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Abstract

This project had two main goals: (1) to investigate to what extent planetary neb-
ulae (PNe) are chemically homogeneous; and (2) to provide physical constraints
on the central star properties of each PN. The first goal was accomplished by using
HST/STIS spectra to measure the abundances of up to seven elements in numer-
ous spatial regions within each of seven PNe (IC 2165, IC 3568, NGC 2440, NGC
3242, NGC 5315, NGC 5882, and NGC 7662). The second goal was achieved by
computing a photoionization model of each nebula, using the observed emission
line strengths as constraints. The major finding of this study is that the nebu-
lar abundances of He, C, N, O, Ne, S, and Ar are consistent with a chemically
homogeneous picture for each PN. Additionally, it was found through experiment-
ing with three different density profiles (constant, Gaussian, and Gaussian with a
power-law) that the determination of the central star’s temperature and luminos-
ity is only slightly sensitive to the profile choice. Lastly, post-AGB evolutionary
model predictions of temperature and luminosity available in the literature were
plotted along with the values inferred from the photoionization model analysis to

yield initial and final mass estimates of each central star.



Chapter 1

Introduction

All stars begin their lives fusing hydrogen-1 into helium-4. Fusion of any
element requires very high temperatures such that the Coulomb repulsion force
felt between two nuclei is overcome. This commonly occurs in the cores of stars,
and while the star is fusing hydrogen in its core, it is said to be on the main
sequence. The main sequence spans a specific region of the Hertzsprung-Russell
(H-R) diagram, a plot of stellar luminosity vs. temperature (see Figure 1.1). The
end products of hydrogen fusion are a helium-4 nucleus and energy in the form of
light. This released energy heats the star’s interior, increasing its outward pressure
to the point where it counters the inward gravitational pressure. This stabilizes
the size and temperature of the star.

Hydrogen fusion occurs in two main channels: the proton-proton (PP) chain
reaction and the carbon-nitrogen-oxygen (CNO) cycle. The PP chain is dominant
for stars of mass < 1.3 Mg, while the CNO cycle is dominant for stars with
masses above 1.3 M) (Salaris & Cassisi [52]). Only hydrogen-1 and its fusion
products (deuterium and helium-3) are needed for the production of helium-4.
The CNO cycle, however, requires carbon to act as a catalyst for the conversion
of hydrogen-1 into helium-4. The CNO cycle starts with carbon-12, fuses it with
hydrogen-1, and produces nitrogen-13. Nitrogen-13 is an unstable isotope and
will decay to carbon-13 in a matter of minutes. Then, hydrogen-1 will fuse with
carbon-13 to create nitrogen-14. Nitrogen-14 has the smallest fusion cross-section
in the CNO cycle, making its fusion rate with hydrogen-1 very small. This creates
a bottle-neck in the CNO cycle, resulting in an overall increase of this isotope in

the core. Also due to this bottleneck, carbon-13 increases in the core.



Fig. 1.1.— The Hertzsprung-Russell diagram showing the regions of stellar evo-
lution that stars reside in for long periods of time. Each region is a different
evolutionary stage, and each point is a star.
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The star will be on the main sequence for the majority of its life (millions to
billions of years, depending on its mass), leaving once all hydrogen in the core has
been fused into helium. At this point, the core will collapse until either the force of
gravity is balanced by the force associated with electron degeneracy pressure® (the
core is not hot enough to fuse helium, stellar mass < 2 M), or the core becomes
hot enough to fuse helium (stellar mass > 2 M), Karakas & Lattanzio [27]).

While the core is collapsing, it is also getting hotter as the gravitational energy
is being converted to thermal energy. This causes a shell of hydrogen surrounding
the core to become hot enough to begin fusing. With the now hotter core and
shell fusion occurring just outside the core (closer to the surface of the star),
the star will expand to return to equilibrium. The net result is an increase in
luminosity and decrease in temperature, as the star enters the giant region of the
H-R diagram (see Figure 1.1).

During the ascent to the giant region, convection within the star’s envelope
will extend downward and mix with the hydrogen fusing shell. The envelope will
therefore become enriched with hydrogen fusion products in what is called the
first dredge-up. For PP chain dominated shells, the primary product is helium-4,
but for CNO cycle dominated shells, the products are helium-4, nitrogen-14 and
carbon-13. Also, the envelope will be so extended after the equilibrium between
gravity and the hotter internal conditions is re-established that mass loss occurs
via stellar winds. These stellar winds are generated by turbulence within the
envelope (possibly associated with Alfvén waves; Schroder & Cuntz [55]) that has
enough mechanical energy to escape the gravitational potential well of the star.
Depending on the mass of the star, this may result in as much as 30% of the star’s

original mass to be lost (Karakas & Lattanzio [27]). This mass loss enriches the

2Electron degeneracy pressure occurs because the Pauli exclusion principle doesn’t allow
electrons to simultaneously occupy the same quantum state. This restricts how compressed the
matter within the core can be.



interstellar medium in the vicinity of the star with these nuclear products.

Eventually, the cores of stars with masses < 2 Mg will become hot enough
from helium deposition from the hydrogen fusing shell that helium will begin to
fuse. Since the core is initially in a degenerate state, the core will not increase in
size in response to an increase in temperature, resulting in a runaway of helium
fusion within the core. This results in what is called a helium flash, where a large
amount of helium is fused in a matter of seconds. The flash is short because the
core becomes non-degenerate again and expands until equilibrium is restored and
quiescent helium-4 fusion ensues. This restructuring will affect the surface where
the temperature will increase and the luminosity will slightly decrease, but the
star remains in the giant region. While it is fusing helium-4 in its core, it is said
to be on the horizontal branch and will remain there for millions to hundreds of
millions of years, depending on its mass.

Helium fusion follows the triple-alpha process, where three helium-4 nuclei are
combined to make carbon-12. Occasionally, carbon-12 will fuse with helium-4 to
produce oxygen-16 as well. This builds up a core of carbon and oxygen.

After all of the helium-4 in the core is fused, the core will collapse in all cases
to a degenerate state. Now there will be a shell of hydrogen fusion making helium
and a shell of helium fusion making carbon and oxygen for stars with masses < 2
M@. For all others, the hydrogen fusion shell is extinguished first and reignited
once the helium fusion shell is exhausted. For stars above 4 M), a second dredge-
up will occur, enriching the surface with more helium and nitrogen-14 (Karakas &
Lattanzio [27]). Again, the star will become more luminous and cooler, entering
the supergiant region of the H-R diagram (see Figure 1.1).

As the star remains in the supergiant region, the helium shell is replenished
with helium-4 by the hydrogen fusion shell. While the helium shell is building

up, the small region closest to the core will be degenerate. Eventually, the helium
4



shell will become hot enough to begin fusing. Like before, the degenerate portion
of the helium shell will fuse in a matter of seconds in what is called a helium shell
flash. This causes the star to expand and the hydrogen shell to cease fusion, and
is known as a thermal pulse. Also, convection in the form of the third dredge-
up mixes helium and hydrogen fusion products (i.e. carbon-12, oxygen-16, and
helium-4) to the surface. After this thermal pulse, the star will contract again
until the hydrogen fusion shell is re-ignited. The hydrogen shell begins building up
the helium shell until it reaches a high enough temperature again and the process
repeats. It will continue these pulsations for upwards of hundreds of thousands of
years, depending on the mass.

If the star has a mass above 5 M), a phase known as hot bottom burning may
occur (Karakas & Lattanzio [27]). For stars of this mass, the hydrogen-rich con-
vective envelope may reach all the way to the hydrogen burning shell in between
dredge-up events. In this case, the bottom of the hydrogen-rich convection enve-
lope will reach temperatures hot enough for the CNO cycle to occur and, due to
the convection, carbon-12 will be converted to nitrogen-14 and mixed throughout
the envelope as the nitrogen is produced. This reduces the total abundance of
carbon as the total nitrogen abundance is increased. However, after hot bottom
burning ceases, there may be more dredge-up episodes to mix in more carbon from
the helium fusion shell.

With each thermal pulse, the surface of the star will expand, cool, and lose
mass to stellar winds. If the pulsation occurs such that shock waves propagate
through the stellar atmosphere and drive the upper layers out far enough, the gas
will cool enough for heavy elements to condense into grains (Villaver et al. [62]).
Then radiation pressure and the coupling of the grains and gas will drive off the
outer layers of the star with a speed of approximately 20-30 km/s. Eventually,

the entire envelope is thrown off, exposing internal layers that are on the order of
5



105 K. These hot layers emit copious amounts of radiation with photon energies
high enough to ionize hydrogen.

The previously expelled gas, which is composed of mostly hydrogen but now
enriched with fusion products and s-process elements, absorbs the ionizing pho-
tons, causing the gas temperature to increase from scattering between the ions
(protons, electrons, etc.) in the gas. The free electrons become thermalized
quickly from scattering with hydrogen and helium (H and He e~ -scattering cross
section > photoionization cross section). Cooling of the gas happens in the form
of electron free-free, free-bound, and bound-bound emission of photons. Elec-
tron free-free photon emission, or Bremsstrahlung emission, occurs when a free
election is decelerated by an atomic ion, emitting a photon. Electron free-bound
emission, or recombination emission, is the result of a free electron recombining
with an atomic ion and emitting a photon. The last emission, electron bound-
bound emission, happens after a collision between ions excites a bound electron to
a higher energy level. The excited electron eventually transitions to lower levels,
emitting photons. This last emission process is the dominant cooling mechanism
in the gas. Metals within the gas, such as oxygen and carbon, cool the gas by this
collisional process, emitting photons whose energies are below the ionizing thresh-
old of hydrogen and escape the gas. At steady-state, the absorption of ionizing
photons and the emission of photons that escape the gas become equal, resulting
in the fairly constant emission nebula known as the planetary nebula.

Thus, a planetary nebula, the subject of this dissertation, is a low density, light
emitting gas that has recently been ejected from a 0.8 - 8 M, star as it nears the
end of its life. After thousands to a few tens of thousands of years, the nebula will
become diffuse enough that it no longer radiates and the gas will become part of

the interstellar medium. Typically, planetary nebulae have masses in the range



of 0.1-1.0 M), densities of order 10%-10* cm™2, and temperatures between 8000
and 20,000 K. They are concentrated on the sky along the Galactic plane and
toward the Galactic center. The emission lines commonly used to identify these
objects while they are still radiating are the strong forbidden lines of oxygen at
wavelengths 4959 and 5007 A. When these emission lines were first observed, they
were erroneously thought to originate from a mysterious element called “nebu-
lium” that only existed in extra-terrestrial conditions. In 1928, the physicist and
astronomer Ira Bowen determined they were in fact electronic transitions of O*2.

Throughout the lives of these progenitor stars, there are two main times when
a large amount of material is returned to the interstellar medium. The first is
during the ascent to the giant region of the H-R diagram. The second, the fo-
cus of this dissertation, is during the formation of planetary nebulae. Both of
these events enrich the interstellar medium, affecting the chemical composition of
galaxies and the formation of new stars. For planetary nebulae, this enrichment or
stellar yield is primarily in the form of carbon, nitrogen, and helium. The carbon
will especially influence the effectiveness of the CNO cycle and subsequent lifes-
pans of the next generation of stars that form from the enriched material. Also,
since all known life uses carbon and nitrogen, understanding the production and
distribution of these elements is important to astrobiology research as well. How-
ever, more massive stars also enrich the interstellar medium with these elements.
Whether planetary nebula forming stars or more massive stars are the dominant
contributors of carbon and nitrogen is uncertain and an active area of research.
Therefore, a complete and accurate model of the evolution of stars occupying the
mass range between 0.8 and 8 My is particularly important for understanding
the contribution that these stars make to the buildup of carbon and nitrogen in

the interstellar medium.



One requirement for a good model is the proper understanding of the mass
ejection process, where some of the details of this process should be revealed by
studying the spatial variations in the matter that comprises a planetary nebula
(PN). If PNe are chemically inhomogeneous, it would raise questions as to the
validity of the current formation theory for planetary nebulae where the nebulae
are assumed to be homogeneous. This would impact the stellar yield by adding a
directional dependence that would need to be accounted for in chemical evolution
modeling of the Galaxy. Seven PNe (IC 2165, IC 3568, NGC 2440, NGC 3242,
NGC 5315, NGC 5882, and NGC 7662) are analyzed here with the purpose of
addressing chemical homogeneity in planetary nebulae.

The planetary nebulae in this study were first presented in Dufour et al. [13]
(hereafter Paper I), where the main goal was to measure critical emission lines
of carbon and nitrogen for accurate abundance calculations of these elements.
Among the selection criteria for the planetary nebulae were a high surface bright-
ness and, where practical, large angular size. These criteria make them ideal
candidates for studying the chemical distribution of their matter.

Each of the seven planetary nebulae can be seen in Figures 1.2 & 1.3. IC 2165
is a slightly elliptical planetary nebula with shells detected at 2”, 4", and 20” (not
visible in Figure 1.2) from the central star (Corradi et al. [10]). IC 3568 has
only two detected shells at radii of 4” and 9” (not visible in Figure 1.2) and is
very circular in appearance (Balick et al. [5] and Corradi et al. [10]). The shape of
NGC 2440 is more complicated, with three bipolar structures emanating at various
angles from the central star (Lépez et al. [35]), while NGC 3242 exhibits a multi-
shell structure. The brightest features for NGC 3242 include an inner 28"x20”
shell surrounded by a 46”x40” halo (not visible in Figure 1.2; Ruiz et al. [49]).
NGC 5315 is an irregularly shaped, compact PN of radius 3" (Acker et al. [1]). An

elliptical shell with radial dimensions of 5.5” x 3”, a more circular shell of radius
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7.5"  and a halo (not visible in Figure 1.3) that extends to 90” are observed for
NGC 5882 (Corradi et al. [9] and Weller & Heathcote [64]). NGC 7662 is another
triple-shell PN with two elliptical shells of radii 9” x 6.2” (only visible part in
Figure 1.3) and 15.4” x 13.7” encompassed by a 67" circular shell (Guerrero et al.
[17]).

Given these morphologies, the central star of each PN has experienced mass
ejections which may have been inhomogeneous in their elemental composition,
either from shell to shell or at different positions within one ejection. Each shell
could have a unique composition if each ejection occurred with a different core
temperature, resulting in a change in fusion rates around the core and convection
rates to the surface. If the convection process was naturally asymmetrical or
influenced by a companion star (stripping material), an ejection may result in
an uneven distribution of elements. Therefore, the main goal of this project is to
look for spatial differences in the abundances of carbon, nitrogen, helium, oxygen,
neon, sulfur, and argon relative to hydrogen across each planetary nebula, using
the spectroscopic data presented in Paper I.

Turning to the problem of determining the central star properties, many au-
thors have inferred the stellar temperature and luminosity using techniques such
as photoionization modeling of the nebula (see e.g. Henry et al. [21], hereafter
Paper II) and the Zanstra method® (see e.g. Shaw and Kaler [57], [58]; Zhang
& Kwok [65]). Consequently, there is often a large range in the derived stellar
parameters for any one object. In particular, the Zanstra method gives very dif-
ferent temperatures for the same star depending on if hydrogen or helium lines are
used in the method. Since the mass of a star is the primary factor that determines
its luminosity and temperature, having uncertain measurements of these stellar

parameters results in unreliable initial /final mass calculations.



Fig. 1.2— The locations of the extracted spectra where all seven gratings
spatially overlap one another from STIS. In addition to the individual regions, a
Full region for each object was extracted over all the regions shown. From left to
right, top to bottom: 1C2165, IC 3568, NGC2440, NGC 3242. The double slits
in NGC 2440 are the result of a pointing error discussed in the text.
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Fig. 1.3.— The same as Figure 1.2. From left to right, top to bottom: NGC
5315, NGC 5882, NGC 7662.

11



This leads to the second goal of this dissertation: to constrain the stellar tem-
perature and luminosity of each planetary nebula by modeling each with the pho-
toionization code Cloudy, using the observations as constraints. However, unlike
previous photoionization modeling work extant in the literature, a physically mo-
tivated spectral energy distribution is used here for the central star, and the
modeled emission lines are calculated as seen through the slit instead of over the
entire nebula.

The observations and analysis are presented in Chapter 2 followed by results
in Chapters 3 and 4. Chapter 5 contains the summary and conclusions while

Chapter 6 addresses improvements and future work.

aThe Zanstra method assumes all ionizing photons from the Lyman continuum are absorbed
by the nebula, which makes it possible to determine the stellar temperature from a nebular line
such as HS.

12



Chapter 2

Data Acquisition and Analysis

Co-spatial HST/STIS spectra, with 0.05” resolution and spanning the wave-
length range of 1150-10,270 A, were obtained during the GO12600 spectra cycle
19 program and presented in Paper I. An example of the data quality is shown in
Figures 2.1 & 2.2 for NGC 3242. Numerous lines are identified and the insets high-
light certain line complexes that contain important lines for nebular diagnostics
discussed later. A Python script was used to extract spectra for numerous regions
in each PN, allowing for a comparison of abundances among different regions.
Each region’s location was chosen to correspond with different structures within
each nebula. The size of each region was chosen by looking at the signal-to-noise
of the weakest lines and reducing the size until those lines were still able to be
reliably measured. This maximized the total number of emission lines that could

be used for analysis.

13



4!

Fig. 2.1.— The spectrum for NGC 3242 spanning the UV portion of the wavelength range. The inset shows the closely
spaced [C III] A 1907 and C III] A 1909 emission lines. Numerous other emission lines are identified as well.
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Fig. 2.2.— The spectrum for NGC 3242 spanning the optical portion of the wavelength range. The inset shows the closely

spaced emission lines of Hy and [O III] A 4363. Numerous other emission lines are identified as well.
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All regions can be seen in Figures 1.2 & 1.3, where the numbers identify each of
the smaller regions, and the full region encompasses all of the numbered regions.
The two slits shown for NGC 2440 were the result of a pointing error where the
central star, which was going to be used as the guide star, was originally not within
the field of view. Each slit shows the final UV (right) and optical (left) positions,
so that the observations as a whole are not co-spatial for this one object.

Emission line fluxes were measured with IRAF? using the task splot by fitting
Gaussian profiles. Special treatment was needed for lines originating from the
higher resolution gratings of STIS, namely summing the observed flux instead of
fitting Gaussian profiles. This last operation corrected for the flat-top features
of the emission lines exhibited in the higher resolution gratings, inherent to the
instrument. Any over-estimation of line strengths from the smaller regions was
prevented by requiring the sum of the smaller regions’ line strengths to equal the
full region’s value. The uncertainty estimates for the flux of each emission line
were calculated by taking twice the FWHM of each emission line and multiplying
it by the average of the continuum rms noise measured on either side of the line.

The observed and dereddened line intensities for each region are shown in
Table 2.1. The first column specifies the wavelength measured in A, while the
second column lists the ion responsible for the emission line. Each wavelength’s
value for the reddening function, f(\), can be found in the third column. The
following pairs of columns contain the observed and dereddened line strengths
under F(\) and I()), respectively. All line strengths are normalized to F(Hp) or
I[(HB) = 100.

