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Summary (Abstract) of doctoral thesis contents

Symbiotic stars are generally understood as interacting binary systems comprising
a cool late-type star, which is a red giant (RG) or asymptotic giant branch (AGB) star,
and a hot compact companion, which is usually a white dwarf (WD), surrounded by
ionized nebulae. The interaction between the components presents a variety of
astronomical phenomena that involve mass-loss and mass-transfer processes. In
particular, the ionized nebulae are mostly found around D-type symbiotic stars, and a
large proportion of those nebulae show a bipolar morphology. While the detailed
mechanism has been longstanding topics of debate, the binary interaction is
considered to play an important role in the formation mechanism. To acquire orbital
parameters is indispensable to derive fundamental physical information for
understanding various uncertain aspects of the formation mechanism. However, most
of the known orbital parameters are limited to S-type symbiotic stars.

R Aquarii (R Aqr) is one of the well-known D-type symbiotic stars composed of a
Mira variable and a WD companion. The characteristics of the system are the
presence of bipolar jet-like features and the hour-glass-shape of two extended inner-
and outer-bipolar nebulae. In addition, R Aqr is one of the symbiotic stars that
exhibit circumstellar masers associated with the Mira variable. Several progresses
were made in deriving orbital parameters for R Aqr, but the observations have not
yielded consistent values for those parameters yet.

A radial velocity analysis has been widely used for determining orbital parameters
of a binary system, but it cannot resolve the full parameters because of an inclination
ambiguity. In order to disentangle the ambiguity, astrometry observation is
complementary to the radial velocity method. For the astrometry, SiO masers allow
us to determine the accurate positions of the central star from their distributions
with a high spatial resolution of VLBI observation. Combining the astrometry and
the radial velocity analysis, the full orbital parameters can be derived without any
ambiguity.

In this study, we performed the VERA observations of Si0O masers toward the
symbiotic star R Aqr from 2011 to 2014 to determine its reliable orbital parameters.
We made long-period, multi-transitional observations of Si0O masers with the
phase-referencing VLBI technique, which provides absolute positional information as
well as high-resolution images, for the first time for R Aqr.

The SiO masers extended over an area of about 40 mas x 40 mas, forming clumpy,
partial ring-like structure and predominantly occupying eastern portion of the shell.
We determine the position of the Mira variable by fitting concentric circles to the

observed SiO maser distributions for each epoch. Adopting previous VERA astrometry
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observations, we extended the time coverage of the astrometry to about 10 years for R
Aqr. Moreover, we also conducted Nobeyama and Mopra single-dish observations of
the Si0 masers from 2002 to 2014 to trace the radial velocity variation of the Mira
variable in R Aqr for a longer period of time. Complementing previous radial velocity
data, we covered about 85 years of radial velocities for R Aqr. Combining the
astrometry and radial velocity data, we derive the full orbital parameters using a
Markov Chain Monte Carlo (MCMC) method.

Comparing the orbital parameters with the VERA observations of SiO masers in R
Aqr, we found that the global distribution of dominant SiO maser features is closely
related to the orbital phase of R Aqr system due to the binary interaction. In our
VERA observations, most of Si0 maser components were detected in eastern
hemisphere during the three stellar phases. Our orbital solution suggests that the
dominant SiO maser region tends to appear in the direction of the WD companion
with respect to the Mira variable. Besides, this tendency has been persistently
observed through VLBI observations for over 20 yrs. Since the strong maser emission
1s preferentially observed in the region where the material density and velocity
coherence are higher, the observed tendency indicates that high density of material
properly concentrates in the direction of the companion, where the mass-transfer
process may occur between the components.

Moreover, the mass-transfer is likely to occur via the (wind) Roche-lobe overflow in
R Aqr. The observed SiO maser region occupied over 70% of the Roche-lobe radius of
19.75 mas, and the material can effectively fill the Roche lobe with the assistance of
the dust-driven winds. Applying a simple kinematic model, we define the inner
boundary of the SiO maser region, where the radius and outflow velocity are Rin = 12
mas and Vin = 7.7 km s°1, respectively. Moreover, we derive the outflow velocity at the
Roche lobe radius of Vout = 12.6 km s°! for a logarithmic velocity gradient. Adopting
the outflow velocities, the mass-loss rate of the Mira variable is as high as 4.6 x 105
solar mass per year in R Aqr.

Our orbital parameters imply that the formation mechanism of a bipolar nebula
involves not only the binary interaction but also other process in R Aqr. For the
bipolar nebulae, the binary interaction is the most preferred mechanism. From the
morphology and structure of the bipolar nebulae, several orbital parameters can be
estimated based on theoretical studies. Comparing our orbital solution and the
morphology of R Aqr nebulae, we found a misalignment between our orbital
parameters and morphologically estimated values. Our result indicates that the
binary interacting scenario alone cannot explain this discrepancy, and other
processes, such as some effects of magnetic fields, are necessary to explain the

misalignment.
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Summary of the results of the doctoral thesis screening
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