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Abstract

Accretion disk is in various kinds of astronomical objects and works as the central en-
gine of variability in these objects. Cataclysmic variable stars (CVs) are quite useful for
studying the bagic accretion disk physics, as well as for studying the binary evolution.
Based on their activity, non-magnetic CVa are roughly divided into four groups: NLs
(including post novae) with constant brightness, SS Cyg-type dwarf novae showing (nor-
mal) outbursts, Z Cam-type dwarf novae exhibiting outbursts and occasional standstills,
and SU UMa-type dwarf novae showing normal outbursts and superoutbursis with super-
humps. This difference of activity is basically explained by the thermal-tidal instability
model.

Many kinds of modulations in CVs are photometrically observed in the optical range:
dwarf nova oscillations, quasi periodic oscillations, flickerings, orbital humps, eclipses,
superhumps, normal outbursts, auperoutburst, and nova explogions. Eclipse observations
have given fruitful information on geometry, binary parameters, temperature distribution
in the disk, and 8o on. The viscosity parameter « in the hot state was estimated, from
the decline rate from outburat, to be ~ 0.3. Long term monitoring of outburst behavior
and time-resolved photometry continuously have been yielding, from a few years ago,
many surprising results having great influence on the disk instability scheme and the CV
evolutionary scenario. '

Vs have optical spectra with blue continuum and Balmer and herium lines, most of
which come from the accretion disk. The accurate binary parameters (the orbital period,
masses of the secondary and the primary, the inclination, and 8o on) have been measured
by optical spectroscopy. Change of the line shape along the orbital phase have sugéested
location of the hot spot and existence of the mass flow. The two-armed spiral structure
was recently indicated to exist in the accretion disk in IP Peg during outburst, using the
Doppler mapping technique. '

I introduce three major results among my recent works, two of which are examples
that time resolved photometry and long term monitoring revealed interesting behavior
of the accretion disk during a superoutburst in an enigmstic dwarf nova AL Com and
proved that there is an active dwarf nova in the period gap (NY Ser). The other is the



spectroscopic observation of a Z Cam star AT Cnc during a standstill suggesting transient
mass ejections and Na D to be formed near the He radiating region.

At the last, I mention that incredible CVs in the current view are possibly discovered by
8 deep CV survey, and that the time resolved spectroscopy of CVs may give constraints
on the condition for jet formation and the structure of the accretion disk. A key for
understanding the irradiation effect on the binary evolution may be obtained also by
spectroscopy of dwarf novae with high mass transfer rates.



1 General Introduction

1.1 Significance of the Study of Cataclysmic Variable Stars

Cataclysmic variable stars are binary systems mnsist.i'n'g' of a primary white dwarf and
a late-type main sequence secondary star transferring surface gas through the inner La-
grangian point (for a comprehensive review, Warner 1995). The orbital period (FPym) i8
scattered in the range from ~ 1 hr to ~ half a day. _
Accretion digk is a common component of active galactic nuclei (AGNs), X-ray binaries,
cataclysmic variables (CVs), protoplanetary systems, and so on, and is regarded as t.he:
central engine of the variability with a wide range of the time scale in these objects.
Understanding physics of the accretion disk is important for explaining activities of various
kinds of objects. '
Astronomical jets have been discovered in all types of accretion-disk systems. The
Hubble Space Telescope has been taking direct images of jets in AGNs and protoplanetary
systems, and those in X-ray binaries and AGNs have been taken in the radio region. Thé
most recent example in the X-ray transient CI Cam (= XTE J0421+560 = MWC 84)
was reported by Hjellming and Mioduszewski (1998). The mechanism to produce the
collimated mass flow, however, is one of the hot topice in the study of accretion disks.
CVs (for a comprehensive review, Warner 1995) are binary stars congisting of a primary
white dwarf and a red dwarf 'aecondary gtar which loses surface gas forming an accretion
disk around the white dwarf. Dwarf novae, a subclass of CVs, show various modulations
and are quite useful stars for studying the dynamical aspect of accretion disks, which can
be applied to other objects, from the following reasons: 1) they are relatively bright among
accretion-digk systems in the optical bands, 2} we can directly observe the accretion disk
by optical light since the disk is the dominant source in that region, 3) CVs exhibit a rich
variety of light modulations due to changes of the physical status in the accretion disk on
time acales of seconds ~ a few tens years, for which the cbservations can be carried out in
our life time. Actually, researchers have been trying to apply the thermal disk instability
theory developed to explain the outburst behavior of dwarf novae (for a review, Osaki
1896} to outbursts in X-ray transient (e.g. Shahbaz et al. 1998) and to those in FU Ori
stars, a kind of active T Tau stars (e.g. Hartmann, Kenyon 1996). Most recently, Burderi
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et al. (1998) published a work concerning accretion disks in AGNs by using an idea of
the thermal disk instability.

Dwarf novae are useful objects in the view point of the study of the binary evolution,
since they immediately reflect, in their outburst behavior, change of the mass transfer rate
(M) which is expected to be caused by change of the physical status of the secondary
surface. The evolution of binary stars is more complicated than that of single stars, since
the special effect owing to the binary system, for example, mass exchange, irradiation,
and so on, must be taken into account. The mass transfer rate in CVs has is a strong
function of P,y in the standard theory of the CV evolution below the period gap of ~
2-3 hr where the number density of known CVs is reduced, because the gravitational-
wave radiation controls M. in CVs there (for a review of the theory of evolution, e.g.
King 1988). However, dwarf novae and nova-like variables with mass transfer rates 10
times or more higher the rate expected using Fi., recently have been discovered below
the period gap. If we can clarify how the mass transfer rate iz kept high. the scheme of
the binary evolution may be dramatically changed. This change would have an effect to
the theoretical estimate of the metallicity and the spectral energy distribution of galaxies,
which is one of the big problems in the cosmology and the galaxy evolution.

1.2 Classifications of CVs

In non-magnetic CVs, which mean that the white dwarf does not have a strong magnetic
field, the gas from the secondary forms an accretion disk around the primary star. In the
case of magnetic systems called as intermediate polars (or DQ Her stars) and polars (or
AM Her stars), the mass flow is controlled by the magnetic field of the primary star. They
are also interesting systems, but I here give only reviews which are Patterson (1994) for
intermediate polats and Cropper (1990) for polars, since the magnetic field of the primary
star is out of the scope of this thesis. Hereafter in this paper, CVs mean non-magnetic
systems unless otherwise stated.

Depending on their activity, non-magnetic CVs are bagically divided into four sub-
classes: 1) classical novae, 2) recurrent novae, 3) nova-like variables (NLs), and 4) dwarf

novae.



Classical novae are C'Vs which have experienced nova explosion caused by the ther-
monuclear runaway reaction of transferred hydrogen on the surface of the white dwarf.
(for & review, e.g. Starrfield 1989) in the history of the abservational astronomy' .

If the nova explosion has been observed two times or more, this object is called as
recurrent nova. The recurrence time of the nova explosion is shorter in systems where
the primary star has a mass close to the Chandrasekhar limit (~ 1.4 Mg) and the mass
transfer rate is high (e.g. Livio, Truran 1992).

NLg are CVs where the nova explogion has never been observed but have spectra very
gimilar to those of classical nova remnants. In the optical range, their spectra have very
blue continuum?® and shallow wide Balmer absorption lines with/without emission core.
Those features are also seen in.spectra of dwarf novae in outburst. NLs bagically do not
show drastic photometric variability like classical novae and dwatf novae. Then, NLs are
considered to be in the thermally stable state in the disk instability theory (for a review,
Osaki 1996), which will be briefly summarized in section 2. |

The most definitive character of dwarf novae is that they show various kinds of pho-
tometric variability caused by change of physical propeérties in the accretion digsk. Dwarf
novae have three main subclasses showing different photometric behaviors: 1) S8 Cyg-
type with normal cutbursts, 2) Z Cam type with normal outbursts and standstills, and
3) SU UMa stars with normal outbursts and superoutbursts.

Normal outbursts typically have an amplitude of 2-5 mag and an duration of a few to
several days, while some outburst in S8 Cyg stars last over ten days. The recurrence cycle
of normal outburst (T;,) is ten to several ten days. That cycle tends to be shorter in Z
Cam stars and longer in SU UMa stars.

Z Cam stars aperiodically enter the standstill phase during which these stars stay for
several daye to a few years at the level of about 1 mag fainter than their maximum
brightness of an outburst.

The superoutburst is the definitive character of SU UMa-type dwarf novae. SU UMa

1 The nova explosion can occur also in magnetic systems. For example, DQ Her is the remnant of Nova
Hercuriz 1934

2 Actually, many CVs were discovered ad a result of the Palomar-Green Survey (Green et al. 1986) for
detecting quasars by selecting photometric blue-color objects,
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gtars occasionally undergo superouthursts which reach a maximum of 6.5-1.0 mag brighter
than the maximum of the normal outburst and show characteristic modulations, called
superhumps. Superbumps have amplitudes of from 0.1 to 0.3 mag, and the superhump
period (Psp) is longer by a few percent than P,,. The recurrence time of superoutburst
(supercycle, 7,) is typically the a few hundred days, and the normal outburst occur several
to ten times during 1 supercycle. The parameters of know SU UMa stars are listed in
table 1 which is an updated version of table 1 in Nogami et al. (1997).

1.3 Disk Instability Theory

Here 1 briefly summarize the disk-instability theory as the current standard scheme for
understanding varicus types of non-magnetic CV behavior in a unified way. I again
recommend Osaki (1996) as the concise best review for readers interested in that theory.

"The key of this scheme is the combination of two types of intrinsic inatabilities in the
accretion disk simply but well modeled by Shakura and Sunyaev (1973). They are the
thermal instability and the tidal instability.

1.3.1 Thermal Instability

This instability concerns transition between the nentral and ionized states of hydrogen
which is the dominant material in accretion digk of CVs. The idea of the thermal instabil-
ity is best exhibited by the S-shaped thermal-equilibrinm curve in a surface-density {X)
versus mass-accretion rate (M) diagram (figure 1). This curve is calculated to equate the
local viscous-heating rate @ and the local radiative-cooling rate Q. |
You assume the mass transfer rate is represented by Myin figure 1. If the mass accretion
rate M is on the lower equilibrium branch (M < M,,), the surface density increase. During
thiz phase, the temperature 7" is lower than the critical one for ionization of hydrogen,

and the kinematic viscosity » is low since v is given by the equation,
2
v = zo(R/WT/2, (1)

where o, R, 1, 2 are the viscosity coefficient, the gas constant, the mean molecular weight,
and the Keplerian angular velocity. When 2 reaches the critical value X4, sudden



increase of T' and ionization of hydrogen cause jump of M to the high branch. After this.
transition, the mass accretion rate become larger than the mass transfer rate (M > M),
decreases. When I reaches the critical value Ty, sudden decrease of T' and recombination.
of hydrogen cause jump of M to the low branch.

This thermal relaxation oscillation occur aé & given point in accretion disk. However,
the transition front propagates inward and outward due to flow of mass (and flow of heat;:
possibly).

This scheme explains the (normal) outburst in dwarf novae as the following way: the
outburst occurs when the heating front begin to propagate and the brightness decreases
with the cooling front going inward. The cooling front starts at the outer edge of the
accretion disk, since the mass is first depleted there. Smak (1984), however, found that
the heating front may starts either at the outer edge or at the inner edge. Computer
calculations (e.g. Cannizzo et al. 1986) predict: 1) the outburst sharply rises and slowly
declines {the outburst shape is very asymmetric) in the case of “outside-in” outburst where '
the thermal transition first occur at the outer part of the accretion disk and the heating
front propagates inward, and 2} the rise of outburst is rather slow and the outburst shape-
is more symmetric in the case of “ingide-out” outburst. The former type of outburst is
usually seen in all types of dwarf novae, while the “anomalous” outburst with a slow rise
sometimes seen in SS Cyg stars is congidered as the “inside-out” outburst.

1.3.2 Tidal Instability

In 2-D computational hydrodynamic simulations, Whitehurst (1988) discovered an insta-
bility phenomencon in the accretion disk, which is now called as tidal instability or tidally -
driven eccentric instability. This instability in his calculations made the accretion disk
evolved to an eccentric form in a CV with a low mass ratio (g = Ma/M; < 0.25; M,:
secondary mass, and M;: primary mass) and the eccentric disk slowly rotated in the
prograde way in the inertial frame of reference. It is know that the tidal instability oceurs
due to the 3:1 resonance between the fluid flow and the binary (e.g. Lubow 1991}. The
upper limit of the mass ratio (¢ < 0.25) is determined by the constraint that the 3:1
resonance radius rs, ~ 0.46A(A: the binary separation) must be smaller than the tidal

truncation radius.



1.3.3 Thermal-tidal Instability as the Unified Scheme of CV behavior

As mention in section2, non-magnetic CVa have four major subgroups, classical novae,
recurrent novae, NLs, and dwarf novae. In addition, the dwarf novae have 3 major sub-
types, S5 Cyg type, Z Cam type, and SU UMa type. NLs are hereafter used as the general
term for classical novae, recurrent novae, and NLs, since the classical novae and the re-
current novae long time after the nova explosion are generally same ag NLg in observable
features. Then, the thermal-tidal instability theory can essentially explain four types of
behavior: 1) NLs with constant brightness, 2) 55 Cyg-type dwarf novae showing (normal)
outbursta, 3) Z Cam-type dwarf novae showing (normal) outbursts and standstills, and 4)
SU UMa-type dwarf novae showing normal cutbursts and superoutbursts, in an unified
way.

First, difference of NLs and dwarf novae is explained by difference of the mass transfer
rate. In the thermal instability scheme, the accretion disk is thermally stable and the
outburst does not occur if the mass transfer rate is higher than the critical mass accretion
rate M given as equation 2 in Smak (1983)

= o B (1 (), »

where o, G, R4, and R; are the Stefan-Boltzmann constant, the gravity constant, the disk
“radius, and the radius of the primary star, and T, ., is the critical effective temperature
below which no hot state exist. This equation is simplified as equation 4 in Osaki (1996)

under reasonable assumptions

1.7
Mg, =~ 2.7 % 10V (fihl;) ga L. (3)

The mass transfer rate in NLs is considered to be over My and dwarf novae have a mass
transfer rate below M.

~ Among dwarf novae, Z Cam stars are supposed to have M, close to Muy (Meyer,
Meyer-Hofmeister 1983). Z Cam stars repeat outbursts in the ordinary state. However,
when the mass transfer rate becomes slightly high for some reason and exceeds Mz, the
Z Cam star enter a standstill. The brightness during the standstill phase is fainter by ~
1 mag than the outburst maximum. This is explained by that the mass accretion rate is



equal to the mass transfer rate which is smaller than the mass accretion rate at the peak
of outburst.

