 0. In this case, the resonant condition,
equation (12.4), is written as

2= -n"Q2), = —owp. (12.5)
If we adopt n* = —3 (i.e., wp = —382},), equation (12.5) gives £2, = 382, . The
set of mp = —3 and wp = BQorb is equivalent with mp = 3 and wp = 3827,

because the signs of mp and wf can be changed simultaneously. This is the case of
the so-called 3 : 1 resonance, i.e., 2 : £2), = 3 : 1 (see equation (12.4)), and the set
of (mf, wp/$2},) of the tidal wave contributing this resonance is (3, 3). We see that
this tidal wave really exists by expanding the tidal potential till the order of (R/a)?
with e = 0 (see Table 12.1). This is the largest term in tidal potential except for that
of the set of (2, 2) which exist in the stage of (R/a)? (see Table 12.1).

The above arguments show that the wave-wave resonant instability is not
restricted to the case of the above 3 : 1 resonance. If we consider, for example,
n* = =2, the set of (mp, wp/82},) is (=3, —=2), i.e., (3,2) and 2, = 2827, . ie
2 : 1 resonance. This set of (mp, wp/R2* oh) EXists in the tidal waves in the term of
(R/a)?, although eccentricity of the orbit is required (see Table 12.1). If disks are
truncated by the 3 : 1 resonance, this 2 : 1 resonance will not be so important. We can
consider other cases such as n* = —4. The results are summarized in Table 12.3,
including the cases of m, = 3.

Table 12.3 shows that the one-armed precession mode can be excited at various
stages of disk expansion. The most important resonance is due to mp = —3 and

Table 12.3 Characteristic quantities required for resonant excitation of low-frequency, precession
mode (m; = 1 and n; = 0).

(ma, ny) (mp, op/ 25 /2%, r/a r/a Eccentricity
2.0) (—3.-2) 2 0.63 (r/a)? !

(—3,-3) 3 0.48 (r/a)® &

(—3,—4) 4 0.40 (r/a)® !

(—=3,-5) 5 0.34 (r/a)’ e
3.0) (—4,-2) 1 1.00 (r/a)* &

(—4.—4) 2 0.63 (r/a)* &
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n* = —3.% The next one will be the resonance resulting from the tidal deformation

of (mp, n*) =(=3, —4), which occurs at £, = 427, . Hereafter, however, we
restrict our attention to the former 3 : 1 resonance, i.e., the coupling of one-armed
precession mode and two-armed p-mode with disk deformation with mp = 3 and
wp/$2%, = 3, which occurs at £2, : 2%, = 3 : 1. Hirose and Osaki (1990) derived
this 3 : 1 resonant instability as a parametric resonance of particles, and Lubow
(1991) derived this as a resonant instability due to mode-mode coupling in fluid
disks. The present derivation of the instability is a generalization of Lubow’s picture
of mode-mode coupling to a picture of a wave-wave resonant instability of two disk
oscillations.

It should be noted here that there still remains an issue to be addressed. This is
whether the w,-oscillation satisfying the resonant condition (12.3) is really a trapped
oscillation. The frequency required to the w;-oscillation is on the order of §2; (see
that w, ~ (262 — «),). Hence, this problem is, in other words, whether a two-armed
p-mode oscillation with frequency of ~£2; is really trapped between the inner edge
of disks and the outer truncation radius, ry. The required frequency, ~£2;, is much
smaller than 22 — k in the inner region of disks. This means that the w,-oscillation
is a higher overtone in the radial direction, and has a short radial wavelength in the
inner region. In other words, a trapped oscillation whose frequency is close to w,
always exist practically.

It is important to note here that in application of the present wave-wave resonant
instability to excitation of quasi-periodic oscillations in X-ray binaries, examination
whether there is w»-oscillation satisfying the condition of w; + w» + wp = 0 is not
trivial, as will be mentioned later (see Sects. 12.4 and 12.5).

12.2.2 Comparison with Observations of Superhumps

As described in Introduction (Chap. 1), in the superoutburst stage of dwarf novae,
oscillations whose period is slightly longer than the observed binary orbital period
are observed. These oscillations are called superhumps and are understood to
be due to excitation of slowly prograding precession mode (Osaki 1985). In the
present wave-wave resonant instability model, the w;-oscillation corresponds to the
precession mode.

If the precession mode is not superposed on the tidally deformed disks, the
luminosity variation observed in the inertial frame is the binary period, 2oy If
the eccentric disk has a prograde precession, the luminosity variation takes a longer
time than the orbital period, since the eccentric position of the disk proceeds. That

3The value of mp, is negative. This means that wp is also negative, since wp = mp$25,. Since both
of mp and wp are negative, this is equivalent with the case where both are positive.
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is, the superhump frequency, wg, is lower than £, by w;:
Wsh = ‘Qorb — 1. (126)

It is noted that 2, and §2%, are related by

orb

Qo = (1 +q)22%,. (12.7)

The purpose here is to check whether the frequency, wyy,, can really describe the
frequency of the observed superhumps. To examine this issue, we must know the
frequency w,. This frequency has been calculated in Chap.7 (Sect.7.4.1) by using
the WKB method. The results (equation (7.34)) show that the width of the trapped
region, i.e., ry — rc, is given by

It — re b/ Cq

= G T (12.8)

This is a relation between r;/a and r./a with two dimensionless parameters ¢ and
cs/(GM/a)'/?.
Since w; is given by

3 Te 3
o) = (2 —K)c = ZQQK(E) , (12.9)

we have (see equation (7.35))

3/2
w1 3 q re
o2 Ty, 12.10
‘Qorb 4(1 +Q)l/2(a) ( )

which gives w; /o as a function of g and ¢,/(GM/a)'/?, because r. and r; are
related by the trapping condition (12.8) and 7 is related to §2,4 by the resonant
condition (equation (12.3) or (12.4)).

Now, we now introduce the dimensionless observable quantity, €, defined by € =
2ob/wsn — 1. Then, we have

1/ 2ot
€= 1=/’ (12.11)
This equation gives € as a function of ¢ and ¢,/(GM/a)'/?, because w; /2y has
been found to be a function of ¢ and ¢,/(GM/a)"/? in the previous paragraph.
Hence, we have a relation between € and ¢ with parameter c,/(GM/a)"/?. The
results of calculation are shown in Fig. 12.2 for three cases of ¢, /(GM /a)'/?> = 0.01,
0.02, and 0.04. In order to compare with observations, the calculated curves are
superposed on a g — € plot by Kato et al. (2009) for recently observed sources. The
calculated curve in the case of ¢;/(GM/a)'/? = ¢,/(af2¥,) = 0.02 seems to be

orb
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Fig. 12.2 The g — € relation calculated in three cases of ¢;/(GM/D)'/? = 0.01, 0.02, and 0.04.
These curves are superposed on the diagram plotting observed g — € relation (figure 34 of T. Kato
et al. 2009). The names of nine sources in this figure are listed in table 6 of T. Kato et al. (2009)
(After S. Kato 2013, Publ. Astron. Soc. Japan, 65, 56, Publ. Astron. Soc. Japan ©).

close to the observational results. The dimensionless value of ¢,/ (GM/a)'/? = 0.02
will be relevant observationally, because in accretion disks in cataclysmic variables,
aS2om ~ 500 and ¢ ~ 10kms~1.

12.3 Application to Negative Superhumps in Dwarf Novae

Recent observations show that, in addition to superhumps, another kind of
superhumps whose periods are slightly shorter than the orbital period are observed
in various phases of outbursts of dwarf novae (e.g., Patterson et al. 1995;
Ohshima et al. 2012, see also Fig.1.5). To distinguish them from “normal”
superhumps with period slightly longer than the orbital one, they are called
negative superhumps. The “normal” superhumps are called positive superhumps.
Negative superhumps are supposed to be due to tilts of disks, although their
origin is yet under debate. See Osaki and Kato (2013a,b) and Kato and Osaki
(2013, 2014) for extensive analyses of observational data obtained by the Kepler
telescope.

As one of models of negative superhumps, Lubow (1992) has pointed out that
the 3 : 1 tidal resonance also excite the tilt mode by a mode-mode coupling process.
This means that the present wave-wave resonant coupling process can also describe
the 3 : 1 excitation of the tilt. In addition to this, examination of the wave-wave
resonant process shows that the process can excite the tilt mode by other sets of
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wave-wave resonances (Kato 2014). The purpose of this section is to demonstrate
this situation. To do so, we need to know what tidal waves exist when the binary
orbit is eccentric (¢ # 0) and the orbital plane is misaligned with the disk plane
(8 # 0). This issue has been argued in Sect. 12.1.

12.3.1 Tilt Mode Trapped

Here and hereafter, the wi-oscillation is taken to be the tilt mode (in other
terminology, it is the mode of the corrugation wave (e.g., see Chap.6)). That is,
we adopt m; = 1 and n; = 1. The local dispersion relation* shows that this
mode has a propagation region in the radial region specified by w; — 2 < —§2,
where §2) (r) is the vertical epicyclic frequency and larger in tidally deformed
disks than the angular velocity of disk rotation, £2(r). Since 2 — £2; < 0 and
tends to zero in the innermost region of the disks, the tilt mode has a negative
frequency, i.e., w1 < O, and is trapped inside a radius, say r.,, where w;
becomes equal to 2 — §2, i.e.,, w; = (§2 — £21)1,, the subscript L; denoting
the value at r,. This is schematically shown in Fig.12.3.° It should be noted
that this wi-oscillation has negative value of Ei/w, i.e., E;/w; < 0, since
w) — 2 <0.

Next, let us consider the trapping condition of the tilt mode. This issue has been
studied in Chap. 7 by using the WKB method (Sect. 7.4.2). If the inner edge of the
trapped region is taken to be zero, the trapping condition gives ry, as a function of
g and ¢,/ (GM/a)'/?. Since the outer edge of the trapping region, 7L, is the radius

where w — §£2 = —£2, we have (see equation (7.39))
_ . 3 q ., 3/2
o =(2-8Q1), = _ngorb(j) . (12.12)

4The local dispersion relation for isothermal perturbations in vertically isothermal disks is (e.g.,
Okazaki et al. 1987, Kato 2001, and Kato et al. 2008)

[ —mR)? — kA[(0 — m2)* — n23 ] = (0 — mN)*,

where « and §2 are, respectively, the horizontal and vertical epicyclic frequencies, and k is
the radial wavenumber of the oscillations. This local dispersion relation shows the presence of
oscillation modes propagating in the region of (0 —mQ)? > n23 (n = 1,2,3...), since £2 is
always larger than «.

SIf w, is smaller than the value of £2 — £2, at the disk outer edge, the propagation region is
terminated at the disk edge.
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Fig. 12.3 Schematic diagram showing propagation regions of w;-oscillation (tilt mode) and
ws-oscillation. The scales of coordinates are arbitrary, and are not linear. The set (m;, n;) of
the w;-oscillation is (1, 1) and that adopted for w,-oscillation is (2,1). The outer edges of the
propagation regions of w;- and w,-oscillations are denoted by 1, and ry,, respectively (After S.
Kato 2014, Publ. Astron. Soc. Japan, 66, 21, Publ. Astron. Soc. Japan ©).

In summary, the trapping condition, equation (12.12), gives the width of the trapped
region, ry,,, and the frequency of the trapped oscillation, @;/$2.y, as functions of
g and ¢;/(GM/a)"/?. The relation between ry,/a and ¢;/(GM/a)'/? is given in
Fig.7.11.%

12.3.2 Counter-Mode of Tilt Mode, i.e., w,-Mode

For the w;-oscillation (tilt) described above to be excited by the wave-wave resonant
process, the counter-mode (i.e., wy-oscillation) must also have a negative value of
E,/w, so that the excitation condition (E;/w;)(E2/w,) > 0 is satisfied. Here and
hereafter, as w,-oscillations, we consider c-mode or vertical p-mode oscillations
(i.e., ny # 0). Their propagation regions are specified by (w, — m,£2)? — nz.Qi >0
(see the local dispersion relation for disk oscillations), and are separated into two
regions of wy—my 82 > /n282) and wr—my§2 < —,/n, 82, . We are interested in the
oscillations propagating in the region of w, — my§2 < —,/ny82, . The propagation
region of this w;-oscillation is schematically shown in Fig. 12.3 in the case of m; =
2 and n, = 1. This oscillation has E>/w; < 0, because w; — my£2 < 0 in the
propagation region.