The dereddened values and accompanying errors were calculated using the pro-

gram ELSA (Johnson et al. [26]). ELSA corrects the emission lines for interstellar

AIRAF is distributed by the National Optical Astronomy Observatory, which is operated by
the Association of Universities for Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation.
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extinction (using the function prescribed by Savage & Mathis [50] and Seaton
[56] for optical and ultraviolet wavelengths, respectively) and contamination from
He't recombination lines (Pickering series) to the first four hydrogen Balmer lines
while propagating the observed uncertainties. ELSA propagates uncertainties by
adding the contributing uncertainties in quadrature and iteratively calculating
the partial derivatives of the dependence each output value has on the input data.
Following the last emission line of each region is the logarithmic reddening pa-
rameter, ¢, the theoretical ratio of F(Ha/Hf), and the observed, uncorrected flux
of Hp. Calculations for F(Ha/H/3) occur in an iterative loop as well within ELSA
since the value of ¢, which is used to determine the ratio, depends on the nebular
temperature and density. The lines that determine these nebular properties, typ-
ically [O III] lines for the temperature and C III]/[C III] lines for the density, also
depend on the value of ¢, which necessitates an iterative loop in order to obtain

a stable solution.
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Table 2.1.

Fluxes and Intensities

Fluxes and Intensities

Wave 1C2165 Full 1C2165 1 1C2165 2 1C2165 3 1C2165 4
(A) 1D fA)  F(N) I(\) F(\) I(\) F(\) I(\) F(\) I(\) F(\) I(\)
1485 NIV] 1.231 13.7 4794520 104 3454510 194 76.7£11.59 17.2 55.247.43 18.6 53.446.95
1907 [CII 1.226 112 387441 123 404453 108 426462 101 323442 100 286+36
1909 CIII 1229 864  301+£32  93.0  306+40  93.8 370455 75.0  240+£32  76.2 218+28
3869  [NelIll] 0.224 59.4 7684540 65.8 84.146.29 483  64.047.00 47.7 60.547.18 44.6  55.3+6.24
4363 [0 1] 0.118 16.0 18.041.94 20.0 224+43.96 150 17.142.34 141 15.743.16 13.8 15.243.35
4686  Hell ~ 0.036 60.0 62.242.97 584 60.5+£3.59 80.5 83.8+4.75 683 70.7+4.14 787 81.2+3.70
4861  Hp 0.000 100 10040 100 10040 100 10040 100 10040 100 10040
4959  [OII] -0.030 396 384410 448 43512 322 312+11 346 33610 301 29348
5007 [OTI] -0.042 1229 1178426 1415 1359436 980 936+28 1035 995427 938 905+24
5876  He I -0.231  10.6 8.41+1.18 11.2 8924253 948  7.3242.99 829 6.66+2.13 6.37  5.234+1.91
7136 [Ar Il -0.453 13.0 820+1.15 157 10.14£1.49 103  6.24+1.87 104 6.79+1.01 8.60 5.83+1.31
9532  [SII] -0.632 50.5 26.6+£1.57 459 2494292 458 22.64+222 47.1 259+43.01 36.6 21.3+2.92
c® 0.44 0.42 0.48 0.41 0.37
Ho/HSBP 2.80 2.79 2.78 2.80 2.79
log Fprs° -12.43 -13.11 -13.20 -13.21 -13.15
Wave 1C2165 5 1C2165 6 1C3568 Full 1C3568 1 1C3568 2
(A) FO Iy F(y Iy F(y Iy F(Y) Iy F(Y) I
1485 NIV] 1.231 895 29.9+4.83 0.715 4514251  --- . . e e .
1549 C1V 1.184 .. e e e 23.0 4324550 259 43.04£8.00 19.7  37.9+6.62
1907 [CII] 1.226 130 431459 100 6294209 41.4  79.54+7.77 38.9 65.849.39 422 83.0+£12.89
1909 CII]  1.229 943  315+43 857 5394182  31.1  59.946.39  30.3 51.249.38 29.8  58.749.72
3869  [Nelll] 0.252 81.5 10448 79.7  116+£21 684  78.244.35 71.0 79.0+4.12 68.2  78.4+4.45
4363 [0 1] 0.118 194 21.843.57 7.08 8.45+6.13 7.22  7.6942.37 9.69 10.2+2.14 6.23  6.654+2.74
4686  Hell ~ 0.036 37.8 39.243.03 - e e e e . . e
4861  Hp 0.000 100 10040 100 10040 100 10040 100 10040 100 10040
4959  [OIH] -0.030 516 50116 499  477+£34 350 344+8 350 346+9 336 330+10
5007 [0 1] -0.042 1542 1480441 1747 16424108 1182 1156421 1174 1153429 1135  1109+31



Table 2.1—Continued

Fluxes and Intensities

Wave 1C2165 5 1C2165 6 1C3568 Full 1C3568 1 1C3568 2

(A) 1D f(\) T F(N) iy FOO Iy F(y 1) F(y Iy FOY I

5876 Hel -0.231  14.0 11.2£1.62 20.9 14.8+4.08 154 13.6£1.93 16.2 14.7£3.50 14.1 12.4£3.60
7136 [Ar I1I] -0.453 15.7 10.1£1.36 229 11.6+£2.73 9.29 7.29+1.55 894 7.36+2.99 836 6.51+2.05
9532 [SIII] -0.632 68.7 36.9+2.55 753 29.2+45.38 e e o

c? 0.43 0.65 0.23 0.19 0.24

Ho/HBP 2.80 2.86 2.85 2.83 2.86

log Fy45° -13.16 -13.61 -12.55 -12.90 -12.88
Wave 1C3568 3 NGC2440 Full NGC2440 1 NGC2440 2 NGC2440 3
(A) F(A) I(A) F(\) I(A) F(A) I(A) F(A\) I(A) F(A\) I(A)

61

(

1485 N 1V] 1.231 e 73.3 229427 37.2 122+13 138 326169 74.5 264£30
1549 Clv 1.184 25.1 72.8+31.66
1907 [C I1T] 1.226  51.1 154473 135 420+49 99.5 324+33 154 36277 159 561+£64
1909 C 111] 1.229  40.2 121457 103 321437 65.8 215423 129 303+£65 123 434449
3727 [O II] 0.292 EE 71.7  93.9£5.50 119 157£9 9.18 11.3+£9.78 60.1 81.1+6.45
3869 [Ne III] 0.252 57.9 72.64+21.22 73.6 92.9+4.74 925 118+7 249 29.7£790 734 95.1£6.12
4363 [OIII] 0.118 540 6.00£5.77 21.3 23.842.41 23.7 26.5+2.22 14.5 15.848.19 255 28.8+2.45
4686 He II 0.036 - 80.8 83.5£2.93 54.6 56.5*£2.43 113 116£8 87.2  90.5£3.98
4861 Hp 0.000 100 1000 100 1000 100 1000 100 100+0 100 1000
4959 [OIII] -0.030 414 403+£37 454 441+11 520 505+11 216 211411 510 495+12
5007 [OIII] -0.042 1459  14054+120 1402  1349+32 1578  1516+31 731 710+31 1520  1456+34
o876 He I -0.231 18.0 14.6£10.75 9.92 8.01+£0.80 13.5 10.8%+1.78 e 10.2  8.02+1.33
6584 [N I1] -364 R 819 585+2 1293 911+4 147 11442 752 518+2
7136 [Ar III] -0.453 15.3  10.2£7.13  28.1 185+0.73 33.2 21.5+1.21 13.6 9.94+1.87 314 19.7+0.84

9532  [SIH] -0.632 - 50.5 28.241.23 50.6 27.542.36 17.4 11.243.07 56.2 29.3+1.81
c? 0.39 0.40 0.42 0.30 0.45

Ho/HBP 2.87 2.79 2.79 2.77 2.78

log Fprp° -13.58 -12.43 -12.90 -13.16 -12.76
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Table 2.1—Continued

Fluxes and Intensities

Wave NGC3242 Full NGC3242 1 NGC3242 2 NGC3242 3 NGC3242 4
(A) I [N FOY Iy FOY ey FOO Iy FOy I F(y IO
1485 N 1V] 1.231 8.47 10.1+£0.86 2.24 2.66+0.92 7.06 841+1.43 11.2 12.3£1.89 7.73 9.80+1.88
1907 [C I1T] 1.226 121 14445 117 138427 118 141+£12 130 143+15 129 163421
1909 C HI] 1.229 88.8 106+4 80.8  95.6+19.07 91.3 109+9 92.7 102+11 92.5 117416
3727 [O1] 0292 4.38 4.57+£1.85 - "
3869 [Ne III]  0.252 96.6 1002 106 110+9 101 105+7 90.8  92.745.26 105 1107
4363 [O I11] 0.118 12.8 13.0+£0.96 12.8 13.0+£4.58 14.1  14.4+1.33 12,7 1294220 152 15.6%2.97
4686 He II 0.036 47.4  47.6+0.73 18.6 18.7£3.90 41.1  41.34£2.99 55.8 56.0£2.49 36.6 36.91+3.97
4861 Hp 0.000 100 10010 100 10040 100 1000 100 10040 100 10010
4959 [O HI] -0.030 414 41243 459 457419 441 43948 369 36818 448 446412
5007 [OTI] -0.042 1233 122548 1367 1359453 1313 1305422 1098 1095422 1336 1326434
5876 He I -0.231 9.71  9.39+0.66 15.3 14.8+3.44 13.0 12.6£2.41 9.15 8.98+3.38 104 9.98+3.82
7136 [ArII] -0453 6.83 6.39+0.68 - o
9532 [S 117 -0.632 10.6 9.67£1.91 cee e S e .

ca 0.06 0.06 0.06 0.03 0.08
Hoz/Hﬁb 2.82 2.83 2.82 2.82 2.82
log F ¢ -12.00 -13.03 -12.79 -12.84 -13.00

Wave NGC3242 5 NGC3242 6 NGC3242 7 NGC3242 8 NGC3242 9
(A) F(A) I(\) F(A) I(A) F(A) I(A) F(A) I(A) F(A) I(A)
1485 N 1V] 1.231 8.22 10.242.04 8.85 11.1+£2.23 931 11.6%x1.77 11.6 13.44+1.82 7.47 9.18%+2.88
1907 [C I1IT] 1.226 121 150+18 123 154417 114 141418 122 141+15 120 147420
1909 C HI] 1.229 88.5 110414 90.0 113£13 91.7 114414 88.7 102+11 82.3 101414
3869 [Ne IIT]  0.252 96.2 101+6 103 108+6 92.0 96.2+£6.20 93.9 96.84+4.97 103 108+£7
4363 [O I11] 0.118 12.7  12.943.23 13.3 13.6£3.61 12,5 12.84£3.17 14.2 1444219 14.2 14.54+2.08
4686 He II 0.036 47.6  47.943.26 475 47.944.24 52.4  52.7+£4.33 68.5 68.842.44 47.0 47.34+4.78
4861  Hp 0.000 100 1000 100 10040 100 10040 100 10040 100 1000
4959 [OIII] -0.030 420 418+10 422 42019 396 394410 364 363+8 439 437+12
5007 [O HI] -0.042 1251 1242429 1258 1248427 1179 1171429 1086 1080+£23 1309 1300434
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Table 2.1—Continued

Fluxes and Intensities

Wave NGC3242 5 NGC3242 6 NGC3242 7 NG(C3242 8 NGC3242 9
(A) 1D f)  FN) I(\) F()\) I(\) F()\) I(\) F(\) I(\) F()\) I(\)
5876  Hel -0.231 803 7.71+2.37 7.64 7.324251 775 7.44+201 566 5.50+£1.46 10.6  10.2+3.55
c? 0.08 0.08 0.08 0.05 0.07
Ho/HBP 2.82 2.82 2.82 2.81 2.82
log Fprp° -13.03 -12.99 -12.98 -12.86 -13.17
Wave NGC5315 Full NGC5315 1 NGC5315 2 NGC5315 3 NGC5315 4
(A) FO_ Iy Fy Iy F(y Iy F(Y Iy F() IV
1549 C1IV 1.184  6.96 31.2+1.30 21.4 135+15 447 17.841.07 6.54 34.842.13 133 76.4+13.45
1907 [CIH] 1.226 2.27 10.740.73 3.20 21.6+4.92 231 9.66+0.58 1.83 10.3+1.22  3.17  19.445.81
1909 CII  1.229 417 19.841.01 6.30 42.7410.63 4.22 17.740.61 3.32 18.841.76 4.98  30.64+7.51
3869  [NelIll] 0.252 54.9 75.5+0.86 40.2 59.5+4.62 63.6 85.3+0.56 45.6 65.1£1.10 40.8 30.4+11.51
4363 [OTI] 0.118 3.23 3.7540.23 4.25 5114+1.86 3.56 4.09+0.10 2.74  3.244045 145 1.734+1.14
4861  Hp 0.000 100 10040 100 10040 100 10040 100 10040 100 10040
4959 [0 -0.030 288 277+2 237 226+6 310 30042 275 264+2 225 21546
5007  [OII] -0.042 896 8504 938 879+16 926 882+3 897 8465 825 77620
5876  Hel -0.231 234 17.540.21 16.6  11.6+£1.55 23.7 18.1+£0.19 25.0 18.040.24 23.5  16.7+0.85
7136 [ArII] -0.453 53.1 29.940.13 574  28.4+0.70 52.6 31.040.07 552 29.1+£0.16 47.5  24.3+1.00
9532  [STI] -0.632 286 128+1 292 10942 285 13640 300 123+1 220  86.442.88
c? 0.55 0.68 0.51 0.61 0.64
Ho/HABP 2.87 2.86 2.86 2.87 2.91
log Frs® -11.76 -12.87 -12.02 -12.29 -12.96
Wave NGC5882 Full NGC5882 1 NGC5882 2 NGC5882 3
(A) F(\) I(A) F(\) I(A) F(\) I(A) F(\) I(A)
1549 C1IV 1184 139 3.27+0.78 1.74 3.78+1.32 1.70 3.92+0.75 0.337 0.926+1.02
1907 [CII] 1.226 4.08 9.8841.40  ---
1909 CIII] 1229 4.83 11.7+1.34 7.13% 16.0+4.11¢ 10.0¢ 23.94+3.48% 9.619 27.447.254
3869  [NeIIl] 0.252 70.8 84.943.21 704 83.144.17 751 89.842.76 64.0  79.347.04
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Table 2.1—Continued

Fluxes and Intensities

Wave NGC5882 Full NGC5882 1 NGC5882 2 NGC5882 3

(A) 1D f(A)  F(\) I(\) F(\) I(\) F(\) I(\) F(\) I(\)

4363 [OTI] 0.118 3.92 4.27+0.87 442 4.78+1.68 3.87 4.21£0.97 3.16 3.50+3.00

4686  Hell  0.036 3.60 3.69+0.88 531  544+1.17 425 4.36+0.79  --- e

4861  Hp 0.000 100 1000 100 10040 100 10040 100 10040

4959  [OTI]  -0.030 338 33146 343 33647 337 33043 335 32749

5007 [OTI] -0.042 1218 1182418 1229 1196425 1193 115849 1223 1180430

5876 Hel -0.231 18.8 15.940.80 185 15.9+1.89 19.0 16.14+0.88 19.1 15.6+1.47

6584 [NTII] -0.364 13.6 10.5+0.34 23.2  18.3+0.38 6.15 4.75+0.18 11.2 8.2240.37

7136 [ArIID] -0.453 20.0 14.4+0.76 20.9 155+1.11 181 13.240.43 21.9 14.841.28

9532  [STI] -0.632 64.2 40.7£1.29 73.7 48.6+1.72 54.0 34.6+1.01 674 39.3+2.94

c 0.31 0.29 0.31 0.37
Ha/HBP 2.89 2.89 2.88 2.90
log Fs° -12.15 -12.61 -12.54 -12.77

Wave NGC7662 Full NGC7662 1 NGC7662 2 NGC7662 3 NGC7662 4
(A) F(}) I(A) F(A) I(A) F(A) I(A) F(A) I(A) F(A) I(A)
1485 NIV] 1.231 121 19.8+1.13 7.14 1314246 11.3 16.4+1.63 12.8 18.842.62 13.7 23.842.46
1549 CIV 1184 346 555424 221 396437 307 439422 334 483450 339 578441
1750 NI 1.119  7.54 11.842.81 157 27.2413.01 7.24 10.146.66 9.06 12.844.7 6.73 11.246.07
1907 [CII) 1226 166 271412 162 296+28 179 259413 162 237425 171 297422
1909 CTII 1229 118 19249 117 215421 134 194410 119 174419 117 203415
3727 [O1] 0292 6.35 7.1342.17 10.1  11.645.23  6.12 6.6844.02 4.09 4.48+2.49 6.27 7.164+4.94
3869  [NelIIl] 0.252 98.2 10943 127 14447 100 10844  86.3 93.3+5.27 92,9  104+3
4363  [OII] 0.118 17.6 18.5+1.02 19.6 20.842.91 17.9 18.6+1.91 152 158+1.21 174 18.340.75
4686  HeIl ~ 0.036 52.5 53.340.97 485 4944227 634 64.1+£1.51 58.6 59.3+2.14 68.0 69.141.56
4861  Hp 0.000 100 10040 100 10040 100 100+0 100 10040 100 10040
4959  [OTI] -0.030 432 42746 534 526411 449 445+5 373 370+9 381 37646
5007  [OTI] -0.042 1431 1408413 1771 1735433 1447 1429415 1312 1295428 1258 1234+19
5876  Hel -0.231 857 7.81£1.11 121  10.844.11 7.83 7.3043.54 6.58 6.12+2.32 5.06 4.5641.40



Table 2.1—Continued

Fluxes and Intensities

Wave NGC7662 Full NGC7662 1 NGC7662 2 NGC7662 3 NGC7662 4

(A) 1D [0 CF(N) Iy F(y Iy Fy I FOY ey FOO I

7136 [Ar 11T} -0.453 9.25 7.72+0.90 11.3 9.02+1.29 10.5 9.12+1.11 9.72  8.44+0.74  9.07 7.39+0.92
9532 [SIII] -0.632 24.6 19.1+£1.81 28.0 20.5+3.18 36.0 29.7+4.89 23.7 19.5+3.71 24.6 18.5+2.70

c 0.17 0.21 0.13 0.13 0.20
Ha/HAP 2.81 2.81 2.81 2.81 2.80
log Fr15° -12.21 -13.25 -13.16 -13.08 -13.06

Wave NGC7662 5 NGCT7662 6 NGCT7662 7 NGCT7662 8
(A) F(A) I(\) F(\) 1(A) F(\) I(A) F(\) 1(A)

€¢

1485 N 1V] 1.231 159 26.4+£2.86 12.2 22.0£2.28 9.80 14.8£1.76 13.6  28.3£4.92
1549 Clv 1.184 357 581130 340 598+21 374 557+42 575 1165195
1750 N II7] 1.119 875 13.9+4.02 6.22 10.6+£4.74 591 8.61£5.01 593 11.6£13.64
1907 [C IIT] 1.226 173 28715 172 309+11 151 228+18 159 331+28
1909 C 117 1.229 121 200+11 124 22348 105 158+13 117 243+22
3727 [O IT] 0.292 722 815%£4.76 6.89 7.93£3.31 537 5.93£1.76 5.09 6.06£2.95
3869 [Ne IIT]  0.252  90.8 101£3 94.5 107+2 100 109+4 115 133£5
4363 [O1II] 0118 16.8 17.6+2.91 19.8 20.9+1.64 16.9 17.6+1.48 19.6  21.0+4.04
4686 He II 0.036 704 T71.5%1.52 55.7 56.7£1.14 375 37.9+1.40 46.4  47.54+2.98
4861 Hp 0.000 100 1000 100 100+0 100 100+£0 100 1000
4959 [OIII] -0.030 393 388+4 473 46614 421 4177 931 522+10
5007 [OII] -0.042 1247 12254+13 1568 1537411 1472 1452423 1623 1583+26
5876 Hel -0.231  6.77  6.16+1.53 9.42 8.444+097 13.0 12.0+£2.76 9.67 8.424+3.34
7136 [Ar III] -0.453 9.25 7.67+1.41 9.25 7.44+1.27 832 7.14+0.77 6.75  5.15+3.88
9532 [SII] -0.632 249 19.242.74 23.8 17.54+2.33 184 14.9+246 194 13.3£10.61
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Table 2.1—Continued

Fluxes and Intensities

NGC7662 5 NGC7662 6 NGC7662 7 NGC7662 8

c? 0.18 0.21 0.15 0.26
Ho/HBP 2.80 2.81 2.82 2.81
log F ¢ -13.06 -13.01 -13.07 -13.37

aLogarithmic extinction at HS
PExpected intrinsic Ha/Hf ratio at nebular temperature and density
Cergs cm~2 57! in the extracted spectra

dBlended 1907 and 1909



The nebular properties were also calculated using ELSA. To summarize the
process, ELSA used the corrected line strengths and a 5-level atom scheme to
calculate the abundances of all observable ions. The 5-level atom scheme is an
approximation of each ion as consisting of only five energy levels for the electrons
to occupy. The highest level is =5 eV above the ground state for each ion, which is
about the maximum available energy for collisional excitations in the gas. ELSA
also propagates uncertainties in the same manner as described before for each
ionic state. These 1 ¢ uncertainties account for the errors from the line strengths
as well as the temperature, density and logarithmic extinction. Then, for elements
with unseen ionization states, ionization correction factors (ICFs) were calculated
by ELSA and then applied to the sum of the observed ionic states to determine
elemental abundances. These ICF's are calculated using the prescriptions outlined
in Paper I and Kwitter & Henry [31]. For carbon and nitrogen, Paper I showed
that the direct sum of the observed ionic states was more accurate than an ICF-
derived total abundance, so the total abundances for carbon and nitrogen are the
result of summing the observed ionic states.

