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Figure 5.19 Color contour intensity map of IRAS 03206+6521 centered on the IRAS
source at 1612MHz of the blue inner region. Pixel scale: 1 pixel is 1.2 arcsec. Intensities
are in millijansky.
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Figure 5.20 Radial plot of the 1612 MHz emission of IRAS 03206+6521 of the blue
inner region. Intensity in concentric rings is totaled then divided by the total area within
the ring. There was no Gaussian fit to any features in the inner portion of the blue shell.

5.2.5 Region: Red Inner

The inner red-shifted images were averaged (0 km/s to 8.3 km/s in the star’s frame of reference).
These would be the portions of the shell beyond the halfway mark, representing material that is
moving mostly tangent but slightly red-shifted from our direction. No strong Gaussian peaks could
be identified from the image (see Fig. 5.21) and the radial plot (see Fig. 5.22). The results of this
region were the same as the inner blue region for likely the same reason, the tangent viewpoint

makes masers difficult to detect.
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Figure 5.21 Color contour intensity map of IRAS 03206+6521 centered on the IRAS
source at 1612MHz of the red inner region. Velocity 8.3 km/s (star’s reference frame).
Pixel scale: 1 pixel is 1.2 arcsec. Intensities are in millijansky.
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Figure 5.22 Radial plot of the 1612 MHz emission of IRAS 03206+6521 of the red inner
region. Intensity in concentric rings is totaled then divided by the total area within the
ring.
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5.2.6 Region: Red Peak Shell

This region represents the peak image of the red-shifted shell (9.8 km/s in the star’s frame of
reference). The image (see Fig. 5.23) shows a very diffuse looking picture. There are three main
central peaks that contributed to this 1612 MHz maser shell. The location of the star in this image
(pixel 252, 263) is slightly below the left feature. Upon examining the radial profile (see Fig. 5.24)
a very clear Gaussian peak showed up at 12 mas (pixel 10). A Gaussian was fit to a portion of the
radial profile (see Fig. 5.25). A 79 sigma detection was made for this shell that is located 10 pixels
from the center. The fit to the shell gives a distance of 3.49x10'6 cm from the star and a shell
thickness of 0.087%10'® cm. The uniformity analysis indicates that this shell is 85.0% uniform
(see Fig. 5.26), and is the thickest shell measured. Even though the portions to the bottom right of
the star are relatively weak, many of the small angular portions are fit to Gaussians. This is one of
the closest measurements we have to the star. It contrasts that of the blue arc region which is thin

and mostly non-uniform.
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Figure 5.23 Color contour intensity map of IRAS 03206+6521 centered on the IRAS
source at 1612MHz of the red peak region. Velocity 9.8 km/s (star’s reference frame).
Pixel scale: 1 pixel is 1.2 arcsec. Intensities are in millijansky.
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Figure 5.24 Radial plot of the 1612 MHz emission of IRAS 03206+6521 of the red peak
region. Intensity in concentric rings is totaled then divided by the total area within the
ring. A Gaussian was fitted centered on pixel 15
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Figure 5.25 Gaussian fit to a particular radial range of the radial plot IRAS 03206+6521
of the red peak region. Blue plus signs represent the data points. Dotted blue lines are a
linear interpolation between data points. The solid blue line is the fit. The solid orange
line is the fit with which the continuum or offset above zero was subtracted.
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Figure 5.26 Gaussian fits to IRAS 03206+6521 were overlaid on the intensity map to
show the uniformity of the red peak shell region at velocity 9.8 km/s (star’s reference
frame). See Figure 3.4 for more details. This maser shell showed a uniformity of 85%
which was the highest degree of uniformity measured. Pixel scale: 1 pixel is 1.2 arcsec.
Intensities are in millijansky.