In Fig.7.11 the outer capture radius of oscillations is shown by 7., In the present chapter,
however, the radius is shown by i, . Both of them are the same.
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Among many c-mode and vertical p-mode oscillations, we concentrate our
attention particularly on those with n, = 1, or n, = 2, or n, = 3. Then,
if my > 2, w, is positive, and the propagation regions of these oscillations are
between the inner edge of the disk and the radius where w, = my$2 — /1282,
is realized, as is shown schematically in Fig. 12.3 for m, = 2 and n, = 1. The
radius where w, = my§2 — /mx§2. is realized is denoted by r1,, ie., w, =
(ma$2 — \/n2821)1,.

Like the ws-oscillations in the case of the (positive) superhumps, we do not
examine here the trapping condition of w;-oscillations by the same reason as in
the case of (positive) superhumps. That is, the frequency of the w,-oscillation
which is needed from the resonant condition is ~wp. As is shown later, the
resonant condition further requires that wp is a few times of 2, (see Tables 12.1
and 12.2). Such a frequency is low compared with the Keprerian frequency
in the innermost region of the disks. This means that the trapped oscillations
are higher overtones in the radial direction, i.e., they have many nodes in the
radial direction. In other words, for any frequency w, required from the resonant
condition, there will always be trapped oscillations whose frequencies are close
to w,. Hence, practically no additional condition is required for trapping of the
wy-oscillation.

12.3.3 Resonant Conditions and Radii Where Resonances
Begin

Next, let us consider the resonant conditions. The frequency w; and the outer
trapping radius (capture radius) of the w;-oscillation, ry,, are related by w; =
(2 — 21)1,, and also w, and ry, are related by wr = (M2 — \/n2821)1,, as
mentioned before. As discussed in Sect. 12.1, the frequency of tidal waves is a
multiple of £2%, and thus we write wp as wp = n*§2;,, and examine what sets
of n* and mp satisfy the resonant condition and whether they are expected as a set
of tidal waves.

The resonant condition, w; + @w» + wp = 0, is written as
(R2-20), + (2 — /m21), +n* 25, =0, (12.13)
and the condition of m; + my + mp = 0 is

mp = —(1 + my). (12.14)
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Since (§2 — £21)1, is much smaller than other terms in equation (12.13), equa-
tion (12.13) gives’

Q> —— (12.15)

Hereafter, we do not distinguish L; and L, and they are simply denoted by L (see
similar arguments in Sect. 12.2.1). It is important to note here that r is not always
necessary to be the outer edge of disks, different from the case of trapping of one-
armed p-mode oscillation in Sect. 12.2.

Equation (12.15) shows that n* needs to be a negative integer, because we are
interested here in cases where my — ,/n is positive. In the case of dwarf novae,
the disk is known to be roughly truncated by the tidal instability of the so-called
3 : 1 resonance at the radius where £/, ~ 3 : 1 (Whitehurst 1988). Hence,
hereafter, we restrict our attention only to resonances which occur inside the radius
of £2/827, = 3, i.e., to the cases where £ /£2>, > 3.0. Furthermore, resonances
in coplanar systems are considered first, and those which occur only in misaligned
systems (§ # 0) are examined next.

12.3.3.1 Coplanar Cases

Two cases of (my,ny) = (2, 1) and (2,3) are considered. In these cases, mp = —3,
because one of resonant conditions is m; + my + mp = 0.

(i) The case of (my,n) = (2,1)
In the present cases, the resonant condition (12.15) is realized at

QL ~—n*Q2r. (12.16)
Since we are interested in resonances which occurs inside the radius of £/, =
3.0 (i.e., £21./82>, > 3), we restrict our attention to cases of n* = —3, —4, and —5. If
we adopt n* = —3, equation (12.16) leads to £2; = 327, . This means that if there
is a tidal wave with wp = —382, and mp = —3 (this is equivalent to wp = 38277,
and mp = 3), a resonance excitation of tilt mode occurs at the stage when the disk
size, rp, extends to the radius of 2p ~ 3£2*, , where £2p is §2 at r = rp. Such tidal

orb?
waves as wp = 382}, and mp = 3 are really present, if tidal potential is expanded

It is noted that as far as equation (12.13) is concerned, there is no restriction on r, . If we consider
growth rate of the oscillations, the tilt oscillation whose ry, is close to r, will be excited in
large amplitude. The growth rate is given by equation (11.52) and can be calculated by using the
coupling constant W, with eigen-functions of w;- and w,-oscillations and the form of tidal wave.
Considerations concerning the limiting case of zero-temperature disks, however, suggest that the
growth rate will be high when r, and r, are close, i.e., 1, ~ r,. (see Kato 2014 for more
discussions.)
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till the terms of the order of (r/a)’ (see Table 12.1). This is nothing but the 3 : 1
resonant excitation of tilt considered by Lubow (1992) (see also Kato 2014).

Next, let us consider the case of n* = —4. Equation (12.16) shows that the
resonant condition is realized at £21./£2), = 4. For this resonance to occur, tidal
waves with wp = —482}, (i.e., n* = —4) and mp = —3 must be really present.
In other words, the presence of tidal waves with wp = 487, and mp = 3 are
required. Table 12.1 shows that such tidal waves are really present, if the orbit of the
secondary is slightly eccentric, even in the framework till the order of (r/a)>.

It is noted that the radius ry. specified by £2. = 4827, is about 0.40a (see
Table 12.4) and smaller than the radius ~ 0.48a where the 3 : 1 resonance occurs.
That is, this resonant excitation of tilt by the 4 : 1 resonance begins to occur at the
evolutional stage of disks when the disk radius is ~0.40a and continues to work
during further expansion of disks.

In the case of n* = —5, the resonant condition is satisfied for tidal waves with
wp = —582%, and mp = —3, which is equivalent to wp = 552, and mp = 3. Such
tidal waves are really present, if the orbit is eccentric and the terms of the order of

2 are considered (see Table 12.1). This resonance begins to occur when rp ~ 0.34a

(see Table 12.4) and continue to work during further expansion of disks.

(ii) The case of (my,ny) = (2,3)
In the case of (m,, ny) = (2, 3), the resonant condition (12.15) is written as

*

n
QL ~—— Q%
LTy e

(12.17)

and the ratio £2./£2, becomes larger than 3.0 for n* which is negative and |n*| > 1.
Some characteristic quantities related to the resonant radius and the mode of tidal
wave required are shown in Table 12.4.

It is important to note here that excitation of the tilt mode starts from an early

stage of disk expansion. As a demonstration, let us consider the case where n* =

wp/$2%, = —3. Then, the resonant condition (12.17) gives 21 ~ 11.2027, (see
Table 12.4 Characteristic quantities required for resonant excitation of tilt mode (m; = 1 and
np = 1)
Inclination (ma, ny) (mp, wp/25,) 21/25% rnj/a R/a Eccentricity
§=0 2,1) (=3,-3) 3 0.48 (R/a)’ e

(—3,—4) 4 0.40 (R/a)’ e!

(=3,-5) 5 0.34 (R/a)’ &2

(2,3) (=3,-1) 3.73 0.41 (R/a)’ e

(—3,-2) 7.46 0.26 (R/a)’ e!

(—3,-3) 11.19 0.20 (R/a)’ e
§#0 (2,2) (—3,-2) 3.41 0.44 (R/a)* e

(—3,-3) 5.12 0.34 (R/a)* e!

(—3,—4) 6.83 0.28 (R/a)* e
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also Table 12.4), which leads to 1, ~ 0.20a (see also Table 12.4). The required tidal
wave for this resonance is mp = —3 and wp = —325, . In other words, mp = 3 and

wp = 39;1), and no eccentricity is required. That is, this resonant excitation of tilt
is due to the same tidal wave as in the case of the 3 : 1 resonance,® but starts from a
much earlier stage of disk expansion and continue to work during further expansion

of disks.

12.3.3.2 Misaligned Cases

If the disk and orbital planes are misaligned (i.e., § # 0), the tilt mode (m; =
1 and n; = 1) can be resonantly excited even when the w,-oscillation is plane-
symmetric (i.e., n, = even), since the tidal force has a plane-asymmetric term.
Here, we consider, in particular, the case of (my,n;) = (2,2), where mp = —3.
The resonant condition (12.15) requires

n*

QL 2 ————0F,.
L 2—«/5 orb

(12.18)

Here, three cases of n* = —2, —3, and —4 are mentioned briefly. Some
characteristic quantities related to the resonant radii and the modes of tidal wave
required are summarized in Table 12.2.° The case of n* = —2 means wp = —282%,.
This tidal waves are equivalent to those with wp = 227, and mp = 3. Such tidal
waves are really present if we consider the tidal potential till the order of (r/a)*,
even if the orbit is circular (e = 0) (see Table 12.4). The radius r for this resonance
is found, from equation (12.18), to be £2./$2%, = 2/(2 — V2) =2+ /2 =341
(see Table 12.4), and is really inside the radius of the 3 : 1 resonance.

In the case of n* = —3, we have wp = —382, and mp = —3. This is equivalent
to wp = 382, and mp = 3. Such tidal waves really exist if the orbit is eccentric
(see Table 12.2) and appear in the order of e!. The radius, r, for this resonance is
given by, from equation (12.18), 2./2%, = 3/2— v2) = 1.52 + +/2) = 5.12
(see Table 12.4). Similarly, in the case of n* = —4, we have wp = —4£7, and
mp = =3, or wp = 4827, and mp = 3. These tidal waves really appear if we
consider terms till (r/a)* even if e = 0 (see Table 12.2). The radius ry, for this

resonance is givenby £2; /2%, = 4/(2—+/2) = 2(24++/2) = 6.83 (see Table 12.4).

8The statement of this sentence is not rigorous. In the case of the 3 : 1 resonance for positive

superhumps, n; = 0, n, = 0 and thus np required is np = 0. Furthermore, in the case of the
3 : 1 resonance for negative superhumps, n; = 1, n, = 1, and thus the tide wave with np = 0
can have resonance. In the present case, however, n; = 1, n, = 3, and thus the tidal wave which

can contribute to the resonance is the tidal wave with np = 2. Amplitude of this tidal wave will be
smaller than that of np.

°Tt is noted that the resonant excitation treated in the coplanar cases are still present in misaligned
systems. The resonant processes to be mentioned below are additions to them.
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Summing the above results, we list some characteristic quantities related to
excitation of tilts in Table 12.4. Although tilts are excited by various couplings
processes inside the tidal truncation radius, this does not mean that all of them are
excited to an observable level in dwarf novae. In close binary systems such as dwarf
novae, the eccentricity of the orbits of the secondary star is small, i.e., e ~ 0. Hence,
in the resonances labelled by ¢? in the last column of Table 12.4, the amplitude of the
tidal deformation will be small, and thus the growth will be weak. The tilts which are
excited in the inner region of disks will also not grow because the amplitude of disk
deformation is small by the factor of (R/a)?. In addition, in the case of dwarf novae,
the inclination of the orbital plane to the disk plane is small, i.e., § ~ 0. Hence,
the tilts resulting from 6 # O are also not expected with observable amplitude.
Considerations of the above situations lead us to the conclusions that excitation
processes important in the case of tilt will be those of the second line (§2;, /2o = 3
and r /a = 0.48), the third line (§21./ 2, = 4 and r./a = 0.40), and the sixth line
(821/ 820, = 7.46 and ri. /a = 0.26) in Table 12.4.

It is of importance to note that the tilt excitation by resonance is continued after
the disk radius reached at .. That is, the excitation continues in the expansion stage
of disks where 71, < rp. This might be one of causes why the negative superhumps
appear like clouds in the two-dimensional power spectrum diagram of Fig. 1.5.