Table 2.2 lists the ionic abundances for every observed element. The ionic
species and wavelength (in Angstroms) of the specific emission line used to derive
the ionic abundance are provided in the first column. Each column to the right of
column 1 contains the ionic abundances for each region identified in the column
head. Additionally, an ICF value is listed below the observed ions for each element
(except for carbon and nitrogen, since those ICFs were not used to determine the
total abundance). Each region follows in the remaining columns with its associated
ionic abundances and ICFs. Finally, at the bottom of each object column are the
inferred values for the [O III] temperature and the C III] or [S II] density of the

nebula.
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Table 2.2.

Tonic Abundances?

, Temperatures and Densities

Tonic Abundances?

, Temperatures and Densities

Ton 1C2165 Full 1C2165 1 1C2165 2 1C2165 3 1C2165 4 1C2165 5 1C2165 6
Het(5876) 5.67+£1.62(-2) 5.12+£1.50(-2) 3.87+1.60(-2) 3.95+1.30(-2) 2.97+1.12(-2) 6.86+1.07(-2) 1.00+0.28(-1)
He™2(4686) 5.65+£0.27(-2) 5.47+0.33(-2) 7.5240.43(-2) 6.4240.39(-2) 7.33+0.36(-2) 3.58+0.28(-2) R

icf(He) 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ot (3727)  7.44+4.06(-6) 7.91+3.45(-6) 9.00+£2.89(-6) 5.80+3.51(-6) 2.11+1.72(-6) 1.24+0.33(-5) 1.48+0.77(-4)
OT(7325)  2.3142.24(-5) 8.55+4.08(-6) 3.66+2.16(-6) 9.65+8.20(-6) 5.91+£7.13(-6) 2.0240.79(-5) 6.68+5.23(-5)
Ot (adopt) 1.1440.41(-5) 8.06£2.76(-6) 7.94+2.54(-6) 6.90+3.60(-6) 3.74+4.18(-6) 1.4440.33(-5) 1.29+0.69(-4)
072(5007)  1.60+£0.21(-4) 1.71£0.37(-4) 1.0840.18(-4) 1.3140.32(-4) 1.1140.30(-4) 2.13+£0.41(-4) 7.61+£5.41(-4)
072(4959)  1.554:0.20(-4) 1.64+0.35(-4) 1.0840.18(-4) 1.3240.32(-4) 1.08+0.29(-4) 2.1540.42(-4) 6.60+4.69(-4)
072(4363)  1.5640.21(-4) 1.71+0.37(-4) 1.0840.18(-4) 1.314+0.32(-4) 1.11£0.30(-4) 2.134+0.41(-4) 7.61+5.41(-4)
O™2(adopt) 1.59+0.20(-4) 1.70£0.37(-4) 1.0840.18(-4) 1.32+0.32(-4) 1.104+0.30(-4) 2.13+0.41(-4) 7.39+5.25(-4)
icf(0O) 2.00£0.29 2.07£0.31 2.94£0.80 2.63£0.54 3.47£0.92 1.5240.09 1.00
Art2(7135)  3.93+0.67(-7) 4.59+1.01(-7) 2.65+£0.86(-7) 3.2040.75(-7) 2.6140.79(-7) 5.04+1.00(-7) 1.30+0.72(-6)
Art2(7751)  6.94+3.54(-7) 8.61+£5.81(-7) 3.40+£4.71(-7) 5.37+5.92(-7) 6.76+3.36(-7) 8.87+3.35(-7) 1.70+1.58(-6)
Art?(adopt) 4.8841.52(-7) 5.91+£2.63(-7) 2.8441.53(-7) 3.86+2.39(-7) 4.27+£1.90(-7) 6.254+1.60(-7) 1.41+0.84(-6)
icf(Ar) 2.07£0.28 2.11£0.32 3.02+0.81 2.68£0.54 3.50+0.92 1.5940.09 1.1840.05
C+(2325) 1.00+0.16(-6) 7.56+£1.81(-7) 8.29£2.71(-7) 5.244+2.48(-7) 4.09+1.56(-7) 1.17£0.26(-6) 1.0840.40(-5)
C*t2(1909)  2.1440.58(-5) 1.9140.84(-4) 1.77+0.61(-4) 1.66+£0.83(-4) 1.2940.71(-4) 2.6341.07(-4) 5.6949.45(-5)
C*t2(1907)  2.1440.58(-5) 1.90+0.84(-4) 1.76+0.61(-4) 1.66+£0.83(-4) 1.2940.71(-4) 2.63+1.06(-4) 5.6949.44(-5)
C*2(adopt) 2.1440.58(-5) 1.90+0.84(-4) 1.764+0.61(-4) 1.66+0.83(-4) 1.29+0.71(-4) 2.634+1.07(-4) 5.69+9.44(-4)
C*t3(1549)  2.00£0.65(-5) 1.1940.63(-4) 2.05+0.83(-4) 2.17+£1.30(-4) 1.624+1.07(-4) 1.60+0.78(-4) 3.21+6.54(-3)
N*T(6584)  3.80+£0.28(-5) 1.91+0.19(-6) 1.66+0.15(-6) 1.95+0.22(-6) 9.01+1.28(-7) 4.84+0.40(-6) 3.60+1.25(-5)
NT(6548)  3.46+0.33(-5) 1.65+0.28(-6) 1.26+0.28(-6) 1.85+0.32(-6) 1.124+0.28(-6) 4.75+0.49(-6) 3.14+1.10(-5)
Nt (adopt) 3.72+0.28(-5) 1.85+0.19(-6) 1.58+0.14(-6) 1.93+0.22(-6) 9.67+1.48(-7) 4.82+0.40(-6) 3.49+1.21(-5)
NT3(1485)  6.8042.28(-5) 4.07+2.26(-5) 7.0843.00(-5) 7.384+4.61(-5) 5.92+4.08(-5) 4.9942.56(-5) 2.09+4.54(-4)
NT4(1240)  4.6241.84(-5) 1.04+0.75(-5) 4.814£2.40(-5) 7.304+5.36(-5) 4.45+3.60(-5) 1.1840.82(-5)
Ne™2(3869) 2.57+£0.41(-5) 2.59+0.65(-6) 1.774+0.37(-5) 1.97+0.59(-5) 1.66+0.54(-5) 3.75+0.85(-5) 1.64+1.40(-4)
Net3(1602)  6.5942.27(-5)
Net4(1575)  1.0440.37(-5)
icf(Ne) 2.09+0.35 2.16£0.34 3.194+0.88 2.74£0.57 3.53+0.95 1.61£0.10 1.20+0.07
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Table 2.2—Continued

Tonic Abundances® , Temperatures and Densities

Ton 1C2165 Full 1C2165 1 1C2165 2 1C2165 3 1C2165 4 1C2165 5 1C2165 6
S+(6716) 1.0410.62(_7) R R RN e e c.
ST(6731) 1.01£0.63(-7)

S*(adopt) 1.0240.62(-7) -
S+2(9069) o 7.3342.33(-7) .. .. .. .. o
S*2(9532) 8.13+0.86(-7) R 6.25+0.94(-7)  7.8£1.58(-7)  6.14+1.41(-7) 1.18+0.18(-6) 1.8540.85(-6)
icf(S) 1.97£0.34 1.98+0.35 1.84+0.26 2.26+0.66 4.4242.94 1.66+0.14 1.22£0.05
[O III] T.(K) 13600£600 1390041000 143004800 13700+1100 14000£1300 133004900 9300£1900
S II] N.(cm™3) 150013850 . e e e e ...
C I} N.(em™3) 770041200 66001800 1420042300 5400£1800 68001600 45001200 1080043400
Ion IC3568 Full IC3568 1 IC3568 2 I1C3568 3 NGC2440 Full NGC2440 1 NGC2440 2
He™* (5876) 9.39+1.36(-2) 9.79+£2.38(-2) 8.80+2.59(-2) 1.004+0.74(-1) 5.13+£0.77(-2) 7.05+2.32(-2) 1.02+0.08(-1)
He*2(4686) 1.49+41.05(-3) 2.214+1.70(-3) 1.09£1.17(-3) e 7.49+0.27(-2)  5.0840.22(-2) e
icf(He) 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0°(6300) xx EE e e 1.63+0.32(-5) 3.08+0.77(-5) 5.04+3.96(-6)
0°(6363) 1.324+0.31(-5)  2.4040.92(-5) e
0%(adopt) - e _ 1.5640.31(-5)  2.9440.74(-5) -
O™ (3727) 7.16+4.15(-6) 1.05£0.55(-5) 4.5542.06(-6) 1.934+0.71(-5) 4.5943.46(-5) 1.254+1.49(-6)
01 (7325) e R e 3.63+£1.36(-5) 8.94+5.86(-5) e
O™ (adopt) e X X XX 2.25+0.63(-5) 5.29+2.32(-5) xx
072(5007) 4.02+1.27(-4) 3.01+£0.68(-4) 4.244+1.76(-4) 7.67+7.14 (-4) 1.53+0.19(-4) 1.74+0.18(-4) 6.33+4.15(-5)
072(4959) 3.58+1.13(-4) 2.69+0.61(-4) 3.77+1.57(-4) 6.56+6.10 (-4) 1.49+0.18(-4) 1.73+0.18(-4) 5.62+3.69(-5)
012(4363) 4.024+1.27(-4) 3.01+£0.68(-4) 4.24+1.76(-4) 7.67+7.14 (-4) 1.5040.18(-4) 1.75+0.19(-4) 6.33+4.15(-5)
O*2(adopt) 3.9241.24(-4) 2.94+0.66(-4) 4.13+£1.72(-4) 7.4246.91 (-4) 1.5240.18(-4) 1.744+0.18(-4) 6.174+4.05(-5)
icf(O) 1.02+0.01 1.02+0.02 1.01+0.01 1.00 2.46+0.22 1.72+0.24 1.00
Art2(7135) 6.79+2.09(-7) 5.61£2.45(-7) 6.47+2.79(-7) 1.29+1.23(-6) 7.79+0.78(-7) 9.13+0.87(-7) 3.50+1.84(-7)
Art2(7751) e e e e 9.24+1.28(-7) 7.81+2.20(-7) 7.08+3.82(-7)
Ar*?(adopt) 8.13+0.82(-7) 8.89+0.87(-7) 4.71£2.45(-7)
ArT3(4740) 7.05+1.01(-7) 1.0940.14(-6) 3.99+2.92(-7)
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Table 2.2

—Continued

Ionic Abundances?®

, Temperatures and Densities

Ton 1C3568 Full 1C3568 1 1C3568 2 103568 3 NG(C2440 Full NGC2440 1 NG(C2440 2
Ar*1(7005) - o e : 3.30+0.66(-7) 1.49+1.30(-7) 5.44+3.48(-7)
icf(Ar) 1.87 1.87 1.87 1.87 2.6040.24 1.9940.32 1.0240.03
C+(2325) 2.0240.85(-7)  2.643.76(-7)  1.4042.65(-7) . 2.0440.27(-6)  2.0140.31(-6)  9.33+3.44(-7)

C+2(1909) 3.4942.50(-4) 1.5140.77(-4) 4.4144.19(-4)  2.00+4.38 (-3)  1.60+0.40(-4) 1.1740.25(-4) 8.72+11.30(-5)
C+2(1907) 3.4942.50(-4) 1.5140.77(-4) 4.40+4.19(-4) 1.99+4.38 (-3)  1.60+0.40(-4) 1.1740.25(-4) 8.71+11.30(-5)
Ct2(adopt)  3.4942.50(-4) 1.5140.77(-4) 4.4044.19(-4) 1.99+4.38 (-3)  1.6040.40(-4) 1.1740.25(-4) 8.72411.30(-5)
C13(1549) 11741.04(-4) 5.17+3.22(-5) 1.34+1.58(-4) 7.26+19.60 (-3) 5.75+1.72(-4) 3.47+0.87(-5)  5.99+9.43(-5)
+(6584) e e - - 6.5240.87(-5)  1.2340.24(-4)  6.60+3.15(-6)
N (6548) 6.2240.83(-5) 1.1740.23(-4)  6.44+3.07(-6)
+(5755) 6.5240.87(-5)  1.2340.24(-4)  6.64+3.15(-6)
N (adopt) 6.45+0.86(-5) 1.22+0.23(-4)  6.56+3.13(-6)
N*2(1751) 1.32+40.36(-4)  9.1942.67(-5)  6.96+9.87(-5)
N*3(1485) 2.0640.64(-4)  1.1240.29(-4)  1.56+2.54(-4)
N+4(1240) 5.9542.17(-5)  1.594+0.51(-5) 5.67+10.80(-5)
Net?(3869)  7.8942.95(-5) 5.654+1.48(-5) 8.85+4.35(-5) 1.2541.43(-4)  2.5440.36(-5) 3.2640.40(-5)  6.1244.75(-6)
Net3(1602) e e e e 4.7141.55(-5)  2.85+1.51(-5)  2.83+4.36(-5)
Net4(1575) e e . e 1.0740.32(-5) e 1.2341.18(-5)
icf(Ne) 1.0340.02 1.0640.03 1.0240.02 1.00 2.7740.33 2.17+0.61 1.0240.03
S*(6716) . e e e 2.1140.76(-7)  2.89+2.06(-7) e
S*(6731) 2.074+0.74(-7)  2.80+2.07(-7)
S*(adopt) 2.0840.75(-7)  2.84+2.12(-7) e
S*2(9069) o ce 3.25+2.04(-7)
S+2(9532) 7.694+0.73(-7)  7.70+0.88(-7) e
icf(S) e e o e 1.5640.12 1.2840.11 2.0541.06
[O ] T (K 101004900 110004800  9800+1200 880042300 144004600 144004500 1570043800
[S TI] N.(em . 170041700 150015760
C II1] N, (cm 530043100 700046500 260043200 6800410400 71004500 10077500 1260042200

100
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Table 2.2—Continued

Ionic Abundances?® , Temperatures and Densities
b

Ton NGC2440 3 NGC3242 Full NGC3242 1 NGC3242 2 NGC3242 3 NGC3242 4 NGC3242 5
Het(5876)  4.39+0.87(-2) 6.254+0.45(-2)  0.106+0.026  8.10+1.56(-2) 5.99+2.27(-2) 6.61+2.55(-2) 5.15+£1.60(-2)
Het2(4686) 8.0340.35(-2) 4.4040.07(-2) 1.7340.36(-2) 3.8240.28(-2) 5.16+0.23(-2) 3.4040.37(-2) 4.4340.30(-2)

icf(He) 1.00 1.00 1.00 1.00 1.00 1.00 1.00
00(6300) 1.144-0.29(-5) oo .. .. oo .. ..
0°(6363)  1.12+0.34(-5)
0%adopt)  1.144:0.29(-5) e
O™ (3727) 1.77£1.21(-5)  2.23+0.90(-6)

O1(7325)  1.88+0.44(-5) e
O“'(adopt) 1.8040.95(-5) . oo oo . co. oo
O72(5007)  1.4440.15(-4) 2.58+0.21(-4) 3.17+£1.21(-4) 2.674+0.27(-4) 2.04+0.40(-4) 2.484+0.53(-4) 2.67+0.74(-4)
0%2(4959)  1.46+0.15(-4) 2.5940.21(-4) 3.18%1.22(-4) 2.6840.27(-4) 2.0540.40(-4) 2.4840.54(-4) 2.67+0.74(-4)
072(4363)  1.4340.16(-4) 2.5840.21(-4) 3.17+£1.21(-4) 2.6740.27(-4) 2.04+0.40(-4) 2.4840.53(-4) 2.6740.74(-4)
O*2(adopt) 1.4540.15(-4) 2.5940.21(-4) 3.174+1.21(-4) 2.67+£0.27(-4) 2.0440.40(-4) 2.4840.53(-4) 2.67+0.74(-4)
icf(O) 2.83£0.37 1.70+0.05 1.16+0.05 1.474+0.10 1.86+0.33 1.524+0.2 1.86+0.27
Ar+2(7135) 7.5440.67(-7) oo .. .. oo .. ..
Art2(7751)  7.9542.10(-7)
Art2(adopt) 7.63£0.79(-7)
Art3(4740)  5.5741.67(-7)
Art4(7005)  3.1040.64(-7)

icf(Ar) 2.94+0.40
C*(2325) 2.64+0.34(-6) 3.72+0.28(-7) 3.20+1.09(-7) 3.43+0.66(-7) 3.50£0.70(-7) 4.264+1.19(-7) 3.46+0.72(-7)
C*t2(1909)  1.63+0.36(-4) 2.0140.35(-4) 2.35+£1.96(-4) 1.8740.42(-4) 1.5140.62(-4) 1.7340.80(-4) 2.1841.30(-4)
C*2(1907)  1.63+£0.36(-4) 2.01+£0.35(-4) 2.35+1.96(-4) 1.8740.42(-4) 1.5140.62(-4) 1.73+£0.80(-4) 2.1741.30(-4)