5.2.7 Region: Red Shell

This region represents the farthest portions of the shell from us. This analysis was done by
averaging seven images (at -8.7 km/s to -10.5 km/s in the star’s frame of reference) to represent
the extreme red Doppler-shifted portion of the 1612 MHz maser shell. The image (see Fig. 3.1)
looks similar to the red peak shell because it involves that image, but the analysis does differ. The
radial profile (see Fig. 3.2) displays one main peak. A Gaussian was fit to a portion of the radial
profile (see Fig. 3.3). A 50 sigma detection was made for this shell that is located 10 pixels from
the center. The fit to the shell gives a distance of 3.56x10'¢ cm from the star and a shell thickness
of 0.066x10'6 cm. The uniformity analysis indicates that this shell is 60.6% uniform (see Fig. 3.4),

but an environment that looks like it is becoming diffuse. The portion to the bottom right of the
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star is weak, many of the small angular portions are fit to Gaussians in contrast to that of the red

peak shell.

5.3 Uniformity of the OH Maser Shell

We are the first to quantify the uniformity of an OH/IR circumstellar OH maser shell at 1612 MHz.
We did this by studying nearby highly evolved OH/IR stars on the verge of becoming planetary
nebulae. Whether an OH/IR star was on the verge of becoming a planetary nebula was hinted at
by the high mass loss rate and the dust factor. For more information on how this was measured see
section 3.1.

The high-resolution maps of IRAS 03206+6521 reveal its maser shell morphology and
uniformity at this very late evolutionary stage (see Tab. 5.1). We were able to find a specific
uniformity measurement from 11% to 85% at six locations in the OH maser shell (see Tab. 5.2).
The fit (see Fig. 5.28) indicates that the mass loss in this star was non-uniform before the OH maser
shell. A small extrapolation gives 100% uniformity at 3.43x10'® cm. We suspect that this distance
could represent the photodissociation zone (where H,O separates into the H and OH ions). If so,
it is likely that magnetic fields play a role in shaping the mass loss through the OH shell because

magnetic fields accelerate, moving charged particles like the OH ion in this case.

Table 5.2 Physical Uniformity Measurements. Distance is the off axis radial distance

Off-Axis Radial Radial | Uniformity | Thickness (cm) Source of
Distance (cm) | Distance (cm) | Percentage Measurement
0.053x10'6 3.56x10'° 60.6% 0.066x10'6 red shell
0.581x10'° 4.39x10'6 15.0% 0.054x10'6 blue arc
0.411x10'6 3.86x10'° 19.4% 0.078x10'6 blue shell
0.209x10!6 3.94x10!6 25.0% 0.062x10'® | blue peak (close)
0.433x10'6 3.94x10'6 11.1% 0.032x10'° blue peak (far)
0.045x10'° 3.49x10'6 85.0% 0.087x10'6 red peak
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Table 5.3 Angular Uniformity Measurements. Distance is the off axis radial distance

Off-Axis Radial | Uniformity Percentage | Thickness (mas) Source of
Distance (mas) Measurement
14.75 60.6% 18.411 red shell

161.89 15.0% 15.071 blue arc

114.60 19.4% 21.680 blue shell

58.14 25.0% 17.221 | blue peak (close)

120.62 11.1% 8.851 blue peak (far)

12.65 85.0% 24.180 red peak

5.4 Fitting Maser Shell Relationships

Using our measurements in the OH maser shell, we came up with useful parameter relationships
to constrain mass loss models. These relationships include: uniformity versus radial distance,
uniformity versus thickness, mass loss rates * uniformity versus radial distance, and mass loss
rates * uniformity versus thickness. These relations are a key contribution to understanding late
stages of stellar evolution and provide a basic non-spherical model for OH/IR star morphology

based off of high-resolution observations.
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Figure 5.27 How uniform the 1612 MHz maser shell is as a function of off-axis radius.
The points were weighted according to their detection Gaussian strength above the noise.
The regions in the legend are data points from specific regions in the OH maser shell. In
the regions where we find the peak of the blue-shifted spectral line we found 2 different
maser shells at different radial locations and denote them "close" and "far" with respect
to the center of the image.

The power law fit in equation (5.1) shows the percentage of uniformity as a function of off-axis
distance (see Fig. 5.27). The points were weighted according to their detected Gaussian strength
above the noise. Off-axis distance refers to a two-dimensional distance measured directly from an
image (x-y plane or face on view) that doesn’t include z-axis. The fit parameters for the power law

are:

p =0.093 % 07! (5.1)

where p is the percentage of uniformity and r is the off-axis radial distance from the star in 10!
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cm.