In Be/X-ray systems, the Be-star disk and the orbital plane of a compact star
(neutron star in general) is generally misaligned, and further a secondary star has
a large excentric orbit. In colliding or merging black-hole binaries, each black hole
will have its own disk, although the system as a whole will be surrounded by a
common envelope. In Be/X-ray stars, for example, in addition to normal outbursts,
giant outbursts which occur less frequently are observed. The giant outbursts are
supposed to be due to an interaction between warped precessing Be-star disk and
secondary star which has a large eccentric orbit (Moritani et al. 2013). The origin
of giant outbursts is still under debate. It might be important to examine the wave-
wave resonant process in disks whose plane is inclined from the orbital plane of an
eccentric binary system. In such systems resonant excitation of tilt at various radii
listed in Tables 12.1 and 12.2 may have comparable growth rates.

12.4 Possible Excitation of High-Frequency QPOs in X-Ray
Binaries: I Warped Disks

In Sects. 12.1, 12.2, and 12.3, we have examined resonant excitation of oscillations
in tidally deformed disks. In neutron-star and black-hole binaries, tidal deformation
of the innermost region of relativistic disks will not be expected. This does not mean,
however, that deformations are not expected in such disks. For example, warps may
be present even in the innermost part of relativistic disks (e.g., Ferreira and Ogilvie
2009). Furthermore, a spiral pattern may be expected in small inner tori which are
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formed in the very high state (the steep power-law state) of black-hole sources (e.g.,
Machida and Matsumoto 2008).

In Sects. 12.4 and 12.5, we consider possible excitations of high-frequency QPOs
in low-mass X-ray binaries by disk deformation. We assume two kinds of low-
frequency disk deformations. One is a deformation by warp (mp = 1, np = 1 and
wp ~ 0). The other is a deformation by two-armed low-frequency pattern (mp = 2,
np = 0 or 1, and wp ~ 0). First, we consider the former case, and the latter one is
examined in the next section (Sect. 12.5).

It is noted that the disk is taken to be relativistic, and thus in the inner region of
disks « is much smaller than 2.

12.4.1 Warped Disks with mp = —1,np = 1 and op =0

If central source is a rotating compact object, its rotation axis might not be always
perpendicular to the plane of binary orbit where accretion disk is formed. That
is, the disk is misaligned or tilted. Misalignment between the axis of orbital
angular momentum of disk and the spin axis of central black hole brings about
deformations of the inner disk (Lense-Thirring precession) (Bardeen and Petterson,
1975). This differential precession tends to twist the disk, leading to a stationary
warped disk (Ferreira and Ogilvie 2009). In this context, we adopt disk deformation
characterized by'®

mp = —1, np = 1 anda)D =0. (1219)

12.4.2 Excitation of p-Mode and g-Mode Oscillations

by Their Coupling
As the w;-oscillation we consider one-armed p-mode oscillation (i.e., m; = 1 and
n; = 0). Its propagation regions are specified by (w; — £2)> < «?, which are

separated into two regions; one is the region where w; > §2 + « and the other is the
region where w; < §2 — k. The former propagation region extends outward without
boundary, and no trapped oscillation is expected. Hence, our attention is on an
oscillation in the latter propagation region. Trapping of a p-mode oscillation in this
region is schematically shown by the upper wavy line in Fig. 12.4 (the line is drawn
arbitrary and the trapping condition is not really examined). Some characteristics of

107t is noted that the minus sign of mp is related to the fact that the resonant condition we adopt
is my + my + mp = 0. If m; + my, = mp is adopted as the resonant condition, what we need is
mp = 1.
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Fig. 12.4 Propagation diagram showing propagation regions of one-armed p-mode oscillation
(my = 1, n; = 0) and axisymmetric g-mode oscillation (m, = 0, n, = 1) in the case where
the mass of the central source is 10 M with spin parameter ax. = 0.5. The upper curve is the
radial distribution of 2 — k. The lower three curves show the radial distribution of — in three
cases of b* = 0, 0.1, and 0.2. Here, ¥ is a modified « given by equation (12.22) and b*> = &3 /c2,
where ¢a is Alfvén speed defined by poloidal magnetic field, B, and acoustic speed in disks,
¢s. The horizontal wavy lines show qualitatively positions of vertical p-mode oscillation and g-
mode oscillation (b> = 0.2). The positions of trapped oscillations are not results derived from
quantitative calculation of the trapping condition, but are shown only for presentation of qualitative
image.

this trapped one-armed p-mode oscillation are
m =1,n =0, vy >0, and E;/w; <0 (one armed p mode). (12.20)

It is noted that this oscillation has E| /w; < 0, because w; — 2 < —k < 0.

Next, the counter-mode of the w;-oscillation, i.e., w,-oscillation, is considered.
The resonant conditions, m; + m; + mp = 0 and w; + Wy + wp = 0, require
that my, = 0 and w, = —w; < 0. Furthermore, for w,-oscillation to coupling with
wi-oscillation (n; = 0) and warp (np = 1), n, = 1 is required. That is, the w,-
oscillation is an axisymmetric g-mode oscillation (m, = 0, n, = 1, and w, < 0).

The next problem is to examine the propagation region of the w,-oscillation
mentioned above (i.e., axisymmetric g-mode oscillation). Some considerations are
necessary to examine this issue. In the case where there is no global magnetic field in
disks, the propagation region is specified by —«x < w < k (see Chap. 6), where « (r)
is radial epicyclic frequency. Because the radial epicyclic frequency has a maximum,
say Kmax, at a radius near to the inner edge of the disks, waves with |w| < kpax are
self-trapped in a region close to the inner edge of disks (see Chap. 6).
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Fu and Lai (2009), however, showed that this self-trapping of g-mode oscillations
is strongly affected and destroyed by the presence of global poloidal magnetic fields,
even if the fields are weak.!! Their results show that the propagation region is
changed to

—K<w<Kk, (12.21)

where i is given by
1
= 5[/8 + 29236 + (* + 16.Qf_.sz2)1/2:|, (12.22)

where b = ¢ /cs, Ca being the Alfvén speed defined by the poloidal component of
the magnetic fields. The radial distribution of —k (r) is shown in Fig. 12.4 for three
cases of b> = 0, b*> = 0.1, and b> = 0.2. In the case where b* = 0.1, for example,
self-trapping of axisymmetric g-mode oscillations already disappears, because there
is no minimum of —k (r). If the inner edge of disks acts as a reflecting boundary of
waves, however, trapping of g-mode oscillations will be possible between the inner
edge of the disks and the radius where @ = —k is realized. Such trapping of g-
mode oscillations is schematically shown in the case of 5> = 0.2 in Fig. 12.4. It
should be noted that the wavy line demonstrating trapping of oscillations is only for
demonstration, and is not drawn so that the trapping condition is really satisfied.

In summary, we have axisymmetric trapped g-mode oscillations characterized by

my =0,n =1, w; <0, and E>/w, <0 (axisymmetric g mode). (12.23)

It is noted that £, /w, < 0, because E, > 0 (axisymmetric oscillation) and w, < 0.

The above two oscillations (oscillations specified by equations (12.20)
and (12.23)) satisfy the excitation condition, (E; /w)(E>/w;) > 0. In addition, their
propagation regions are overlapped as is shown in Fig. 12.4. Hence, if the above
two trapped oscillations have frequencies really close to the resonant condition
w1 + wp = 0, they are excited simultaneously.

To examine what case the condition of w; +w, = 0 is satisfied, we must calculate
the eigenfrequencies of trapped oscillations, for example, by the WKB method. The
eigenfrequencies depend on various quantities characterizing disk structure such as
metric (spin of of the central source), disk temperature, magnetic fields, and the node
number of oscillations in the radial direction. Although what case the condition of
w1 + wy = 0 is satisfied is not examined here in details, Fig. 12.4 suggests that the
condition will be realized around 100 Hz in cases of M = 10 M and ax = 0.5.

It is noted that the resonant excitation of the above two coupled oscillations (one-
armed p-mode oscillation and axisymmetric g-mode oscillation) in warped disks

"Tn Fu and Lai (2009) an approximation has been introduced in treatment of vertical behavior of
oscillations. Examinations how much this approximation is valid will be worthwhile.
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have been examined numerically by Ferreria and Ogilvie (2008) and Oktariani et al.
(2010) by different ways. Their results, however, do not always coincide. More
studies will be required.

12.5 Possible Excitation of High-Frequency QPOs in X-Ray
Binaries: II Two-Armed Deformed Disks

The origins of kHz quasi-periodic oscillations observed in neutron-star LMXBs
and of HFQPOs observed in black-hole LMXBs are still in debate, and there
are no widely accepted models. Here, we restrict our attention to disk oscillation
models. Then, two-armed c-mode (and vertical p-mode) oscillations seem to be one
of possible candidates well describing some characteristics of twin kHz QPOs of
neutron-star X-ray sources (chapter 7, see also Kato 2012a) and HFQPOs in black-
hole X-ray sources (Kato 2012b).

The next problem is then whether excitation of such oscillations are really
possible in disks. We assume here that at very high state (steep power-law state),
low frequency global disk deformations are present, triggered by formation of tori or
magnetic activities. The disk deformations assumed here are two-armed (mp = 2)
and low-frequency (wp ~ 0) ones.'?> Concerning np, we consider separately two
cases of np = 0 and np = 1 in Sects. 12.5.1 and 12.5.2, where np = 0 is plane-
symmetric deformation, while np = 1 is plane-asymmetric deformation.

12.5.1 Excitation of Two-Armed, c-Mode Oscillations
in Two-Armed Deformed Disks with np = 0

First, we consider the case where disk deformation is plane-symmetric with np = 0,
i.e.,

mp = -2, np = 0, wp X~ 0. (1224)

As wq-oscillation, we consider two-armed c-mode oscillation with n; = 1 with
w; > 0. As counter-oscillation of this oscillation we take axisymmetric g-mode
oscillation. That is, we adopt

e m =2,n; =1, w; > 0 (two-armed c-mode)
e my =0,n; =1, 0wy <0 (axisymmetric g-mode)

120bservations sometimes show that high-frequency QPOs and low-frequency QPOs are correlated
in X-ray binaries. The disk deformation of wp might correspond to the low-frequency QPOs.
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The propagation region of the above c-mode oscillation is given by (w; — 2§2)% —
.Qi > 0. This propagation region is separated into two regions: w; > 22 + §2 and
W) < 282 — §2 . Oscillations in the former region are not trapped in disks, because
the propagation region extends far outside. We are thus interested in oscillations
propagating in the latter region. The trapping of an oscillation (w; > 0) in this
region is shown schematically in Fig. 12.5. This oscillation has E; /w; < 0, because
w) — 282 < 0.

Next, let us consider w,-oscillation. A necessary condition of resonant coupling,
my +my+mp = 0, is satisfied by m, = 0. The propagation region of this oscillation
is a)g < k2. We consider oscillations with negative frequency (w, < 0). The
propagation region of the oscillation in the case of b> = 0.3 is like that schematically
shown in Fig. 12.5 (quantitative examination of trapping condition is not made in
drawing the wavy line). The value of E,/w, of this oscillation is negative and the
resonant condition of (E; /w;)(E2/w;) > 0is satisfied. As is also shown in Fig. 12.5,
the radial propagation regions of the w;- and w,-oscillations are overlapped and thus
their resonant excitation is expected, if the condition of w; +w, =~ 0 is realized. The
frequency w; for which w; + w, ~ 0 is realized depends on values of parameters
such as disk structures (spin, magnetic fields and so on) and oscillation modes (node
numbers of oscillations in the radial direction).

It is noted that if there is no magnetic field (i.e., b> = 0), —& (r) is equal to —k (r)
and has a minimum value. (The value of k.« is around 600 Hz in the case shown
in Fig. 125 (M = 1.4Mg and ax = 0.3).) The frequency is too low compared
with typical trapped vertical p-mode oscillations, and thus the resonant condition,
w1 +wy >~ 0 will not be realized, unless high overtones (large value of n,) of vertical
p-mode oscillations are considered. If there are poloidal magnetic fields (b*> # 0),
however, w; + w, =~ 0 will be realized without considering such higher overtones
of vertical p-mode oscillations, as schematically shown in Fig. 12.5. Quantitative
examination is worthwhile.