C*t2(adopt) 1.6340.36(-4) 2.014+0.35(-4) 2.35+1.96(-4) 1.8740.42(-4) 1.51+0.62(-4) 1.7340.80(-4) 2.67+0.74(-4)
C*3(1549)  3.40+£0.87(-4) 3.12+0.67(-5) 3.08+3.14(-5) 3.36+0.90(-5) 2.54+1.27(-5) 2.09+1.17(-5) 2.8842.10(-5)
N*(6584)  5.12+1.01(-5)
N*(6548)  4.93+0.97(-5)

N*(5755) 5.12+1.01(-5)

N*(adopt)  5.0741.00(-5)
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Table 2.2—Continued

Ionic Abundances?® , Temperatures and Densities
b

Ton NGC2440 3 NGC3242 Full NGC3242 1 NGC3242 2 NGC3242 3 NGC3242 4 NGC3242 5
N+2(1751) 1.38+0.33(-4)
N+3(1485) 1.68+0.45(-4)

N+4(1240) 3.79+1.19(-4)
Ne™2(3869) 2.234+0.28(-5) 5.60+0.53(-5) 6.89£3.06(-5) 5.65+£0.75(-5) 4.50+1.02(-5) 5.36%£1.34(-5) 5.74£1.85(-5)
Net3(1602) 4.4041.58(-5) e . o e . .
Ne™(1575) 1.12£0.41(-5)  3.524+0.45(-5) 2.66+£1.61(-5) 4.23£0.99(-5) 2.4040.75(-5) 2.63%£1.20(-5) 3.46%1.74(-5)
icf(Ne) 3.18+0.57 1.72£0.05 1.16+0.05 1.47+0.10 1.86+0.33 1.5240.20 1.86+0.27
S+(6716) 3.21i2.04(—7) . . . . < ces
S*(6731) 3.17£2.03(-7)
St (adopt) 3.18+2.03(-7)
S*2(9532) 7.3440.70(-7)
icf(S) 1.63+0.26
[O III] T.(K) 151004600 11700+£300 114001400 119004400 122004800 122004800 11700£1000
S 1I] N (cm™3) 470014999 e o .. e e ..
C 1] N(em™3) 7800£500 4500£300 180041700 7000£900 330041000 3700£1400 4400£1300

Ton NGC3242 6 NGC3242 7 NGC3242 8 NGC32429 NGC5315 Full NGC5315 1
He™ (5876) 4.84+1.68(-2) 4.75+1.31(-2) 3.60+0.96(-2) 7.26£2.62(-2) 1.19+0.02(-1) 7.95+1.07(-2)

He™2(4686) 4.4240.39(-2) 4.87+0.40(-2) 6.34+0.22(-2) 4.36+0.44(-2) e e

icf(He) 1.00 1.00 1.00 1.00 1.00 1.00
0°(6300) e e e e 2.7440.50(-6) 4.14+1.31(-6)
0°(6363) 4.63+0.95(-6) 9.43+4.97(-6)
0°(adopt) 3.414+0.64(-6)  6.39+2.90(-6)
0" (3727) 1.03+£0.46(-5) 2.4540.91(-5)
07 (7325) 1.314£0.20(-5)  1.69+0.44(-5)
O™ (adopt) e e e xx 1.174£0.32(-5)  2.2240.71(-5)
072(5007) 2.5440.76(-4) 2.45+0.68(-4) 1.96+0.35(-4) 2.5540.40(-4) 4.95+0.32(-4) 3.87+£1.42(-4)
072(4959) 2.554+0.76(-4) 2.46+0.68(-4) 1.96+0.35(-4) 2.554£0.40(-4) 4.82+0.31(-4) 2.97+£1.09(-4)
072(4363) 2.54+0.76(-4) 2.45+0.68(-4) 1.96+0.35(-4) 2.55+0.40(-4) 4.04+0.30(-4) 3.01+1.13(-4)
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Table 2.2—Continued

Tonic Abundances® , Temperatures and Densities

Ton NGC3242 6  NGC32427 NGC32428  NGC32429 NGC5315 Full  NGC5315 1
Ot%(adopt)  2.55%0.76(-4) 2.45+0.68(-4) 1.96+0.35(-4) 2.55+0.40(-4) 4.92+0.31(-4) 3.69+1.35(-4)
icf(0) 1.91+0.33 2.020.29 2.76-£0.47 1.60+0.23 1.00 1.00
Art?(7135) e e - e 3.70+0.16(-6)  2.88+0.74(-6)
Art?(7751) 3.67+0.20(-6)  3.47+1.10(-6)
Art?(adopt) 3.6940.16(-6)  3.03+0.80(-6)
icf(Ar) e e oy oo 1.0240.01 1.06+0.03
C+(2325) 4.5141.05(-7) 3.78+1.34(-7) 3.76+1.20(-7) 3.13+1.69(-7) 4.65+0.36(-7) 8.45+4.01(-7)
C*2(1909) 1.9941.26(-4) 2.0141.19(-4) 1.4040.53(-4) 1.69+0.59(-4) 2.22+0.34(-4)  2.3542.01(-4)
C*2(1907) 1.9941.26(-4) 2.0141.19(-4) 1.4040.53(-4) 1.6940.59(-4) 2.2240.34(-4)  2.3442.00(-4)
Ct2(adopt)  1.99£1.26(-4) 2.01£1.19(-4) 1.40+0.53(-4) 1.694+0.59(-4) 2.22+40.34(-4)  2.35+2.01(-4)
C13(1549) 2.49+1.93(-5) 2.06+1.49(-5) 1.8840.86(-5) 4.57+1.90(-5) 2.9840.56(-4) 5.51+5.71(-4)
N*(6584) e e e e 1.82+40.25(-5)  3.140.46(-5)
N*(6548) 1.8540.26(-5)  3.3540.49(-5)
N+ (5755) 1.8240.25(-5)  3.1440.46(-5)
N (adopt) e . e e 1.8340.25(-5)  3.1940.47(-5)
Net2(3869)  5.8142.00(-5) 5.30+1.70(-5) 4.5340.93(-5) 5.5241.04(-5) 1.2740.10(-4) 7.0443.07(-5)
Net4(1575)  3.60+1.59(-5) 4.64+1.92(-5) 2.8340.86(-5) 2.66+1.20(-5)
icf(Ne) 1.91+0.33 2.020.29 2.76-£0.47 1.60+0.23 1.0240.01 1.0640.03
S*(6716) e e e e 4.8541.81(-7)  9.7442.96(-7)
S*t(6731) 4.8841.78(-7)  9.8642.92(-7)
ST (adopt) 4.87+1.79(-7)  9.82+2.94(-7)
S+2(9532) 9.76+0.38(-6)  7.19+1.61(-6)
icf(S) oo e e .. 2.02+0.35 1.44+0.14
[OTI] T.(K)  11900+1100 1180041000  123004£700  12000-600 8900+-200 96001000
[S II] Ne(em™3) e e e : 1080044700 650042800
C III) No(em™2) 450041200 900041200 400041300 150013950 6360047900 74000434900
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Table 2.2—Continued

Ionic Abundances?

, Temperatures and Densities

Ton NGC53152  NGC53153  NGC53154  NGC5882 Full  NGC5882 1  NGO5882 2
He(5876)  1.2240.13(-1) 1211002( 1) 1111007( 1) 1.12£0.07(-1) 1.14%0.14(-1) 1.10£0.09(-1)
Het2(4686) 3.2240.77(-3)  4.78+1.04(-3) 3.80+0.69(-3)

icf(He) 1.00 1.00 1.00 1.00 1.00 1.00
0°(6300)  1.55+0.08(-6) 4.41+1.25(-6) 1.5140.45(-5)
0°(6363)  2.23+0.17(-6) 6.97+2.10(-6) 2.7741.16(-5)

O%(adopt)  1.76+0.10(-6) 5.28+1.50(-6) 1.9840.68(-5)

O+(3727)  6.2940.35(-6) 2.43+1.59(-5) 6.7744.72(-5) 5.13+2.14(-6) 8.61+1.81(-6) 3.13+5.00(-6)
O+(7325)  7.2040.47(-6) 2.4940.90(-5) 6.71+1.73(-5) 1.5541.25(-5) 2.924+1.22(-5) 5.3845.33(-6)
O*t(adopt) 6.86+0.41(-6) 2.464+1.22(-5) 6.75+3.61(-5) 7.1942.05(-6) 1.2240.34(-5) 3.7742.16(-6)
O+2(5007)  5.0740.13(-4) 5.79+£0.82(-4) 8.36+5.19(-4) 7.62£1.50(-4) 6.79+2.33(-4) 7.38+£1.81(-4)
O+2(4959)  5.1440.14(-4) 5.39+£0.76(-4) 6.90+£4.29(-4) 6.37+£1.25(-4) 5.70+£1.95(-4) 6.27+1.54(-4)
0+2(4363)  4.31+£0.12(-4) 4.89+0.77(-4) 7.1244.49(-4) 6.81£1.36(-4) 6.7942.33(-4) 7.38+£1.82(-4)
O+2(adopt) 5.0940.13(-4) 5.69+£0.80(-4) 8.04+5.00(-4) 7.35+1.45(-4) 6.562.24(-4) 7.14-1.75(-4)

icf(O) 1.00 1.00 1.00 1.0340.01 1.0440.01 1.0340.01
Art2(7135)  3.80+0.06(-6) 4.01+0.39(-6) 4.6242.01(-6) 1.98+0.29(-6) 2.02+0.50(-6) 1.840.30(-6)
Art2(7751)  3.61+0.10(-6) 4.00+0.40(-6) 4.5442.54(-6) 1.98+0.44(-6) 1.86+0.63(-6) 1.9540.40(-6)
Art2(adopt) 3.76+£0.07(-6) 4.01+0.39(-6) 4.60+2.03(-6) 1.98+0.29(-6)  1.99+0.50(-6) 1.87+0.31(-6)
Ar+3(4740) 7.56+3.32(-7) 6.72+3.39(-7) 1.194+0.51(-6)

icf(Ar) 1.0140.01 1.0440.02 1.0840.06 1.0440.01 1.0640.01 1.0440.01
CT(2325)  3.6240.37(-7) 4.89+0.61(-7) 1.51£0.57(-6) 6.0943.53(-8) 6.87+5.03(-8) 6.8743.83(-8)
Ct2(1909)  1.94:+0.12(-4) 3.15+1.07(-4) 1.7142.57(-3) 2.23+1.05(-4) 1.26£1.05(-4) 2.52+1.50(-4)
Ct2(1907)  1.93+£0.12(-4) 3.15+1.07(-4) 1.71+2.57(-3) 2.23+1.05(-4)
C*2(adopt) 1.94+0.12(-4) 3.15+1.07(-4) 1.71+2.57(-3) 2.23+1.05(-4)
CH3(1549)  1.64+0.15(-4) 5.4142.23(-4) 4.93+9.13(-3) 4.91+3.03(-5) 4.22+4.40(-5) 6.19+4.49(-5)
N+(6584)  1.05+0.03(-5) 2.744+0.67(-5) 7.33+£1.70(-5) 2.2740.14(-6) 3.864+0.29(-6) 1.0940.27(-6)
N+(6548)  1.10+0.03(-5) 2.7440.67(-5) 7.32+1.70(-5) 1.9940.23(-6) 3.4240.33(-6) 7931221(7)
N*(5755)  1.0540.03(-5) 2.7440.67(-5) 7.33+1.70(-5)

N*(adopt) 1.074+0.03(-5) 2.7440.67(-5) 7.33+£1.70(-5) 2.2140.13(-6) 3.76+0.28(-6) 1041025( 6)
Net2(3869) 1.4140.04(-4) 1.33+0.22(-4) 2.16+1.64(-4) 1.72+0.41(-4) 1.5140.62(-4) 1.87-+0.53(-4)
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Table 2.2—Continued

Ionic Abundances?

, Temperatures and Densities

Ton NGC53152  NGC53153  NGC53154 NGC5882 Full NGC5882 1  NGC5882 2
Ne1(1575) - e e 4.91+2.61(-5) - -
icf(Ne) 1.0140.01 1.0440.03 1.0840.07 1.0440.01 1.0640.01 1.0440.01
S*(6716) 2.3940.21(-7) 8.87+4.54(-7) 2.14+1.25(-6) 7.98+3.84(-8) 1.2840.12(-7) 6.48+10.40(-8)
S*(6731) 2.4440.11(-7) 8.86+4.50(-7) 2.16+1.24(-6) 8.11£3.80(-8) 1.3040.13(-7) 6.51+10.50(-8)
S*(adopt) 2.4340.10(-7) 8.86+4.52(-7) 2.15+1.24(-6) 8.06+3.84(-8) 1.2940.12(-7) 6.50+10.40(-8)
S*2(9069) S 1.02+£1.87(-5)  9.23+3. 34( 6) e e e
S*2(9532) 1.03+0.02(-5) . 3.1340.37(-6)  3.53+0.73(-6)  2.614:0.35(-6)
icf(S) 2.5840.08 1.6040.27 1.3840.22 3.72+1.14 2.56+0.47 5.3446.86
[O TIT] T.(K) 8900£100 8500300 75001100 8500+400 87004800 85004500
[S TI] N.(em™?) e 1760048300 76003300 140017550 9004300 6700729000
C 1T} N.(em™3) 6290046700 61200414000 45300426700  27700+9200 S S
Ton NGC5882 3 NGC7662 Full NGC7662 1  NGC76622  NGC7662 3
HeT(5876)  1.08+0.12(-1) 5.11£0.75(-2) 7.05+2.71(-2) 4.5842.22(-2) 3.96+1.50(-2)
He"2(4686) e 4.9040.09(-2)  4.5540.21(-2)  5.90+0.14(-2)  5.47+0.20(-2)
icf(He) 1.00 1.00 1.00 1.00 1.00
Ot (3727) 5.5145.21(-6)  2.80+0.92(-6) 5.1542.38(-6)  3.33+2.02(-6) 2.07+1.15(-6)
O0*(7325) 1.3341.47(-5) e e e .
O*(adopt)  6.9945.53(-6) e e - e
O*2(5007)  8.95+7.35(-4) 2.30+0.15(-4) 3.1840.51(-4) 2.4040.29(-4) 2.3240.19(-4)
072(4959)  7.3946.07(-4) 2.09+0.13(-4) 2.88+0.46(-4) 2.23+0.27(-4) 1.98+0.16(-4)
072(4363)  8.95+7.35(-4) 2.30+0.15(-4) 3.1840.51(-4) 2.4040.29(-4) 2.3240.19(-4)
O*2(adopt)  8.6247.07(-4) 2.25+0.14(-4) 3.1140.50(-4) 2.3640.28(-4) 2.2540.18(-4)
icf(0) 1.00 1.9640.14 1.6540.25 2.2940.63 2.3840.53
Art2(7135)  2.35+£1.36(-6) 4.26£0.54(-7) 5.3840.99(-7) 5.12+0.77(-7)  4.96+0.53(-7)
Art2(7751)  2.3941.90(-6) e . e e
Art?(adopt)  2.3541.39(-6) . e . e
Art3(4740)  1.01+0.97(-6) 4.4040.72(-7) 3.3142.30(-7) 3.32+1.20(-7) 3.67+1.96(-7)
icf(Ar) 1.0140.01 1.9740.14 1.6640.25 2.3040.63 2.3940.53
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Table 2.2—

Continued

Ionic Abundances?

, Temperatures and Densities

Ion NGC5882 3 NGCT7662 Full NGCT7662 1 NGC7662 2 NGC7662 3
C*(2325) 3.09+3.34(-8) 5.37+0.43(-7) 6.77+1.50(-7) 5.20£0.99(-7) 4.65+1.24(-7)
C*+2(1909) 4.40+8.61(-4) 2.15+0.29(-4) 3.03+£1.03(-4) 2.234+0.56(-4) 2.324+0.43(-4)
C*2(1907) 2.15+0.29(-4) 3.03+1.03(-4) 2.22+0.56(-4) 2.324+0.43(-4)

C*2(adopt) 2.15+0.29(-4) 3.03+1.03(-4) 2.23+0.56(-4) 2.324+0.43(-4)
C*3(1549) 2.4746.53(-5) 1.93+0.31(-4) 1.85+0.76(-4) 1.63£0.50(-4) 2.13+0.46(-4)
N*(6584) 2.01+0.78(-6) 5.21+0.72(-7) 7.00+2.14(-7) 5.28+1.61(-7) 5.514+0.86(-7)
N+ (6548) 2.00+0.82(-6) e e e e
Nt (adopt) 2.01+0.78(-6) e e e e
N*2(1751) e 2.54+0.70(-5) 7.63+4.55(-5) 2.32£1.64(-5) 3.424+1.38(-5)
NT3(1485) 4.69+0.81(-5) 4.21+£1.92(-5) 4.144+1.36(-5) 5.69+1.38(-5)
N*4(1240) e 4.45+1.00(-6) R e e
Net2(3869) 2.05+2.03(-4) 4.53+0.34(-5) 6.84+1.26(-5) 4.64+0.66(-5) 4.324+0.45(-5)
Ne™3(1602) e 4.78+1.23(-5) 5.66+4.89(-5) 2.86+1.91(-5) 5.384+2.52(-5)
Ne™(1575) e 1.384+2.22(-5) 1.54+2.78(-5) 1.444+1.69(-5) 1.69+1.13(-5)
icf(Ne) 1.014+0.01 1.98+0.14 1.67£0.25 2.324+0.63 2.40+0.53
ST(6716) 7.41+4.00(-8) e R e e
ST (6731) 7.53+4.07(-8)
ST (adopt) 7.48+4.05(-8) e e
ST2(9069) e e 9.79+4.44(-7) e 9.46+2.11(-7)
ST2(9532) 3.32+1.62(-6) 6.63+0.69(-7) e 1.0440.19(-6) e
icf(S) 3.87+2.21 3.91+0.92 2.90+0.83 3.99£1.92 5.80£3.06
[O III] T.(K) 8100£1700 12700300 12300£600 126004500 124004300
[S I Ne(cm™3) 1800t%:8)88 e e e .
C 1] N.(em™3) . 3200£1200 4000£1000 5700£700 4500£500
Ion NGC7662 4 NGC7662 5 NGC7662 6 NGC7662 7 NGC7662 8
et (5876) 3.09+0.96(-2) 4.03+£1.02(-2) 5.37+0.63(-2) 8.23+£1.91(-2) 5.324+2.14(-2)
He™2(4686) 6.30+0.14(-2) 6.53+0.15(-2) 5.20+0.11(-2) 3.49+0.13(-2) 4.3640.28(-2)

icf(He)

1.00

1.00

1.00

1.00

1.00
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Table 2.2

—Continued

Ionic Abundances?