SU UMa stars show superoutbursts in addition to normal cutbursts. In the thermal-
tidal instability model, the normal outbursts are supposed to'igaused by the thermal
ingtability, as mentioned above, and the superoutburst occur due to mixture of the thermal
instability and the tidal instability. During the phase when SU UMa stars repeat normal
outbursts, the mass and the angular momentum is gradually accumulated in the accretion
disk because of insufficient mass accretion and angular momenturn removal. There is the
critical total angular momentum (Jq4) in the accretion disk (see equation 3 in Osaki
1989)

Ten = SR Din (G M Rer)*, @

where B_y; is the critical radius for the 3:1 resonance. When the outburst occur in the disk
angular momentum over J.;, the disk radius reaches R and the accretion disk evolves
to a eccentric shape due to the tidal instability. For this critical angular momentum, a
time scale ¢y is defined (see Osaki 1995)

J.
toes ~ St f2 (5)
sedo .
where fj and jp are the fraction of the total angular momentum of the disk removed during
the superoutburst and the specific angular momentum of transferred mass, respectively.

This equation is replaced as equation 4 in Osaki (1995) under reasonable assumptions

tusit—s ™ G;s d) 0508 Pon o{m + g} {(Rm;f’f is) }M (0'35) (6

tr,16

where M, 16, 2,03, Poeb,110, P21, T3, Bpg are the mass transfer rate in units of 10'8¢ =1
the viscous coefficient in the hot state in units of 0.3, the orbital period in units of 110
min, the primary mass in units of Mp, the secondary mass in units of Mg, and the Lubow-
Shu radius, respectively. When an outburst arises after it has passed longer titne than
Taits 8ince the last superoutburst, the disk radius reaches Regy.. The tidal torque by the
secondary star efficiently removes angular momentum from the eccentric disk and the disk
is maintained in the hot state. This outburst, therefore, grows to a superoutburst which
has a brighter maxirnum and lasts longer than the normal outburst. The superoutburst
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makes most of mass in the disk accreted to the white dwarf (see e.g. figure 8 in Osaki
1996) and resets the disk for a new sequence of normal outbursts and a superoutburst.

The superhump phenomenon is explained to be produced by the periodic variation of
angular momentum removal from the digk to the secondary due to the tidal torque. The
superhump period is, then, calculated as beat between the prograde precession of the
eccentric disk and the secondary star

1 1

1
P P P o
where Fp; is the precession period.

The content described so far is summarized as the following: 1) NLs have thermally
stable accretion disks, 2) 5§ Cyg stars exhibit outbursts due to the thermal instability, 3)
Z Cam stars do the same as S8 Cyg stars, but they sometimes enter the standstill phase
when M, increases for some reason, and 4) SU UMa stars also show normal outbursts,
however, a normal outburst grows to a superoutburst when the disk expands to the
critical radius for the tidal instability at the maximum of the outburst. Note that it is
only in CVs with low mass ratios that the critical radius is within the region where the
stable orbit exists; My 18 smaller than the tidal truncation radius. SU UMa stars are
concentrated below the period gap, while only two exceptions are NY Ser at the midst
of the gap (Nogami et al. 1998b, see section 3.1) and TU Men at the upper edge of the
gap (Mennickent 1995). This fact is in good accordance with the constraint on the mass
ratio,

In these years, extraordinary behavior of WZ Sge stars (Bailey 1979; Downes, Margon
1981; O’Donoghue et al. 1991) and ER UMa stars (Nogami et al. 1995a; for a review,
see Kato et al. 1999a) has been revealed. The supercycles of WZ Sge stars and ER
UMa Stars are far from those of usual SU UMa stars (see figure 2}, In addition, WZ Sge
stars seldom show normal outbursts, but show some kinds of rebrightening after the main
superoutburst. Osaki (1995a, b, ¢) and Osaki et al. (1997) suggested that behavior of
those stars and permanent superhumpers (a kind of NLs with permanent superhumps)
can be explained in the standard disk instability theory by assuming a proper complex
of a high/low mass transfer rate, low efliciency of the tidal torque, low o in quiescence,
and temporal increase of o in a cold state (see figure 3 in Osaki 1996). For WZ Sge stars,
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however, Lasota et al. (1995), Warner et al. (1996}, Hameury et al. {1997), and Meyer-
Hofmeister et al. {1998) proposed models with a hole around the white dwatf prodiced
by evaporation to the coronal layer above the disk (Meyer, Meyer-Hofmeister 1994} or by
magnetosphere of the white dwarf (Livio, Pringle 1992). It seems to take some more time
to complete the unified theory of CVs.
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2 What Can We Understand on CVs by Photometry

and Spectroscopy?

There are four major methods in the agtronomical observation: photometry, spectroscopy,
imaging, and polarimetry. The latter two methods, however, have not yielded so much
results that give great impacts in the CV study. In this section, I summarize what has been
revealed and is currently expected to be found in CVs by photometry and spectroscopy
in the optical range.

2.1 Photometry

The strong points of photometry compared to spectroscopy are that we can observe fainter
objects with more ease, that the exposure time can be shorter, and that the observation
can be carried out with more compact instruments (small telescopes, simple detectors,
and go on). Making use of these points, many CVs have been photometrically observed
for studying various types of modulation. Information of the modulation directly revealed
by photometry is existence/non-existence, the time scale, the shape, reproducibility, and
80 on. These make constraints on the model for such modulations.

CVs show many kinds of periodic or quasi periodic photometric modulations. They
are, generally in the order of short time scale, dwarf nova oscillations (DNOs), quasi peri-
odic oscillations (QPOs), flickerings, orbital humps, orbital humps, superhumps, (normal}
outbursts, superoutbursts, nova explosions,

DNOs (e.g. Warner et al. 1989) are observed only in outburst and have very small
amplitudes of < 0.005 mag and quite short periods of 10 — 30 5 (see table 8.2 in Warner
1995). QPOs (e.g. Patterson et al. 1977) are also seen only in outburst and have small
amplitudes of ~ 0.005 mag and short time scales of several 10 — several 100 seconds. The
most apparent difference between these short period oscillations is the peak shape of the
power gpectrum: the very sharp peak for DNOs and the broad peak for QPQOs. This is
due to the short coherent length of QPOs. Since these oscillations in CVs are observed
in soft X-ray (e.g. Cordova et al. 1980), they are supposed to be caused near the inner
edge of the disk. However, the mechanism for those oscillations have not been established,
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though several models have been proposed {see section 8.6.5 in Warner 1995). In some
dwarf novae, QPOs with quite large amplitudes of ~ 0.2 mag, called super-QPOs (Kato
et al. 1992; see also Nogami et al. 19G8a), seem to be observed.

Flickerings are modulations with amplitudes of 0.01 — (.2 mag and time scales of several
10 5 — 10 min, and they are seen in dwarf novae in quiescence as well as NLs. The site
producing flickerings have been suggest to be the hot spot (e.g. Warner, Nather 1971) or
to be the inner region (Horne, Stiening 1985) by using analyses of eclipses, but a consensus
has not been reached (see also Welsh et al. 1996). ‘

In quiescence, the hot spot is the dominant source of optical light in some dwarf novae.
The anisotropic radiation from the hot spot is seen observed ag photometric humps with |
the orbital period (orbital hump), especially in high-inclination systems in quiescence. The
orbital period of dwarf novae is determnined by measuring the period of the orbital hump
other than measuring that of the radial velocity variation of spectral lines, especially in
the case of faint dwarf novae. The orbital humps appear just before eclipse, which means
that the hot spot is located closest to observers before eclipse.

Eclipse analyses as well as superhump observations have been playing an important role.
These analyses have revealed the location of the hot spot, the temperature distribution
of the accretion disk in quiescence (almost flat) and in outburst (T oc R~5/4), the mass
accretion rate, and so on (for a review, e.g. Horne 1993). These results are obtained using
comparatively simple models, but new techniques including e.g. non-LTE effects is being
developed (see e.g. Vrielmann 1997).

Observational finding of two types of outburst: 1) “normal” outburst with a rapid rise
and a slow decline, and 2) “anomalous” outburst with a slow rise and a slow decline led
to theoretical discovery of two types of outburst; the outside-in type and the inside-out -
type (Smak 1984}, as mentioned above. He also deduced the value of « in the high state
to be ~ 0.3 by fitting the theoretical model to the empirical relation between the decline
rate of outburst and the orbital period.

The thermal-tidal instability theory have been developed as the observations of supér.'
humps and superoutbursts have been piled up. They are that some dwarf novae sometimes
show long, bright outburst (superoutburst) instead of normal outburst, that some super-
outbursts once decline soon after the onset of outburst and re-brighten a few - several
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days after (see Richter 1992), periodic oscillations with amplitude 0.1 — 0.5 mag and pe-
riod of a few percent longer than the orbital period (superhumps} certainly appear only
during superoutbursts instead of orbital humps, the superhump period becomes shorter
(or at least keep constant) during the superoutburst, there seems to exist an activity
classification {see table 1 of Osaki 1996, originally proposed by Vogt 1993}, and so on.

The observations of superbumps and long-term dense monitoring of CVs are still, or
more productively now, proposing new problems. Among discoveries in these a few years, I
select 1) large-amplitude superhumps in ER UMa stars during just after the superoutburst
maxima (Kato et al. 1896c; see also Kato et al. 1999), 2) permanent “pogitive” and
“negative” superhumps of some NLa (for a review, Patterson 1989), 3) increase of Py
during superoutbursts in short-F,y, systems (AL Com: Nogami et al. 1997a; HV Vir:
Kato, Sekine 1999, in preparation; V1028 Cyg: Baba et al. 1999; SW UMa: Nogami et
al. 1998a; V485 Cen: Olech 1997; WX Cet: Kato et al. in preparation), 4) behavior after
main superoutburst of WZ Sge stars from no outburst to the second superoutburst {e.g.
Nogami et al. 1998c), 5) supercycle of ~ 200 d in V844 Her with no normal outburst?
(Kato 1997b, see table 1), 6) appearance of superhumps during the precursor outburst
triggering the 1993 superoutburst in T Leo (Kato 1997a), 7) in-the-gap dwarf nova NY
Ser with a usual mass transfer rate {Nogami et al. 1998b, and see section 3.1), 8) 58-min
orbital period of the SU UMa star, V485 Cen, below the period minimum (Olech 1997),
9) permanent superbumps in V1974 Cyg after the nova outburst (Retter et al. 1997).
The latter three are very important discoveries also in a view point of the CV evolution.

All the objects listed in the last paragraph are short orbital systems and most of them
have Py, near the period minimum theoretically predicted (e.g. Paczynski 1981). While
the theoretical models of the C'V evolution predict almost all (~ 99 %) CVs are currently
located below the period gap, below-the-gap CVa found so far are smaller in number than
CVg with P, longer than the period gap (see Ritter, Kolb 1998). This probably resulta
from the intrinsic brightness of below-the-gap dwarf novae fainter than the other (see e.g.
section 3.3.3.3 in Warner 1995) and the lower activity of below-the-gap dwarf novae due to
the smaller M,.. Actually, short-Ps, CVs were discovered by the Palomar-Green survey
(Green et al. 1982, 1986) of ultraviolet excess objects. A similar color-selection survey
for more fainter objects will surely lists objects urging us to change the view of CVs.
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These recent surprising observations have been realized, (at least partly) because the
relationship between professional and amateur astronomers has been developed (see web
pages of VSNET, http://www.kusastro.kyoto-u.ac.jp/; the CBA group,
http://cba.phys.columbia.edu/; AAVSO, http://www.aavso.org/) and rather inexpensive
but efficient CCDs have spread among amateurs, which enabled the prompt observations
just after transient objects entering scientifically interesting phases and the long term-
monitoring of fainter objects in collaboration with amateurs. I hope this good relationship
be kept or be more and more developed.

2.2 Spectroscopy

What we can directly know about point sources of astronomical objecta by spectroscopy

is the intensity and shape of the continuum, the shape, equivalent width, and shift from -
the rest wave length of various atomic and molecular lines and bands. The information of
the location i9 added to those in the case of extended sources. In the case of variable ob-

jects like CVs, time variations of such quantities include, of course, precious information.

Physical parameters are deduced by analyzing such observational results under assump-

tions of the physical status of the source, the radiation process, the chemical abundance,

and so on.

The main radiation region of each components in a typical CV is summarized as below:
infrared by the late-type main-sequence secondary star, optic'al—UV by the accretion djsk,l
the white dwarf, and the hot spot, EUV—soft X-ray by the boundary layer between the
accretion disk and the white dwarf surface, and hard X-ray by the corona. Then, the
optical spectroscopy of CVa basically gives knowledge concerning the accretion disk, the
hop spot, the white dwarf. '

The typical optical spectrum of CVs is characterized by the very blue continuﬁm,
Balmer lines, and lines of Hel (and Hell in some systems) (see the atlas of Zwitter,
Munari 1994, 1995, 1996; Munari et al. 1997; Munari, Zwitter 1998). The Balmer .
lines are in emission produced by the accretion disk in dwarf novee in quiescence and in
absorption (sometimes with an weak emission core} produced by the accretion disk and
the white dwarf in dwarf novae in outburst and standstill and in NLs. This transition
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between emission/absorption is explained by the change of optical thickness of the disk
for continuum; optically thicker in guthurst than in quiescence (see above description of
the thermal instability theory). Balmer emission lines in dwarf novae with moderately
high inclinations have double peaks, which is theoretically expected to be formed in the
Keplerian disk (Horne, Marsh 1986). A moving emission component seen in Balmer lines
and Her (e.g. Honeycutt et al. 1987) is supposed to originate in the hot spot (e.g.
Krzeminski, Kraft 1964).

Piché and Szkody (1989) and Marsh and Horne (1990) observed IP Peg in outburst by
time-regolved spectroscopy and found that the biue wing of Ho was cat before the eclipse
minimum and the red wing was cut after the eclipse minimum, suggesting that the Ha
emission was formed in the disk. They also found two interesting facts which are that Hell
24686 was not in the double-peaked shape but filled in the center of the line, suggesting
a wind to contribute to the helium emission, and that the irradiated secondary formed a
narrow Balmer emigsion component.

The Doppler tomography using an emission line in time-resolved spectra (Marsh, Horne
1988) has recently been a standard tool for reconstructing a intensity map in the velocity
field, which sapports interpreting the source distribution of the line. An recent epoch-
making result by this technique is that Steeghs et al. (1997) discovered the two-armed
spiral structure in IP Peg in outburst.

The most reliable and useful method to measure binary elements (the orbital period,
masses of the white dwarf and the secondary, the inclination} is the analysis of the radial
velocity variation of Balmer lines supposed to represent the orbital motion of the primary.
The eclipse analysiz is also an efficient method for the measurement (e.g. Wood et al.
1986), but this can be applied only to CVa showing deep eclipses by nature.