12.5.2 Excitation of Two-Armed, c-Mode and Vertical p-Mode
Oscillations in Two-Armed Deformed Disks with np = 1

In this subsection, we consider plane-asymmetric (np = 1) two-armed disk
deformation:

mp = -2, np = 1, wp X~ 0. (1225)

First, as disk oscillations we consider the following set:

e my =2,n; =2,and w; > 0 (two-armed, vertical p-mode oscillation),
e my =0,n; =1, and w, < 0 (axisymmetric g-mode oscillation)
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Fig. 12.5 Propagation diagram showing propagation regions of two-armed c-mode oscillation
(my = 2, n; = 1) and axisymmetric g-mode oscillation (m, = 0, n, = 1) in the case where
the mass of the central source is 1.4 M with spin parameter ax~ = 0.3. The upper curve is the
radial distribution of 262 — §2 | . The lower three curves show the radial distribution of —« in three
cases of b> = 0, 0.1, and 0.2. The horizontal wavy lines show qualitatively positions of c-mode
and g-mode oscillations in the disks with b> = 0.3. The positions of trapped oscillations are not
results of quantitative examination of the trapping condition, but are shown only for demonstration
of qualitative image.

The above set of oscillations satisfies one of resonant condition of m; +m,+mp = 0.
Furthermore, since the w;-oscillation is symmetric with respect to the equatorial
plane (i.e., n; = 2) and the w,-oscillation is asymmetric (n, = 1), they can couple
each other through the asymmetric disk deformation (np = 1).

The propagation region of the w;-oscillation is given by (w; — 22)* > 291,
which consists of two regions of w; > 22 + \/EQJ_ and of w; < 282 — \/ZQJ_. We
are interest here in an oscillation in the latter region, which is shown schematically in
Fig. 12.6. This oscillation has E1/w; < 0, since w; — 252 < 0. Next, let us consider
ws-oscillation, which is axisymmetric g-mode oscillation and its propagation region
is specified by w% < k2. Since we are interested in oscillations with negative
frequency, their propagation region is like that shown in Fig. 12.6. Wavy lines are
drawn only for demonstration.

Second, we mention that the following set of disk oscillations:

e m; =2,n =0, and w; > 0 (two-armed p-mode oscillation),
e my =0,n, =1, and w; < 0 (axisymmetric g-mode oscillation)

can be also excited under the disk deformation given by equation (12.25). The
reason is similar to that in the case considered just above.
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Fig. 12.6 Propagation diagram showing propagation regions of two-armed vertical p-mode
oscillation (m; = 2, n; = 2) and axisymmetric g-mode oscillation (m, = 0, n, = 1) in the case
where the mass of the central source is 10.0 M with spin parameter ax. = 0.9. The upper one
curve is the radial distribution of £2 — ﬁﬂ | . The lower three curves show the radial distribution
of —K in three cases of b> = 0, 0.1, and 0.2. The horizontal wavy lines show qualitatively positions
of the vertical p-mode and g-mode oscillations in the disks with 5> = 0.3. The positions of trapped
oscillations are not results derived from quantitative calculation of the trapping condition, but are
shown only for demonstration of qualitative image.
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Chapter 13
Sonic Point Instability and Stochastic Excitation
of Oscillations by Turbulence

Abstract In this final chapter two possible excitation processes which are not
mentioned yet are briefly introduced. One is a sonic point instability. In the case
of relativistic disks, the accretion flows fall to central objects by passing a sonic
point. In the case where the sonic point is a nodal-type critical point, accretion
flows are locally unstable at the sonic point and waves propagating both inward
and outward are generated there. This is an interesting excitation process of
oscillations, but there is a slight doubt whether it is physical. The other is a possible
excitation of oscillations by stochastic processes of turbulence. The stochastic
processes are known to be the main processes of excitation of solar and stellar
oscillations, but they are not examined yet in disks. This excitation process will be of
importance, because many oscillations modes will be excited with small amplitudes.
Examination of disk oscillations by stochastic processes will become in future one
of important fields of diskoseismology. A brief outline of mathematical formulation
of stochastic excitation of disk oscillations will be presented here.

Keywords Nodal-type critical point * Sonic point instability * Stochastic excita-
tion ¢ Turbulence

13.1 Type of Sonic Point and Instability

In Chap. 9, we have examined viscous overstability of disk oscillations. The results
show that the innermost region of relativistic disks is a place favorable for viscous
excitation of p-mode oscillations (see equation (9.48) and also see figure 12 of
Kato 2001). This is because in the innermost region of relativistic disks, epicyclic
frequency is much smaller than the frequency of the disk rotation by effects of
the general relativity. The decrease of epicyclic frequency has an another effect on
disk stability. The decrease of epicyclic frequency by the general relativity brings
about the presence of inner edge of disks, as is well known in studies of relativistic
disks. That is, inside a certain radius there is no circular orbit of free particles, and
accretion flows become transonic.

The transonic radius (sonic point) is a critical point in the sense that in
the differential equation describing radial flow u, (i.e., du,/dr = N/D), the
denominator, D, vanishes at that point. Hence, for accretion flow to pass this sonic
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point the flow must have N = 0 as well as D = 0 at the sonic point (regularity
condition). Since sonic point is a critical point, the topology around the point on
the u, — r plane has a particular structure. In the case where the so-called Shakura-
Sunyaev-type a-viscosity is adopted, there is a critical value of «, say a.. When o
is smaller than o, steady accretion flow passes a saddle-type critical point (radius),
while in the case where « is larger than «., the flow passes a nodal-type critical
point (Matsumoto et al. 1984). The critical value, o, is around 0.1 (Matsumoto et al.
1984; Muchotrzeb 1983; Muchotrzeb-Czerny 1986). Furthermore, these numerical
simulations suggest that there is one-to-one correspondence between type of critical
point and stability of transonic accretion flows. This is really shown by numerical
simulations by Matsumoto et al. (1988, 1989) and analytically by Kato et al.
(1988a,b). That is, for @ > «, transonic flows pass a nodal-type critical point and
are dynamically unstable, while flows with & < o, pass a saddle-type critical point
and are stable.

Numerical simulations around the innermost region of relativistic disks with o >
o, show that p-mode oscillations are generated at the sonic point and propagate away
both inward and outward (Matsumoto et al. 1988, 1989). The generated waves have
frequencies around ki, Where knay is the maximum value of epicyclic frequency.
These results are confirmed by more careful simulations of non-isothermal cases by
Honma et al. (1992), Chen and Taam (1995), and Milsom and Taam (1996, 1997).
Recently, more extensive studies have been made by Miranda et al. (2015).

Typical results by Matsumoto et al. (1988) for isothermal perturbations in
isothermal and vertically integrated disks are briefly presented here, because the
essences of generation of oscillations are shown there. The type of viscosity adopted
is the standard Shakura-Sunyaev-type a-viscosity, i.e., Tr, = —all, where T,, and
IT are vertically integrated rg-component of stress tensor and vertically integrated
pressure, respectively. Simulation results in the case of @ = 0.3 and ¢;/c = 1073
(cs being acoustic speed) are presented in Fig. 13.1. Time variation of accretion rate
slightly inside the sonic point is presented in Fig. 13.2 for a different parameter case.

Roughly speaking, axisymmetric p-mode oscillations excited have frequencies
close to kmax (see also figures 5 and 7 of Chen and Taam 1995) and are localized
inside the radius of k.x. The reason why oscillations whose frequencies are close to
kmax are predominant seems not to be well understood yet. Frequency components
higher than k. will be propagated away outside without being trapped. The
oscillations whose frequencies are lower than «p,x will be trapped inside the disks.

Finally, some discussions are necessary in relation to the sonic point instability.
As mentioned above, if the Shakura-Sunyaev-type a-viscosity is adopted, there is a
critical value of o, above which the sonic point is nodal and oscillations are excited.
If a standard viscosity-type expression for stress tensor is adopted, the nodal-type
critical point does not appear for steady accretion flows (e.g., Abramowicz and
Kato 1989), i.e., all transonic flows pass saddle-type critical point, i.e., no sonic
type instability appears (Kato et al. 1993). This might suggest that the appearance
of nodal-type critical point in the Shakura-Sunyaev-type «-viscosity is due to
non-physical description of viscous flow near sonic point. It is noted, however,
that adoption of standard viscosity-type expression for stress tensor is also not
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Fig. 13 1 Time variation of the kinetic energy Ex(= Xv?/2) of the radial motion (in units of
X.c2, X, being the surface density at the sonic point r.). The parameters adopted are = 0.3,
¢/ = 1073, M /Mcril = 1.6, where Mcril is the criticl accretion rate defined by Mcrit = Lg/c?
(Reprinted from Matsumoto et al. (1988) in Physics of Neutron Stars and Black Holes, ed. Y.
Tanaka (University Academy Press, Tokyo), 155. Copyright ©).
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Fig. 13.2 Time variation of the accretion rate at r/r, = 2.8 (inside the sonic point). The

parameters adopted are @ = 0.15, ¢5/c = 10~ and the mass accretion rate, M, from the outside
is 1.6M_;; (Reprinted from Matsumoto et al. (1988) in Physics of Neutron Stars and Black Holes,
ed. Y. Tanaka (University Academy Press, Tokyo), 155. Copyright ©).
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rigorous when we consider transonic flows, since acoustic information is propagated
from inside to outside through sonic point. More careful considerations might be
necessary for the sonic point instability. It is noted, however, that the appearance
of nodal-type critical point may not be always unphysical. For example, we hear
that in the case of line-driven stellar winds in early type stars, linear momentum
is transported by radiation pressure in non-diffusion forms. In this case, the sonic
point of the wind can become nodal-type (e.g., Poe et al. 1990), and the nodal-type
critical point is unstable against localized perturbations (Kato et al. 1993).

13.2 Stochastic Excitation of Oscillations by Turbulence

Effects of turbulence on global motions are complicated. The most simplified
description of the effects is to introduce the concept of eddy viscosity. That is,
turbulence is treated as viscosity when large scale motions are considered. In
Chap. 9, we have examined the effects of turbulence on oscillations by introducing
eddy viscosity. The results show that except for p-mode oscillations (n = 0) all other
oscillation modes (i.e., oscillation modes with n # 0) are damped by turbulence.
As is well known, however, the effects of turbulence on oscillations are not
simply evaluated by introducing the concept of eddy viscosity alone. Turbulence
can excite oscillations outside the turbulent region (Lighthill 1952). A well-
known astrophysical application is excitation of acoustic oscillations in the solar
atmosphere and their propagation to the corona. Later, including the effects of
viscous damping of oscillations due to turbulent viscosity, Goldreich and Keeley
(1977) examined stochastic excitation of oscillations in turbulent media. They
demonstrated that the stochastic processes of turbulent convection can excite
the solar p-mode oscillations against damping due to turbulent viscosity. Recent
developments of stochastic excitation of oscillations on solar and stellar convection
zones are reviewed by Samadi (2011). Here, we briefly present the essential part of
mathematical formulation of stochastic excitation of disk oscillations in disks.

13.2.1 Stochastic Excitation of Disk Oscillations by Turbulence

The mathematical formulation presented here is roughly parallel to that of Goldreich
and Keeley (1977), although we start from a Lagrangian formulation of wave
equation. We focus our attention on magnetic turbulence in the following formu-
lations, but the final results will be similar even when we consider hydrodynamical
turbulence.
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The wave equation describing perturbations on MHD disks can be written as (see
Chap. 3)

2
g—(ﬁ :8(—SW—%Vp+ﬁcurleB), (13.1)
where § represents the Lagrangian variation and other notations have their usual
meanings.

Here, for simplicity, we assume that magnetic fields are turbulent components
alone, i.e., no global magnetic fields are assumed. Then, the basic equation
describing displacement vector & associated with oscillations is (see Chap. 3)

9%& 0

Pogy +2poluo - V)= +Z(&) =N, (13.2)
where .Z is a Hermite operator (see Chap. 3) and the left-hand side of this equation
represents the linear wave equation. The right-hand side represents the source terms
due to turbulence. The source term, N, consists of hydrodynamical turbulence and
magnetic turbulence. The hydrodynamical part can be found from equations (11.18)
and (11.20), and the magnetic part is found easily from the last term on the
right-hand side of equation (13.1). In the simplest case where the hydrodynamical

turbulence occurs isothermally (i.e., [T = 1), the i-component of N, i.e., N;, is
written as
No= 2R (13.3)
oy '
where
A aSturbk 3§1uer 1 1 2
N; = — : + — | =b78;; — bib; ), 13.4
v po dar;  Org 4 \2" Y / ( )

where &y, for example, is the i-component of the displacement vector, &4,
associated with turbulence, b; is the i-component of the Eulerian variation of
turbulent magnetic fields, b, and b%is b;b;.