, Temperatures and Densities

Ton NGC7662 4 NGC76625 NGC76626  NGC76627  NGC7662 8
O+ (3727) 2.20+£1.53(-6) 2.83+1.67(-6) 3.314+1.39(-6) 2.164+0.68(-6) 2.75+1.40(-6)
0+2(5007) 1.7340.07(-4)  1.7940.36(-4) 2.42+0.23(-4) 2.5940.24(-4) 2.584-0.58(-4)
012(4959) 1.5740.07(-4)  1.6940.34(-4) 2.19£0.20(-4) 2.2240.21(-4) 2.534:0.57(-4)
012(4363) 1.7340.07(-4)  1.7940.36(-4) 2.42+0.23(-4) 2.5940.24(-4) 2.584-0.58(-4)
O*2(adopt)  1.6940.07(-4) 1.7740.35(-4) 2.3740.22(-4) 2.514:0.24(-4) 2.5740.58(-4)

icf(O) 3.04+0.63 2.62+0.41 1.9740.12 1.4240.10 1.8240.33
Art2(7135)  3.65+0.47(-7) 3.90+0.92(-7) 3.99+0.73(-7) 4.19+0.54(-7) 2.82+2.18(-7)
Art3(4740)  4.80+0.88(-7) 6.25+1.81(-7) 3.39+0.84(-7) 5.35+1.28(-7) 3.76+1.59(-7)
icf(Ar) 3.05+0.63 2.64+0.41 1.9840.12 1.4340.10 1.8340.33
CT(2325) 5.67+0.96(-7) 5.32+1.11(-7) 6.44+0.96(-7) 4.53+0.97(-7) 5.29+2.19(-7)
C*+2(1909) 1.6740.17(-4) 1.7840.72(-4) 2.28+0.44(-4) 2.1540.44(-4) 2.6341.24(-4)
C*+2(1907) 1.6740.17(-4) 1.7840.72(-4) 2.28+0.44(-4) 2.1540.44(-4) 2.6341.23(-4)
C*t2(adopt)  1.6740.17(-4) 1.78+0.72(-4) 2.28+0.44(-4) 2.1540.44(-4) 2.6341.23(-4)
C*+3(1549) 1.3540.16(-4) 1.52+0.75(-4) 1.89+0.44(-4) 2.4340.59(-4) 3.994-2.28(-4)
N+ (6584) 5.324£0.47(-7)  5.1440.96(-7) 5.954+1.11(-7) 5.77+1.01(-7) 4.3440.58(-7)
N+2(1751) 1.6940.93(-5) 2.3241.22(-5) 2.1041.03(-5) 2.2741.40(-5) 2.464-3.15(-5)
N+3(1485) 3.7240.52(-5) 4.6342.42(-5) 4.704+1.23(-5) 4.4241.19(-5) 6.57+4.02(-5)
Net2(3869)  3.64+0.20(-5) 3.70+£0.84(-5) 4.26+0.46(-5) 5.03+0.56(-5) 5.52+1.43(-5)
Net3(1602)  5.974+2.58(-5) 6.22+3.72(-5) 3.60+£2.47(-5) 2.9842.16(-5) 3.804-2.40(-5)
Net4(1575)  6.53+7.55(-6) 1.27+0.78(-5) 1.86+£1.12(-5) 1.37+1.43(-5) 2.3444.19(-5)
icf(Ne) 3.08+0.64 2.66+0.42 2.0040.12 1.4440.10 1.8440.34
S2(9069) 7.134+1.12(-7) e .
S+2(9532) 6.20+1.21(-7) 592i087( 7) 547i097( 7)  4.57+3.71(-7)

icf(S) 5.34+3.25 4.0341.80 3.61£1.05 4.0440.95 4.12+1.68
[O TIT] T.(K) 13400200 13200-£900 12900400 12400400 12800-£900

C I} Ne(em™2) 1600500 24004500 39004500 22004900 4700+£1600

2 Abundances relative to HT; n.nn+n.nn(-k) == (n.nn+n.nn) x 107%



The final abundances for each of the seven elements measured in each region
are presented in Table 2.3. The abundances relative to hydrogen or oxygen are
given in columns 2-7, while the solar values from Asplund et al. [4] are provided

in column 8.
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Table 2.3.

Total Elemental Abundances

Total Elemental Abundances

1C2165 Full

1C2165 1

1C2165 2

1C2165 3

1C2165 4

1C2165 5

1C2165 6

Solar®

11.3071 52
0.87
Pt
1.2211%
1 18+8§)§13
et 0108
0.348"
3 39+8€1328
P
e N
0.158J_r8'§ilS
L8003,
0.005_+03'_04021
10'10?036%21
0.003% 601

10.607135
1.05
30910,
0.8427
0 53+8§28
I i
0.1447 5
3 67+8g773
ot
g
0.153 008
pogE
0.004* 3
12'50?056%32
0.003%5 002

11.407107
3 81+11.f)637

o043
1.117°

1 21+8§1853

N
0.3537

ot 1
>03- 188,
0.165 %5 73
L0288,
0.008%5 001
505-318,
0.003 %5 002

10.407138
3 83+1]j.5?4)18
ot 0310
1.0527
1 49+8’?119
| F0 587
0.4097 -
3 64+9(%4%7
18
TS
0.149;98?5
kT
O.OOS_JF%06022
10'30_‘:0606022
0.003%¢ 002

10.30713]
) 91+11.2281
e 0100
0.735"
1 05+8§29
4 70164
0.2647
3 96+?%g4
o233
i
0.148% 078
b
0.007* 5 o
0.004 %5 002

10.405}5{23
pesesH

1.2237

0 67+8§§3
0 10.085

0.1927 5
(318t
6.03" 1

0 174+(1)'.?[))4119
o
proe i N

0.006"

9 91+84(L)g2
I+ —2.48

0.00310 901

10.00°2°7%
114.84
89.00F 4560
10.253 10524
.54
0'281193631
8.68T%
U
0.225;93%35
220110,
0.003_+09304072
16.607%-
O 002-‘1-094.04072
: —0.002

8.51
2.69
0.550
0.68
0.138
4.90
8.51
0.174
13.2
0.027
25.12
0.005

IC3568 Full

IC3568 1

1C3568 2

IC3568 3

NGC2440 Full

NGC2440 1

NGC2440 2

Parameter
He/H (10 2)
C/H (10~%)
C/0

N/H (104
N/O

O/H (107%)
Ne/H (1079)
Ne/O

S/H (1079)
S/0

Ar/H (1077)
Ar/O

He/H (10~2)
C/H (10~%)
C/0

N/H (1074
N/O

O/H (107%)
Ne/H (1079)
Ne/O

S/H (1079)
S/0

Ar/H (1077)
Ar/O

4.6675 7

0.756
1.1487%9 728

gt
0.201 %5670

12.70;03;030}1
0.003 ¢ 001

10.00}0%333
L ks
0.6522¢ 7304

g bk
0.1927¢ 064

o 0:—: 0i 62022
0.003 24002

5.747 s

1.197
1.357F 1 107

.74
L350
905 1ss

0‘214—01098

0.003 ¢ 002

10'00} 4;7: 2929
271675776

7.310
3.660 15660

12507108
0.168 74 159

0.003 ¢ 003

12.60;08;1%3
21804,
0.50618:%%7
4.627Y
1074 +02h
et
4.3015:8
7 03+(1)Ig4
e
0.163;8:%,8
1.52+0-
0.004*%3:2%1
48 001647
‘ -sf06.'04072
0.01179:502

12.107233
1 52+02.2?)73
oa 019
0.3887
3 424—841(%9
o 10:3%
0.8747 -
3 91+83§19
1ot 2:38
(ot 5
0.181;(()):%3
L3528,
0.003_+08:04051
42,407
0 011+0§0%53
-Y1l_0.003

10.2070-%0
1 47-?194870
N (o

2.33975

9 89+22g§7
g+ 5.337

4.59272

0 63+052127
0.8
002 840

0.099;8%?0
007481,

O.Olljrogj01112

14.407%

0 023+0§01210
Y49_0.020

8.51
2.69
0.550
0.68
0.138
4.90
8.51
0.174
13.2
0.027
25.12
0.005
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Table 2.3—Continued

Total Elemental Abundances

Parameter ~ NGC2440 3 NGC3242 Full NG(C3242 1 NGC32422 NG(C32423 NGC32424 NG(C3242 5 Solar®
He/H (1072) 12.40705: 10.6070-29 12.307550  11.907 -5 11.1753 10.07338 957715 851
C/H (1074 1.97%537 2.3210-% 2.66%79s 2217073 1761082 1947050 24732 269
CéO o 0.427§§;5}8}g 0.52310091  0.72170802  0.56270130  0.463T0 305 0.5177033%  0.4981030%  0.550
N/H (10~ 3.957 2% 0.68
N/O 0.8561’8:%% e ... e .. .. e 0.138
O/H (107%)  4.61709] 4.44710-36 3.697190  3.937003 3.8010-9 3.757092 4967195 4.90
Ne/H (107°) 708715 9.6270 01 8.021332  8.31120 8.375 5 8.12%22  10.7073% 851
Ne/O 0.15475:016 021770503 0.21775018 021170017 0.22070015 021675011 0.21570513  0.174
S/H (1079) 1717945 13.2
/0 0.00470:G0; 0.027
Ar/H (10°7)  48.007519 25.12
Ar/O 0.01015-005 0.005
NGC3242 6 NGC32427 NGC3242 8 NGC32429 NGC5315 Full NGC5315 1
He/H (1072) 9267171 9.6271 5% 9.937190 1167370 11.9075 17 7.955107 8.51
C/H (107%)  2.24F1%7 2.227120 1597028 215100 5.2010-62 7.861502 2.69
C§O oy 0.46070-300  0.44718273 0.2947011% 052710187 1.0321_“18;;%‘2 2.0105;5;3} 0.550
N/H (10~ 7.8671°01 5.637535 0.68
N/O e e S 156070351 144075773 0.138
O/H (107%)  4.8711:38 4971132 5417128 4087083 5.0410-33 3.917137 4.90
Ne/H (107°5)  11.17309 10.77530 1257320 8.831308 12.907101 7.48518 8.51
Ne/O 0.2287501 02167051 0.23175010 021670012 0.25670028  0.191F5 162 0.174
S/H (1079) e . e e 20.7073 33 11.8073 79 13.2
S/0 0.04115:007 0.03079:b13 0.027
Ar/H (1077) 37.801 170 32.00798 25.12
Ar/O 0.008T000;  0.0089-001 0.005
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Table 2.3—Continued

Total Elemental Abundances

Parameter NGC53152 NGC5H3153 NGCH3154 NGC5H882 Full NGC5882 1 NGC5H882 2 Solar®
He/H (1072) 12.207073 12.10701% 11.1079-58 11.5079-73 11.807139  11.407003 8.51
C/H (107%)  3.58+9-20 8.561297 66.40751 52 2.721159 1667177 3.4%72T 2.69
C/0 0.694700%5 144170961 7.615777700  0.357 0050 0.239t08;§§§ 0.423t§;§§,§ 0.550
N/H (107%)  8.01%532 6.6111 29 9.461822 2.3410%2 2.141052 2.o4i0;g4 0.68
N/O 155270078 111370311 1.085% 002 0.3071 015 0.30770 100 0.275t§;§§4 0.138
O/H (107%)  5.167913 5947081 8.7213-08 7.6371 %0 6.96733> 7427183 4.90
Ne/H (107°)  14.3070-33 13.907335 2340719580 17.801%7] 15.9018-72 19'4@025?929 8.51
Ne/O 02770011 0.234708%2  0.2687038  0.23370572 0.228f8:i§} 0.261t?;7099 0.174
S/H (10°6)  27.207113 17.707578 15.707530 11.907529 9.367545  14.3077750 13.2
S/0 0.053F5:00%  0.03070006  0.018T0513  0.016T0508  0.01315057  0.01970 553 0.027
Ar/H (1077) 38107000  41.807713  49.90130359 28507331  28.20%77%  31.8070T) 25.12
Ar/O 0.007t5001  0.00770001  0.006T000:  0.004T00T  0.004750%  0.0041000 0.005
NGC5882 3 NGC7662 Full NGC7662 1  NGC76622  NGC7662 3
He/H (1072) 10.807 1% 10.0075°78 11.6075 73 10.50735 23 9.4371 23 8.51
C/H (107%)  4.6575% 4087048 4.887138 3.8670 13 4.457053 2.69
C/0 0.535 1 hse  0.913%5139  0.93810318  0.70470317  0.824703530 0.550
N/H (1074  2.4971:%9 0.7770 1 1.1975-99 0.6570 21 0.9270 20 0.68
N/O 028710305 0.173700%5  0.22970707  0.11970523  0.17075:0%3 0.138
O/H (10=%)  8.697712 4471032 5207119 5.4871-60 5407123 4.90
Ne/H (1079) 20.6033;18 8.9910-92 11.4013-53 10.807537 10.4073:29 8.51
Ne/O 0.23710305  0.20170028  0.21970585  0.197T0583  0.19375:087 0.174
S/H (107%)  13.107}}-39 2.5910-58 2.847 1% 4171518 5.497517 13.2
S/0 0.01570015  0.00670005  0.005T0005  0.008T0002  0.010F5000 0.027
Ar/H (1077)  33.9075320  17.1073575 14.4013 79 19.401832  20.6075 82 25.12
Ar/O 0.00415000  0.00470001  0.003T0501  0.004T0502  0.00475055 0.005
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Table 2.3—Continued

Total Elemental Abundances

NGC7662 4

NGC7662 5 NGC7662 6 NGC7662 7

NGC7662 8

Solar®

Parameter
He/H (10~2)
C/H (107%)
C/0

N/H (107%)
N/O

O/H (107%)
Ne/H (107°)
Ne/O

S/H (1079)
S/0

Ar/H (1077)
Ar/O

R
0551011
oo L
0 215-‘:020%15
el
25.80 41
0 0'05+_06:'01042
: —0.002

10.60F102
5 304100
0%
0.701+0273
070+8%;
T 0BEr
0.14970:

s
g
0.209;9;8;2
e
26.8O+_07é)0002
0.006+0:002

10.6070°52
4175063
0.88270129
0.690 16
0.14510037
4.73108
8491057
0.17970-057
2.14507
0.00510:005
14.6013703
0.003+0.001
—0.001

11707121
4 58+01.7311

ot 0582
1.272+0-25

P
0.187+0-05

o t0:0
220001,
0'201;8:854
220,
0.006,+OQ;02072
o
0.004+9-001

+2.16

ppics &1
poritsr
ppateo
0 216;030%37
Ry
12,0058
0 0'()34:0?04091
' —0.001

8.51
2.69
0.550
0.68
0.138
4.90
8.51
0.174
13.2
0.027
25.12
0.005

2Asplund et al. [4]



Chapter 3

Are Planetary Nebulae Chemically

Homogeneous?

With the abundances calculated from ELSA, a direct comparison between
regions can be made to look for possible differences. Figures 3.1-3.3 compare the
total abundances of each region with the values scaled to the abundance of the full
region in each planetary nebula. The bottom two panels of Figure 3.3 also compare
the [O III] temperature and C III] density of each region with each value scaled in
the same manner as the abundances. Out of all the regions, only region 2 of NGC
2440 and region 1 of NGC 5315 show abundances that are significantly lower than
the respective full regions. For region 2 of NGC 2440, this can likely be attributed
to both the lack of co-spatiality between the UV and optical observations as
well as NGC 2440’s high ionization stratification (see e.g. Lépez et al. [35] and
Richer et al. [51]). Spurious abundances would result from combining areas where
the distributions of the ionized states for a particular element are different. For
region 1 of NGC 5315, a higher electron temperature is measured compared with
the temperature of its full region, causing the inferred abundances to be lower.
However, the temperature is consistent (given the errors) with the full region, and
substituting the full region’s temperature value in for the abundance calculations

of Region 1 yields abundances consistent with the full region’s values.
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4%

Fig. 3.1.— Helium, carbon, and nitrogen abundances for each region listed in Table 2.3 scaled to the full region of each
PN. The abundances at nearly all positions in each object are consistent within errors, with outliers discussed in the text.

IC 2165 IC3568 NGC 2440 NGC 3242 NGC 5315 NGC5882 NGC 7662

175 |
15}
o 125}

+ IIEIIIEEEEEIEIEEEEEEIIE S Ea 2 s 5 EEEEEEIEE

0.75 |

025 L o b

OliIIIEIIEIEEIEIEIIEIEEEIIII fffffff EEEIEEEIEEEE

-

Zlf **** 17l sl B IIIIIEEEEE}%}EE}

DN YD K B 6 DN LD
< < &

% |
7

":QQ\\’\‘L’bbs‘:b‘\‘bcb‘(\)\\’\"b'bbsQQ\\\‘L’b((\,}\\'b"Jhﬁb’\%



15974
Ne

Fig. 3.2.— Same as Figure 3.1 but for oxygen, neon and argon.
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4%

Fig. 3.3.— Top panel: Same as Figure 3.1 but for sulfur. Middle and bottom panels show the [O III] electron temperature
and C III] electron density listed in Table 2.2 for each region in a PN.
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A literature search over the last twenty years shows that only NGC 2440, NGC
3242, and NGC 5882 from this sample have been investigated previously for abun-
dance variations. Perinotto & Corradi [45] presented results on the abundances
of helium, oxygen, nitrogen, neon, argon, and sulfur for NGC 2440. They made
long-slit observations from 3600-9600 A along the major axis using the Boller &
Chivens spectrograph and the 1.52m ESO telescope at La Silla, Chile. The ob-
servations were divided into seven regions spanning the slit length and width of
76.1” and 2", respectively. There were no observed spatial variations between the
seven regions within their uncertainties for every element. Monteiro et al. [41]
addressed the idea of chemical inhomogeneity in NGC 3242. They observed the
nebula between 3900-7000 A using 6400 fibers onboard the instrument VIMOS-
IFU, covering an area of 54”x54”. They measured accurate oxygen and helium
abundances from the most abundant ionic species in this range. For other ele-
ments in the study, i.e., nitrogen, sulfur and chlorine, only less abundant ionic
species were observable, resulting in large (as high as 6x) discrepancies in the
total abundances measured at different locations in the nebula. Monteiro et al.
[41] concluded that helium and oxygen were homogeneous throughout NGC 3242.
NGC 5882 was observed by Guerrero & Manchado [16] over the wavelength range
3400-10,300 A using the same instrument as the one employed by Perinotto &
Corradi [45]. They compared the outermost halo to the inner two shells as a
whole. They found the abundances of helium, oxygen, and neon to be consistent
within errors between the halo and shells.