The radial velocity analysis has been carried out for Na I} or other metal lines in
optical and in IR regarded as being formed in the secondary surface, if they were detected.
However, the suggestion that the Na D absorption may be produced in the accretion digk
was Tecently proposed by Patterson et al. (1998¢c) and Nogami et al. (1999).

Nogami et al. (1999) discovered an absorption component in the blue wing at He, that
is, the P Cyg profile, in AT Cnc during standstill. The P Cyg profile appeared during a
limited period in its orbital phase. This profile variation is interpreted to be caused by
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transient mass ejection episodes, .



3 Three Major Results among My Recent Works

In this section, I describe three major results, referred to in section 2, among my recent
works. The abstracts of them are below.

s Photometric observations of the 1995 superoutburst of AL Comae Berenices (Nogami
et al. 1997a)

Time-resolved photometric observations of the first superoutburst confirmed since 1975
in a most enigmatic cataclysmic variable, Al Comae Berenices during 1995 April - June
is reported. Double-peaked modulations in the early phase of the outburst (early super-
humps), the period of which is slightly shorter than the superhump period were detected,
following them in WZ Sge and HV Vir. Three poszibilitiez for the mechanizm causing
these oscillations are discussed. As seen during the 1978 outburst of WZ Sge, a dip of
over 2 mag in the light curve occurred in the 1995 outburst. After recovery from this
dip, AL Com again declined 0.5 mag and re-brightened showing modutations with a same
period as the superhump one, which indicates that a “second” superoutburst occurred.
These modulations disappeared before the final decline. After decline, AL Com atayed
about or over 1 mag brighter than its quiescence level for at least two weeks, It is likely
that the accretion disk remained in its hot state near the inner edge during the dip and
after the end of the outburst.

& Discovery of the first in-the-gap SU UMa-type dwarf nova, NY Serpentis (Nogami
et al, 1998b)

Photometric monitoring and tirme-resolved observations of NY Ser were carried out be-
tween 1995 July 25 and 1997 March 11. During the 1996 April superoutburst, superhumps
were clearly observed and the superhump period was 0.106 (& 0.001) d, which suggests
that the orbital period is located near to the middle of the period gap. NY Ser shows
normal cutbursts with a recurrence time of 6-9 days and superoutbursts with a recurrence
time of 85-100 days in the range of 14.6-18.0 mag in the V band. These cycle lengths are
rather short among SU UMa stars (see table 1), implying M. in this star is larger than
the average value of SU UMa stars, while CVs evolving in the period gap is considered to
have M,, ~ zero in the standard theory of the CV evolution.
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« Spectroscopic and photometric observations of a Z Cam-type dwarf nova, AT Caneri,
in standstill (Nogami et al. 1999)

Quasi-simultaneous spectroscopic and photometric observations of a Z Cam star, AT
Chc, in standstill were performed. V-band time-resolved photometry marginally revealed
small-amplitude {~ 0.01 mag) oscillations with period candidates of 0.132 d (and its two
day aliases 0.124 d and 0.142 d) and 0.249 d, all of which do not match the orbital period
derived in this study. Low resolution spectra show the singly peaked Ho emission line, HE
emission superposed on an absorption component, Hy absorption, and Na D absorption..
The analysis of radial velocity variation of He in mid-resolution spectra provided system
parameters: the orbital period = 0.2011 (& 0.0006) d, the semi-amplitude = 80 (= 4) km
g1, the systemic velocity = 11 (% 3) km s~!. Using these parameters, the primary mass is
estimated to to be 0.9 (& 0.5) Mg. The phase of the velocity variation of Ha is very close
to that of Na D, which suggests that the centers of the Ho emitting region and the Na D
formation region were in the same direction from the gravity-center if their motions were
limited in the orbital plane. There are two possibilities: the Hor emission line was radiated
a) from the secondary star, or b) from the accretion disk. The inclination is estimated
to be 17° (+ 5°) and 36° (£ 12°) based on the respective possibilities. The Doppler map
drawn under the possibility a) revealed on a broadly extended component in the (—V;,
—V,) region. Such peaks are also seen in Doppler maps of mest of SW Sex stars. In the
Doppler map drawn under the possibility b), the peak existe on the irradiated side of the
Doppler pogition of the secondary and the {(+V;, +V,) region. An absorption component
in the blue wing at Ha, that is, the P Cyg profile was discovered. The P Cyg profile
appeared during a limited period in its orbital phase. This profile variation is interpreted
to be caused by transient mass ejection episodes.
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3.1 Photometric Observations of The 1995 Superoutburst of AL

Comae Berenices
3.1.1 Introduction

AL Com is a dwarf nova which has attracted many investigators’ intereat, but its nature
has remained a mystery. The story of AL Com began with the report of Rogino (1961). He
discovered a variable star near NGC 4501 (M 88) and suggested that it was a supernova or
a U Gem star. He also mentioned that the spectrum at maximum had a blue featureless
continuum. Bertola (1964) presented a finding chart and a light curve of the 1961 outburst,
which showed a bright state lasting st least 30 days and an approximately 3-mag-deep
dip in the course of the bright state. According to Zwicky (1965), AL Com varied in the
range 19.0 < mp, < 22.0 in 1962 January - 1965 January and was my, =~ 13.4 on 1965
March 26 and 27. Moorhead {1965), then, reported results of photoelectric observations
on 1965 March 29.21 (UT): V = 13.24, U — B = —0.42, B—V = 10.09 and that the star
was below the photovisual limit magnitude of m;, = 15.8-16.0 on April 25.26, May 4.27,
May 18.21, May 26.24 and June 2.27. Outbursts were further observed in 1974, 1975, and
possibly 1976 (Scovil 1975, Howell & Szkody 1987). Based on these records, Kholopov &
Efremov (1976) calculated the outburst cycle to be 325 days. No outburst, however, has
been found since the 1976 outburst. Howell et al. (1996a) compiled these (1961, 1974,
1975 and 1976) light curves.

During quiescence, various observations and suggestions have been made, though the
faintness have hindered the observations. Howell & Szkody (1988) found 0.4 mag periodic
modulations with a best estimated period of 38 min and suggested AL Com to be a DQ
Her-type star or (less likely) an AM CVn-type star, a double-degenerate system. Szkody
et al. (1989) again found 42 (+ 1) min modulations and mentioned that AL Com is likely
to be a DQ Her star. Spectroscopy by Mukai et al. (1990) revealed strong hydrogen
emission lines and ruled out the idea that the variable belongs to the AM CVn type.
They interpreted that AL Com is an intermediate polar with a 42 min spin period of the
magnetic white dwarf. Further photometric observations by Howell and Szkody (1991),
however, gave a power gpectrum showing only a single strong period of 84 min and a
very weak indication of a period near 40 min. They interpreted this as a change of the
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active accretion area in AL Com, behavior often seen in AM Her stars. Abbott et_a.l.
(1992) discovered 87-90 min modulations, although these variations were unstable. They
interpreted this period as the orbital period. Patterson et al. (1993b) noted that it seems
natural to attribute the 84 min period to the orbital pericd and that the 90 min period
found by Abbott et al. (1992) looks like a reasonable candidate for the superhump period.

As described above, the interpretation of AL Com has undergone many changes. The
chance, however, to reveal the nature of AL Com has finally come: an outburst was caught
in early April 1995 (Mattei 1995). Each of many astronomer groups has hastened to set
up their observations.

By late April, Patterson (1995), DeYoung (1995) and Pych and Olech (1995a) found
photometric modulations with a period of 81.8 (+ 1.4), 81.2, and 81.5 (% 0.2) min,
respectively, using their April 5-11 data. Nogami and Kato {1995) pointed out that the
modulation period changed from 0.05666 (+ 0.00002) day in April 7-12 to 0.0576 (+
0.0002} day on April 17. Spectroscopic observation by Augusteijn (1995) on April 9
revealed shallow wide absorption lines of Balmer series and Hel, which are similar to ones
in early stage of a superoutburst in ST UMa-type dwarf novae. He also noted that the
total widths of Balmer lines at the continium level were ~10000 km s~ for Ha to ~5500
km s~! for HS and the equivalent widths were ~10 A for He to ~4 A for H#, the color
B — V being ~0.0.

Detailed discussion, then, has been published. Howell et al. (1996b) reported that
AL Com could not be dstected in the sub-mm region during the outburst. Pych and
Olech (1995b) mentioned that the modulations ohserved during 1995 April 10-12 were
unstable, but those during 1995 April 20-26 were stable with a period of 0.05799 (=
0.00001) day. They suggested AL Com belongs to WZ Sge-type (Baily 1979; Downies, -
Margon 1981; O'Donoghue et al. 1991). Kato et al. (1996b) interpreted two types of
modulations reported by Nogami and Kato (1995) as “immature” superhumps and genuine
superhumps. This adjunction “immature” comes from their idea that those modulstions
observed at the early phase of the current outburst might grow to usual superhumps geen a
week after the onset, which behavior is predicted by the simulation by Whitehurst {1994) -
based on the tidal-instability model. However, in the following part, we call those humps
as the early superhumps in order to make the nomenclature consistent (see Patterson et
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al. 1996). Similarities and differences between Al, Com and WZ Sge have been discussed
also in Kato et al. (1996b). Howell et al. (1996a) found periodic modulations with
81 min period early in the outburst, those with 82.5 min (superbhump) period ~10 days
after from the maximum, and those with 41 min period throughout the outburst. They
suggested that the last two modulations are of related origin and presented a hypothesis
on variation of the physical parameters of the accretion disk during the outburst in AL
Com. Szkody et al. (1996) obtained optical spectra from 3 to 20 days and UV spectra
from the International Ultraviolet Explorer spacecraft (TUE) at 10 and 19 days afier the
maximum of the outburst. The optical spectra are typical of those observed in dwarf novae
during the decline phase from the outburst. There is no evidence of P Cyg profiles in the
IUE spectra. The latter IUE spectrum shows the broad Ly« absorption line. Szkody et
al. (1996) measured the temperature of the white dwarf to be 25,000 K by model fitting
of the line.

3.1.2 Observation

The observations were made using a 60-cm telescope at Quda Station (Kyoto University)
and by a 51-cm telescope at Osaka Kyoiku University. The observations at Ouda were
carried out using a CCD camera (Thomson TH 7882, 576 x 384 pixels) attached to the
Cassegrain focus of the 60 cm reflector (focal length—=4.8 m) at Ouda Station, Kyoto
University (Ohtani et al. 1992). To reduce the readout noise and dead time, an on-chip
sumination of 2x2 pixels to one pixel was adopted.

The cbservations at Osaka Kyoiku University were carried out using a CCD camera
(EEV 88200, 1152 x 790 pixels) attached to the Cassegrain focus of the 51-cm reflector
(focal length==6.0 m; for more detail, see section 2 in Yokoo et al. 1994).

An interference filter was used at both observatories, which had been designed to re-
produce the Johnson V band. The exposure time at Ouda Station was between 40 and
420 5, depending on the brightness of the object; the dead time between exposures was 12
- 13 s. Bias frames were taken in every ten to twenty object frames. The exposure time
at Osaka Kyoiku University was between 90 and 180 s; the dead time between exposures
was 30 8. A total of 2227 and 315 useful object frames were obtained at Cuda Station and
Osaka Kyoiku University, respectively. The journal of the observations is summarized in
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tabie 2.
The Ouda frames were, after a correction for standard de-biaging and flat fielding,

processed by a personal-computer-based automatic aperture photometry and PSF pho-
tometry packages developed by Taichi Kato. The differential magnitudes of the variable
were determined using a local standard star, V=13.51 (Bertola 1964), whose constancy
was checked against two anonymous 15-th mag stars in the same field. A similar proce-
dure was performed for the Osaka Kyoiku University data using the IRAF package. A
systematic difference between these two telescopes wes determined by comparing over-
lapping points. The magnitudes obtained at Osaka Kyoiku University were corrected by
subtracting 0.146 mag so as to match the more abundant Quda data. This correction was
confirmed to introduce no detectable bias to the resultant light curve, at least to a level of
0.01 mag. A heliocentric correction to the observed times was applied before a following
analygis.
Figure 3 shows the whole light curve we obtained.

5.1.2.1 The first stage of the outburst

As reported in Kato et al. (1996b), periodic modulations were discovered within two
days of the outburst maximum. On the first night of our observation, a double-humped
modulation (see figure 2 in Kato et al. 1996b) with an amplitude of about 0.1 mag clearly
exists. This feature, with a period of 0.05666 =+ 000002 day (Kato et al. 1996b), showed
a continuous decay in amplitude until Apr. 12 (figure 3). The outburst decline rate in this
phase is 0.13 mag d~1, which i3 a typical value during the plateau phase of superoutbursts
in SU UMa stars {Warner 1995b).

Thereafter, the decline rate suddenly decreased to 0.09 mag d™! around HID 2449820,
Howell et al. {1996) mentioned that the variable once stayed at almost constant brightness
for about five days, which they called a “standstill” or “glitch” (see also Kuulkers et al.
1996), and entered the gradual decline phase. Their opinion is, however, mostly based on
the visual data. Judging from figure 1 in this paper and figure 2 in Howell et al. (1996a),
clearly acceptable seems to be the view that AL Com entered the gradual decline phase

% IRAT is distributed by the National Optical Astronomy Observatories, U.S.A.
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without a “standstill” just after the initial rapid decline. WZ Sge showed gimilar behavior
in the 1978 outburst (see light curves given by Ortolani et al. 1980 and Patterson et al.
1981).

It is worth noting that another short-term modulations had grown up to 0.2 mag by
April 17, the early day of gradual decline phase (figure 5). The light curve of the mod-
ulations is of a definitely single-peaked, fast rising and slowly declining triangular shape,
typical one for superhumps in usual SU UMa stars. This feature was identified to be
genuine superhumps with a period of (.05722 £0.00010 day in AL Com in Kato et al.
{1996b) (see also Pych & Olech 1995 and Howell et al. 1986). As the superoutburst
was proceeding, the amplitude of the superhumps gradually became smaller, and finally
reached 0.1 mag on April 28, a few days before the rapid decline.

Table 3 lists the times of superhump maxima measured in the light curve we obtained,
those measured from figurea by Pych and QOlech (1995b) by eye and those given by Howell
et al. (1996a). Cycle counis in the table were calculated for the period of the early
superbumps {0.05666 day). The last points of a cycle count of 499 include an error of +1
in the count. Figure 6 shows these timings. By fitting the data with cycle counts between
200 and 400, we obtained a quadratic polynomial:

O — € = 1.18(x£0.19) x 10-°E? — 2(+11) x 10~°E — 1.6(+1.6) x 1072, (8)

where E represents a cycle count calculated from the first hump-maximum we caught on
April 7. Note that the equation indicates the superhump period became longer.