Let us write the solution of equation (13.2) by the sum of the normal modes of
oscillations as

E= DA explioy) + cc. (135
J

where c.c. denotes the complex conjugate, and A;(¢) is the amplitude of the normal
mode §;. The time change of amplitude A;(#) comes from the effects of turbulence.
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Substitution of equation (13.5) into equation (13.2) leads to

dA; . 2 .
N Z 2d_tjp0[le + (uo - V)J& exp(iwjt) + c.c. = 2N. (13.6)
j

In deriving equation (13.6) the term of dAj? /dt? has been neglected, because the time
change of amplitude A; by turbulence is slow.

Now, equation (13.6) is multiplied by &} exp(—iwy?) and the resulting equation is
integrated over the whole volume. Then, we have

dA .
2= | pokflon — ifwo - V)lgyd'r

(dA; .
+ 222150 0y~ wenslites — 0 [ k] 8
o
+terms with exp[—i(w; + wy)!]
=2 / exp(—iwy)&} - Nd°r. (13.7)

In deriving the second term of equation (13.7) we have used the orthogonality
relation (3.18). The frequencies of normal mode oscillations which we are interested
in are usually on the order of the frequency of disk rotation, which is much higher
than the timescale of the change of A;. Since we are interested in a slow long-
term variation of A, the terms with rapid time variations are also neglected. Then,
equation (13.7) can be reduced to

dA
d_tk - _iziEk exp(—iwg )& - Nd°r, (13.8)

where Ej is the wave energy of normal mode of oscillation characterized by &, (see
equation (3.29)).

In deriving equation (13.8) the viscous damping of oscillations has been
neglected. In order to take into account the effects of the viscous damping of
oscillations we should add a term of n;A; on the left-hand side of equation (13.8),
where 7y, is the viscous damping rate. Then, the equation is integrated with respect
to time to obtain

t

Ar() = —i2 | explne(d — 1) — iont)df’ / £ Ndr. (13.9)
2Ey —00

Hereafter, the subscript k attached to specify oscillation mode is omitted, because in
the followings we need a subscript to represent the component of vectors.

The expression for A(f) cannot be directly evaluated, because N(r,t) is a
fluctuating vector field and only its statistical properties are known. The expectation
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value of |A(1)|?, denoted by ({|A(1)|?)), is evaluated from

{JA(D)]?) =17 / f f / ardd’ &*r' d*r’ [exp[n(z + 1" =20 —iw(f — z”)]}
x£ (r’)-<<N(r’, NGt ”)>> : é*(r”)]. (13.10)

It is convenient to perform the volume integrations in equation (13.10) by parts
by using equation (13.3) to give

{(JA®) ) =15 / f / f drdd’ &*r' dr ”[exp[n(t + 1 =20 —iw(f — z”)]

al T (v NN s d i
ga(t)<<NU(rvt)Nk ", )>> E;f: ! (13.11)

Let us now introduce variables A, ry, T and ty defined by

/

1
A=r'—r, ro= E(r/ +r"),
74 / 1 / /!
t=1 —t, tozz(t + 1), (13.12)
since ((1\7,](1" /)N (. 7)) is a function of A and T in homogeneous steady
turbulence. Then, ({|Ax(?)|?)) is written as
2

(2(t—10)
oy = 5 | ewlnw—olan [ -~ ar [ [ anas

2(to—

Xexp(za)r) Ez( )<<N,,(r’ l/)N (// //)>>a$k(r//). (13.13)

/!
j ory

Since the eddy lifetime is much shorter than the lifetime (~1/1n) of oscillations,
we extend the integration over t from —oo to co (e.g., Goldreich and Keeley 1977;
Samadi and Goupil 2001) and perform the integration to lead equation (13.13) to

(AWPYE = 2 dr / / Prod*a

xexp(ioT) 3553‘ ) <<]\7U(r’ )N (r”, t”)>>%, (13.14)
J L
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where ¥/ = rp—A/2and ¥’ = ro+ A/2,and? = to—t/2and " = 1y +
7/2. Equation (13.14) is a formal and basic expression for wave energy of excited
oscillations.

13.2.2 Estimate of the Order of Amplitude of Excited
Oscillations

To proceed from this point, we need information about ((I\AG/-(r’ N (1)),
This is a difficult problem, since time-dependent structure of fourth-order turbulent
correlation quantities is required. Detailed studies will be a subject in future. Here,
we shall be satisfied by roughly estimating the order of ((N. .7 YN (", 7"))) and
thus the magnitude of ((|A|?))E.

Here, we simply assume that the correlation ((N; (', ¥ )N (r”,7"))) consists of a
t-independent term and a term which decreases with increase of t as

(NG )N (", 1)) = (NG )N (. 17)))o

2
N ONe 1)) eXp( - fjm), (13.15)
0

where 7((A) is a mean correlation time and depends in general on A. The subscripts
0 and t attached to ({ )) denote, respectively, a t-indenpendent and t-dependent
terms. Then, performing the integration with respect to t in equation (13.14), we
have

71/202
) //di”rodi”xexp(—-w tg(l))to(A)T (13.16)
where T is given by
0&:(r) N )| B
T = o <<N,,(r )N (r )>> b (13.17)

It should be noted that the r-independent term disappears in equation (13.16).

As shown in equation (13.4), N i consists of hydrodynamical and hydromagnetic
terms. Here, we consider only the latter term, because MHD turbulence will be
important in accretion disks. In both cases of hydrodynamical and magnetic turbu-
lences, however, the amplitude of excited oscillations and its parameter dependences
will be essentially similar, as fas as turbulent Alfvén speed, ({(b?))/4mpo)"/?, and
turbulent fluid speed, vy, are comparable.
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In the case of the magnetic turbulence, we have (see equation (13.4))
~ ~ 1 PPN
(90700 0)) = {763)) s

—%<<(z3)%(13kz3z)2>> ;- %«(&E,-)l(é)%» S

T

po(r")po(r”)

+<<(l;il;i)l(];kl;l)2>> , (13.18)

T

where the subscripts 1 and 2 show the values at (+, ) and (", ¢”), respectively, and
b; is turbulent Alfven speed defined by b; = b; / (4mpo)'/2.

As shown in equation (13.18) we need fourth-order correlations of turbulent
quantities. A simple way for approximately evaluating fourth-order quantities is to
introduce the quasi-normal distribution of turbulent quantities, which permits us to
express fourth order moments in terms of second order ones. For example, we have

(((131'1;;)1(1;1(1;@)2)) = (((l;il;i)l»(((];kél)Z))
+{{(Bi)1 (b)) ({51 (Be)a)) + (((Bi)1(Be)2)) (((Bj)1(Br)2)). (13.19)

It is noted that in evaluation of (((l;,-lgj)l (l;ki?g)z))r, the first term on the right-hand
side of equation (13.19) has no contribution, because the term is a t-independent
term.

To perform the volume integration in the A-space in equation (13.16), we need to
know the A-dependences of ((N. i, ?)Nw (", 1)), and of 7o(A). That is, we need
spectra of turbulence and decay times of spectrum components. This is complicated
problem, and beyond the scope of this chapter. We shall be satisfied simply by
considering only energy-containing eddy. Its size and the correlation time are taken,
respectively, to be Aeaay and Aeay/((5?))'/%. We assume that Aeqay ~ H (H being
disk half thickness), when we estimate the order of amplitude of excited oscillations.

After the above preparations, we separately consider p-mode oscillations, and ¢
and vertical p-mode oscillations.

13.2.2.1 p-Mode Oscillations

Let us denote the order of magnitude of é,(r) by é , and the order of the radial
wavelength of oscillations by L. Then, the order of d¢,/9r is £/L. The order of £, is

the same as that of &,, but &, is roughly zero in the case of p-mode oscillations.
Considering them, we can approximately estimate the volume integration of T,
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using equations (13.17), (13.18), and (13.19), as

E 2 2 2 2 E 2 Aeddy 2
/ Td3x~(z) (po<<b2>>) Hkéddy~po<b2>(z) ( 5 )Eb (13.20)

where Ey,, is the turbulent energy in the wave propagation region and has been
taken as Egyp ~ po(EZ)HDZ, where D is the radial extend of the wave propagation
region, which is comparable with L since we are interesting in trapped oscillations.

The order of the wave energy, |E|, is pow>£>HD?, where py represents an average
value of py in the wave propagation region. This wave energy is further estimated to
be poc2£2(D?/H), when we consider oscillations whose frequency, w, is on the oder
of angular velocity of disk rotation, {2k, since £2xkH ~ ¢, (cs being acoustic speed).
Using equation (13.20) and the above estimate of magnitudes of various quantities,
we have, from equations (13.16),

APV E 1 b)) (Aeasy \ (H\’
AP |Na%(wfo)exp(_zwzfoz) () (%) (z) (1321)

S

where « is a dimensionless constant which will be moderately smaller than unity.

Considering that 7y ~ Aeddy/((i)z))l/z, we have w1y ~ cs/((BZ))l/z(keddy/H),
when the frequency, w, of oscillations is close to £2x. That is, w7y can be taken to
be around unity. If n is taken to be the inverse of the viscous time scale, we have
n ~ ((b*)Y ?edady/L? since turbulent kinematic viscosity is ~ ((l;z))l/ 2deddy- This
gives w/n ~ ¢/ ((B2))V2(L2/ HAcaqay). These consideration leads to

2 2
WAPIIEL (2’ 132,

Eturb D

where ¢ is an another dimensionless constant (different from « in equation (13.21)),
which will be again moderately smaller than unity.

In the innermost region of relativistic disks, p-mode oscillations whose frequen-
cies are on the order of Keplerian frequency in that region are trapped, if the inner
edge of disks is a reflection boundary of the oscillations (see Chaps.6 and 7).
Equation (13.22) suggests that such oscillations can be sustained by turbulence,
although their oscillation energy is much smaller than the turbulent energy by a
factor of a(Acday/ D)?.

13.2.2.2 c¢-Mode and Vertical p-Mode Oscillations

In oscillations other than p-modes, EZ is not neghglble and comparable with or larger
than E, and S(/, in magnitude. Furthermore, é,, S(/, and EZ have z-dependences, i.e., E,

and S(/, are proportional to 7%,(z/H) and &‘Z is proportional to .7%,_;(z/H), where
J,(z/H) is the Hermite polynomials of order of n (n > 1) with argument z/H.
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Hence, for example, aé, /0z does not vanish and its magnitude is larger than that of
aé, /0r by the factor of L/H. Hence, we can expect that the volume integration of T
is larger than that given by equation (13.20) by the factor of (L/H)?.

Next, we should consider the term, 1, representing turbulent viscous damping.
In the case of oscillations with n # 0, the damping of oscillations due to viscosity
is stronger than that in the case of p-mode oscillations, because the characteristic
wavelength of oscillations is the vertical wavelength, which is on the order of H.
Hence, 7 is larger than that adopted in the case of p-mode oscillations by a factor of
(L/H)>.

The two effects mentioned above act in the opposite directions when the wave
amplitude of c-mode and vertical p-mode oscillations is considered. As the results,
the amplitude of c-mode and vertical p-mode oscillations expected by stochastic
processes might be comparable with that of p-mode oscillations.

The above considerations are based on knowledge of isotropic turbulence. In
the case of magnetic turbulence in accretion disks, the origin of turbulence is
magneto-rotational instability (MRI), and the turbulence may be anisotropic. Effects
of anisotropic turbulence should be also considered in estimate of n. Thus, further
studies will be necessary to derive more reliable amplitudes of oscillations.

13.3 Final Remarks

Before closing this final chapter, we shall briefly summarize author’s personal views
concerning what excitation processes can contribute to what kinds of oscillations,
and what observed oscillatory phenomena are due to what kinds of disk oscillations.