Table 3.1 compares the full region abundances for each planetary nebula with
other values in the literature. Each PN has two comparison values from either
authors with quoted uncertainties or average values with standard deviations from
multiple authors. The majority of the abundances match within 1o and nearly all

are consistent within 20 with the other authors. The largest discrepancy is seen
45



in the nitrogen abundance of NGC 2440 when compared to the value of Kwitter
et al. [32]. This is most likely caused by the fact that the nitrogen abundance
of Kwitter et al. [32] was calculated using the ICF method (ICF value of 9.71)
whereas this value is the sum of the observed ionic species, which includes the

most populated ionic states.
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Table 3.1. Comparison: Total Elemental Abundances

Comparison: Total Elemental Abundances

1C 2165 Full

IC 3568 Full

Element This Work ~ Kwitter et al. [32] BH* This Work  Henry et al. [19] Kwitter & Henry [30]
He/H (10;2) 11.30}02272 9.007308 10.83:,18;7262 9.535;3% 12.007550 11.00}0}4292
GATRENT ST .
O/H (1074) 3'39181(252 3.1118.&2 2.28;8:%% 4.06+1-26 3.7710.53 3.14710-47

. —0.64 . —0.44 . —0.31 . —1.26 . —0.53 . —0.47
Ne/H (107%)  5.367]:2¢ 6.9070-9 5.6675 55 8.15712¢ 7161113 4.08704
S/H (1076)  1.8070-31 2.7015:51 3.627129 e e .
Ar/H (1077)  10.1073%3 16.0073 1% 13.237457 12.707351 10.565:39

NGC 2440 Full NGC 3242 Full

Element This Work  Kwitter et al. [32] Hyung & Aller [25] This Work  Henry et al. [18] Milingo et al. [40]
He/H (10;2) 12.60}0853 10.0075-00 12'0055%8 10.60}08%2 8.005:@@ 11.0075:39
Vi 04 reed# g e e e B

. —0.77 . —1.51 . —2.38
O/H (107%)  4.3075:% 5.1979-73 4.4015-78 4.44715-36 3.387051 437113
Ne/H (1075)  7.03712% 10.70*5:2¢ 9.00t1:52 9.6270 01 8.1071-32 9.007278
S/H (10-9) 1.52%018 2.8070-52 2.000:50 e e e
Ar/H (1077)  48.00+%-47 40.60F2:74 21.0073:2

NGC 5315 Full NGC 5882 Full

Element This Work Peimbert et al. [43] TKSDTP This Work Kwitter et al. [32] Guerrero & Manchado [16]
He/H (1072) 11.907517 11757011 10.717120 11.507073 12.007550 11,1007
C/H (107%) 5207085 7.08+147 5.9672-90 2.72+149 e .
N/H (10-%)  7.86+10! 6.9272-39 3.617173 2.3470-83 1.8019-27 1.401549
O/H (107%)  5.047533 7417051 6.02112 7637190 5.4870-17 4.9310-92
Ne/H (1075) 12.90710! 20.417470 16.661592 17.801421 14.807219 8.401730
S/H (1076)  20.7073:23 32.3575:91 17.87+3:31 11.90+4:29 7.2071-10 7.0070 %0
Ar/H (10-7)  37.80+110 562171633 49.581711-20 28.501 231 27.9073-5 31.5071-5%
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Table 3.1—Continued

Comparison: Total Elemental Abundances

NGC 7662 Full

Element This Work Kwitter et al. [32]  LHBAS
He/H (1072) 10.007578 10.0073 59 10.057 )12
C/H (10~%)  4.0870-33 e 6.2772:9%
N/H (107%)  0.77+51! 0.74%013 1.0070 45
O/H (10™%)  4.47+0-32 4197959 4.59170
Ne/H (1075) 8997592 7.1070°5% 7.58% 150
S/H (107%)  2.59%5:C8 4.3070715 57112
Ar/H (1077) 17.10721 24.6075752 14.80153%

&Values and uncertainties are averages and standard deviations,
respectively, from Bohigas et al. [7] and Hyung [23].

PValues and uncertainties are averages and standard deviations,
respectively, from Tsamis et al. [60], Kingsburgh & Barlow [28], Sam-

land et al. [53], de Freitas Pacheco et al. [11], and Torres-Peimbert
& Pena [59].

“Values and uncertainties are averages and standard deviations,

respectively, from Liu et al. [34], Hyung & Aller [24], Barker [6], and
Aller & Czyzak [2].



Looking at the temperatures of each region, only region 6 of IC 2165 is sig-
nificantly lower than its full region temperature. This region probes the middle
shell of IC 2165, as opposed to the other regions that probe the innermost shell.
Therefore, this may indeed be cooler gas since it is farther from the central star
and may be optically thick such that the effect of heating by radiation harden-
ing® doesn’t occur. Lastly, most of the density variations appear to coincide with
brighter areas of each PN for the higher densities, and dimmer areas for the lower
densities. This is consistent with the assumption that the brightness is propor-
tional to the density squared and may be the result of clumps of ejected material
that form prior/during the formation of the planetary nebula. The only regions
with densities that are unusual are Regions 2, 1 and 7 of IC 2165, IC 3568 and
NGC 3242, respectively. A plausible explanation is that there is a small knot
of enhanced density in each region that is emitting the observed light, though a
literature search turns up no corroboration.

To summarize, first, dereddened emission line intensities for various regions
across each planetary nebula were presented. Next, these emission lines were
used to calculate nebular properties of temperature and density as well as ionic
abundances. Last, total abundances for He, C, N, O, Ne, S and Ar were calculated
from the ionic abundances for each region. The major result is that each of the
seven planetary nebulae appears to exhibit a chemically homogeneous distribution
of these elements. This is the first time these planetary nebulae have been shown
to be chemically homogeneous at sub-arcsecond, effective spatial resolution. This
abundance homogeneity for each PN supports current planetary nebula formation
theory. During the asymptotic giant branch stage of a star’s evolution, convection

processes will mix recent nuclear fusion products like carbon, nitrogen, and helium

a2Radiation hardening refers to optically thin gas exterior to optically thick gas being illumi-
nated by preferentially higher-energy photons since the optically thick gas absorbed the photons
near the hydrogen series limit.
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into the surface layers which are eventually ejected during the formation of the
PN. The relevant timescales are those of nuclear fusion and envelope convection.
The nuclear timescale is of the order 10°-10° years whereas the convection process
is model dependent and the timescale is calculated by the taking the size of the
envelope divided by the velocity of the convective atmospheric elements (Renzini
& Voli [48]). Models by Buell [8] (private communication) imply a convection
timescale on the order of a year. Therefore, the mixing and subsequent ejection
of matter, such as '2C, ¥C and *N, to form the planetary nebula is much shorter

than the nuclear timescales, and each ejection should be homogeneous.
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Chapter 4

Properties of Planetary Nebula Central Stars

and Their Progenitors

In order to constrain the central star’s temperature and luminosity of each
planetary nebula, Cloudy version 13.03 (Ferland et al. [14]) was used to generate
photoionization models of each PN. For a given set of input parameters, Cloudy
simultaneously solves energy and ionization equilibrium equations at specific ra-
dial points in the PN model. Three iterations for each model were carried out
to ensure that each model had converged to a solution. The assumed spectral
energy distribution (SED) of the central star was taken to be either the Rauch
H-Ni (example shown in Figure 4.1) or the Rauch pgll59 (example shown in
Figure 4.2) atmospheric simulations (Rauch [47]), depending on the known at-
mospheric properties of the central stars. Rauch H-Ni includes line blanketing
for lines from hydrogen to nickel, whereas for Rauch pgl159, the line blanketing
effects only include lines of helium, carbon, nitrogen, and oxygen. NGC 5315 was
the only PN for which the Rauch pgl1159 SED was employed, since its central star
was observed to be hydrogen deficient by Mendez & Niemela [37]. Assumptions
for each model were a spherically symmetric and static geometry without shock
heating of the gas. The stellar parameters for the initial model were chosen to be
the average of the most reliable values found in the literature (Shaw & Kaler [57],
Shaw & Kaler [58], Zhang & Kwok [65], Corradi et al. [10], and Frew [15]) but
were allowed to vary in subsequent models. Fixed angular radii for the models
were measured from archival HST WFPC2 images and the values are as follows;

IC 2165 r=2.67", IC 3568 r=3.54", NGC 2440 r=6.51", NGC 3242 r=9.30", NGC

o1



5315 r=1.50", NGC 5882 r=3.21", and NGC 7662 r=10.71". These fixed angular
radii ensured that a change in the outer radius of each model resulted in a change
in the assumed distance to the nebula. Lastly, the nebular properties initially
were set to the values discussed in §2 (densities in Table 2.1 and total abundances

in Table 2.3) but also left variable.
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Fig. 4.1.— The Rauch H-Ni SED used in the case of NGC 3242. The r, refers to the inner radius of the nebula from the model.
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Fig. 4.2.— The Rauch pgl159 SED used in the case of NGC 5315. The r, refers to the inner radius of the nebula from the
model.
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The calculations for converting the internal model gas properties into model
emission line strengths were made with the self-written C++ program PANIC
(PlAnetary Nebula Intensity Calculator). To summarize the process, volume emis-
sivity values as a function of radius from each Cloudy model are read into PANIC,
which then calculates the model line intensities based on the geometry and other
properties of the modeled gas. Specifically, PANIC calculates the volume of gas
in each region’s line-of-sight for each radial distance from the model, multiplies
this volume by the appropriate emissivity, and adds up each contribution to deter-
mine the maximum emission strength for a particular line. Finally, this maximum
emission strength is scaled by the filling factor (the ratio of the volume of gas to
the total, physical volume) to get the total emission line strength.

To weight the emission lines equally, only one* emission line per ion from the
observations was used in the comparison to the models and only for lines having

a S/N > 3. A total rms value was calculated for each model from the expression

\/ LyV(- %)27 where N is the total number of lines and diagnostics, model

is the value of each line or diagnostic predicted by the model, and observed is the

observed value. A similar rms value for the observations was calculated using the

model
observed

h uncertainty

in the above expression wit .
observed

line’s uncertainty by replacing 1 —
This observed rms value was later used in the calculation of the uncertainties in
the parameters from each model. The model that yielded the lowest rms value

was chosen to be the best model.

Degeneracies between models with similar rms values were broken by em-

O ITI] A5007+M4959+[0 II] A3727
HpB

ploying five common diagnostics. The first, [ , is used

to gauge the metallicity of the nebula since oxygen is often the most abundant

metal. The next two, [[O 1] A3727 -\ q He IT \4686

[0 TT1] 75007 11 xrsrg s are sensitive to the ionization

state of the nebula. The temperature of the nebular gas is probed with the fourth

2Additional lines from some ions were used in diagnostic line ratios only.
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diagnostic, [O 1] :\\ggg? The final diagnostic, %, is used to determine

the density of the nebula.
To test the validity of the described rms method for assessing the best model,
the method of Morisset & Georgiev [42] was used for NGC 3242. In their method,

model

a quality factor, @), is calculated by the expression log(lligl;(cg;’;ggggrmr) where Rela-

uncertainty

toored - Minimizing this @) value instead of the rms resulted in a
ooserve

tiwveError is
small difference in the best fit stellar temperature and luminosity of only 200 K
and 0.011 dex, respectively.

Next, the sensitivity of the final stellar parameters on the choice of nebular
density profiles was explored by testing three profiles. The first had a constant
density throughout the entire gas region (constant density profile). The brightest
portions of each nebula are primarily from one shell, so a constant density profile
is a sensible first choice. However, the sharp cutoff of the gas at the boundaries is
unphysical in nature. Therefore, the second profile replaces the constant density
with a Gaussian shaped density profile (Gaussian density profile), allowing for a
smoother transition to low density areas. The Gaussian density profile, however,
does not take into account the less luminous, exterior shells of gas seen in most
of the objects. To represent these outer shells in the third profile, a radially
decreasing power-law is appended to the Gaussian density profile (Gaussian with
a power-law density profile). Figures 4.3 & 4.4 shows the different profiles for each
planetary nebula’s Full Region.

Since each model assumes a specific value for each stellar and nebular param-
eter, locating the global minimum (in parameter space) or best value for each
stellar parameter is critical. Two methods were used to find these minima. The
first method employed a suite of constant density models spanning a wide range

of stellar and nebular parameters, using resources from the OU Supercomputing
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Fig. 4.3.— The three different density profiles used for the full regions of 1C
2165, IC 3568, NGC 2440 and NGC 3242 are shown here. The solid red lines
are the constant density profiles. The blue dash lines are the Gaussian density
profile. The combination of the blue dash lines and green dot-dash lines are the
Gaussian with a power-law density profiles.
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4.4.— The same as Figure 4.3 but for NGC 5315, NGC 5882, and NGC 7662.
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Center for Education and Research at the University of Oklahoma. The benefit
of this method is that local minima can be easily identified and avoided. The
downside is the sheer number of models required to adequately probe each pa-
rameter. The second method determined the rms after each model run and kept
parameters that reduced the rms value. This way drastically reduces the number
of models required to be run but can be susceptible to stopping in local minima.
Both methods were tested on NGC 3242 with negligible differences in the final
stellar parameters found. Also, it was observed by inspecting the rms values from
the large suite of models that local minima were not a major concern for the
stellar parameters. Therefore, only the second method was used for the other six
planetary nebulae.

Describing the first method in detail, a primary grid of 81,000 constant den-
sity models was produced for NGC 3242 by varying the stellar temperature and
luminosity, the inner and outer radii, and the filling factor of the gas while hold-
ing the abundances of He, C, Ne, and O constant. The range of the stellar
temperature and luminosity was between 50,000-100,000K (AT = 1000K) and
(log[L/L])=3.0-5.0 (Adex = 0.1), respectively. These ranges cover all pub-
lished values of these stellar parameters. The filling factor was varied between
0.01 and 0.5, a range which encompasses typical values of planetary nebulae,
in steps of 0.01. The inner/outer radii were varied from 0.039pc/0.0415pc to
0.041pc/0.0437pc with a step size of 1073pc/10™%pc, covering values that are rea-
sonable for the assumed distance. The nebular composition was chosen to be the
full region’s values from Table 2.3, since all regions had elemental abundances
within error of the full region’s values. Grains were chosen to be the planetary
nebula set internal to Cloudy with a fixed scaling factor of 1.0. The density was

chosen to be the full region’s value of 4500 cm ™ except for Regions 1, 2, 7, and

9.
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Next, the set of observed emission line strengths for NGC 3242 were used to
reduce the primary grid to a smaller group of models which were the most suc-
cessful at reproducing the observations, as determined by the previously discussed
rms analysis. Finally, within the refined boundaries of the previously discussed
parameters, the abundances were varied within the observed errors to produce
a secondary grid of over 10 million models to further reduce the model rms (9
parameters total with 6 steps in each parameter). Ultimately, the best values
were found by starting with the best model from the grid, and manually adjusting
each input parameter and keeping the values that lowered the model rms. An
estimation of the error for each parameter was carried out by starting with the
best (lowest rms) model and varying each parameter one at a time (the stellar
temperature and luminosity were varied together) until the model rms was larger
than the sum of the best fit model rms and observed rms?®, e.g. model rms > 0.21
(0.064-0.15) for Region Full of NGC 3242. This estimation process was used only
for the constant density models, due to constraints imposed by computational
time requirements.

For the second method, the nebular and stellar parameters described above
were used as starting values and other parameters such as the grain properties and
filling factor were set to typical PN values. The constant density profile was again
chosen. The density was adjusted until the carbon density diagnostic, (C III]
A1909/[C III] A1907), was within roughly 1% of the observed value. Next, the
radius and overall thickness of the gas was adjusted until the line strength of Hf3
was within 10% of the observed value. Finally, all other parameters (abundances,
stellar properties, etc.) were adjusted as needed to get the rms down around 0.3,

ensuring an average error for all lines and diagnostics near 10%. From there, the

2 Admittedly, each parameter is not fully independent. However, varying the stellar parame-
ters together takes into account more of the covariance.
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best parameters set so far were entered into a script that varied each parameter one
at a time, calculated the rms after each model run by calling PANIC, compared
the new rms to the previous values, and retained the sets that resulted in a smaller
rms. It continuously looped through all parameters until it failed to produce a
lower rms value. To minimize convergence times, the step size for each parameter
began at relatively large values (e.g. AT=500K, log[L/L&]| Adex=0.1, abundance
Adex=0.1), but then was reduced to smaller values (e.g. AT=100K, log|L/Ls]
Adex=0.01, abundance Adex=0.01) to yield the smallest rms and subsequent
best parameters.

The Gaussian and Gaussian with a power-law density profiles initially assumed
the best fit constant density parameters as the initial values with the inner and
outer radii held fixed. Since there is less gas contained within a Gaussian profile
of equal height and width relative to a constant profile, the density peak of the
Gaussian profile was increased by trial and error to compensate for the decrease
in the Hp line strength. However, for NGC 5315, the increase was found to be too
large to keep the carbon density diagnostic within reasonable error, so the inner
and outer radii were increased while keeping the peak of the Gaussian distribution
located at the midpoint of the best constant density model. The slope of the
power-law was chosen such that the Gaussian side of the profile was around 2000
ecm™ and decreased to about 10 cm™ at the location of the outermost known
shell /halo of each planetary nebula. The error estimation process was the same
as what was described above in the first method.

Table 4.1 contains the ratios of the model-predicted strengths to their observed
counterparts of important emission lines for each nebular region. The wavelength
of each emission line is in the first column followed by the identification of the
ion that produces it in the second column. The remaining columns contain the

individual region’s model/observed ratios. The majority of modeled lines for each
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full region fall within the respective errors shown in Table 2.1. Region Full of
NGC 3242 has the most lines that are outside the errors listed in Tables 2.1.
This is probably due to the modeling assumptions becoming less valid compared
to the smaller regions and the smaller uncertainties in the line strengths. Ta-
ble 4.2 provides the same type of comparison as Table 4.1 but for the other two
density profiles and only for the full regions. IC 2165 and NGC 2440 have the
largest increase in the number of lines falling outside of the observed errors for the
two non-constant density profiles compared to the constant density profile. This

suggests that these PN are better represented by the constant density profile.
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Table 4.1.