This reveals at what off-axis radial distance we begin to observe deviations from spherical
uniformity for IRAS 03206+6521. We expect that at some point we would observe deviations
from spherical symmetry, and we do see it here. Interestingly enough, we observed a drastic drop
(74%) in uniformity through the whole OH maser shell. This finding puts constraints on how mass
loss models for OH/IR stars need to account for a certain amount of non-uniformity through the

OH maser shell.
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Figure 5.28 How uniform the 1612 MHz maser shell is as a function of radius. The
points were weighted according to their detection Gaussian strength above the noise. The
regions in the legend are data points from specific regions in the OH maser shell.

At this point, we developed a relationship for velocity and z-axis distance (see section 3.1)
and estimated three-dimensional distances to maser shells. A power law fit didn’t converge with

strongly weighted points having nearly the same radial distance so we kept the strongest point
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at each major radial distance. The percentage of uniformity was plotted as a function of radial
distance (see Fig. 5.28) and a power law was fit to the data (see equation (5.2)). The points were
weighted according to their detected Gaussian strength above the noise. The fit parameters for the

power law are:

p=47916%r 573 (5.2)

where p is the percentage of uniformity and r is the radial distance from the star in 10'® cm.

This reveals at what distance (3.43%10'® cm) we begin to see deviations from spherical
uniformity for IRAS 03206+6521 and the rate of change of uniformity over distance. Since
locations farther out are believed to have been created earlier in time, this becomes a way to map
uniformity over time. This distance and uniformity rate are starting points for three-dimensional
non-uniform models. Models can inject non-uniformity at this distance to see if these stars evolve

into the variety of planetary nebulae observed.
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Figure 5.29 Using Netzer’s mass loss estimates we weighted them by the uniformity
we calculated through different layers in the OH maser shell. The points were weighted
according to their detection Gaussian strength above the noise. The regions in the legend
are data points from specific regions in the OH maser shell. In the regions where we find
the peak of the blue-shifted spectral line we found 2 different maser shells at different
radial locations and denote them "close" and "far" with respect to the center of the image.

Netzer & Knapp (1987) developed equations for mass loss rates from a spherically uniform
model. Recall Netzer assumes a ny/noy ratio. We used his equation adapted to our type of star
to calculate the mass loss rates for several locations in the OH maser shell. To account for the
uniformity we observed in the OH maser shell, we multiplied the mass loss rates from Netzer’s
equation suited for our source by the uniformity we measured. When we factor in the uniformity,
the relationship goes from mass loss rates linearly increasing with radial distance (Netzer), to
mass loss rates decreasing with radial distance, with a power law relation eq. (5.3). The points

were weighted according to their detected Gaussian strength above the noise. From this equation,
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picking the largest mass loss rate given our radial distances and uniformity measurements, we get a
mass loss rate of 2.69%107> M /yr, which is less than the amount Netzer’s equations would predict
(3.84%107> My/yr). This comes from a piece of a shell that is 85% uniform. Our measurement
is understandably less because we are weighting the uniformity and detecting a significant lack
thereof. We also are using the distance on the near side of the shell, which will produce a smaller
mass loss rate. This location happens to have a uniformity measurement 85% that equates best to
Netzer’s spherically uniform assumptions. Measuring mass loss on the near side of the shell may,
in fact, be a better indicator of the more recent mass loss rate, itself being affected more recently
by the star’s mass loss process. With this greater detail accounting for non-uniform mass loss, we

believe this is yielding a better estimate of the current mass loss rates.

My [yr=1.83%r 3% (5.3)

We similarly handled the thickness versus mass loss rate relationship (see Fig. 5.30). When
we factor in the uniformity, the relationship goes from mass loss rates decreasing with thickness
to mass loss rates increasing with thickness, a relationship that perhaps is more intuitive eq. (5.4).
Where thickness (in 10'® cm) is represented by the letter t. The points were weighted according
to their detected Gaussian strength above the noise. Since the details of the uniformity of the mass
loss processes are coming into play, the models are changing and we are better understanding our

measurements.