In Table 13.1 we list excitation processes and oscillation modes which can be
excited by them. For example, (i) viscous processes can excite p-mode oscillations
(viscous overstability). The reason why p-mode oscillations are excited is that

Table 13.1 Excitation processes and oscillations modes excited.

Excitation process Oscillation excited
Viscous overstability p-modes; c-modes in tori (uncertain)
Corotation resonance Non-axisymmetric (m 7% 0) p-modes

Wave-wave resonance (disk deformation)
Tidal deformation One-armed (m = 1) p-mode (precession mode)
One-armed (m = 1) c-mode (tilt mode)
Warp (mp = 1,np = 1) A set of p-mode (m = 1) and g-mode (m = 0)
Two-armed deformation (mp = 2,np = 0) | A set c-mode (m = 2) and g-mode (m = 0)
Two-armed deformation (mp = 2,np = 1) | A set of p-mode (m = 2) and g-mode (m = 0)
A set of vertical p-mode (m = 2,n = 2)
and g-mode (m = 0)
Sonic point instability p-modes

Stochastic processes (turbulence) Many modes
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the excitation process due to shear motions overcome the conventional viscous
damping process. In other oscillation modes, however, situations are changed
and they are damped. However, if turbulence is strongly anisotropic or disks are
geometrically thick (i.e., tori), c-mode oscillations might be also excited in addition
to p-mode oscillations. (ii) Corotation resonances are powerful excitation processes,
but what they can excite are non-axisymmetric p-modes alone. Non-axisymmetric
oscillations other than p-modes (i.e., g-modes, c-mode, and vertical p-modes) are
damped by corotation resonance. (iii) For wave-wave resonant processes to work,
disk deformation is necessary. What kinds of disk oscillations are excited depend on
what kinds of disk deformations are expected. If various types of disk deformations
are possible, many kinds of oscillations can be excited. (iv) Stochastic processes
will excite many oscillation modes, but there is no detailed analytical examination
up to the present.

Table 13.2 summarizes what excitation processes are possible candidates of what
observed oscillatory phenomena.

Table 13.2 Periodic (quasi-periodic) phenomena in astrophysical objects, their interpretation by
oscillation modes, and their possible excitation processes.

Oscillatory phenomena Oscillation modes Possible excitation processes
Be stars
V/R variations One-armed p-mode Viscous overstability (Chap. 9)
Dwarf Novae
Superhumps One-armed p-mode Tidal deformation (Chap. 12)
Negative superhumps Tilt mode® Tidal deformation (Chap. 12)
LMXBs
kHz QPOs (NS)
Correlation of twin QPOs c-mode Disk deformation (Chap. 12)
Stochastic process (Chap. 13)
Order of frequencies c-mode Disk deformation (Chap. 12)
p-modes Viscous overstability (Chap. 9)

Corotation resonance (Chap. 10)
Disk deformation (Chap. 12)

HF QPOs (BH)
3:2 pair p-mode Viscous overstability (Chap. 9)
Corotation (Chap. 10)
Disk deformation (Chap. 12)
c-mode Disk deformation (Chap. 12)
Frequencies p-modes Viscous overstability (chap. 9)

Corotation (Chap. 10)
Disk deformation (Chap. 12)
c-mode Disk deformation (Chap. 12)
Note: Stochastic processes are not mentioned except for a case in this table, but they will be one of

possible candidates of excitation of many oscillatory phenomena
2Tilt mode is one-armed c-mode oscillation with n = 1
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V/R variations in Be stars

The V/R variations observed in Be stars will be due to excitation of one-
armed p-mode oscillation (one-armed precession mode) in Be-star disks. The
mode can be excited by viscous overstability (see Chap.9). Observations
show that in many objects the one-armed oscillations required to describe
the observed V//R variation are prograde ones, although there seem to be
exceptional cases (Chap. 1). A simplified analysis, however, shows that discrete
one-armed oscillation modes are retrograde and not prograde (Chap. 8). For
one-armed p-mode oscillations to have prograde precession, the oscillations
need to be global in the sense that the effects of increase of disk thickness with
radius are non-negligible in their propagation (Chap. 8).

Superhumps in dwarf novae

Positive superhumps observed in dwarf novae are recognized to be one-
armed p-mode oscillations (one-armed precession mode (Osaki 1985)) excited
by tidal instability (Whitehurst 1988a,b; Hirose and Osaki 1990; Lubow
1991) (Chap. 7). Lubow (1991) showed that the excitation is due to a mode-
mode coupling process in tidally deformed disks. This excitation process
can be interpreted as one of examples of more general wave-wave resonant
instabilities in deformed disks (Chaps. 11 and 12).

Concerning negative superhumps, many possible origins have been pro-
posed. One of possibilities is that they are tilt modes excited by the mode-mode
coupling processes in tidally deformed disks (Lubow 1992). The wave-wave
resonant processes (Chaps.11 and 12) support this possibility and further
suggest that tilt modes can be excited in various wave-wave resonances (not
restricted to the so-called 3:1 resonance) (Chaps. 11 and 12). Distinct from the
excitation of one-armed precession mode which acts at a particular stage of
disk expansion, the excitation of tilt modes by resonance processes continues
to work during a finite interval of disk expansion (Chap. 12).

KHz QPOs in neutron-star X-ray binaries

Origins of kHz QPOs in neutron-star X-ray binaries and HFQPOs in black-
hole X-ray binaries are still in debate. Assuming that these QPOs are due to
disk oscillations, we summarize our arguments about their possible origins.

First, we consider kHz QPOs. We pay our attention to two observational
characteristics. One is correlated changes of twin QPOs, and the other is
the order of frequencies. First, kHz QPOs often appear in pairs and their
frequencies change with time. The change, however, occurs so that it is along a
common curve on the frequency-frequency diagram (see Chap. 1 and Fig. 1.3).
This correlated frequency change of twin QPOs can be better described by
regarding them as two c-mode oscillations rather than by regarding them as
two p-mode oscillations, as long as conventional parameters of neutron stars
are adopted (see Chaps. 7 and 8). In other words, if the QPOs could come from
the p-mode oscillations, their frequencies would be rather robust and might not
change in a wide frequency range.

An issue to be worried about c-mode oscillations is their excitation. The
excitation processes of c-mode oscillations are rather restricted compared with
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those of p-mode ones. We think that promising processes of their excitation
will be wave-wave resonant instabilities in deformed disks (Chaps. 11 and 12),
and stochastic processes of turbulence (Chap. 13).

The second point which we should take attention is their frequencies.
As long as the frequencies are concerned, p-mode oscillations are good
candidates of kHz QPOs as well as c-mode oscillations are. In the case of
p-mode oscillations, there are many possible excitation processes as shown in
Table 13.2.

HFQPOs in black-hole X-ray binaries

Any attempts interpreting HFQPOs as disk oscillations are not yet suc-
cessful. Some BH sources have twin QPOs whose frequency ratio is close to
3:2, unchanged with time, although the number of sources with twin QPOs
is restricted (see Chap.1). By regarding this frequency ratio as essential,
KluzZniak and Abramowicz (2001) and Abramowicz and Kluzniak (2001)
proposed a 3:2 resonance model. This model is quite attractive and had many
contributions to subsequent developments in this field, but excitation of two
oscillations with 3:2 frequency ratio seems to have no particular preference
from theoretical points of view. We suppose that the appearance of the 3:2
frequency ratio is in chance. As shown in Fig. 7.2, the frequency ratio of the
m = 3 mode to m = 2 one is close to 3:2 (see also Lai and Tsang 2009).
The p-mode oscillations may be excited by many processes. Typical ones are
viscous overstability (Chap. 9) and coronation resonance (Chap. 10).

One of important points where we should pay attention is that some black-
hole sources with HFQPOs have extremely high spins. That is, comparisons
between observations (K-line of Fe and continuous X-ray spectrum) and
theoretical disk models show that some BH sources have extremely high spins
close to ax = 1 (McClintock et al. 2011). Any successful theoretical QPO
models need to be able to describe such high spin cases. It is noted that a set of
oscillations (c-mode and axisymmetric g-mode) which are resonantly excited
in two-armed deformed disks seem to have possibility to describe a high spin
of central sources (Sect. 12.5 and Kato 2012). A problem is whether such disk
deformations required are really present in actual disks.

Finally, we should emphasize that in this monograph we have restricted our
attention to geometrically thin disks, but this is only for simplicity. To qualita-
tive comparison of frequencies of trapped oscillations with observational QPOs
more realistic disk models will be required. Geometrically thick disks or tori
where general relativistic effects are fully taken into account should be adopted
to examine HFQPOs. Furthermore we like to say that among various possible
excitation mechanisms, stochastic processes are attractive, although there are
no detailed studies yet.
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Appendix A
Basic Hydromagnetic Equations Describing
Perturbations

First, general forms of hydromagnetic (MHD) equations are summarized. Sub-
sequently, equations describing small amplitude perturbations over steady states
are presented, using cylindrical coordinates. The basic equations are presented
in the Newtonian forms, although in some cases we are interested in general
relativistic disks. In this book, effects of general relativity are taken into account, for
simplicity, by introducing general relativistic expressions for epicyclic frequencies
(see Appendix B), adopting in other parts the Newtonian expressions.

A.1 General Form

Basic equations under MHD approximations (frozen-in approximations) are sum-
marized.

(a) Equation of continuity
The conservation of mass (equation of continuity) is

dp

o + div(pv) = 0, (A1)
where p is the density and v the velocity vector. In terms of the Lagrange
derivative:

d d

— = _ -V), A2

2= TV (A.2)

the continuity equation (A.1) is expressed as

d
d—f + pdive = 0. (A3)
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(b)

()

(d)

Appendix A

Equation of motion
The equation of motion is described as

d il 1
p—vzp —v+(v~V)v =—pV¢¥ —Vp+ —curl Bx B + pN + pK,
dt ot 47
(A4)

where Y is the gravitational potential, p the pressure, B the magnetic flux
density, N the viscous force per unit mass, and K the external force per unit
mass.

The term of (1/4m)curl B x B in equation (A.4) represents the electromag-
netic force (the Lorentz force) and the time variation of B is governed by the
induction equation, which is written below. The viscous force N is expressed as

at;
pN; = (A.5)
axk
where t;; is the viscous stress tensor:
du; dv, 2. Jv; av;
tix = — — — =4 - S; —j, A.6
¢ "(axk+ax,- 3 ka)cj)-’_§ kaxj (4.6)

n being the dynamical viscosity (first viscosity) and ¢ the bulk viscosity (second
viscosity) (the latter is usually ignored).
The equation of motion can be expressed explicitly as

do _ (8 O8N __ W o o 1OB 1 0B
'Odt B ot /8‘, T 'Oax,- 0x; pii 8 0x; 4 fax,-
d dv; dvr 2. 0v; av;
= L K Zg Su=2|. A7
+8xk |:n(8xk + dx; 3 "ax,-) +¢ ka)qi:| (A7)

Induction equation
The time variation of magnetic field B is governed by the induction equation:

B
%_t = curl(v x B) + nVB, (A.8)

where n[= ¢?/(4m0.))] is the magnetic diffusivity.
Energy equation
The conservation of thermal energy is described as

d 9 7
dt ot Oe
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(e)

where T is the temperature, s the specific entropy, @ the viscous dissipative
function, € the other heating rate (such as nuclear energy) per unit mass (i.e., pe
per unit volume), and F the energy flux (which includes, e.g., the radiative flux
F.q, the convective one F.,y, and the conductive one F.y,q). The last term on
the right-hand side of equation (A.9) is the Joule heating.