Constant Density Model Emission Lines Compared to Observations

Constant Density Model Emission Lines Compared to Observations

Wave 1C2165 Full 1C2165 1 1C2165 2 1C2165 3 1C2165 4
(A) 1D Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed
1485 N 1V] 1.00£0.11 1.00£0.15 1.00£0.15 1.00£0.13 1.01£0.13
1907 [C IIT] 1.01+0.11 0.96+0.13 1.05£0.15 1.03£0.13 1.06£0.13
1909° C 1I11] 1.00£0.11 0.97+0.13 1.04£0.15 1.03£0.13 1.06£0.13
3869 [Ne IIJ] 1.00£0.07 1.00+0.07 1.00£0.11 1.00£0.12 1.01+0.11
4363% [O II1] 1.01+0.11 0.87+0.18 1.11+0.14 1.04£0.20 1.10£0.22
4686 He II 1.00£0.05 1.09+0.06* 0.81+0.06* 0.97£0.06 0.85+0.05*
4861 Hp 0.98+0.03 1.00£0.04 0.95£0.05 0.9440.04* 0.84+0.04*
4959 [0 II1] 1.03£0.03 0.99+0.03 1.04+0.04 1.01£0.03 1.11£0.03
5007 [O II1] 1.01+0.02 0.95+0.03* 1.04£0.03* 1.03+0.03 1.08£0.03%
5876 Hel 1.00+0.14 1.06£0.28 0.95+0.41 0.98+0.32 0.93+0.37
7136 [Ar III] 1.00+0.14 1.00£0.15 1.00£0.30 1.00£0.15 1.00£0.22
9532 [S III] 1.00£0.06 1.00£0.12 1.00£0.10 1.00£0.12 1.00£0.14
I1C2165 5 1C2165 6 I1C3568 Full IC3568 1 1C3568 2
Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed
1485 N 1V] 1.00+0.16 0.97+0.56 e e e
1549 CI1IV e e 1.00£0.13 1.00£0.19 1.02+0.17
1907 [C II]] 0.92+0.14 0.91+0.33 1.00£0.10 1.02+0.14 0.99+0.16
1909° C 117] 0.92+0.14 0.91+0.34 1.01+0.11 1.01£0.18 1.03£0.17
3869 [Ne III] 0.99+0.08 0.99+0.18 1.00£0.06 1.00£0.19 1.01£0.06
4363 [0 III] 0.812£0.16 0.960.73 0.99+0.31 1.0140.21 0.97+0.41
4686 He II 1.00£0.08 cee e e e
4861 Hp 1.10£0.04% 1.21£0.10* 0.94+0.03* 0.87+0.04* 0.96+0.04
4959" [0 1] 0.87+0.03* 0.99+0.07 1.1240.02% 1.18+0.03% 1.13£0.03%
5007 [O III] 0.89+0.03* 0.87+0.072 1.00£0.02 1.07£0.03? 1.01£0.03
5876 Hel 1.03+£0.14 1.01£0.28 1.00+£0.14 0.99+0.24 1.00£0.29
7136 [Ar II7] 1.01+0.13 1.00+0.24 1.00+£0.21 1.01+0.32 1.00+0.31
9532 [S III] 0.99-£0.07 1.0040.18 S - .
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Table 4.1—Continued

Constant Density Model Emission Lines Compared to Observations

Wave I1C3568 3 NGC2440 Full NGC2440 1 NGC2440 2 NGC2440 3
(A) 1D Model / Observed Model/Observed Model/Observed Model/Observed Model/Observed
1485 N 1V] x 0.98+0.12 0.97+0.11 0.79+0.21 0.85+0.11*
1907 [C IIT] 1.00£0.47 0.99£0.12 0.9540.10 0.99£0.21 0.92+0.11
1909° C 1I11] 1.00£0.47 0.97+0.12 1.01+0.11 0.96+0.21 0.91+0.11
3727 [0 1]] e 0.98+0.06 0.93+0.06* 1.11£0.87 0.93£0.08
3869 [Ne II7] 1.00+0.29 1.00+0.05 0.98+0.06 1.01£0.27 0.98+0.06
4363% [O II1] 0.984+0.96 1.00+0.10 0.70+£0.08* 1.05+0.52 0.97£0.09
4686 He II e 1.03£0.04 1.14+0.04* 0.89+0.07* 1.06£0.04*
4861 Hp 1.02+0.14 0.98+0.04 0.84+0.03* 1.01£0.07 1.1440.04*
4959 [O 1I7] 1.13£0.09* 1.01+0.02 0.84+0.02* 1.05+0.05 1.02+0.02
5007 [O III] 0.98+0.09 0.99+0.02 0.84+0.02% 0.94+0.04* 1.04+0.02%
5876 Hel 1.00£0.74 1.01£0.10 1.09£0.16 e 1.05£0.17
6584 [N IIj e 1.02+0.00* 0.97+£0.00* 1.14+0.02? 1.05£0.00%
7136 [Ar II7] 1.00+£0.70 1.00£0.04 1.00£0.06 1.01£0.19 1.01+0.04
9532 [S IIT] 1.00£0.04 0.9940.09 1.00£0.27 1.00+0.06
NGC3242 Full NGC3242 1 NG(C3242 2 NGC3242 3 NGC3242 4
Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed
1485 N 1V] 1.00£0.09 1.00£0.35 1.00£0.17 1.00£0.15 1.00£0.19
1907 [C II]] 1.05£0.03% 1.01£0.20 1.01£0.09 1.01£0.10 1.01£0.13
1909 C III] 1.05£0.04% 1.01£0.20 1.01£0.08 1.02+0.11 1.00£0.14
3727 [0 11] 0.9540.40
3869 [Ne IIJ] 1.04+£0.02? 1.01£0.08 1.00£0.07 1.00£0.06 1.01£0.06
4363"> [O II1] 1.08+0.07* 0.99+0.35 0.97+£0.09 0.93+0.17 0.95+0.19
4686 He II 0.94+0.02* 1.00£0.21 0.90+£0.07* 0.90+0.04* 0.99+0.11
4861 Hp 0.91+£0.01* 0.93+0.06* 0.96+0.03* 0.944+0.03* 0.98+0.04
4959 [0 II1] 1.07£0.01% 1.02£0.04 1.01£0.02 1.00£0.02 0.99+0.03
5007 [O II1] 1.08+0.01* 1.03£0.04 1.02+0.02 1.01£0.02 1.014+0.03
5876 Hel 0.96+0.07 1.00+0.23 0.95£0.19 0.98£0.38 1.00+0.38
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Table 4.1—Continued

Constant Density Model Emission Lines Compared to Observations

Wave NGC3242 Full NGC3242 1 NGC3242 2 NGC3242 3 NGC3242 4
(A) 1D Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed
7136 [Ar I1]] 1.00£0.11
9532 [S III] 1.0140.20
NGC3242 5 NGC3242 6 NGC3242 7 NGC3242 8 NGC3242 9
Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed
1485 N 1V] 1.01£0.20 1.00£0.20 1.00£0.15 1.00£0.14 1.00+0.31
1907 [C II]] 1.02+0.12 1.01£0.12 1.02+0.13 1.00£0.11 0.99+0.14
1909° C 117] 1.03+0.13 1.01£0.11 1.03£0.12 1.00£0.11 1.00£0.14
3869 [Ne III] 1.01£0.06 1.00£0.06 1.01£0.06 1.00£0.05 1.00£0.06
4363° [0 I11] 1.07£0.25 1.01£0.27 1.10£0.25 0.93+0.15 0.99+0.14
4686 He II 1.00£0.07 0.99+0.09 0.9940.08 0.73£0.04* 0.96+0.10
4861 Hp 0.89+0.04* 0.95+0.03% 0.97+0.04 0.96+0.03* 0.9840.04
4959" [0 II1] 1.07+£0.02% 1.02£0.02 1.07£0.03% 0.99+0.02 1.02+0.03
5007 ][O II]] 1.08+0.02% 1.03£0.02? 1.08+0.02% 1.01£0.02 1.03£0.03
5876 Hel 0.99+0.31 1.00£0.34 0.98+0.27 0.89£0.27 0.99+0.35
NGC5315 Full NGC5315 1 NGC5315 2 NGC5315 3 NGC5315 4
Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed
1549 C1IV 0.99+0.04 0.99+0.11 0.99+0.06 1.04=£0.06 0.99+0.18
1907 [C II]) 1.00£0.07 1.00£0.23 1.01£0.06 0.97+0.12 0.98+0.30
1909° C 117] 1.01£0.05 1.00£0.25 1.04+0.03% 1.02+0.09 0.98+0.25
3869 [Ne III] 0.99+0.01 1.00£0.08 1.00£0.01 1.01£0.02 1.01£0.09
4363° [0 I11] 0.99+0.06 1.02+0.36 1.03£0.02% 1.14+0.14 1.09+0.66
4861 Hp 1.06£0.01% 1.00£0.03 0.90+0.01* 0.89+0.01% 0.91+0.04*
4959 [0 I11] 0.98+0.01* 1.28+0.03% 0.99+0.01 1.13+0.01* 1.25+0.03%
5007 [O III] 0.98+0.00* 0.99+0.02 1.02+0.00* 1.06£0.01? 1.04£0.03%
5876 Hel 1.01+0.01 0.99+0.13 1.00£0.01 0.96+0.01? 0.97£0.05
7136 [Ar II7] 0.9940.00* 1.00£0.02 1.00£0.00 1.01£0.01 1.01+0.04
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Table 4.1—Continued

Constant Density Model Emission Lines Compared to Observations

Wave NGC5315 Full NGC5315 1 NGC5315 2 NGC5315 3 NGC5315 4
(A) 1D Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed
9532 [S III] 0.96+0.01* 1.02£0.02 1.02+0.00* 1.08+0.01* 1.08+0.03%

NGC5882 Full NGC5882 1 NGC5882 2 NGC5882 3
Model/Observed Model/Observed Model/Observed Model/Observed

1549 CI1IV 1.00+£0.24 0.91£0.35 0.91£0.19 1.08+1.10
1907 [C I11] 1.00+0.14 o . o
1909* C I17] 0.99£0.11 1.03£0.26° 1.07£0.15°¢ 0.89+0.26°
3869 [Ne III] 1.02+0.04 1.02£0.05 1.04+0.03% 1.02+0.09
4363 [O 117] 1.13+0.20 1.22+0.35 1.00+£0.23 0.944+0.86
4686 He II 0.98+0.24 0.92+0.22 0.84+£0.18 e
4861 Hp 0.81+0.02* 0.84+0.03% 0.77+0.01* 0.82+0.04*
4959® [0 I11] 1.33+£0.02% 1.40+0.02? 1.25+0.01* 1.27£0.03*

5007 ][O II7] 1.1240.02% 1.1940.02? 1.07£0.01% 1.06£0.03?

5876 Hel 0.98+0.05 0.95+0.12 0.94+0.05* 1.01£0.09
6584 [N II] 1.00+£0.03 1.00+0.02 1.01£0.04 1.01+0.05
7136 [Ar IIJ] 1.00+0.05 0.99+0.07 1.03+0.03 1.01+0.09
9532 [S IIT] 1.02+0.03 1.00£0.04 1.02+0.03 1.01£0.07

NGC7662 Full NGC7662 1 NGC7662 2 NGC7662 3 NGC7662 4
Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed

1485 N 1V] 1.07£0.06* 1.01£0.19 1.03£0.10 1.00£0.14 0.97+£0.10
1549 CI1IV 1.00£0.04 0.96+0.09 0.82+0.05* 0.94+0.10 0.97+0.07
1750 N IIT] 0.90+0.24 e e e e
1907 [C IIT] 0.96+0.04 1.01£0.09 1.1240.05% 1.05+0.11 0.95+0.07
1909° C I17] 0.95£0.05 1.00+0.10 1.12+0.05% 1.04+0.11 0.96+0.07
3727 [0 11] 1.02+0.30
3869 [Ne III] 0.98+0.03 0.99+0.05 1.01£0.04 1.00£0.06 0.99+0.03
4363° [0 I11] 0.83+£0.06* 0.93+0.14 1.10£0.10 1.08+0.08 0.93+0.04*
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Table 4.1—Continued

Constant Density Model Emission Lines Compared to Observations

Wave NGC7662 Full NGC7662 1 NGC7662 2 NGC7662 3 NGC7662 4
(A) 1D Model/Observed Model/Observed Model/Observed Model/Observed Model/Observed
4686 He II 1.02+0.02% 1.06£0.05% 0.93+£0.02* 0.99+0.04 0.47+0.02*
4861 Hp 0.9940.01 1.0440.03* 0.89+0.02* 0.88+0.03* 1.08+0.02%
4959 [0 II1] 1.02+0.01% 1.02£0.02 1.07+£0.01% 1.19£0.02? 1.02+0.02
5007 [O II1] 0.93+£0.01* 0.93+0.02* 1.01+0.01 1.02+0.02 0.93+0.02*
5876 Hel 1.02+0.14 e 0.97+£0.48 e 0.99£0.31
7136  [Ar III] 1.00+0.12 1.00£0.14 1.04+0.12 1.00£0.09 0.94+0.12
9532 [S III] 0.99+0.09 1.00£0.16 1.04+0.16 1.01£0.19 0.93+0.15
Wave NGC7662 5 NGC7662 6 NGC7662 7 NGC7662 8
(A) 1D Model/Observed Model/Observed Model/Observed Model/Observed
1485 N 1V] 1.07+£0.11 1.00£0.10 0.97+0.12 1.01£0.17
1549 C1V 1.00£0.05 1.01£0.04 0.96+0.08 0.86+0.08%
1750 N IIT] 0.91£0.29 e e e
1907 [C IIT] 0.98£0.05 0.97+0.04 0.98+0.08 0.98+0.08
1909° C 111] 0.97£0.06 0.97+0.04 0.9940.08 0.93£0.09
3727 [0 11] s S 1.06+0.30 .
3869 [Ne III] 0.96+0.03* 0.99+0.02 1.00£0.04 0.97+0.04
4363% [0 I11] 0.91+£0.17 0.90+0.08* 0.86+0.08* 0.80+0.19*
4686 He II 0.56+0.02* 0.95+0.02% 1.1140.04% 1.13+0.06*
4861 Hp 1.07+£0.02% 1.08+0.01% 0.91+0.03* 1.20£0.03?
4959 [0 I11] 0.98+0.01* 1.01£0.01 1.00£0.02 0.73+0.01%
5007 ][O II7] 0.93+0.01* 0.92+0.01% 0.87+£0.02* 0.72+0.01%
5876 Hel 0.95+0.25 0.99+0.11 1.03+£0.23 e
7136 [Ar II7] 0.97£0.18 0.99+0.17 0.97£0.11
9532 [S II7] 0.97+0.14 1.00+0.13 0.98+0.17

aModeled emission line intensity outside observed error bar.

PThis line was only included in a diagnostic for the rms calculation for reasons discussed in the text.
“Blended 1907 and 1909.
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Table 4.2. Non-constant Density Model Emission Lines Compared to Observations For Full Regions

Non-constant Density Model Emission Lines Compared to Observations For Full Regions

1C2165 Full 1C3568 Full NGC2440 Full
Gaussian Gaussian With Gaussian Gaussian With Gaussian Gaussian With

Wave power-law power-law power-law
(A) 1D Model/Observed Model/Observed Model / Observed Model / Observed Model/Observed Model/Observed
1485 N 1V] 1.00+0.11 1.00+0.11 0.77+0.122 0.774+0.122
1549 CIV 1.014+0.13 1.01£0.13

1907 [C IIT] 1.044+0.11 1.06+0.11 0.99+0.10 0.99+0.10 1.0240.12 1.00£0.12
1909 C I11] 1.124+0.11* 1.1440.11* 1.08+0.11 1.06+0.11 1.0440.12 1.024+0.12
3727 [0 1]] e e e e 0.83+0.06* 0.83+* 0.06
3869 [Ne III] 1.00£0.07 1.00£0.07 0.99+0.06 0.99+0.06 0.99+0.05 1.0240.05
4363 [O I11] 1.134+0.11* 1.15+0.11# 1.054+0.31 0.99+0.31 1.06+0.10 1.0440.10
4686 He II 0.99+0.05 1.00£0.05 e ‘e 1.124£0.04 1.10+0.04?
4861 Hp 0.97+0.03 0.98+0.03 0.99+0.03 1.02£0.03 1.03£0.04 1.0240.04
4959" [O II1] 1.08+0.03* 1.09£0.03* 1.1940.02? 1.12£0.02* 1.10£0.02? 1.074+0.02?
5007 [O II]] 1.06+0.02* 1.07£0.022 1.06+£0.02 1.00£0.02 1.08+£0.02? 1.06+0.02*
5876 Hel 0.984+0.14 0.99+0.14 0.994+0.14 1.00+0.14 1.03+0.10 1.024+0.10
6584 [N II] e e e e 1.16+0.00* 1.164+0.00*
7136  [Ar III] 1.00£0.14 0.99+0.14 0.99+0.21 1.00£0.21 1.08+0.04* 1.07£0.04*

9532 [S III] 1.00+0.06 0.99£0.06 e e 1.05+0.04* 1.04+0.04
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Table 4.2—Continued

Non-constant Density Model Emission Lines Compared to Observations For Full Regions

NGC5315 Full NGC5882 Full NGC3242 Full
Gaussian Gaussian With Gaussian Gaussian With Gaussian Gaussian With

Wave power-law power-law power-law
(A) 1D Model / Observed Model / Observed Model / Observed Model / Observed Model/Observed Model/Observed
1485 N 1V] 1.00+0.09 1.0040.09
1549 C1V 1.00£0.04 0.99+0.04 1.00£0.24 1.16+£0.24 e e

1907 [C IIT] 0.99+0.07 0.9910.07 1.00£0.14 1.00£0.14 1.10£0.03* 1.11£0.03*
1909 C 111 1.07+0.05* 1.074+0.05* 1.00£0.11 0.99+0.11 1.10+0.04* 1.1140.04*
3727 [0 1]] 0.95+0.40 0.90+0.40
3869 [Ne III] 1.00+0.01 0.9940.01 1.03£0.04 1.07£0.04* 1.05+£0.02? 1.0240.02
4363 [O I11] 1.05+0.06 1.0240.06 1.1240.20 1.1440.20 1.13+0.07* 1.18£0.07*
4686 He II e e 0.99+0.24 0.96+0.24 0.90+0.02* 0.93+0.02*
4861 Hp 1.03+0.01* 1.04£0.01# 0.81+0.02% 0.86+0.02% 0.92+0.01* 0.94+0.012
4959> [0 II1] 1.01£+0.01 1.00£0.01 1.324£0.02? 1.37£0.02* 1.09£0.017 1.1240.01*
5007 [O II]] 0.99+0.00* 0.98+0.00* 1.114£0.022 1.16£0.02* 1.11£0.017 1.13+0.01?
5876 Hel 1.01+0.01 1.00+0.01 0.9940.05 1.0540.05 0.924+0.072 0.954+0.07
6584 [N II] e e 1.00£0.03 0.98+0.03 e e

7136  [Ar III] 0.98+0.00* 1.00£0.00 1.0040.05 0.99+0.05 1.00+0.11 1.03£0.11
9532 [S III] 0.95+0.01* 0.95+0.01* 1.01£0.03 1.01£0.03 1.02£0.20 1.034+0.20
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Table 4.2—Continued

Non-constant Density Model Emission Lines Compared to Observations For Full Regions

NGC7662 Full

Gaussian Gaussian With
Wave power-law
(A) 1D Model/Observed Model/Observed
1485 N 1V] 1.02+0.06 1.024+0.06
1549 CI1V 0.93+£0.04* 0.914+0.04*
1750 N IIT] 1.004+0.24 0.9940.24
1907 [C 1] 1.0440.04 1.0440.04
1909° C I1I] 1.0640.05* 1.07£0.05*
3727 [0 1]] 0.90+0.30 0.90+0.30
3869 [Ne III] 1.00£0.03 1.014+0.03
4363% [0 I11] 0.91+0.06* 0.92+0.06*
4686 He II 1.0440.02* 1.0340.022
4861 Hp 0.97+0.01* 0.9940.01
4959" [0 I11] 1.0740.01% 1.0940.012
5007 [O III] 0.98+0.01* 0.99+0.01
5876 He 1.03+0.14 1.024+0.14
7136 [Ar III] 1.00+0.12 1.00+0.12
9532 [S IIT] 1.0040.09 1.0140.09

aModeled emission line intensity outside observed error bar.

PThis line was only included in a diagnostic for the rms calculation for reasons discussed
in the text.



Table 4.3 contains the best parameter values and associated errors for the con-
stant density models. Names of the stellar and nebular parameters that were used
in the modeling are in the first column along with the values for each region in
the subsequent columns. Below the modeling parameters are the nebular temper-
atures, densities, ionization correction factors, and rms values for each region. For
most of the regions, the model rms is below the observed rms, implying a good
fit. The smallest model rms of 0.0063 from the full region of IC 2165 shows that
the assumed model represented that region’s structure quite well. In most cases,
the modeled temperatures and densities of the gas are within the observed errors.