AL Com suddenly decayed 28 days after the onset of the current outburst {(figure 3),
which we regard as the end of the first stage. There seems to be no difference between the
light cutve around the termination of this cutburst and those in usual SU UMa stars. The
light curve of the 1978 superoutburst in WZ Sge also exhibits almost the same behavior
(Ortolani et al. 1980; Patterson et al. 1981), and the both star entered the second stage
after dawdling a few days at a level a few mag brighter than their quiescence.

3.1.2.1 The second stage

The enhanced light curve during HID 2449836 - 2449858 is drawn in figure 7. After the
temporary minimum around HJD 2449840, AL Com recovered up to about V = 15.2,
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CCD images obtained by Pietz (1995) confirm the dip. After a subsequent decline to
V = 15.8, the variable became bright again to V = 15.2 on HJD 2449844. Since then,
the light curve of AL Com became flat again. The first maximum was caught only by
visual observations and probably includes some error in magnitude. However, AL Com
was declining with a rate of about 0.8 mag d—! on March 5 (figure 8), which supports the
secondary dip episode.

In addition, within a week from recovery, the object again started to show a low-
amplitude modulation. An analysis gives a period of 0.05737 {+ 0.0004) day consistent
with the superhump period observed earlier. The light curve during HIJD 2449846 -
2449848 folded with the period is shown in figure 9. This finding is first to clearly demon-
strate that “after-the-dip” behavior traces the usual course of a aupéroutburst. _

After the plateau phase with superhumps, AL Com started to show rather irregular
variability with a time-scale of hours to a day. The superhumps seemed to have com-
pletely disappeared (figure 10 and figure 11). Soon after thig stage, the object showed a
precipitous decline with a rate of about 1 mag d~!. The quiescent magnitude was not yet
reached during our observations. AL Com stayed at about V' = 18.6 at least for some
days after the rapid decline. Qur additional observation on 1995 July 25 told that the
variable had reached V' = 19.6 & 0.4,

3.1.3 Discussion

3.1.3.1 The first stage

In Kato et al. (1996b), we proposed an interpretation that the modulations observed
just after maximum with a period shorter than that of the genuine superhump are early
superhumps, whose period is close to the orbital period rather than the superhump period.
Our findings of the double-peaked shape and the declining of modulation amplitude (figure
4) before appearance of genuine superhumps might be the key to understand the nature
of the modulation.

We propose two additional possible models causing the modulation; 1} a “jet” model
(see figure 12), and 2) a “thickened-edge” model (see figure 13).
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In the former model, imagine that bipolar “jets” spouted due to sudden increase of
the mass accretion rate at the onset of the outburst. The jet comsists of a component
approaching us and a receding component. In this case, the eclipse of the latter component
by the secondary star and the singly peaked early superhump can cause the double-peaked
modulation, while the approaching component is never eclipsed. The model requires that
the contribution of the jet to the total brightness was at least 5-10 % in the V band, since
the amplitude of the modulation is 0.05-0.1 mag (figure 2).

The decline of the modulation amplitude would represent that the jet became weaker
as the outburst was going. Szkody et al. (1996) shows that the IUE spectra obtained
on April 16 and 25 have no evidence of P Cyg profiles, which suggests no jet until April
16 or had extinguished before their observation. Note that it may be because the P Cyg
profile by the jet can be detected by IUE only when the binary is viewed nearly pole-on.
Anyway, UV observations at the very early phase of the superoutburst in WZ Sge stars
are interesting in this respect.

The shape of the modulation in the 1987 outburst of WZ Sge is singly peaked {Patterson
1978). This might be because only the approaching component of the jet spouted or the
jet did not exist.

In the latter model, imagine that the thickness of the accretion disk is non-axisymmetrically
enhanced when the outburst occurred, and the geometrical obscuration of the inner part
of the disk yields the modulation. This idea is similar to the model proposed in order
to reproduce the light curve of the supersoft source, CAL 87 by Schandl et al {1997),
although the mass-transfer rate of WZ Sge stars are thought to be smaller by a few order
of magnitude than that of the supersoft X-ray sourcea. The disappearance of the modu-
lation may mean that the non-axisymmetry leveled off as the superoutburst progressed.
Some constraints on this model would be obtained by observations of the color varia-
tion with a time scale of the orbital period, since large variation is expected as the inner
portion of the accretion disk is hidden by the edge with low temperature in this model.
Multi-wavelength simultaneous photometry (or time-resolved spectroscopy) of the next
outburst is highly desirable,

In both models, the modulations are caused by the eclipse. Determination of the
inclination of AL Com is crucial for these models. RE J12554266, an EUV transient,
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is suggested to have a very low inclination (i < 5°) and to be similar to WZ Sge stars
(Watson et al. 1996). If an outburst in this variable is detected in optical range, it will
give most important information on this subject.

While WZ Sge stars are a subgroup of SU UMa stars which exhibit quite rare outbursts,
there is another subgroup, ER UMa stars (ER UMa, V1159 Ori and RZ LMi: Nogami et el.
1995a, and references therein, and most recently discovered one, DI UMa: Kato, Nogami,
& Baba 1996a) which show quite frequent outbursts. Note that ER. UMa stars, which have
short orbital periods comparable to those of WZ Sge stars, show similar modulations near
‘maximum of superoutbursts. These modulations also seem to disappear before entering
the gradual decline phase in ER UMa (Kato, Nogami, & Masuda 1996¢) and V1159 Ori,
although the superoutbursts appear to end before the phase in RZ LMi and DI UMa. Since
ER UMa stars and WZ Sge stars have the shortest orbital periods among the SU UMa-
type dwarf novae, there may exist a mechanism causing appearance of the modulations
at the initial phase of superoutburst in such dwarf novae with ultra-short orbital periods.
Observers should therefore start observations as early as possible.

ER UMa is suggested to be a nearly pole-on dwarf nova based on the narrowness of its
- emission lines, non-detection of its orbital motion, and the presence of a P Cyg profile of
Cry (Ringwald 1993). Since it is hard to consider the eclipse of jets or the effect of the
bulging of the disk in CVs with such low inclinations, the above models will not apply to
the cause of the modulations in ER. UMa. H the origins of the early modulations in WZ
Sge stars and ER. UMa stars are proved to be same, the models proposed here may be
precluded.

While the modulation observed at the start of the superoutbust in ER UMa have a
period the same as the superhump and an amplitude larger than the superhump (Kato et '
al. 1996c), the first modulation in AL Com have a period shorter than the superhump and
an amplitude smaller than the superhump. These differences might be explained by the
following; 1) fully grown superhumps may be observable in ER UMa stars since the normal
outburst just before a superoutburst triggers the tidal instability, and 2) only immature
ones may exist in WZ Sge stars since there is no outburst triggering the instability. If this

7 Recently Meyer-Hofmeister et al. (1998) proposed a model where the accretion disk in WZ Sgo
extends to the 3:1 resonance radius a few years before the next superoutburst
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explanation is true, the amplitude of the superhump repeat decay and growth & few times
during an outburst in AL Com and ER UMa. These variations have not been reported so
far, but the similar phenomenon was recently observed in V1028 Cyg (Baba et al. 1996,

" in preparation}. More cbservational and theoretical study is needed to clarify the nature
of the modulations.

Figure 6 shows the O — (' diagramn for the timings of hump maxima based on the data
listed in table 3. In the figure, we can see that the period of the modulations observed
in the early stage of the outburst (early superhumps) is stable and the superhump period
became longer. According to the equation (8), the rate (7 / P) is 7.36x107* cycles.
Although this type of variation has been found in SU UMa type dwarf novae with thorough
coverage of superoutbursts, all rates have negative values (for a recent example, V1159
Ori; Patterson et al. 1995, see also, Patterson et al. 1993b). Our finding that AL Com
hes the positive value also implies that the physical conditions of the accretion disk in
AL Com had varied in this superoutburst in a different way from those in usual SU UMa
stars,

The fitted curve crosses the line of O — € = 0 near the cycle count of 120. Since data
were not obtained near that time, it is difficult to mention the physical status of the
accretion disk at the transition between the two types of modulations. The points with
cycle counts of 91 and 151, however, have values of O — C near the half of the pericd,
which means that the peaks of these cycle counts came amid other modulations. These
points might represent “genuine” immature superhumps. In other wﬁ.rda, superhumps
began to grow about that time.

3.1.3.2 The dip

We do not have enough ohservational evidence about the origin of the dip. The decline
rate, however, seems to be about 1 mag d™!, caleulated from the visual observations on
HJID 2449838 and our data obtained on HID 2449841, which is a typical value for the
final decline of superoutbursts in SU UMa stars {(Warner 1995b) and suggests that the
dip may be produced by a thermal transition wave starting from the outer accretion digk

2 After Nogami et al. {1997a) was published, several dwarf novae with Bsn > 0 have been discovered.
See section 2.1
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(see figure 7).
The magnitudes during the dips were about or over 2 mag above quiescence in both AL

Com and WZ Sge (see also figure 10 in Howell et al. 1996a). This implies that the inner
part of the accretion disk remained hot even during the dip. The recovery rate is about 3
mag d~! or less, which is smaller than that during the rising phases of superoutbursts in
ustial SU UMa stars, for recent example, Jensen (1996) reported that SW UMa bad risen
from i, = 14.0 to mys = 11.4 in about 0.15 day at the 1996 April superoutburst.. -

This implies that the recovery represents “inside-out” propagation of the thermal tran-
gition wave. This idea is supported by two reasons; 1) such an outburst is expected to
rise slowly (e.g. Cannizzo, Wheeler, & Polidan 1986), and 2) the mass was accreted and
insufficient for thermal transition at the outer edge of the accretion disk.

8.1.3.8 The second stage

After the dip, AL Com showed a short-lived maximum followed by a decline (figure 7).
Nonexistence of orbital humps during this stage strongly supports that the recovery from
the dip was not powered by a mass-transfer event, but by the thermal instability of the
accretion disk.

After this “secondary dip”, the star again entered the “plateau phase”. The same
features can be traced in the light curve of WZ Sge during 1978 outburst. However, the
duration between the ghort-lived maximum and the plateau phase is about two days in
the current outburst (figure 7) while it was at least 5 days in the 1978 outburst of WZ:
Sge (see figure 1 in Ortolani et al, 1980). The plateau phase lasted only about 9 days in
the present outburst, while it did over 20 days in the 1978 outburst of WZ Sge. These
differences might come from the difference of the superoutburst cycle length, when the
massg is accreted, 20 years in AL Com and 33 years in W2 Sge.

As already described in Section 3.1.2.2., the superhumps grew during this phase (figure
7). We can therefore identify this stage as a start of a new superoutburst. A short-
lived maximum after the main dip may represent & normal outburst which triggered this
“second” superoutburst.

The final decline with a rate of 1 mag d=' (figure 7} can be again considered to represent
the propagation of a thermal transition wave through the accretion disk. The disappear-

30



ance of superhumps a few days before this decline (figures 10 and 11) implies that the
cessation of the tidal instability is responsible for the decline.

After the decline, AL Com stayed about 1 mag brighter than the quiescence (figure 3).
Although the observational materials are limited due to its faintness, it is likely that some
inner part of the accretion disk remained hot even after the final decline. This mechanism
may be responsible for the long fading tail of the 1978 outburst in WZ Sge, which still
remains poorly understood. A similar phenomenon was also observed after the main (or
super-) outburst of GRO J0422+432, a ultrasof¢ X-ray transient (USXT), which have been
pointed out to have a number of similarities with W2 Sge-type dwarf novae (e.g. Kuulkers
et al. 1996). Measurement of the contribution of the acceretion disk and the hot spot tothe
observed light may be a clue in understanding this poorly understood unique feature of
WZ Sge-type dwarf novae and USXTs. The persistent “superhump” periodicity observed
in HV Vir, another object very similar to WZ Sge, during the same stage by Leibowitz
et al. {(1994) supports a significant contribution to the light from the accretion disk at
this stage. [Although this modulation was originally ascribed to an orbital modulation
(Leibowitz et al. 1994}, a new analysis by Kato & Sekine (1999, in preparation) strongly
favors the persistent superhumps.)

3.1.4 Summary
This study on AL Com is summarized as follows.
1. For the early superhump with a period shorter than the superhump period, we pro-

pose two new models, the “jet” model and the “thickened-edge” model in addition
to the immature superhump model noted in Kato et al. (1996b).

2. The superhump period became longer as the superoutburst progressed.

3. A dip was observed in the course of the current outburst as seen in the 1978 super-
outbust of WZ Sge. This dip may be caused by a thermal transition such as the
termination of outbursts of usual dwarf novae. However, AL Com was brighter by
about 3 mag than its quiescence.
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. AL Com recovered from the dip slowly, which might represent a “inside-out™ type
of the thermal transition in the accretion disk. '

. After the recovery, AL Com again declined and rose about 0.5 mag. Then, the’
superhumps with the same period as those seen in the first stage were observed. We
identified the behavior after the dip as the second superoutburst.

. The superhumps in the second superoutburst had extinguished before the final de-

cline,

. AL Com stayed about or over 1 mag brighter than its quiescence at least two weeks
after the end of the outburst. The inner part of the accretion disk might remain at
its hot state during the dip and after the outburst.
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3.2 Discovery of the in-the-Gap Dwarf Nova, NY Serpentis
3.2.1 Imtroduction

The orbital period distribution of hydrogen-rich cataclysmic variables (CVs) has been
suggested by many works (e.g. Robinson 1983) to have two major characteristics, which
are 1) the period gap of about 2-3 hours where markedly reduced number density is seen,
and 2) the sharp cut-off at the shorter edge about 80 min. The standard scenario of the
CV evolution has been developed to explain these characteristics (for a review, see e.g.
King 1988).

In the scenario, a CV evolves by decreasing its orbital period due to angular momentum
losz by magnetic stellar wind braking (e.g. Verbunt, Zwaan 1981) above the period gap.
The magnetic braking stops at the upper edge of the period gap when the secondary star
becomes fully convective. Then, the mass transfer stops since the secondary shrinks into
its Roche-lobe. The angular momentum loss, however, continues by gravitational wave
radiation (e.g. Landan, Lifshits 1058). The mass tranasfer restarts at the lower edge of the
period gap when the secondary fills its Roche-lobe again due to shrinkage of the binary
gysatem.

No dwarf novae has actually been confirmed in the range of the orbital period between
2.8 hr (TU Men) and 2.1 hr (IR Com = S 10932}, although several nova-likes including
post-novae and some fraction of magnetic systems has been discovered (see Ritter, Kolb
1998).

3.2.2 Ohbservation

We made photometric observations on 86 nights between 1995 July 25 and 1997 March 11
at Ouda Station, Kyoto University (see the description in section 3.1.2). The observation
procedure was same as that in the Al Com observation. The journal of chservations are
summarized in table 4.