Mo, /yr = 0.000467 517 (5.4)
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Figure 5.30 Using Netzer’s mass loss estimates we weighted them by the uniformity
we calculated through different layers in the OH maser shell and compared them to shell
thickness. The points were weighted according to their detection Gaussian strength above
the noise. The regions in the legend are data points from specific regions in the OH maser
shell. In the regions where we find the peak of the blue-shifted spectral line, we found 2
different maser shells at different radial locations and denote them "close" and "far" with
respect to the center of the image.

5.5 Dust Factor

The dust factor has been used by scientists in the past to determine the comparative amount of dust
around a star. Traditionally, scientists look for reduced fluxes at higher frequencies to indicate a
higher amount of dust, because dust preferentially scatters at higher frequencies. We determined
dust factors by dividing the IRAS infrared 25-micron flux by the IRAS 12-micron flux equating

larger dust factor ratios to being a stronger indicator of dustier shells. The Lewis chronology
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sequence predicts that a high concentration of dust surrounding OH/IR stars indicates larger and
denser gaseous shells which indicate advanced age (Lewis 1989). We chose sources on this claim,
attempting to select targets with large, thick maser shells. For two sources we found indicators
of advanced age being that the 1612 MHz peaks are diminishing. In one source we found a large
extended circumstellar envelope, a large mass loss rate, and a lack of H,O masers all being late
age indicators. So the dust factor produced two targets showing advanced age, and thus we support

Lewis’ predictions. Large amounts of dust are likely in the envelope due to a high mass loss rate.

5.6 Python Program

I developed a new python program for analyzing data because there was not a well-known tool
to analyze circular or spherical uniformity of square images with square pixels. Other programs
that were available involve analyzing objects as a whole, rather than being able to observe them
in sections. Most importantly, these other programs are completely unable to handle data about
an object if it is composed of rings. I had to create a size value (called a bin size) for space
in between concentric rings to quantify specific ranges of radii within an observed circle to be
observed as separate objects. In other words, this program was able to break the data up into
layers like an onion, with the bin size representing the thickness of that layer and distinguishing it
from each subsequent inner layer. This allows for super fine ring slices of the map, which gives
extra accuracy when mapping energy density within the figure. These data were almost completely
unobservable when reduced using traditional programs, but are clearly visible using this method.
This is also the only program that is able to create a histogram depicting the flux of energy within
each concentric circle. Then a Gaussian curve could be fit to the peaks of energy flux, with peaks
representing the radial location, and width representing the thickness of a maser shell. It is a tool

created to help observers measure circular or ring uniformities in objects from a distance.
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In order to create this program, I had to give the user the ability to set lots of parameters to
easily control how the data sets are handled. One such parameter, known as bin size, controlled the
thickness of my circular cuts to measure an area to sample that would produce average intensity per
area. Through controlling this I found the bin sizes of even 1 and 2 worked as well as 7, and thus
allowed me to work with smaller bin sizes to determine measurements of mass loss and uniformity
with higher spatial resolution. I also gave the program control to “zoom” in on special features, by
allowing sectional pieces to be taken as the input. It produced the uniformity values I hoped for in
this study and allowed great clarity.

Other projects could adapt this code to analyze different types of off-center circular
uniformities, like those in planetary nebulae or supernova remnants. It could also be adapted to
measure the uniformities of contour lines by building in specific contour values to search for and
measure. To use it for this application, in the code where the energy flux histograms are fit with
Gaussian curves over a particular angular range, one would just mark a particular contour value
and search for it and return its radial value, instead of returning the peak’s radial distance. The full

program of ~824 lines can be found at https://github.com/dfelli/uniformity_analysis



Chapter 6

Conclusion

OH/IR stars are unique stars in a very late stage of evolution. Their large circumstellar envelope
is filled with complex evolving structures. Once these envelopes are better understood, the general
evolution of Asymptotic Giant Branch stars to planetary nebulae can be better modeled, developing
a better link to understanding chemical evolution.

We, unfortunately, were only able to analyze one source in great detail because two of the
sources couldn’t be analyzed due to bad data and the others lacked maser detections at 1612 MHz
and other OH transitions (0.1 mJy sensitivity). If we had detected masers at other OH transitions
perhaps we could have seen some morphology to show how the various maser shells compete.
We were limited in choosing targets that were close enough to resolve structure. We also wanted
targets that showed they were well advanced in age (lots of dust in their envelopes). With this
criteria, we sampled a group of likely stars that were past the stage where strong H,O masers are
normally seen. If we had observed H>O masers our model could have extended across a larger
portion of the circumstellar envelope. We suspect that in the sources where we didn’t detect OH
masers, those sources have evolved past the OH maser phase. Thirty years ago these sources had
OH masers detected at single dish resolution.

