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Medium-mass (or intermediate-mass) stars refer to main sequence stars with masses ranging from
0.4 to 8 solar masses. These stars are believed to finally evolve into the central stars of planetary nebulae
(PNe) and white dwarfs. One of the fascinating aspects of PNe is their diverse morphology. To
understand the mechanisms of the morphological changes from spherical circumstellar envelopes (CSEs)
of asymptotic giant branch (AGB) stars to those forming highly diversified PNe, it is necessary to
investigate the true three-dimensional (3D) morphology of PNe from two-dimensional images, and the
short transition phase in-between the two phases should also be explored. “Water Fountain” (WF)
sources belong to transition phase objects; they are AGB or post-AGB stars with collimated jets traced
by high velocity water maser emissions in their CSEs.

This thesis comprises of four chapters. The results can be divided into two major parts.

Chapter 1 is the introduction on the related fields with brief reviews of previous observational
studies on PNe and the rapidly evolving transition phase objects. Basic theories necessary for
understanding the next chapters were also described, including those explaining the commonly observed
H-alpha emission in PNe, the formation of multipolar PNe, the maser emission and the role of shock in
circumstellar materials.

The first major part of the results, about the morphological classification of multipolar PNe, is
presented in Chapter 2. At the beginning of the chapter, the problems on the previous classification
methods were pointed out. Then a three-lobed model was introduced. By changing the combination of
the orientations of the three pairs of lobes, simulations using the model produced statistical results in
classification and quantified the errors of misidentification. Assuming that all PNe observed have the
true structure of three lobes, due to projection effect, only 49% of them would be correctly classified.
46% and 5% of them would be misclassified as quadrupolar and bipolar, respectively. Similar analyses
for one-lobed and two-lobed models were also performed. The results can be generalized to cases with
larger number of lobes. The modeled images were compared with the H-alpha images of real PNe
obtained from the Hubble Space Telescope data archive. Moreover, the effects of sensitivity in
observational instruments on morphological classification were demonstrated. Even with the same
uniform density on the lobe surface, the resultant column density changes with the viewing angle. As a
result, under low sensitivity, some parts of the lobes cannot be detected, leaving broken arcs instead of
closed lobes. They may be commonly misidentified as features other than lobes.

The second major part of the results, about the water masers in W43A, is presented in Chapter 3.



Using the Very Long Baseline Array (VLBA) in the United States, water masers in W43A in thirteen
epochs across about ten years were detected. Among the fifteen WFs ever discovered, W43A is the only
one that has been observed for over a decade. The characteristic distribution patterns of maser features
were analyzed with various tools such as variance-covariance matrix and positional cross-correlation
coefficient to obtain the physical parameters of the fast bipolar gas outflow ejected from the star. The
“traditional” precessing jet model assumes that the axis of the collimated outflow keeps precessing like a
spinning top, and the jet excites masers at its tip. However, there are some bow-shaped patterns of maser
features that do not agree with this model; instead, they are more consistent with a cavity model — a halo
with a bipolar evacuated volume whose thick wall was further pushed by an inside second collimated
outflow. The cavity model is able to reproduce bow-shaped patterns, not only in W43A but also other
WFs. It takes column density into account, which is essential in maser amplification. It is also more
closely related to the mid-infrared morphology of W43A. Moreover, the features were identified to be
concentrated in six groups located at discrete distances from the geometric center. It is believed that they
reveal the mass loss history of the central star of W43A.

In Chapter 4, simulation results for future observations are presented and the results of this thesis
are summarized. The cavity model introduced in Chapter 3 should be tested using the newly developed
instruments such as the Atacama Large Millimeter/submillimeter Array (ALMA) with its high spatial
resolution and sensitivity. The reconstruction of the true 3D structure of PNe represents the first step in
the identification of the physical processes responsible for the shaping of PNe, and the results of W43A
demonstrated how water maser observations could be utilized to study early 3D morphological changes
in PNe. Maser sizes are of the order of milliarcseconds, suggesting an extremely high-resolution aspect
to be explored for probing the inner regions of CSEs in evolved stars. They move with such high
velocities over 100 km s that observation intervals at a few months are enough to detect significant
motions. With high resolving power and sensitivity of observational instruments available, it is not
surprising to predict that WFs will be the key to solve the morphological formation mysteries of PNe.