5.2.3 Resultas and Discussion

The long-term light curve with an amplitude of V=14.6-18.0 is shown in figure 14. Besides
the short normal outbursts with a recurrence time of 6-9 days, we can clearly find long-
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lasting outbursts. Figure 15 shows results of time-resolved photometry of the first long
outburst caught on HID 2450195, On 1996 April 21, only small-amplitude (~ 0.05 mag)
oscillations with a time scale of about a few 10 min may be seen. We, however, succeeded
in revealing fully developed superhumps with an amplitude of 0.3 mag during April 23-25,
revealing the SU UMa nature of NY Ser and that the long outburst is a real superoutburst.

After removing the linear trend of decline of those 3-day data, we performed a period
analysis uging the Phase Dispersion Minimization (PDM) method (Stellingwerf 1978),
which indicates 0.106 (£ 0.001) d as the best estimated superhump period. Figure 16
shows the theta diagram and the light curve folded by the pericd. As the superhump
period is kmown to have a close relation to the orbital period, we obtained a followiﬁg
equation using SU UMa stars with both periods measured listed in table 1:

P = 1.087(£0.003) X Py, (9)

This equation suggests the orbital period of NY Ser to be 0.101 (.103 d. As the super-
hump excess ((Psn ~ Porb)/Port) i8 larger in an SU UMa star with a longer orbital pericd
(table 1, see also Warner 1995}, the largest superhump excess of 7.7% is measured in TU
Men, which have a superhump period longer than NY Ser, Therefore, the orbital period
is, at least, thought to be shorter than 0.098 d calculated using the superhump excess of
TU Men. For these reasons, we can conclude that NY Ser has an orbital period near the
meddle of the period gap.

Another long outburst lasting at least 15 days around HID 2450300 is likely to be a
super ontburst. This suggests that the supercycle is 100 days or its balf, as possibilities of
its one-third or less are excluded by the data obtained during HID 2450195—2450229. The
variable, however, did not go into superoutburst during HJD 2450507-2450519, although
a superoutburst might have ended just before the run. The outburst around HJID 2450465
may be a superoutburst also. It is because the recurrence cycle is meant to be as short
a5 4 days if the outburst consists of two subsequent normal outbursts. If this outburst
was really the third superoutburst we caught, the period between the second one around
HID 2450295 and the third is about 170 days. This value is close to twice of the first
recurrence time and we can not find a long outburst in 2450507-2450519 about 40-E0
days after the third supercutburst. Thus, we can conclude that we succeeded in catching
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three superoutburst and the supercycle seems to be 85-100 days.

Our obgervations are summarized as below: 1) NY Ser is an U UMa type dwarf novae
with a small amplitude of 3.4 mag, 2) its orbital period is thought to be near the middle
of the period gap based on the superhump period of 0.106 (& 0.001) d, and 3} NY Ser
seems to have a short supercycle of 85-100 days and a short recurrence time of the normal
cutburst of 69 days.

As mentioned above, NY Ser is the first dwarf nova whose estimated orbital period is
located at the center of the period gap, though confirmation of the orbital period is still
needed. On the contrary, the mass transfer rate of NY Ser is thought to be rather high for
an SU UMa star because its supercycle is the fifth shortest among SU UMa star (table 1)
and the supercycle is roughly proportional to 1/M,, (equation 8). Since NY Ser may have
peculiar properties, determination of the mass of each star and of the chemical abundance
is desired. If the masg of the primary white dwarf i8 close to the Chandrasekhar limit,
the secondary star may have mass enough to maintain the magnetic braking, even under
the constraint that the tidal instability thought to cause the superoutburst works only in
a dwarf nova with a mass ratio of the secondary mass to the primary mass less than (.25
(for a review of the disk instability, see e.g. Osaki 1996). It has alzo been suggested by
many works {e.g. Stehle et al. 1997) that the location and the width of the period gap
depends on the chemical abundance.

If NY Ser is proven to have ordinal physical parameters and chemical abundance, we
have to reconsider the evolution scenario of dwarf novae, taking NY Ser into account.

Nogami et al. (1995a) suggested two possibilities on the evolution of ER. UMa stars:
1) ER UMa stars evolve on a entirely different evolutionary path from that of usual SU
UMa stars, and 2) (some of) usnal SU UMa-stars spend some fraction of its lifetime as
high mass-transfer systems. In the sense of 1), NY Ser may be evolving on the ER UMa
path in the period gap of usual SU UMa stars, though NY Ser is thought to have & mass
transfer rate smaller than ER UMa stars based on the longer supercycle by a factor of
2 or more than those of ER UMa stars. In the sense of 2), NY Ser may be on the way
from nova-likes to ‘quiet’ dwarf novae or vice-versa, If a nova shell is detected by the
imaging in the infrared or radio region or the old behavior is revealed by searching old
plate-archives, it will be a crucial evidence of the second possibility.
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The other possibility is that NY Ser became semi-detached in the period gap. Politano
(1996) suggested that about 20% of CVs come to be semi-detached in the period gap. In
this case, the existence of NY Ser in the period gap is explainable. The high mass-transfer
rate, however, is still left unexplained, since the mass transfer should be controlled by the
gravitational wave radiation in the period gap a3 well a3 below the period gap.

For testing the above possibilities, NY Ser must be a key object in investigating the

CV evolution.
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3.3 Spectroscopic and Photometric observations of a Z Cam
star, AT Cancri during standstill

3.3.1 Introduction

AT Cnc was discovered by Romano and Perissinotto (1968}, and designated as GR, 151.
Bond and Tifft (1974) found broad, shallow hydrogen absorption lines and possible pres-
ence of Na D absorption. They suggested AT Cne to be an eclipsing binary system
composed of the DA white dwarf and a faint red dwarf companion. Greenstein et al _
(1977b} noted a spectrum of AT Cnc, which had shallow hydrogen absorption lines with
superposed rapidly variable emissicn lines. The almost same result was published by
Greenstein et al, (1977a), but they added some notes that He was an emission and the
other hydrogen absorption lines were too shallow and weak for a 9500-K DA white dwarf
which matches the continnum of AT Cnc. We judge the spectra in Greenstein et al.
{1977a, b) to have been obtained during a standstill because of the ¥V magnitude of 13.6
at that time and similarity with our spectra which will be described in subsection 4.2.

Intensive observations with plate emulsion were then carried out by Meinunger (1981),
Gétz (1983, 1985, 1986, 1988a, 1988b, 1990, 1991), and Hurubata (1984). Gtz (1986)
detected photometric variations with a period of 0.2386913 d from the data obtained
during both the faint {14.5 < mp < 16.5) and bright states (12.4 < mg < 14.0), and
attributed these modulations to its orbital motion. Gétz (1988a, 1988b, 1990, 1991)
confirmed the oscillations, but suggested that the shape had varied, accompanying phase
shifts of the faintest point.

Zwitter and Munari (1994) measured the equivalent width (EW) of the Ho emission
to be 3A on 1993 December 12, but HA was in absorption at that time. They could not
detect helium lines and the cool component in the red region (A > 8000A). In 1991 April
28-30, Smith et al. {1997) obtained two spectra, in both of which Ho was an emission
line having a P Cygni profile, while the other Balmer lines were in absorption. From the
presence of the Na abgorption line and the absence of TiO band in their spectra, they
suggested that the secondary star is of late-K to early M type, most possibly K7—MO0. AT
Cnc was in standstill at the times of the observations by Zwitter and Munari {1994) and
Smith et al. (1997), judging from observations by members of Variable Star Obgervers
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Leagne in Japan (VSOLJ). These data are available at the URL: ftp://ftp.kusastro.kyoto-.
w.ac.jp/pub/venet/VSOLJ/database/stars/CNCAT .ut.

3.3.2 Observation

In order to examine the physical status of the accretion disk in standstill, we observed
AT Cnc on 1997 February 1, 3, and 5 photometrically, and on 1997 February 4, 5, and 6
spectroscopically. Table 5 lists the journal of our observations. -

The photometric observations were carried out at the Quda Station {details are same
as those in the case of AL Com).

. Figure 17 i a finding chart of AT Cnc. The magnitude of AT Cnc was measured by

differential photometry relative to the star Cy of V' = 12.15 in the VSNET chart calibrated
by using Misselt (1996) (URL: fip://ftp.kusastro.kyoto-u.ac.jp/vsnet /charts/AT Cnc.ps).
Differential magnitudes of the check stars, Cy; and Cyy, relative to Cp assured that the
nominal 1-¢ error did not exceed 0.03 mag for all the photometric frames and the magni-
tude of O was constant within the error throughoat the runs.

For the spectroscopic observations, we used a 1.88 m telescope with the New Cassegrain
Spectrograph which equipped a 150 grooves mm™? gratings (hereafter, abbreviated to
150G) and a 600 one (hereafter, 600G) at the Okayama Astrophysical Observatory (a
branch of the National Astronomical Observatory, an inter-university research institute
operated by the Minisiry of Education, Science, Sports and Culture of Japan). The
detector was an SI502AB CCD (512 x 512 pixels). The spectral coverages were 4210—~7200
A for 150G and 60906863 A for 600G, respectively. The wavelength resolution is 6.1 A
pix~! in the case of 150C and 1.5 A pix~! in the case of 600C.

We reduced the spectroscopic data, using the Spectronebulagraph reduction system
(SNGRED) developed mainly by M. Yoshida of the National Astronomical Observatory
Japan, on IRAF package. The averaged signal to noise ratios (S/N) at the continuum
level were 36 for 150G data and 20-32 for 600G data.

3.3.3 Results

3.8.8.1 Photometry
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The long-term light curve of AT Cnc between 1995 January and 1998 June is generated
from visual observations posted to VSNET (figure 18a). Our photometric observations
were carried out during the 1996-1997 long standstill. Figure 18b shows the results making
it clear that AT Cnc stayed within 0.1 mag around V = 13.56 throughout the runs.
Enlarged Light curves of each night are drawn in figure 19.

After subtracting nightly averages from all data shown in figure 19, we have applied
a program LANCELOT (period analysis using artificial neural networks, Gaspani 1995a,
b). Figure 20a shows the resultant G({f) function in the period range from 7 m to 8 h.
The maximum point gives the best estimate of the period as 0.249 d, and the light curve
folded by the period is drawn in figure 20b. This curve has a doubly peaked shape.

We processed y-square tests assuming a profile of the sinusoidal curve for 189 data
points obtained by averaging a sequence of 5 data points in order to reduce the scatter.
The tests yielded three possible periods, 0.132 d, and its two-day aliases, 0.142 d and 0.124
d (figure 21a}, for which the significance levels of the one-sided test are given to be 5%,
7%, and 7%, respectively. F-tests for these periods in the model of the Phase Dispersion
Minimization method (Stellingwerf 1978) bore the significance level of 21%, 21%, and
22%, respectively. These periods correspond to the small peaks around log{frequency) =
0.88 in figure 20a. The period of 0.124 d is a half of the period indicated in figure 20a.
Figure 21b exhibits the singly peaked light curve folded by the period P = 0.132 d.

In order to reject a suspicion of spurious period detections caused by uneven data
spacings, we applied the same period analyses for five data sets which consist of two
columns of the times of observation same as the original one and of the magnitudes
randomly shuffled within each day. These procedures yielded peaks different from all above
periods with much lmr-G(f) values for the artificial neural-network period analysis and
with much higher significance levels, which supporting the reality of those modulations.

3.8.8.2 Spectroscopy

A low-resolution 160G averaged spectrum obtained from two spectra observed on 1997
February 4 and 5 is shown in figure 228, We could detect were apparent lines of Ha
in emission, HP in emission superposed on absorption, Hy in absorption, and Na D line
in absorption. Concerning other lines including Her and Hell often seen in dwarf novae,
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we can mention merely that they were not so strong. The other apparent features are
superficial: the strong absorption around 6880 A and the broad dip around 4600 A result
from oversubtraction of HoO and O, lines, and the broad emission feature around 4420
A, from the poor normalization.

Figure 22b shows a 600G spectrum of a high S/N (~120) at the continyum’level,
obtained by combining all 36 spectra. The Ho emission line has a mean equivalent width
of 4.4A and the full width at half maximum is 12.6 A. The emission line is accompanied by
a weak absorption in the blue gide in some spectra. This P Cyg-type profile is clearly seen
algo in spectra published by Smith et al. (1997). Appearance of P Cyg profile is variable
in our spectra. Figure 23 demonstrates two typical Ha spectra with no absorption feature
and with a strong absorption feature. We will discuss this topic later.

‘We measured heliocentric radial velocities {Vg.) of Ha in 600G spectra by calculating
intensity-weighted-mean wavelengths between zero-intensity ends. We summarize EW,
visibility of the P Cyg profile, and the Vg,; of Ha in table 6.

We performed parameter search for the velocity curve assuming the sinusoidal shape,

#JD- 1 J"';; T") . (10)

The results are listed in table 7. The epoch for phase 0.0 was determined to be HDJ
2450484.128 for the blue-to-red crossing point in the He velocity curve. Figure 24 shows
the measured radial velocities against heliocentric Julian Days, where we superimpose the
fitting curve expressed by equation 10 with parameter values given in table 7.

16 Z Cam-type dwarf novae are registered in the 6th catalogue of CVs, low-mass X-ray
binaries, and related objects (Ritter, Kolb 1998). Among stars in which we confirmed the
standstill phase by VSNET/VSOLJ database (available via http://www.kusastro kyoto-
u.ac.jp/venet/LCs/index/ and http:/ /www. kusastro.kyoto-u.ac.jp/venet/V SOLJ/) in these
16 Z Cam stars, the star having the longest orbital period is UY Pup (P = 0.423 d) and
the star having the shortest orbital period is SV CMi (P = 0.127 ). The orbital period
of 0.2011 d of AT Cnc is a typical, or slightly shorter one as a Z Cam star.

We also measured variations of the mean wavelength at the half maximum and the

VH,I=1+szin(27rx

quarter maximum and the center wavelength obtained by Gaussian fitting for the dats
above the half maximum. The results of sine curve fitting to these variations are consjstent -
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with those in table 7.

3.3.4 Binary Elements

Figure 25 shows the observed radial velocitieg folded by the period of 0.2011 d and the
sinusoidal curve with parameters in table 7. The radial velocities of Na D absorption lines
and Ho from 150G spectra are also plotted by open triangles and squares, respectively.
These radial velocities of Na D are calculated for the simple mean of the doublet as the
rest wavelength. If we calculate the rest wavelength weighted by their intensities in the
Sun, the radial velocities of Na D should be added by 23 km s~!. In both cases, the
phase of the radial velocity variation of He is very close to, or a little later than that of
Na D. If we calculate the sinusoidal curve having the systemic velocity of 11 km s~! and
passing on the two points of Na D in figure 24, the resulting velocity curve of Na D has a
semi-amplitude of 80 km s~!, same as that of He, and a phase earlier by ~ (.23 than that
of Ha listed in table 7. However, the phase difference measured by using the Na D and
Hex only in 15(K5 spectra become much smaller. We conclude that the sources of the Ho
emission line and the Na D abscorption line are, roughly speaking, in the same direction
from the system-gravity center if their motions were limited in the orbital plane.