IRAS 03206+6521, an OH/IR star, has many indicators that it was at a very late stage of
81
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evolution. These include:

1. The detection of the diminishing 1612 MHz OH maser line (especially the red-shifted peak)
2. The lack of water maser detection

3. The high dust factor (25-micron/12-micron flux)

4. The large OH maser shell extending out to 4.39%10'6 cm (this dissertation)

5. The large mass loss rate (Netzer equation 3.84x107> M /yr) (this dissertation’s adaptation

of Netzer’s equation adding uniformity 2.69%107> M /yr)

6. An increasing mass loss rate radially closer to the star (this dissertation) indicating mass loss

increases in time.

These factors along with its proximity (2.4 kpc) make it a great source for studying maser shell
structure. Measurements at six locations in the OH maser shell regions produced radial distances,

thicknesses, uniformities, and mass loss rates. This source showed the following relationships:

1. Shell uniformity decreases with radial distance eq. (5.2)

2. Shell thickness decreases with radial distance eq. (6.1)

t=1.64x%r23 (6.1)

3. When mass loss rates derived from Netzer’s equation are scaled to uniformity (this
dissertation) they show that the higher mass loss rates correlate to thicker (t - 106 c¢m)

shells eq. (6.2).

M, /yr =0.089 %1% (6.2)
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The key findings from our high-resolution observations are these aforementioned relationships
which we used to estimate the physical location (3.43%10'® cm) of where the circumstellar
envelope began to show non-uniformity. Models (which usually assume spherical uniformity)
now have a location and rate at which to inject non-uniformity in shell expansion. We suspect this
alone can fill a large gap in how a spherical star can evolve to form the large variety of planetary
nebulae observed in the sky. Our work supports two theories of what might be the major cause or
shared cause of this non-uniformity.

First, the non-uniformity may be due to the environment that the circumstellar envelopes have
to push against as they expand. Planetary nebulae have been observed in various environments:
where the distribution of stars is not uniform, where supernova explosions affect and compress
portions of the interstellar medium, and where clouds clump, changing the density in the region
(see Fig. 1.3). Since our estimate for the start of the non-uniformity is at 3.43x10'® cm, a rather
large distance, the environment may very well strongly affect the mass loss.

Second, magnetic fields may be the cause of the non-uniformity. The location at which the
non-uniformity appears to take root is very close to the region where H,O dissociates into the
OH ion (3.43%10'® cm by a small extrapolation). Magnetic fields accelerate charged particles in
a moving medium, which would apply to this environment. Magnetic field strengths of 0.0698
+/- 0.034 uTesla were measured by our spectral lines, exhibiting Zeeman Splitting of hyperfine
structure. This measurement is on the low side 10 to 100 times less) as far as magnetic field
measurements normally go in these stars (Wolak et al. 2012).

Truly each environment can be unique, but non-spherical mass loss models will be better able
to accurately predict the specific types of planetary nebulae that we see today. This can provide a
useful tool for determining the types of stars and environments (be it magnetic fields or external
structure).

For future work we expect to: build and test non-uniform mass loss models; determine if
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magnetic field, equatorial wind, or external structure (or what combination of these factors) is the
best means to explain the high-resolution data; observe stars at different stages of evolution where
maser could potentially reveal more structural detail; adapt the python code to explore taking in
several images to measure 3-D structure of maser shells; adapt the python code to analyze other
kinds of astronomical phenomenon; measure life spans of the circumstellar shells and predict life
spans of asymptotic giant branch stages; re-observe two sources (that we observed at non-ideal
times) that show promise of useful structure; and use the Very Large Array to detect spectral line
strengths in nearby OH/IR stars.

We trust that this work will significantly improve mass loss readings and predictions for
asymptotic giant branch stars, as well as provide a means to analyze other types of astronomical

objects.
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