Using the first law of thermodynamics: Tds = dU + pdV, where U the
internal energy per unit mass, we can rewrite the left-hand side of the energy
equation (A.9) as pTds/dt = pdU/dt + p div v. For an ideal gas, moreover, the
internal energy U is expressed as U = [1/(y — 1)](p/p), where y = C,/C,
is the ratio of the specific heats. Hence, the left-hand side of the energy
equation (A.9) becomes, with the help of the continuity equation (A.1),

pTéz; @_VB@ (A.10)
dt y—1\dt pdt)’ '

The viscous dissipative function @, which expresses the viscous heating rate
per unit volume, is expressed as

(D_t'av,-_ 1 8v,~+8vk 2+ §—2 dv; 2 A1)
Tk 8xk - n2 BXk axi 377 ij ’ ’

The energy flux F is generally written in the form:
F = —K gradT, (A.12)

where K is the ‘conductivity’. For example, in optically thick regime, the
radiative conductive flux F,q 18

dacT?
Fig = ———— gradT, (A.13)
3kp

where a the radiation constant and k the (Rosseland-mean) total opacity.
Thus, the energy equation is finally expressed as

1 (d d 2
— (PP _ o 4 pe + div (K gradT) + —. (A.14)
y—1\dt p dt O

Equation of state
The equation of state of optically thick systems is

R 1
p= ﬁpT + gaT4, (A.15)

where Z is the gas constant and ji the mean molecular weight.
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A.1.1 Expressions by Cylindrical Coordinates

We focus our attention only on geometrically thin accretion disks. Hence, for
the convenience of the readers, we explicitly write down the basic equations in
cylindrical coordinates (r, ¢, z), where the z-axis is the axis of disk rotation.

(a) Equation of continuity

ap ad d d
- 4 ) + — + —(pv;) =0, Al
Jat  ror (rpvr) rdg (pvy) 0z (pvc) =0 (A.16)

where (v, vy, v;) are the components of velocity in the cylindrical coordinates.
(b) Equation of motion

dv. 0, v, | dv, vy v 1dp

O, 2 =Y ® L Fy AN +K., (AT

o T +v(pra(p+vZ o o p8r+ Br+N:+ (A.17)

v, vy vy Wy VU oy 1 dp

R AT _ ¢ =—— -~ 4F N, +K,,
ot + 0 ”‘”ra<p t o 9z r rdp  prig TN ¥

(A.18)

v, v, v, v, oy 1adp

oy, = L= __ T 4F N, + K, A.19
o +v 3r+v¢ra¢+vzaz % p32+ B+ N, + K, ( )

where

F 1 (rot B x B] 1 0B, 0B, B ad B 0B, B
r = —|Io r= -_ — Tq. 2=\ Tq. — A s
B 47 47 0z or rarr e )Y
A
F 1 lrot B x B 1 0 B 0B, B 0B, 0B, B
= —[ro = —|| =By — = |B— - — |B:|
BT 4 Y 4nm rarr g rde 0z
A

B
F, = 4L[roth)_:;]Z: L[(aBZ 0 g”)Bw_(aB’ aBZ)B,}, (A.22)
T

a7 |[\rdp 0z 9z or
and

1 101, .

Ny = 2D gy g L tep | B (A.23)
rar dp r 0z
10 1 o, ot

N, = —— (1, i L AR A24

Ple rzar(r ¢)+r o + 0z ( )
10 10t,, 0

PN. = == (rtye) + — =2 4 2 (A.25)
ror g 0z
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the viscous stress tensor #;; being given by

v, 2\ ..
te =212 4 (¢ = Zp) divo, (A.26)
or 3
0 (Vg 1 dv,
Ly =1lor =1 [75 (7) + ; a(p:| s (A.27)
av av,
e =ty =1 (a—; + 5 ) : (A.28)
10v, v, 2 .
t(p‘/’ = 27’] (;% + 7) =+ (C — 57]) lel), (A29)
v 10dv
lye =ty = 1) (a—z“’ + ;a—;) , (A.30)
3 2
= 2125 4 (¢ = Zn) dive, (A31)
0z 3
1 19
dive = L2 () 4 1200 (A32)
rar r de 0z

For the accretion disk, only the rg-component of the viscous stress tensor,
try, is dominant; therefore,

10 19 a (v
N = — ztr = — — 3— _(/7 . A.33
PRe = 2%, (1) r2 or I:nr 3r(r)i| ( )
where we introduce the angular speed £2 = v, /r. It should be noted that the
alpha prescription means that t,, = nrd$2/dr = —ap.
(c) Induction equation
In the MHD approximation, we have

0B, d d
= — rB — Br - zBr - rBz ) A 4
ot rdQ (vrBy —vyBy) 0z © vrB:) (A.34)
0B d ad
a—:’ = a—z(v(,BZ —v.By) — g(v,B(p —V,B,), (A.35)
0B, d d
W = E[V(UZBV — UrBz)] — %'(UQOBZ — UZB(p)s (A36)
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(d) Energy equation

A L Wy P T (A37)
rop \' rdg 0z 0z o '

In cylindrical coordinates the viscous dissipative function @ is expressed as
v, \> v v, \? 3. \?
®=nl2- 2 £ " 2 ==
77|: (8r)+ (r8<p+8r)+ (81)
v, v, v\’ P A du, v\’
+(r8q0+ or r + 0z +r8<p + 8r+ 0z

2 o(rv,)  dv, v, 2
+ (§ 377) |: o + rog + aZj| . (A.38)

In the case of accretion disks where the shear due to disk rotation dominates
over others, we have

. Wy v\ [0y, v(pz_zavw2
‘1’—’“0(? 7)”’(? ) =\ ) B

A.2 [Equations Describing Small Amplitude Disk Oscillations

Small-amplitude perturbations are superposed on steady disks. The velocity pertur-
bation over rotation is denoted by (u,, iy, u;). If the unperturbed flow is rotation
alone, we have

(Vr, Vg, v;) = (0,782,0) + (ur, ug, uz). (A.40)
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Furthermore, if we assume that in the unperturbed state the magnetic fields are
purely toroidal, and the perturbed part is denoted by (b,, b, b.), we have

(B;, By, B.) = (0, By, 0) + (b, by, b.). (A41)

Then, basic equations describing adiabatic and inviscid motions are given as shown
below.

(a) Equation of continuity

d 3 d d 9
9,50 9 o) + -2 2 oow) =0, (Ad2
(8t + a@)pl 5 Pow) + o (pottg) + - (pou) = 0. (A42)

(b) Equation of motion
The r-, ¢-, and z-components of the linearized equation of motions are written,
respectively, as

9 9
il -2
(81‘ + aw)” o

1 0 Bob B ob, 2b
=———(p+ 2 )+ = ~22) A
0o Or 4 47p9 \ rdgp r pg Lor
ad ad K2
L0 —u,
(a:Jr aga)“”m“

_ Lo By, Bo (b b, L (00,
T po rdg " dmpo \rdp  r dmpo\"or | Caz )7

d 0
(& *%)”Z

10 B()b(p B() abz P1 ad B%
o az(’” + 47 ) + 47 1o + 03 0z po+ 8 )’

(A.45)

where p; and p; denote the perturbed parts of the pressure and density,
respectively.
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(c) Induction equation
The induction equation gives

ad Gl ou,
— 4+ 82— |b, = Bp—, A.46
(Bt + a<p) L (A.46)
ad d ds2 ad d
(B_t + Q@)bw = ”Ebr - E(Bour) - B_Z(Bouz)s (A.47)
d ad ou
— + = \b. = Bp—. A4
(at + 8(/)) ‘ 0r8<p (A43)

(d) Adiabatic relation
Another relation that we need here is a relation between p; and p;. Considering
isothermal perturbations, we adopt

p1 = picy. (A.49)



Appendix B
Derivation of Relativistic Epicyclic Frequencies

General relativistic expressions for epicyclic frequencies were obtained by Aliev
and Galtsov (1981). Later, from necessity of studying characteristic behaviors of
disk oscillations in the innermost region of relativistic disks, especially from a
viewpoint of wave trapping, Kato and Fukue (1980), Okazaki et al. (1987) and Kato
(1990) derived horizontal and vertical epicyclic frequencies in the Kerr metric. Here,
we derive the relativistic epicyclic frequencies in the Kerr metric, following Okazaki
et al. (1987) and Kato (1990).

B.1 Basic Equations

We start from the Kerr metric expressed in terms of Boyer-Lindquist coordinates,

A

2 _
ds-2

: 29 2
[cdt—a sin*0d¢)* — %[(r2 +a*)dp—acdi]* — pzdrz—pzdéz. (B.1)
P

>

Here, functions A and p are defined by

A=r— 7y + a’ (B.2)
p2 = r* + d’cos @, (B.3)
where a is a parameter representing the angular momentum per unit mass of the

Kerr black hole and in the range 0 < a < ry/2.
The Euler equation of a free particle is given by

vffxv“ =0, (B.4)
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where v# is the particle’s 4-velocity dx* /ds, and vffx denotes the covariant derivative
of v* defined by

m
p _ Ov
Vi =
0xy

+ Ik, (B.5)

Ik being Christoffel symbols.

We first consider a circular motion in the equatorial plane (8 = 7/2),i.e., v* =
(U',0,U?,0). It then follows from equation (B.4) that the angular velocity, £2x, of
a circular motion observed at infinity is

” 1/2
dp _U°_,  (GM)7" (B.6)

2 = .
KT U r32 £ a(ry/2)'/?

Here and hereafter, the upper sign refers to the prograde orbit, while the lower sign
to retrograde orbit. The redshift factor U’ is also found from equation (B.4) to be

P2 4+ a(rg/Z)l/2
P42 — 31121, /2 £ 2a(re/2)1/2]1/2

cU' = (B.7)

We next consider a motion slightly perturbed from a circular orbit. The coordi-
nate velocity is written as

d g
% = (1,u",u’, 2x + u?), (B.8)

where u”, u’, u? are the velocity components associated with the infinitesimal

perturbations. To derive linearized equations for u”, u?, and u?, it is convenient to
rewrite the Euler equation (B.4) in the form

dxt 4 oln u' dx* ] dx” —o (B.9)
de )., v dr [dr '
Here,
u' = U'{l + U'[(r2+a2+ r—gaz)g—r—gca}uq’}, (B.10)
r r

which is obtained from a linearized form of v, v* = 1.
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B.2 Horizontal Epicyclic Frequency

Let us consider a perturbed motion in the equatorial plane, i.e., a motion infinitesi-
mally deviated from the circular one with u’ = 0. Then, substituting equations (B.8)
and (B.10) into equation (B.9), we obtain linearized equations for u” and u?:

ou”

ot
ou? " (rrg/Z)l/Z(r2 —3rrg £ Sa(}’}’g/Z)l/2 —3d%) r_o
a1 2A(P2 £ alry)2)'/2)2 w=u

F (24/7)(rrg/2)"?u? = 0, (B.11)

(B.12)

In the above equations, the upper sign of F or =+ is for direct orbit, and the lower
sign is for retrograde orbit. Eliminating u” or u® we have

2" =0 B.13
(5 ) (i) =0 @1

2 GM 1 —3ry/r £ 8ax(ry/2r)%/% — 3a%(ry/2r)?
r3 [1 + ax(rg/2r)3/?)? ’

where

(B.14)

Here, the dimensionless spin parameter, a«, has been introduced, where a. is defined
by ax = a/(rg/2) and in the range of 0 < ax < 1.
B.3 Vertical Epicyclic Frequency

Next, we consider a small amplitude perturbation of v? with " = u? = 0. Then,
from equation (B.9), after lengthy but straightforward calculations, we have

(% ; Q%)ue — a5, (B.15)
where
2 2 s ré 2 o ’
Q1) = 2| 1+(3+ 27 2% F QK; ) @ (B.16)

where the upper and lower signs of F are direct and retrograde orbits, respectively,
and 86 is the displacement of the particle in the 6-direction. Because the time
derivative of 86 is u, equation (B.16) shows that £ is the vertical epicyclic
frequency. Finally, using an expression for £2x given by equation (B.6), we have



252 Appendix B

an expression for the vertical epicyclic frequency:
2 2 T 2 T 2 2
21 = .QK|:1 F 4(5) as + 3(;) a*:|. B.17)
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Appendix C
Wavetrain and Wave Action Conservation

It is widely known that wave action is conserved in wavetrain (Bretherton and Garret
1969). Here, we briefly summarize the concept of wavetrain and that of wave action
conservation, following Bretherton and Garret (1969).