This scheme might be confirmed by checking phase differences of the radial velocity
between Ha emission and abgorption components of H and Hy which are thought to trace
the orbital motion of the accretion diek and the white dwarf. However, these latter lines
in our 150G spectra, unfortunately, did not give any help, because of large error of radial
velocity determination caused by low S/N, contamination of the emission component in
H#, and poor normalization around H7y.

The Na D absorption has usually been considered to originate in the secondary star,
but the radial velocity variation of the Ho emission line is usnally interpreted to trace the
orbital motion of the white dwarf. In the below context, we make a discussion keeping in
mind two possibilities that both lines of Na D and Ha are originated a) in the secondary
and b) in the accretion disk.

We here estimate the primary mass M;. Under the assumption that the secondary is a
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main sequence star filling its Roche lobe, we can use iwo equations:

B _ 0.38 +0.20log g (0.3 < g < 20, accurate to 2%) (11)
a .
given by Paczynski (1971) where R, is the secondary radius, a is the binary separation,
and g is the mass ratio (Mz/M;), and

Rﬂ ﬂ“-2 ) G.884-0.02

Ry~ (E
deduced by Patterson (1984) as an empirical ZAMS mass-radius relation. In addition to
these two equations, the Kepler’s third law naturally holds:
4r%a®
Pl G(M + M;)’

where P is the orbital period. The secondary mass can be estimated to be 0.47 Mg from
the empirical mass-radius relation given by Warner (1995) as equation 2.100:

Mz

(0.1 < 5‘2 <08) (12)
(13)

= 3.5P%4 (o 064 < P < 0.38). (14)

The error is thought to be about 0.05 Mg. This value is in good accordance with M, =
0.46 (4 0.02} Mg corresponding to K7-M0 main-sequence star suggested by Smith et al.
{1997) which can be adopted under the assumption that the possibility a) is true. The
coincidence of the secondary mass leads us to derive the primary mass independently on
the possibilities a} and b). By calculation using M, = 0.47(+0.05)Mg and P = 0.2011
{+ 0.0006) d, we obtain the primary mass to be 0.9 (£ 0.5) Mg from equations (11) -
{13). These masses for the primary and the secondary are very normal for aCV baving
an orbital period about 0.2 d (see Ritter, Kolb 1998).

In the case of the possibility a), The inclination i of AT Cne can be also estimated to
be 17° (+5°} by substituting above binary parameters and K3 = 80 (4 4) km 572 to the
secondary’s semi-amplitude in the mass function:

"y 3

o - st _

If the radial velocity variation of Ho reflects the orbital motion of the white dwarf (pos-
sibility b}, the inclination is calculated to be 36° (+ 12°) by substituting X = 80 km ™!
in the mass function: '

= 1.05(£0.15) % 107 2M,,. (15)

My@sin’i _ PK}
A+a? _ G’ (16)

f(Mz) =
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In both cases, the estimated inclination of AT Cne is low and is consistent with a fact of no
dependence of Ho emission intensity against the phase. Because of such a low inclination,
it is hard to suppose that AT Cnc shows orbital hemps with an amplitude reaching 0.6
mag in quiescence, as suggested by Gotz (1986) under the current view of the orbital
hump due to anisotropic radiation from the hot spot. The time-resolved photometry of
AT Cnc in quiescence is important to clarify whether the large-amplitude modulations

exist in quiescence or not.

3.3.5 Doppler Tomography

We produced two Doppler maps (see Marsh, Horne 1988) in figures 26 and 27 from all the
600G spectra using a software developed by Spruit (1998), which was downloaded from
hig web page (http://www.mpa-garching. mpg.de/~henk/). Figure 26 is drawn under the
assumption that the Ho (and Na D} is originated in the secondary (possibility a). We
adopted M, = 0.9 My, ¢ = 0.511, Ppy, = 02011 d, i = 17°, and v = 11 km s and
measured the phase from the blue-to-red crossing point in the Ha velocity curve (7; =
HID 2450484.128). If we assume the He comes from the accretion digk (possibility b),
the Doppler map is given by figure 27 by inputting 36° as the inclination and shifting T,
by the orbital phase 0.5, keeping the same values for other quantities. The intensity map
in figure 27 remains basically the same as figure 26 but rotated by 180°. The distances
among marks, the Doppler shade of the secondary and the trajectory in figure 11 are
expanded in size, reflecting the increase of the inclination.

In figure 26, we confirmed that the center of the intensity locates in the Doppler shade
of the secondary, which is naturally in accordance with the assumption of the possibility
a). The ‘bright’ region, however, is extended around the center by about 500 kun s~ and
the intensity peaks are tied from the position of (Vz, ¥;) ~ (0 km 571, -130 km s~!) to
that about (-220 km 57!, 0 km &~!}. Such a region is seen in most of SW Sex stars, a
small subgroup of nova-likes (see Thorstensen et al. 1991}, for example, BH Lyn (Hoard,
Szkody 1997), although the contribution of that region to the total Ha intensity is much
lower in AT Cnc in this study than in such 3SW Sex stars and our spectra do not show an
apparent moving dip component in the Ha emission line. This may suggest a mechanism
commonly working in Z Cam stars in standstill and in SW Sex stars.
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The Doppler map in figure 27 (possibility b) implies that Ha is radiated mainly from the
vicinity of the white dwarf and/or the outer region of the accretion digk and partly from
the irradiated region of the secondary star. Irradiation to the secondary from the accretion
disk and the white dwarf may make the surface of the secondary hotter and extend over
the Roche lobe, which emits the He. This process may support to maintain the state of
mass transfer higher than the critical rate. In this model, the Na D absorption line must
be originated in the accretion disk. Patterson et al. (1998c) found this absorption line in
EG Cnc, one of WZ Sge-type dwarf novae, during the re-brightening phase after the main
superoutburst and concluded that the Na D absorption line was formed in the accretion
disk because of broadness of the line at the continuum level and disappearance during
the long fa.dmg tail. The Na D sbsorption line may be produced in an accretion disk in
a certain different state from that in quiescence.

In the case of Z Cam, intensive spectroscopic studies using Ho were carried out by
Robinson (1973) in quiescence and Szkody and Wade (1981) in standstill. Although
equivalent widths of He in Z Cam measured by Szkody and Wade (1981) were 3 - 6
A, much smaller than 32.66 A in quiescence measured by Smith et al. (1997), system
parameters (the period of the radial-velocity variation, v, K, and T;) cbtained by Szkody
and Wade (1981) were almost completely consistent with those by Robinson (1973). This
suggests that Ha of Z Cam in standstill is emitted from the same region as in quiescence.
In order to judge which possibility a} or b) is true, the radial velocity measurement of HS,
Hey absorption component is crucial. The comparison of the Doppler map in quiescénce
and in outburst with the present map will proceed understandings concerning the effect
of the secondary-surface state on the mass transfer and the structure of the accretion disk
in standstill.

3.3.86 Discussion

As for photometric variations, we made & possible detection of periods of 0.249 d and
0.132 d (or the latter’s alias, 0.124 d, or 0.142 d). We can not reject any candidate and
we can not strongly assert the presence of that modulation, since the amplitudes of these
variations seem quite small, and comparable to or even less than observational errors. The
period P = 0.249 d is longer than the orbital period by about 24%, and the other period
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is shorter than the orbital period by about 34%. These suggest that the oscillations did
not originate purely only in the orbital motion. As seen in intermediate polars (IPs, for a
review, e.g. Patterson 1994), these photometric waves might be caused by the irradiation
effect of the secondary by X-ray or UV phoiton emitted by the polar cap of magnetized
white dwarf with the oblique rotation axis, although the Henl in AT Cne did not appear
as strong as IPa and we can not detect modulations with the expected rotation period of
0,11 d.

Those periods are also different from the period which Gotz (1986, 1988a, 1988b, 1990,
1991) claimed to find in the low state and also in the high state. Some doubt concerning
reality of G6tz's photometric oscillations is still left. The modern time-resolved photom-
etry in quiescence and in outburst would yield interesting results.

The most remarkable feature of the present 600G spectra is the P Cyg profile. From
the blue end of the absorption feature, the line-of-sight flow velocity is about 1000 km
s~ ! at maximum. The blue-shifted absorption feature is observed during the only limited
phase 0.16 — 0.53 (see table 6}, which implies the local formation region, at least not
larger than the gize of this binary system. The secondary star is moving on the orbital
path of around 1/3 phase before the superior conjunction during this phase under the
view that the radial velocity variation of Ho accurately traces the orbital motion of the
secondary. This may give some hints in considering geometrical structure which makes the
absorption feature. There is & fact that the absorption component which clearly appears
in a spectrum disappears in the next spectrum obtained only 15 min after. Thus, this
absorption feature is transient in its nature and one may introduce mass ejection episodes,
for instance, which last for 10 to 30 min, or clumpy flows.

There are many CVs in which the P Cyg profile of the lines in UV (e.g. Civ A1549)
was observed. Except for SW Sex stars and classical novae, however, only two are known
to be non-magnetic CVs where the P Cyg profile was observed in the optical range: AT
Cnc (Smith et al. 1997; this work) and BZ Cam (Ringwald, Naylor 1998). Although AT
Chnc and BZ Cam may be extraordinary systems, the mechanism making outflow from a
binary system is a quite interesting subject, which might lead to the jet. It is important
to check whether the P Cyg profile is observed during quiescence and during outburst.
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3.3.7 Summary

We made time-resolved photometry and spectroscopy of AT Cne during its standstill
phase.

Photometric modulations with an amplitude of ~0.01 mag, which is a little smaller
than the observational errors, might be detected at the period of 0.249 d or 0.132 d (or
its two-day alias, 0.124 d or 0.142 d}. These periods are different from the orbital period
and the period found in a series of Gotz's works in AT Cne. It is important to make
time-resolved photometry with smaller errors in all states. _

Low resolution spectra showed Ha in emission, HA in emission superposed on an ab-
gorption component, Hy in absorption, and Na D absorption. We derived orbital elements
of AT Cnc from the radial velocity study of Ha: the orbital period P = 0.2011 (+ 0.0006)
d, the systemic velocity ¥ = 11 (£ 3) km s, the semi amplitude X = 80 (+ 4) km
s~!, and the zero point of the phase T, = HID 2450484.128 which iz defined so that the
blue-to-red crossing point of He ig at the phase = 0. By using these parameters and
under the assumption that the secondary star is a late-type main sequence star filling its
Roche lobe, we deduced the primary mass M; = 0.9 (+ 0.4) M.

From the closeness of the phases of the Hy and Na D radial velocity variations, we
congider two possibilities that the Ho emitting region is 1) on the secondary star and 2)
in the accretion disk. In the possibility a), the system inclination was estimated to be
17° (£ 3°). The Doppler map drawn by using these parameters have peaks tied from the
position of (V;, V) ~ (0 km 71, -130 km 871} to that about (-220 km 57, 0 km 5~!) on
a broadly extended component. These peaks are also seen in most of SW Sex stars. The
possibility b) gives the inclination as 36° (+ 12°). The Doppler map was rotated by 180°
from the former one, so the intensity peak locates on the secondary star. Time-resolved
spectroscopy with high S/N enough for Balmer lines and the Na D line with full coverage -
of the phase will promisingly be helpful for solving this problem.

The P Cyg profile of Ha was observed with three characteristics: 1) the profile appears
during only the limited phase (0.16 — 0.53), 2) the velocity of the blue edge of the ab-
sorption component reached 1000 km s~1, and 3) there is a sequence of spectra obtained
at the 15 min interval where the P Cyg profile disappears — appears — disappears, These

46



characteristics strongly suggest the localized outflow with a short time scale, for exam-
ple, the transient mass ejection episode or the clumpy flow. Comparison of these results
with further time-resolved spectroscopy of Balmer and Na D lines during quiescence and
outburst will bring new insight concerning the causa of the P Cyg profile.
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4 Summary and Future Works

In this thesis, I reviewed what had been understood by optical photometric and spectro-
scopic observations of CVs, mainly dwarf novae. _

In the field of photometry, super long-term dense monitoring and high speed photometry
are presently revealing surprising features of CVs, especially dwarf novae with short orbital
periods, unpredictable from the classical view. The collaboration with amateur observer is
clearly supplying power to these discoveries, While CVs with shorter P,g, are intringically
fainter and such CVs are dominant in number, the current knowledge ig mostly based on
observations of relatively bright CVs. A deep CV survey, most possibly by color selection,
may find many incredible stars, renewing our standard.

Spectrogcopic observations helped to modeling the accretion disk and determining the
binary parameters of CVs. The variable P Cyg profile of Ha in AT Cnc gave a prospect for
the problem of the jet formation. The condition for causing transient mass ejection inay
be understood by comparison of time-resolved spectroscopic observations of AT Cnc (and
other dwarf novae) among in quiescence, standstill, and outburst. The same observations
should be carried out in X-ray tramsients. Radio jets have been discovered in X-ray
transients after outbursts, for example, GRO J1655-40 (see Tingay et al. 1995), and the
trigger of the transient mass ejection may be rooted in the disk instability. If the mass
ejection episode in the dwarf nova iz found to be related with cutburst and/or standstill,
the same mechanism may be applied to jets in X-ray transients,

The AT Cnc observation revealed that the Ho emission line and the Na D absorption
line originate in the close position. The temperature and the density for making such lines,
however, are different. It is significant to specify the source of these lines, since it may
lead to clarify the three-dimensional structure of the temperature on the accretion disk
or on the gurface of the sscondary star. The optical time-resolved spectroscopy covering
Balmer lines and Na D is crucial also from this point of view.

Recurrence cycles of the normal outburst and the superoutburst in ER UMa stars are
supposed to be about one-tenth of the typical values of SU UMa stars. ER UMa stars are
located near the shorter edge of the orbital period distribution as well as WZ Sge stars,
and those cycle lengths in ER UMa stars are about 1/100 of WZ Sge stars. This suggests
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that the mass transfer rate in ER UMa stars are at least by one order of magnitude higher
than M,, expected from the orbital periods. In these stars, the secondary star is supposed
to be in a physical condition different from the secondary in the other dwarf novae.
The difference will be made clear by comparison of results of time-resolved apectroscopy
between in ER UMa stars and the other SU UMa starg in optical (and in the infrared
region where the secondary star is expected to be the dominant source). The irradiation
effect on the binary evolution may be also understood by such a study.
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Table 1. Parameters of known SU UM stars.