C.1 Wavetrain and Wave Action Conservation

A wavetrain is a system of almost sinusoidal propagating waves with a recognizable
dominant local frequency w, vector wavenumber k, and amplitude a. These may
vary with position r and time ¢, but only slowly, in the sense that appreciable changes
are apparent only over many periods and wavelengths. The dominant frequency and
wavenumber may be derived from a phase function 6(r, r) by

_ o
=90 NT T '

and the wave crests are surfaces of constant 6. At each point, @ and k are connected
by a dispersion relation

w=Q(k 1), (C.2)

where the local properties of the medium are for convenience summarized in the
parameter A(r, f), and are also assumed to be slowly varying (Bretherton and Garret
1969). It is noted here that £2 in equation (C.2) is not confused with §2 of angular
velocity of disk rotation .

We now define wave energy density e, which is usually written in the form of

e = a*F(w.k, 1. (C.3)
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Bretherton and Garret (1969) then showed that for a wide class of physical systems,
we have a conservation relation:

d( e [ e
i\ + div iV =0, (C4H

where v, is the group velocity defined by

052
(vg)i = P (C.5)

1

and the intrinsic frequency w’ is the Doppler shifted one and related to w by
o =w-U-k, (C.6)

where U is the velocity relative to the observes. Equation (C.4) shows a conservation
relation, and e/’ and e’ v, are called, respectively, wave action and wave action
flux.

Our main concern in this book is differentially rotating disks with no radial flow.
In this case, @’ is written as

o =w—ms, (C.7)
and is the frequency observed in the corotating frame, @. It is noted that $2(r)

is the angular velocity of disk rotation and should not be confused with £2 in
equation (C.5).

Reference
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Appendix D
Modes of Tidal Waves

In a binary system, the disk around a primary star is deformed by tidal force of
a secondary star. In such tidally deformed disks, a set of disk oscillations can
be simultaneously excited by a wave-wave resonant process coupled with the
disk deformation (see Chap. 11). A typical example of disk oscillations in tidally
deformed disks is superhumps in dwarf novae (see Chap. 12). To examine what
types of disk oscillations can be excited on tidally deformed disks, we must know
what tidal waves are expected on tidally deformed disks. In this appendix, we
examine tidal waves expected in tidally deformed disks (Kato 2014). Parameters
specifying the tidal waves are (i) size of orbit of the secondary (binary separation,
a), (ii) eccentricity of the orbit, e, and (iii) inclination of the orbital plane from the
disk plane, §.

D.1 Tidal Potential

We consider the tidal perturbations that are induced at a position P(r) on the disk
of primary by scondary star of mass M. When the point P is at a distance R[=
(r* + z%)/?] from the center of the primary and the secondary star’s zenith distance
observed at the point P is ¥ (see Fig. D.1), the tidal gravitational potential Y (r, 1)
at the point P is given by (e.g., Lamb 1924)

GM; GM,?
—_ : * R cosd, D.1
Vo = = Z2RDeoss +RO2 T D RS (D-1)

where D is the distance between the primary and secondary stars at time . The
second term on the right-hand side represents the potential of a uniform field of
force of the secondary acting on the primary.
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There are two ways to treat equation (D.1). One is to use the expansion of (1 —
2Ecos? + £2)7* by a series of cosjit (j = 0,1,2,...) as

(1—2&cosd + £7)™* = Y bU(§)cos jib, (D.2)

j=0

where bgj) ’s are called Laplace coefficients, and in the case of s = 1/2, we have
(e.g., Araki 1980)

= 1 9 3 15
0) (1)
b1/2 1+Z§2 64544____, bl/z—_g‘f‘géS 64$5 .
- 3 5 5 35
B =284 gt B =28 T (D3
2= 35 et =56 + ok (D.3)

The alternative way is to expand by a power series of £ as
o0
(1—2&cosd + €)™ = Y CI(D)¥, (D.4)
j=0

where C} () is the Gegenbauer polynomials, and in the case of s = 1/2, especially,
they are Legendre polynomials, P;(§).

Here, we adopt the latter method, although the former expansion seems to be
used in many cases. Then, we have

Yo
GM,/D

R\ R\?
H—(B) Pz(cosﬂ)-i—(B) P3(cos?) + ..., (D.5)

where P,(cost) and P;(cost) are the Legendre polynomials P, of argument cost
with £ = 2 and £ = 3, respectively. In the case where the orbit of the secondary is
elliptical, D is a function of time. Hence, it is convenient to normalize Yp by a time-
independent quantity. Here, we normalize yp by use of the gravitational potential
GM;/a at the the mean separation radius, a, as (the relation between D and a is
shown later)

2 2 3 3
a3l () ) e () () e |

(D.6)
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D.1.1 P;(costt), P3(costt) Expressed in Terms of (¢, B)
and (0, y)

The next problem is to represent P,(cos?) (and P3(cos?})) in terms of the spherical
coordinates (¢, B) of the point P and spherical coordinates (6, y) representing the
position of the secondary star. As a preparation, we consider a unit sphere whose
center is at the center of the primary, as shown in Fig. D.1. The poles of the sphere
are taken in the direction perpendicular to the disk plane. The orbital plane of
the secondary inclines to the disk plane by angle §. Let us denote the spherical
coordinates of the point P by ¢ and S, as shown in Fig. D.1. The angle ¢ is measured
from the nodal point N. Then, using a formula of spherical trigonometry we have

costt = sinf siny + cosf cosy cos(f — ¢). D.7)

Fig. D.1 Relation between disk plane and orbital plane of secondary. Point O is the position of
central star (primary star), and the disk plane and the orbital plane of secondary star is misaligned
with inclination angle §. Point N is the ascending nodal point of the secondary star, and Point A
is the periastron of the secondary star. Point P is the position of a point on disk, whose spherical
coordinates are (¢, ), and M is the position of secondary star and is represented by (6, y). (After
S. Kato 2014, Publ. Astron. Soc. Jpn., 66, 21, PAS] ©).
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Hence, simple algebraic calculations give
1 2
P;(costt) = 5(3 cos“® — 1)
T ., ) 3. .
= Z(3 sin"f — 1)(3sin“y — 1) + ZSIHZ'B sin2y cos(0 — ¢)
3
+Zcosz,3 cos’y cos[2(6 — ¢)], (D.8)
and
1 3
P3(cos?) = 5(5 cos’ — 3 cost)
1
=2 sinf siny [25 sin’f sin’y — 15(sin®B + sin’y) + 9i|
1
+§ cosf cosy |:75 sin’g sin’y + 3 — 15(sin’f + sinzy)} cos(8 — @)
5 . : 2 2
+T sinf siny cos”f cos”y cos[2(0 — ¢)]
5 3 3
+§ cos”B cos’y cos[3(0 — ¢)], (D.9)

where P;(cost) and P3(cost}) have been expressed in terms of 8, y, and 6 — ¢.

D.1.2 Relations Between (0, y) and (8, ¢) and Tidal Waves

Here, 6 and y are related to § and ¢ + ¢ by spherical trigonometric formulae:

cosy = cos(¢a + @) cosd + sin(pa + @) sinf coss, siny = sin(¢pa + ¢) siné,
(D.10)

where ¢, is the angular direction of periastron, A, measured from the nodal point N
along the orbit of the secondary, and ¢ is the position of the secondary on the orbit,
measured from the periastron, A (see Fig. D.1). These relations (D.10) show that in
the limit of 6 = 0, we have y = 0 and (¢4 + ¢) = 0, as expected. Even when
8 # 0, the above relations (D.10) show that siny = § sin(¢p + ¢) and pp + ¢ = 6
until the order of §2. Hence, assuming that the misalignment between the disk and
orbital planes is not large, we adopt

0 = (pa + @), siny = §sin(pa + @), (D.11)
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and the terms of the order of §2 are neglected in equations (D.8) and (D.9). Then,
P> (cos ¥) and P3(cos 1) are approximated as

Ps(costt) ~ Z(l —35sin’p) + %5 sin28 |:sin(2¢ + 204 — @) + sinfp:|

+ Zcoszﬂ cos [2<¢ + A — go)] (D.12)
and
P3(cos®) ~ —%3 sin B (5sin’B — 3) sin(¢p + ¢Pa)
53— 155inB) cosf cos($ + b — ¢)
+§5 sinf cos’p |:sin(3¢> + 3¢a — 2¢) — sin(¢p + pa — 290)}

+§cos3,3 cos[3(¢> + pa — qo)i|. (D.13)

In the limiting case where the secondary star’s orbit is circular (i.e., e = 0),
¢ is obviously ¢ = 27, . Hence, in this case, if the orbital plane coincides
with the disk plane (i.e., § = 0), the tidal waves are two-armed (mp = 2) with
frequency 2027, (i.e., op = 207},) (see equation (D.12) and Table 12.1), if the
expansion in equation (D.5) is terminated by the second term on the right-hand
side. If the expansion proceeds till the next term, one-armed (mp = 1) tidal waves
with frequency £27,, and three-armed (mp = 3) tidal waves with frequency 362,
appear (see equation (D.13) and Table 12.1), but the ratio of wo/mp is still £27, .
In misaligned cases (§ # 0), the situations are changed and even when e = 0, we
have one-armed (mp = 1) tidal waves with we, = 2827, (see equation (D.12) and
Table 12.2), and two-armed (mp = 2) waves with wp = 2, and wf; = 327,
(see equation (D.13) and Table 12.2). That is, in the case of § # 0, tidal waves with
Worb/Mp 7§27, appear.

The arguments in the above paragraph show that in the framework of circular
orbits (e = 0) the tidal deformation does not bring about the tidal waves required
for some resonant instability listed in Table 12.3. This means that for such resonant
instability to be realized, the orbit of the secondary star is needed at least to be
eccentric (e # 0). To know whether such tidal waves really appear if eccentric
orbits are considered, we must examine (i) the deviation of ¢ (7) from ¢ = 27, ¢
and (ii) the time variation of @/D in the cases of eccentric orbits.

The functional form of ¢ () is well known in celestial mechanics. The main
results concerning ¢ (¢) are summarized as follows. Let the eccentricity and the mean

radius of the orbit be e and a, respectively. Then, the distance of the secondary from
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the center of the primary, D, changes with a change of ¢ (¢) as

a(l —é?)
e ST (D.14)
1 + e cos¢
Now, we introduce an angle u (eccentric anomaly) defined by
D = a(l — e cosu). (D.15)

Then, the equation of motion shows that the time variation of u(¢) is described by
the Kepler equation:

u—esinu = Q}.1, (D.16)

where u = 0 (and thus ¢ = 0) is taken at t = 0. In the limit of the circular orbit
(e=0),wehave D =aandu = ¢ = 2}, 1.

Equation (D.16) is solved with respect to u by a power series of e, assuming that
e is small. Then, we have (e.g., Araki 1980)

orb orb

1
u= §2r.t+ esin(2),1) + Eezsin(Z.Q* 1)

orb orb

+%e3|:3 sin(32*, 1) — sin(2* t):| +... (D.17)

Combination of equations (D.14) and (D.15) gives (1 + e cos ¢)(1 — e cos u) =
(1 — €?). From this equation and ¢ = 27,7 in the limit of ¢ = 0, we obtain (e.g.,
Araki 1980)

5
¢ = QX1+ 2esin(2%,10) + Zezsin(Z.Q* )

orb orb

orb

1
+Ee3|:l3sin(39* 1) — 3sin(.Q:rbt):| +... (D.18)

Furthermore, a/D = (1 — e cos u)~! is also expanded by a power series of e as

% =1+ ecosu + ¢* cos’u + e* cos’u + . .. (D.19)

Then, by using equation (D.17) we can write a/D explicitly as a function of §2,1:

% = 1+4e cos(.Q:rbt) + EZCOS(ZQert)

1
+§e3 [9 cos(382,,1) — cos(.Q:rbt)} +... (D.20)
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If expressions for P;’s (equations (D.12) and (D.13)), a/D (equation (D.20)), and
¢ (equation (D.18)) are substituted into equation of ¥p (equation (D.6)), we have
Yp directly expressed in terms of the coordinates of the observing point, (¢, 8), the
secondary’s orbital parameters (‘Q:rb’ e, a) and the inclination, §, between the disk

and orbital planes. The tidal waves have generally forms of cos [n£2}, — mpg] or

sin [n2}, — mpg]. The set of mp and n(= wp/$2;,) in various cases is shown in
Tables 12.1 and 12.2, by taking mp > 0.
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