Name FPag {d)
TU Men 0.1262!
PG 1510+234 0.106%
GX Cas 0.092975
YZ Cnce 0.092047
V344 Lyr 0.091451%
DV UMa 0.09015
TY PsA 0.0876512
EF Peg 0.08711
HV Aur 0.0855%1
TU Crt 0.0847%%
BF Ara >0.083%
BR Lup 0.0821%-27
V503 Cyg 0.081012
HS Vir 0.08059%
DH Aql 0.0805%
PV Per 0.0804%
V419 Lyr >(.08%
RX Cha 0.087%
CU Vel 0.079994
AW Gem 0.07943%
V1113 Cyg  0.0792%
V630 Cyg  0.079%
SU UMa 0.0788%0
TT Boo 0.0781151
Z Cha 0.07740%
WX Hyi 0.07737%
VW Hyi 0.07714°7
BE Oct

0.07711%

P d)

0.11722

0.0868°

0.0858531%
0.08400*

0.0796%
0.07768%

0.078504

0.07636%"
0.077:%%

0.07450%
0.07481%°
0.07421%

18.5°
18.0°

15 _09,10,11,12

[2[]14
19.316,17
15.918
17.7%¢

17.6B*

17.59:2829,30,31

16.4%
18.25%

16.8341
19.1°
19.44
18.8ced?

15.00,10,11,12,48,49

19.6%2
15.6%
14,9%
14,010.61,62,68

19.4%

13.7B%
13.95%
13.6%
12.4vis™
15.3%7
14.4pg®®

10.742
13.2%
13.64
14.0vis?
11.3%
12,75
12.7%¢
11.4%
8.5%
15.86%%

6-9°
50-70¢
117

1613
77018

30 - 5013

833

3637
8-14%

390*

28‘

137

8257

1 457
2757

194
85-100°
386°
1347
24013

89

300*

700-900*

170-230*
200
1607
245

28757
195%7
179%
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Table 1. {(continues)

Name P (d  Pm(d) m m} T.(d) T.(d)
CC Cnc 0.0771%7 0.0735268 18,548 14.157 370*
HT Cas 0.07607T7™  0.07367  16.4™ 11.37 4507

V1251 Cyg  0.076047 [18.574 12.4vis™ 11607
VZ Pyx 0.075767  0.07332%%  16.8™ 11:77 2707
AY Lyt 0.07567/7%80 18,5451 11.07 843" 2057
KV And  0.07434% 13.8vist

VW CrB  0.0743%

FO And 0.07411%  0.07161% 14,284 15-23% 380"
CY UMa  0.0724% 0.06957%  17.9%.69 12.3%7 60-100%  300%7
IR Gem 0.071% 0.0684% 16.7%9 12.1% 2657 1745
RZ Sge 0.0704%1,92 17.4%48 12.2%8 7T 266%
TY Psc 0.0701% 0.06833%5 17,4445 11.7% 3957 333%
8S UMi 0.0701% 0.067788% 16.745,96,97 12.657

V1504 Cyg ~0.07% 0.06951%  1B.0pg'™ 13.4%

V701 Tau  0.068910 14,4101

SX LMi 0.0687102103 006717193  16.869102 13.3102 35102 gppl02
AK Coec  0.06749'™  0,06511%  1g.gse.i08 12.8vis!0 47104

UV Per 0.06641%7  (.06489% 17.593L10T,108 19 7107 390 960
AQCMi  (L0662510? 14,5109 420108
DM Lyr 0.066110 13.6vist 230110
ER UMa  0.06573'!  0,06366'2 15813 12.918 4413 43us
CT Hya 0.06505114 19,9114 14,314

TV Crv 0.0650118 19,0116 12,2118

EK TrA 0.06849117 0.06288 118 11.9Un119 23157 48757
OY Car  (.06443'%  0.06312!2 158121281 1 557 25-50'% 34657
VY Aqr 0.064412¢ 0.0631%127 17 3126,128 10.3°7 350 800"
V1159 Ori  0.064112° 0.0622112:129 15 4130 12.8180 4.01® 4120
V2051 Opk  0.064113L132 6243138  16op1%s
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Table 1. (continues)

Name

V436 Cen

CI UMa
AQ Eri
BC UMa
V1028 Cyg
HO Del
EG Cnc
V592 Her
T Leo
RZ LMi
WX Cet
HV Vir
SW UMa
AL Com
WZ Sge
LL And
USNO2
V844 Her
DI UMa
V485 Cen

Py (d) Po, {d)
0.063831%4 0.06251%
0.06251%6 0.0601%¢
0.06225137 0.060938%
0.0619%3¢ 0.063:108
0.06154'4

0.0607142

0.06036'4314 (0509714
0.06007146

0.0602147 0.05882143
0.0594615"

0.0593657 0.0582%
0.05865'% 0.0579915¢
0.0582160:161 00568112
0.05721%2 0.056661%
0.05714'% 0.05669'54
0.05700"%®

0.05672'7°

0-055021"

0.0555'™

0.04216'7 0.04060%77

Mg s T (4) T; (d)
15.5'4 1.3 32 335¢
19,1108 14.5'% 140138
17.6%%:48 12.5vis'3® 300:5
18,448,208 10.9'4

13.184¢ 1000141

13_5142 730142
19.25143 12.20144 700045
15.811'12’1'“’1‘9 10'0150 42057
17.0181 14,218 3.8118 19113
17.7680.163,188,184 g 4Rng155 1000:57
1g,1196,157,158 11.5'% 350057
17.01148,162 10.4162 95457
20.55 11.8'% 7000¢
15_312,48,165,166 7_8157 1200057
20152 13.816 500057
17.5pg!™ 12.217 220-23017
18.0175 15_1175 4175 25175
18.317

*¥ magnitudes unless the notations of ‘B’ ‘vis’ ’pg’ and ‘ccd’ are added to numbers. These
‘B’ ‘vis' ‘pg’ and ‘ced’ represent a B magnitude, a visual estimation, & photographic
magnitude, and an observation with a CCD and no filter, respectively.

*Measured with the VSNET data archive.

t1t is known that HT Cas sometimes enter the “low” state (see Wood et al. 1995, Patterson

1981).

tFrom the VSNET archive.
A TISNO A-1.0 1425.09823278
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Table 1. {continues)

References: Stoltz & Schoembs 1984; 2Mennickent 1995; Zwitter & Munari 1995;
4‘Bateson 1988; Nogami et al. 1998b; *Nogami et al. 1998d; “Patterson 1979; ®Shafter
& Hessman 1988; *Szkody 1987; “Echevarria 1983; 'Sherrington & Jones 1983; 12QOke
& Wade 1982; PKato 1993; “Hoffmeister 1966; “Nogami et al. 1999, in preparation;
16Howell et al. 1987; "Howell et al. 1988; *Warner et al. 1989; *Howell et al. 1993;
MHowell & Liebert 1994; 'Nogami et al. 1995b; 22Vanmunster 1998; ®Patterson et al.
1998a; *Maza et al. 1992; ®Bruch 1983s; ”o'Danoghue 1987; *"Mennickent & Sterken
1998; ZHarvey et al. 1995; 2*Szkody & Howell 1993; ¥ Szkody 1989; *1Szkody 1985; #2Kato
et al. 1998a; ¥Kato et al. 1995; ¥ Nogami & Kato 1995b; 3 Vogt 1983a; ¥Kato §z Nogami,
1999, in preparation; SRomano & Minelle 1976; 2¥Kurochkin 1970; ¥Kato & Garradd
1998; “Vogt 1981; ¥ Mennickent & Diaz 1996; “*Ritter & Kolb 1998; ®*Kato 1996a; “Kato
et al. 1996d; “*Nogami et al. 1999, in preparation; ¥ Udalski 1990a; “Thoratensen et al.
1986; 46Misselt 1996; Echevarria et al. 1996; 5®Udalski 1988; 5'Kato 1995a; *Howell &
Szkody 1988; *¥Warner & O’Donoghue 1988; #Wood et al. 1986; 55Bruch & Engel 1994;
S8 Harlaftis et al. 1992; 5" Warner 1995b; *Bailey 1979; *Schoembs & Vogt 1981; ®van
Amerongen et al. 1987; 5'Wheatley et al. 1996; ?Verbunt et al. 1987; ®*Haefner et al.
1979; *Liller 1996; ®*Kemp & Patterson 1996; ®Howell et al. 1991; "Kato & Nogami
1997a; ®Thorstensen 1897; %Szkody & Howell 1992; Zhang et al, 1986; "'Baba et al.
1999, in preparation; ?Wenzel 1987; ®Kato 1995b; ™Kato, unpublished; Moriyama &
Shmeer 1991; "Kato & Nogami 1997b; " Remillard et al. 1994;p ®de Martino et al. 1992;
MUdalski & Szymanski 1988; *Nogami et al. 1994; 3! Voikhanskaya 1996; ®Kato et al.
1994; ®Novék 1997; *Kato 1995¢; **Thorstensen et al. 1996; *Meinunger 1984; Harvey
& Patterson 1995; *Watanabe ot al. 1989; **Szkody et al. 1984; ®Feinswog et al. 1088;
“Kato 1996b; **Semeniuk et al. 1997; **Bond & Kemper 1982; #Szkody & Mattei 1984;
%Chen et al. 1991; *Udalski 1990b; ¥Mason et al. 1982; ®*Nogami & Masuda 1997;
"Thorstensen & Taylor 1997; 1 Raykov & Yushchenko 1988; *'Kato & Nogami 1999, in
preparation; '?Nogami et al. 1997b; '“Wagner et al. 1998; ™Mennickent et al. 1096;
108 Arenas & Mennickent 1998; %Howell et al. 1990; ™ Udalski & Pych 1991; %Kato .
1990; *®Nogami & Kato 1999, in preparation; '“Nogami et al. 1999, in preparation;
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Kato & Kunjaya 1995; 1?Thorstensen et al. 1997; 1"Robertson et al. 1995; 1'*Nogami
et al. 1996; ""Howell et al. 1996c; "*Levy et al. 1990; Vogt & Semeniuk 1980;
H8Mennickent & Arenas 1998; 1°Hagsall 1085; 12Hessman et al. 1992; *'Wood et al.
1989; 12Cook 1985; ' Berriman 1984; *Vogt 1983b; 12Naylor et al. 1987; '#Patterson
et al. 1993a; ¥’ Augusteijn 1994; *Bruch 1983b; P Patterson et al. 1995; ®Nogami et
al. 1999, in preparation; *'Kiyota & Kato 1998; 32Paiterson et al. 1998; '*Baptista
et al. 1998; 1*Semeniuk 1980; *3Gilliland 1982; **Nogami & Kato 1997; ¥"Kato 1991;
13Kato et al. 1989; '®Kunjaya & Kato 1999, in preparation; “*Dyck 1990; “!Baba et
al. 1999; "Kato et al. 1999, in preparation; 4*Matsumoto et al. 1998; “¢Patterson
et al. 1998¢c; “¥*Kato et al. 1999; **Duerbeck & Mennickent 1998; “'Lemm et al.
1993; “8Shafter & Szkody 1984; “9Persson 1988; '"Kunjaya et al. 1994; '*!Nogami
et al. 1995a; '**Mennickent 1994; "van Paradijis et al. 1989; ®**Downes & Margon
1981; ¥%Gaposhkin 1976; % Leibowitz et al, 1994; 157Szkody 1994; 15¥Howell et al. 1992;
159K ilmartin 1992; *Robinson et al. 1987; “'Nogami et al. 1998a; *Shafter et al.
1986; 1Kato et al. 1996b; %Patterson et al. 1981; **Ortolani et al. 1980; 1%Warner &
Nather 1972; " Patterson 1978; 1%3Kato 8z Sekine 1999, in preparation; ?Howell & Hurst
1994; "Patterson et al. 1997a; 1" Patterson et al. 1997b; 1™ Antipin 1996; 17*Scovil 1996;
174K ato 1997h; 1™ Kato et al. 1996a 17%0Olech 1997; 1 Augusteijn et al. 1996;
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Table 2. Journal of observations of AL Com

Date Start (UT) end (UT) Exp* N  Site
199; Aprit 7 -1.[1" 41™ 1g* 14™  40* 490 Ouda
April 8 10 25 18 12 60-120 230 OQOuda
April 9 13 48 14 26 120 18 Ouda
Aprii 10 13 09 16 59 90 129 Ouda
April 12 11 36 18 59 80 291 OQOuda
April 13 11 06 11 12 80 5 Ouda
April 17 10 33 16 4l 120 163 Ouda
April 20 13 32 17 20 90 100 Osaka
April 20 15 56 18 18 90 85 Ouda
April 22 10 26 10 46 240 5 QOuda
April 23 14 35 18 13 90 120 Ouda
April 28 13 39 17 13 120 60 Ouda
May 3 11 48 14 54 300 16 Quda
May &5 10 43 17 19 360 54 Ouda
May 6 11 08 17 24 180 95 Ouda
May 8 10 38 17 07 120 73 Ouda
May & 11 53 14 55 120 54 Osaks
May 9 12 57 16 48 180 57 Osaka
May 10 11 12 16 12 120 76 Osaka
May 13 11 01 12 04 120 17 Ouda
May 17 13 57 16 12 180 29 Osaka
May 17 14 10 16 36 120 66 Ouda
May 18 10 32 16 31 120 160 OQuda
May 19 11 05 16 01 240 53 Ouda
May 22 12 57 14 18 420 11 Ouda
May 26 11 41 11 56 420 3 Ouda
May 27 10 53 14 59 420 32 Ouda
Jume 2 11 27 13 39 420 14 Ouda
* Exposure time.
68

t Number of useful object frames.
* Abbreviations: Ouda (Ouds Station), Osaka (Osaka Kyoiku University).



Table 3. Timings of Superhump Maxima in AL Com.
Cycle Time* Source® Cycle Time* Source?

000  15.031 1 253 29.4200 4
001  15.095 1 254 29.4778 4
017 16.001 1 256  29.5961 3
018  16.060 1 257 206562 3
054 18.088 1 271 304536 4
076 19.345 2 272 30.5084 4
077 19.399 2 273  30.5677 4
089  20.078 1 283  31.139 1
090  20.135 1 284  31.201 1
091  20.167 1 288 314293 4
092 20238 1 289 31.4850 4
151 23.5603 3 200 31.5422 4
175  24.960 1 305 32.3995 4
176  25.017 1 306 32.4580 4
177  25.073 1 323 334360 4
178  25.132 1 324 334915 4
221 27.5926 3 325 33.5489 4
222 276525 3 326 33.6065 3
232  28.218 1 343 345843 3
234 283345 4 370 36.132 1
235  28.3931 4 378 365970 3
252 20.3636 4 499° 435732 3

¢ HJD-2449800
% 1)} Qur data, 2) Pych & Olech (1995b) (measured by eye}, 3} Howell et al. (1996a), 4)

Pych & Olech (1995b)
This cycle counts includes an error of + 1 since more than 100 maxima were not observed

since the last cycle.



Table 4. Journal of the observations of NY Ser

Date (UT) JD Exposure Number of
 time (8} exposure

1995 July 25 2449923.998 - 24,098 180 42
26 2449924.949 - 25,103 180 70

27 2449925.971 26.099 60 31

28  2449926.985 - 27.095 240 36

29 2449927.952 - 28.078 180 44

30 2449928.949 - 20.077 240 39

31 2449929951 - 30.069 180 43

August 1 2449930.951-31.085 . 120 81

3 2449932.992 - 33.080 120 50

4 2449933.987 34.032 240 12

5 2449934.980 - 35.061 240 26

6 2449935.977 - 36.060 240 28

7 2449936.972- 37.054 240 28

8 2449937.974 - 38.065 240 M

9 2449938958 - 39.062 240 35

12 2449941.947 - 41.974 240 9

13  2449942.960 - 42.976 240 6

14 2449943.954 - 43.967 240 5

16 2449945.943 - 46.043 180 45

December 23 2450075.350 - 75.378 90 18
27 2450079.357 - 79.383 80 17

1996 January 13 2450096.363 - 96.338 90 2
February 24 2450138.282 - 33.288 90 4
March 3 2450146.321 - 46.327 90 5
2450148.347 - 48.351 90 2

2450149.184 - 49.188 120 2

20 2450163.334 - 63.338 90 3

23 2450166.193 - 66.328 90 117
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Table 4. (cont.)

Date (UT) JD Exposure Number of
time (3)  exposure

1996 March ?EE 2450168.323 - 68.327 90 3
30 2450173.279 - 73.285 90 5

April 1 2450175.223 - 75.227 90 3
2 2450176.230 - 76.236 90 2

4 2450178.215 - 78.218 90 2

b 2450179.200 - 79.203 120 2

9 2450183.264 - 83.268 20 2

16 2450190.226 - 90.311 90 i

21 2450195.162 - 95.295 90 110

22 2450196.173 - 96.176 90 5

23 2450197.153 - 97.292 90 114

24 2450198.050 - 98.285 90 203

2b 2450199.153 99.304 120 56

May 2450205.106 - 05.219 90 29
2450209.243 - (9.261 90 12

2450210.111 10.17% 120 o
2450213.242 13.247 90 4

10 2450214.188 - 14,196 180 4

13 2450217.189 17.284 90 78

14 2450218.207 18.266 90 50

15 2450219.090 - 19.093 90 3

19 2450223.037 - 23.040 120 4

21 2450224.998 - 25.002 120 3

22 2450226.028 26.030 120 1

23 2450226.974 - 26.978 120 3

24 2450227.987 - 27.993 180 3

25 24560229.000 - 29.005 180 3
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Table 4a. (cont.)

Date (UT)

JD

1996 July

1996  August

September

1997  January

February

March

16

) =
wmmhmgwﬁﬁq

11
12
17
18
18

14

15

19

20

27

2450280.971 80.977
2450282.037 - 82.042
245(0288.954 - 88.959
2450292.972 - 93.093
2450293.951 - 94.084
2450295.001 - 95.002
2450297.954 98.006
2450299.957 - 99.976
2450300.946 - 01.018
2450303.945 - 03.955
2450304.941 - 05.025
2450306.943 - 07.038
2450307.954 - 07.956
2450312.940 - 12.942
2450313.941 - 13.943
2450314.940 13.944
2450334.921 34.924
2450340955 40.957
2450461.382 - 61.387
2450464.341 - 64.344
2450468.360 - 68.365
2450469.367 69.373
2450481_352 - 81.373
2450507.212 - 07.216
2450509.244 - 09,250
2450512.273 - 12.285

Exposure Number of

time (s)
90
90

90
90
90
90
90
90
920
90
90

90

£&8EB888ELELERRES S

exposure

o Qs g
= ke W D

LA BN L SR - ST - N e )

[y
2L B - B ]

10
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Table 4a. (cont.)

Date {UT) JD Exposure Number of
time (g) exposure

1097 March 5 2450513.192 - 13.343 90 126

6 2450014.332 - 14.354 90 8

7 2450515.303 - 15.343 120 26

8. 2450516.195 - 16.346 60 177

11 2450519.137 - 19.260 90 62




Table 5a. Journal of the photometric observations of AT Cne at Ouda.

Date (UT) HID Exposure Number of
time (8)  exposure
1997 February 1 2450481177 - 2450481302 30 236
3 2450482.064 - 2450483122 30 313
5 2450484066 - 2450485.228 30 410

Table 5b. Journal of the spectroscopic observations at Okayama.

Date (UT) HID Exposure Number of Grating
time (8)  exposure
] 1997 February 4 2450484.064 — 24EDMT2 600 1 150_
4 2450484.082 — 2450484.292 600 19 600
5  2450484.942 — 2450484.950 600 150
5  2450484.960 — 2450485.048 600 600
6  2450486.039 — 2450486.115 600 600
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Table 6. Phase, equivalent width, and radial velocity of Ha, and visibility of the P Cyg

profile.

Mid-exposure Phase P Cyg Equivalent Eadial Midexposure Phase P Cyg Equivalent  Radlal
Time* Visibility Width Velocity Time* Viaibility Width Velocity
4.13239 0.024 -5.0 5.8 6.042989 0.526 o 44 2?
4.14215 0073 5.0 339 4.23418 0.530 Y -3.9 -5.45
{4.94918 0.086 101)* 5.04367 0.556 -3.9 -14.1
{4.94018 0.086 ad)" 8.05271 0.874 -53.6 -15.2
¢.15190 0.121 -1.B 33.0 4. 24596 0.589 -3.9 -19.8
4.96412 0.160 ¥ ~4.0 39.8 8.05244 0.622 -5.8 -31.9
4.16165 0.170 5.2 38.3 4.25693 0.643 -4.4 -36.5
4.97406 0.210 Y7 -4.2 304 6.0T214 0.670 -4.5 -7T1.9
4,17158 0.219 Y? 5.4 109.6 4.268Ti4 0.694 -4.8 -48.9
4.98872 0.258 -4.0 6.0 48.08188 0.719 -4.6 -28.0
4.18182 0.270 Y? 49 92,1 {4.07115 0,720 -48)t
4.9935T 0.307 -1.2 38.2 (407115 0.720 -2y
4. 19187 0.320 =51 96.8 4.27758 0.746 -4.9 -B8.7
500333 1.355 Y -4, T 5.6 5.09164 0.T67 1.2 -49.4
420226 0373 Y =43 103.2 408559 0.791 49 -107.2
501807 G404 -3.8 69.4 4280402 0.798 -5.3 62,7
4.21859 0.428 Y 4.2 702 8.10159 0.817 4.3 -55.5
5.02204 0.453 -3.9 24.8 4.09775 0.852 =52 -13.3
4.22380 0.479 Y -50 T3.7 6.11142 0.868 -1.4 424
5.03296 0,503 Y 42 378 4.10966 0.911 -5.1 -31.3

* HID - 2450480

! Ho in a 150G spectrum
* Na D in a 150G spectrum
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Table 7. Orbital elements.

Factor Value
gystemic velocity -y 11 (£ 3) km s71
semi amplitude K 80 (£ 4) km s~!
zero point To HJID 2450484.128 (= 0.002)
period P 0.2011 (+ 0.0006) d
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Figure Captions

Fig. 1. Schematic local thermal-equilibrium curve in a surface-density (2} versus mass-
accretion rate {Mace) diagram (figure 1 in Osaki (1989)). If the steady mass-transfer
rate from the secondary is around M, eyclic variation as shown by arrows occur.

Fig. 2. Superhump period versus supercycle diagram. WZ Sge stars {x) and ER UMa
stars () are located away from usual SU UMa stars.

Fig. 3 The general light curve of the 1995 superoutburst in AL Com. Filled squares
represent our data and open circles represent visual observations.

Fig. 4 Periodic modulations during the early stage of the superoutburst. The double-
peaked features have declined as the superoutburst progregsed. Nominal errors for
individual points are shown by tic marks near each date.

Fig. 5 Genuine superhumps observed on April 17 at the midst of the “standstill” phase.
The fluctuations have singly-peaked shape, different from the modulations observed in
the early stage shown in Figure 3.

Fig. 6 The O — C diagram of the hump-maxima timings listed in table 3. Open circles
represent the timings measured in our data. Open triangles are the points measured
from figures in Pych and Qlech (1995b) by eye. Filled triangles point as listed in Pych
and Olech (1995b). The timing measured by Howell et al. (1996b) is shown by filled
circles. The error of the points with no error bar does not exceed the value shown
by the tic-mark in the right bottom of this figure. The dashed line represents the
quadratically polynomial curve obtained by fitting the points in the range from 200 to
400 in the cycle count. Note that the line represents a trend of the period becoming
longer.

Fig. 7 The enhanced light curve of the dip and the second stage of the outburst, Once
reaching the minimum around HJD 2449841, AL Com brightened up to about 15.2
mag in a day. After the variable declining about 0.6 mag around HID 2449843, re-
brightening occurred. This course of outburst is seen in the case of superoutbursts in
usnal SU UMa-type stars. A dotted line represents a possible light curve.

Fig. 8 The light curve at the secondary dip. The decline trend with a rate of about 0.8
mag d! clearly exists. The bar at the left bottom of the figure represents the typical
estimated error for individual points.
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Fig. 9 Folded light curve obtained during the “platean” phase of the secondary outburst.
Note that the best period agree with the superhump period obtained during the primary
outburst within the error of the estimate, although the shape is different from that of
the superhump (Figure 5). From the fact that the superhumps grew after the dip, we
interpret the “plateau” phase as a new superoutburst.

Fig. 10 Time-resolved light curve just before the final decline. The superhumps have
completely disappeared.

Fig. 11 Theta diagrams. The top one is for the periodic modulations observed in the
early stage of the outburst. The second represents the superhump frequency slightly
legs than one pointed in the top, The third is for the modulation seen after the
recovery of the dip. The frequency in the third is almost same as one in the third. The
bottom shows that periodic oscillation with a frequency near the above ones had been
extinguished before the end of the outburst.

Fig. 12 Schematic illustration for the “jet” model explaining the double-peaked shape
of the modulations observed in the early stage of the 1995 superoutburst in AL Com.
The upper panel shows AL Com viewed from the direction perpendicular to the line
from the observer to the variable. The lower panel shows AL Com from the view point
of the observer. In this model, singly peaked “immature” superhumps can be made
doubly by the eclipse of the jet by the secondary located at the point drawn in the
figure.

Fig. 18 Schematic illustration for the “thickened-edge” model. In this model, the
complex shape of photometric data is explained by the eclipse of the inner part of the
disk by the non-axisymmetrically thickened edge having lower temperature than the
inner part.

Fig. 14 The long-term light curve of NY Ser. We can see normal outbursts with a
recurrence time of 6-9 days and long-lasting outbursts around HJD 2450195, 2450300,
and 2450365. -

Fig. 15 Short-term light curves of the first long cutburst arcund HID 2450195, Fully
developed superhumps are found on 1996 April 23-25, though superhumps had not yet
grown on April 21.

Fig. 16 The upper panel shows the result of a period analysis of the PDM method on
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the data obtained between 1996 April 23 and 25 after subtracting the linear trend of
decline. The lower panel shows the light curve those data folded by the period of 0.106
d.

Fig. 17. Finding chart of AT Cne. North is top, and the field of view is about
10" x 7. The star C; was used as the comparison star for differential photometry
of AT Cnc. The stars, C;; and Cjy; were the check stars. The V' magnitudes of
these stars are given as 12.15, 13.52, and 14.02, respectively, in the VSNET chart
(URL:ftp:/ /www kusastro.kyoto-u.ac.jp/vsnet/charts/AT .Cnc.ps), while Misselt (1995)
measured V' magnitudes of Cir and Cyy; as 13.50 and 14.05, respectively.

Fig. 18ab. (a, the upper panel) General light, curve of AT Cnc drawn from visnal obser-
vations posted to VSNET between 1995 January and 1998 June. Qur photometric and
gpectroscopic observations were carried out during the the 1996-1997 long standstill.
(b, the lower panel) Photometric results obtained on 1997 February 1, 3, and 5. During
this period, AT Cnc stayed within 0.1 mag around V = 13.56.

Fig. 19. Enlarged light curve shifted properly. No apparent periodic feature is seen,
although aperiodic signals with very small amplitudes may exist.

Fig. 20ab. (a, the upper panel) G(f) - frequency diagram calculated ysing LANCELOT
with whole the data shown in figure 3 after subtracting the nightly averages. The
maximum point corresponds to the best estimated period. (b, the lower panel) The
processed data folded by the best estimated period.

Fig. 21ab. (a, the upper panel) x* - frequency diagram. This figure show three possible
periods, 0.132 d (f = 7.58 d!), 6.142 d (f = 7.04 d'), and 0.124 d {f = 8.06 d71).
(b, the lower panel) The processed data folded by P = 0.132 d. This curve has a single
peak.

Fig. 22ab. (a, the upper panel) Low-resolution 150 spectrum. He is in singly peaked
emission and Hf in emission superposed on absorption. Other lines, usually visible
in dwarf novae, e.g. Hel, are not clear, because of difficulty of accurate subtraction
of night lines and HzO and Oz lines. (b, the lower panel} High S/N 600G spectrum
obtained by combining 36 spectra. The Ha emission line has a weak P Cyg profile (for
detail, see text). We can see Hel1 6678 in weak emission. The broad absorption feature
between 6270 A and 6320 A is a blend of H20 and O, lines.
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Fig. 23. Typical spectra with Ho emission of the non-P Cyg profile and the P Cyg

profile.

Fig. 24. Radial velocity of Ha. The curve is the sine curve best fit the radial-velocity
variation (see text}).

Fig. 25. Radial Velocity folded by the period of 0.2004 d and the best fit sine curve.
The squares, triangles, and circles represent data shown in figure & obtained on 1997
February 4, 5, and 6, respectively. The open triangles and open squares are plotted for
Na D lines and He in 150G spectra, respectively.

Fig. 26. Doppler map drawn from all the 600G spectra under the assumption that Ho
emission originates near the secondary. The center of the intensity is located in the
Doppler shade of the secondary star. The abscissa V. and the ordinate V}, are in units
of cm s~'. The system center of mass (+), centers of the primary and the secondary
(x}, the path of the mass stream (lower curve), and the Kepler velocity at the location
of the stream (upper curve) are overplotted.

Fig. 27. Same as figure 10, but the inclination is assumed to be 36° and the centeér of
the intengity is located near the white dwarf. Details are described in section 3.3.5.
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