Also, the model abundances for the regions agree within error with the observed

model
observed

abundances in most cases. The asymmetry in the errors is due to the 1 —
term in the equation for the rms having a lower bound of 1. The errors in stel-
lar temperature and luminosity and nebular abundances are inversely related to
overall signal strength in the emission lines, where the larger error corresponds to

overall weaker signal strength.
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Table 4.3. Constant Density Models

Constant Density Models

¢l

Parameter 1C2165 Full  IC2165 1 1C2165 2 1C2165 3 1C2165 4

Tstar (kK) 110.0777, 110.0 110.0 110.0 110.0

Litar (log[L/Le)) 3170 3.17 3.17 3.17 3.17

Distance (kpc) 2.39703¢ 2.39 2.39 2.39 2.39
Hgen, (10g[Haensity]) 3.79%00s 375001 4061000 3.707001  3.757002
Inner Radius (10~2pc) 2.6070 00 2.5610 1% 2.607005 2.387010 2.471005
Outer Radius (1072pc)  3.0970-02 3.005007 2735000 31507 2,965
Filling Factor (1071)  9.897040  10.000%  9.497501  10.00709%  10.075:52
He/H (1072) 10.2871585 1107750 10.26752%  10.337507 10477553
C/H (1074 457200 4rsTSer 2867510 4357500 3.80%57
N/H (104) 1107045 0787028 1387152 0.94%55s  0.9570%2
O/H (10~%) 2.6910:95 2.89T195  L7stiEe 268715 2.8217 %)
Ne/H (1079) 3.30112 3707270 2107202 298t 2907272
S/H (1079) 3.73%10 3567550 215%5) 519755 444N
Ar/H (107) 20.097028  24.89710TT 9867000 26.067150, 24.66725°5

[0 1I] T. (K) 13500 13900 14800 13700 14100

[S ] Ne(em™3) 7900

C I N, (em™3) 7200 6600 14000 5800 6700

icf (0) 1.55 1.54 1.53 1.82 1.92

icf (Ar) 1.30 1.30 1.25 1.36 1.37

icf (Ne) 1.22 1.21 1.18 1.38 1.41

icf (S) 4.30 4.43 3.30 6.07 5.98

Model RMS (102) 0.63 4.00 7.00 2.13 6.86

Observed RMS (10~2) 9.35 14.53 19.35 15.8 17.69
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Table 4.3—Continued

Constant Density Models

Parameter 1C2165 5 1C2165 6 1C3568 Full IC3568 1 1C3568 2
Tatar (KK) 110.0 110.0 69.67 153 69.6 69.6
Litar (log[L/Le)) 3.17 3.17 3.5210-7% 3.52 3.52
Distance (kpc) 2.39 2.39 2.29102° 2.29 2.29

Hden (1Og[Hdensity])
Inner Radius (10~2pc)
Outer Radius (10~?pc)

Filling Factor (10~1)

3.621_0'03

poss <
pee i
9.9277 3

09
0.6 056
. —5.54

+0.05
e
. —2.20

3.760 0
3.447000
3.74+0-10
9 88+0:12

-2~ -3.03

3'59t0.06
JY—-3.16

He/H (1072) 0.8 759T7a  9.71TiGE 1089730 8537
C/H (107%) 5857558 38.73121%30  547t250 2.85T395  7.08+5°1
N/H (104) 0.8115:20  0.891%%% e e -
O/H (107%) 2.547108 531127 472753 4.25T1 08 5021323
Ne/H (1077) 4.277280 109472098 8057953 202718 91472
S/H (1075) 5057320 2.3015 703 - - e
Ar/H (1077) 20.84707, 122572001 17224939 16.3311518  15.89712:9
[0 1] T, (K) 12800 9500 10000 10800 9600
C IMI] N, (em™3) 4600 11100 5600 6500 4200
icf (0) 1.31 1.02 1.07 1.08 1.07
icf (Ar) 1.28 1.05 1.28 1.25 1.28
icf (Ne) 1.10 0.91 0.94 0.94 0.93
icf (S) 4.41 1.52 " " e
Model RMS (102) 5.09 7.93 1.70 4.42 2.04
Observed RMS (102) 11.40 32.67 13.39 17.49 19.79
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Table 4.3—Continued

Constant Density Models

Parameter IC3568 3 NG(C2440 Full NGC2440 1 NGC2440 2 NGC2440 3
Tutar (KK) 69.6 169.87752 169.8 169.8 169.8
Litar (log[L/Lg)) 3.52 2.7470:54 2.74 2.74 2.74
Distance (kpc) 2.29 1.63%513 1.63 1.63 1.63

Hgen (log [Hdensity] )

Inner Radius (10~2pc)
Outer Radius (10~2pc)
Filling Factor (10~

He/H (10~2)
C/H (107%)
N/H (104
O/H (107%)
Ne/H (10-9)
S/H (106 )
Ar/H (1077)
O I11] T, (K)
S T N (em™?)
C 1] N, (em™3)

icf (O)

icf (Ar)

icf (Ne)

ict (S)
Model RMS (10

0,

Observed RMS (10~

?)

0.11
ST 0%
285,35
SO0,
10.00"~
9 73+127(1)g
| a0 5639
24.89 75459
31.85
7'96—%2?562
11.53797 53

24,38 1193
8800
6700
1.08
1.26
0.95
1.00
49.97

+0.02
poce
| 7o
o e
gt
PR
oy
. —5.84
14400
6400
5800
1.60
1.21
1.46
1.83
1.49
7.44

+0.03
geei
7.547050
3.01707%4
14937531
3.561535
8.T1HLTS
4.06+2:10
- 501%-%8
23. 44+iié§
13300
3400
2800
1.46
1.24
1.45
1.66
8.45
8.35

+0.08
gpe e
5 40 F123
L0g+390
g 41400
—0.92
0. 59-‘1—1 05
759*%%59
16900
11300
2.05
1.39
0.17
2.53
9.20
35.57

+0.03
G
4131016
2_09+0126
—0.30
11.40%2:72
fponte
| 37088
e
14600
8200
7600
1.54
1.20
1.39
1.80
6.97
8.75
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Table 4.3—Continued

Constant Density Models

NG(C3242 Full NGC3242 1 NGC32422 NGC32423 NGC3242 4
Tatar (KK) 89.7773 89.7 89.7 89.7 89.7
Lgtar (log[L/Le)) 3.361023 3.36 3.36 3.36 3.36
Distance (kpc) 0.8470:35 0.84 0.84 0.84 0.84

Hden (IOg[Hdensity])
Inner Radius (10~2pc)
Outer Radius (10~?pc)

Filling Factor (10~1)

+0.04
poe
poe
jpeeisl
Y —-1.06

+0.06
e
Ty
. —1.19

3.77t0.04

90013
pposii
4.80% .99

3.501-0.06

o
et
5.9371 63

+0.06

e
AL

+“Y—-0.46

He/H (1072) 10.45%5:03 11537558 11.025347 10307555 9.5775%50
C/H (107%) 597152 485753 3.67135 5.017518 4107593
O/H (107%) 470150 4.26%%30 3.76 15 3.761%41 4.2147:23
Ne/H (107°) 7.408103 7.787 538 6.40"550 6.197593 6.90"209

[0 1] T, (K) 11800 11100 11600 11800 11800

C I N, (em™3) 4600 1500 6800 3500 3600

icf (0) 1.57 1.13 1.22 1.56 1.51

icf (Ne) 1.24 1.00 1.03 1.18 1.18

Model RMS (10~2) 6.26 2.40 3.75 4.46 1.63

Observed RMS (10~2) 15.02 20.91 10.68 17.06 18.57
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Table 4.3—Continued

Constant Density Models

Parameter NGC3242 5 NGC32426 NGC32427 NGC3242 8 NGC3242 9
Totar (KK) 89.7 89.7 89.7 89.7 89.7
Lytar (log[L/Le)) 3.36 3.36 3.36 3.36 3.36
Distance (kpc) 0.84 0.84 0.84 0.84 0.84
Hen (108[Hgensity)) 3.6010-00 3.6010-00 3.9010-00 3.5510-08 3.25%0:00

Inner Radius (10~2pc)
Outer Radius (10~2pc)
Filling Factor (1071)
He/H (10-2)
C/H (107%)

O/H (107%)
Ne/H (10-9)

+0.48
W
4200
1012430
63002
et
. —5.74

+0.52
e
. —3.32
5.6015 00
5.0875:¢)
8.0718:32

202008
2.52+0.08
0.207219
4'4714104
3777160
5 8513.'92

99 _3.71

2.987022
7.6975 10
3511391
3.30+19

484710

—+0.84
wa0r
+1.36
10507
4811519
4547338
7.38+6:42
—5.72

[0 1] T, (K)
C 1] N, (em™3)
icf (O)
icf (Ne)
Model RMS (10~2)
Observed RMS (10~2)

11500
4500
1.54
1.19
4.03
16.46

11700
4400
1.74
1.30
1.67

17.63

11700
9200
1.35
1.09
2.63

15.16

11900
3900
1.46
1.07
9.90

13.12

11500
1600
1.46
1.16
3.22

18.50




Table 4.3—Continued

Constant Density Models

Parameter NGC5315 Full  NGC53151  NGC53152  NGC53153  NGC5315 4
Tatar (KK) 69.9757 69.9 69.9 69.9 69.9
Ltar (log[L/Le)) 4.891918 4.89 4.89 4.89 4.89
Distance (kpc) 2.0270:57 2.02 2.02 2.02 2.02

4717002 4.7670:02 4.721002 4.711008 4.5310 00
1.317051 1.56150% 1.8810:01 2.137051 1.8910-2
1461001 1.6310:03 1.98%0:01 2157001 2.33500

—0.01 —0.02
0.41 0.58 0.57 1.23 0.18
9.591071 2.3975:28 9.4315:2% 8.77 14 0.45151%

Hden (lOg[HdensityD
Inner Radius (10~2pc)
Outer Radius (10~%pc)

Filling Factor (1071)

LL

He/H (10~2) 11.407378 11.9972755 13.21752 16.29775 1648719 5
C/H (107%) 16.44152) 19.82% 7507 9.774 )6 14497559 100.697¢55%
O/H (10™%) 6.3 10 6.81755) 7.4615°%% 9.9372% 15.3111459
Ne/H (1075) 14.5975-51 10.7977-53 18.24+467 18.9715:22 3.33%501
S/H (107) 421.7073539  287.08TL0N0T  248.89T3%01 2454773022 314,051 53%5°
Ar/H (1077) 95499720599 743.0273020  603.95T15655  623.73720052  961.61 1400557
[0 1] 7., (K) 8800 9600 8900 8600 7500
[S 11] N (em™3) 20000% 20000% e 20000% 20000?
C III] N, (em™3) 64000 73400 66300 67200 45400
icf (0) 1.36 1.70 1.31 1.50 1.55
icf (Ar) 1.96 2.23 1.85 2.03 1.52
icf (Ne) 1.21 1.46 1.18 1.34 1.35
icf (S) 47.27 38.16 21.26 20.11 29.07
Model RMS (10~2) 2.23 0.93 3.16 5.19 3.80
Observed RMS (10~2) 3.90 16.53 3.53 7.06 23.73
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Table 4.3—Continued

Constant Density Models

Parameter NGC5882 Full NGC5882 1 NGC5882 2 NGC5882 3
Tatar (KK) 787530 78.7 78.7 78.7
Litar (log[L/Le)) 3.4579-2 3.45 3.45 3.45
Distance (kpc) 1.8110%9 1.81 1.81 1.81

Hden (1Og[Hdensity])
Inner Radius (10~2pc)
Outer Radius (10~2pc)

Filling Factor (10~1)

4.341-0.05
et

2.817

3 47+882
++0-0.87

+0.05
e L
B
1 —-0.72

+0.04
gt
*+7—0.76

4351906

o
2.9618359
2.9177%0

He/H (10~2) 12.597%-11 12197006 12,9702 113571307
C/H (107%) 4197572 2.3711:99 6.307570 93371037
N/H (107%) 2.897276 4.2813:67 1437901 1487394
O/H (107%) 12.827512 11.867538  13.77752% 161473472
Ne/H (1075) 23.2312578  19.05719%%  29.041222% 30811 1¢
S/H (107) 7.85tg;§§ 8.307 750 7335500 736175
Ar/H (1077) 38.9073309  36.8173355 404672010 40.6475051
[0 T 7., (K) 8400 8600 8200 7700
[S II] N (cm™3) 20000* 20000* 20000* 20000*
C IIT] N, (em™3) 26700
icf (0) 1.12 1.12 1.13 1.10
icf (Ar) 1.18 1.17 1.19 1.10
icf (Ne) 0.98 0.99 0.99 0.97
icf (S) 1.89 1.86 1.88 1.58
Model RMS (10~2) 5.58 7.60 9.20 7.50
Observed RMS (1072) 14.20 16.48 11.56 41.36
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Table 4.3—Continued

Constant Density Models

Parameter NGC7662 Full NGC7662 1 NGC76622 NGC76623 NGC7662 4
Tatar (KK) 109.972°5 109.9 109.9 109.9 109.9
Litar (log[L/Le)) 3.24701% 3.24 3.24 3.24 3.24
Distance (kpc) 1.0270 35 1.02 1.02 1.02 1.02

Hden (log[Hdensity])
Inner Radius (10~2pc)
Outer Radius (10~?pc)

Filling Factor (10~1)

sl
YV —1.80

3'54t0.04
4 69+8:(1)[1l
47009
5477
9 40+8:61i(%
Y —-1.80

10
+YY_-3.38

o0t
YY_1.87

40.06
rarris
YUY -3.1

He/H (1072) 9.53+2:.17 9.107528 10.357578  8.327520 5.0275-29
C/H (107%) 5947558 4.86172:0° 3.6615:25 4.891T313 3.197518
N/H (1074) 0.77+5%-41 0.750 30 0.770:32 0.85705% 0.3870:33
O/H (107%) 41178 410158 3.627 750 4637137 2.7073:5%
Ne/H (1075) 6.851273 7.521550 5.4210-3 6.17+3:3% 4.6075-L°
S/H (1079) 3.541217 2.207 112 3.56155% 3.46110 1817540
Ar/H (1077) 25.181191% 16.947550 185871908 28.6471210  10.47Ti242
[O ] T. (K) 12200 12300 13100 12600 13400
C I N, (em™3) 2800 3800 5300 4400 1900
icf (0) 1.62 1.39 1.43 1.78 1.74
icf (Ar) 1.36 1.27 1.26 1.38 1.29
icf (Ne) 1.27 1.11 1.12 1.31 1.35
icf (S) 4.83 3.03 3.01 4.28 3.48
Model RMS (102) 4.67 3.17 10.99 4.95 18.65
Observed RMS (10~2) 12.42 10.17 17.98 9.55 12.60
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Table 4.3—Continued

Constant Density Models

Parameter NGC7662 5 NGCT7662 6 NGC7662 7 NGC7662 8

Totar (KK) 109.9 109.9 109.9 109.9

Lytar (log[L/Le)) 3.24 3.24 3.24 3.24

Distance (kpc) 1.02 1.02 1.02 1.02
Haen (log[Haensity)) — 3.34%007 3545005 3375001 34200702
Inner Radius (10~2pc)  3.0575 52 3.3310:00 1847558 3.7010:72
Outer Radius (10~%pc)  7.537] 3] 4.8610-57 5.45T0-5° 5.2270-5¢
Filling Factor (10~1)  10.00795%  10.0079%2  10.0079-%9  10.00%3:29
He/H (1072) 6.4675 05 883117 1205737 4.80%57
C/H (107%) 377552 4.5617330 5.481652 4.2815:5
N/H (1074 0517097 0557050 0567057 055705
O/H (10~%) 2.82+2:42 3.5670 0% 3.447138 3.1871-99
Ne/H (107?) 4707050 525Taal 634735 6.27700;

S/H (1079) 2.3275:58 2.547115 3.12729 2.05

Ar/H (1077) 13.875 50 18117584 23.5073221 14.72

[0 110 7. (K) 13100 12800 12400 13300

C I N, (em™3) 2100 3700 2500 2600

icf (0) 1.72 1.62 1.35 1.67

icf (Ar) 1.30 1.32 1.33 1.47

icf (Ne) 1.34 1.26 1.10 1.59

icf (9) 3.96 4.46 5.21 5.51

Model RMS (1072) 14.78 3.41 7.16 11.80

Observed RMS (1072) 13.29 7.61 13.83 9.35

aHigh Density Limit Default.



As stated in the previous chapter, ionization correction factors account for the
unseen ionization states when calculating elemental abundances. Therefore, it is
important to have accurate ICFs whenever they are used. From the models, an
exact ICF can be determined since the elemental abundance is an input parameter.
This allows for a check on the accuracy of the observed ICF's based off the model.
The oxygen and argon model ionization correction factors for IC 3568, NGC 5315,
and NGC 5882 are larger than their observed counterparts, while the same ICF's
are smaller for IC 2165, NGC 2440, NGC 3242, and NGC 7662. Also, IC 3568,
NGC 5315, and NGC 5882 have lower stellar temperatures than IC 2165, NGC
2440, NGC 3242, and NGC 7662. Therefore, the ICF equations employed by
ELSA could be under-correcting for PN with lower stellar temperatures and over-

correcting for those with higher stellar temperatures. The ICF equations for

Het+Het?2 Het+Het?
Het and Het

argon and oxygen are ;— ( L * , respectively. For lower

N*/N)
stellar temperatures, the He™ ionic state will be populated more than in the case
of a higher stellar temperature, reducing the ratio and subsequent ICF value.

The neon model ICFs are smaller in all PNe except for NGC 5315, and upon

Ot+0+2 " Het+Het?

o H.+—, no clear reason can be found

inspection of the ICF equation,
to explain the differences. Calculating the average observed Ne/O for this sample
and comparing to the average modeled Ne/O shows a discrepancy of about 10%,
0.20+0.02 and 0.18 for the observed and modeled ratio, respectively. Thus, on
average, the systematic error introduced by using ICF's seems to be minor in this
case. Interestingly for neon, many regions have ICFs less than 1, which may
point to a problem in the neon abundance calculations. Specifically, the atomic
constants such as the collision strengths or Einstein A values may be slightly off
from their true values, resulting in an ionic abundance of neon that is too large.

Alternatively, it could be minor numerical errors introduced in the calculations,

i.e. rounding. Lastly, all PN except NGC 5882 have model ICFs of sulphur larger
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than their observed ICFs with the largest discrepancy seen in NGC 5315. There
is a well-known sulfur anomaly where the calculated abundances of sulfur for PNe
are systematically lower than those of H II regions of the same metallicity (Henry
et al. [19]). It has been shown by Henry et al. [20] that this may be the result
of the sulfur ICF calculated from observations failing to account for populated
ionization stages above S™2. This looks to be the case here as well since all of the
model sulfur abundances are larger than the observed sulfur abundance by nearly
the same factor that the model ICF is larger than the observed counterpart.

To further investigate the ICFs of oxygen, argon and neon, a suite of over
400 Cloudy models provided by Gary Ferland was used. This suite covers a large
range of stellar temperatures (50-500 kK, A = 0.1 dex), metallicities (107%-6-10%4
times solar, A = 0.2 dex), and nebular densities (10%-10° cm™, A = 0.5 dex).
Each model uses the Rauch H-Ca atmospheric simulation and typical planetary
nebula values for all other input parameters. For each model, the ICFs for O,
Ar, and Ne from the equations used by ELSA and the value from the model are
compared in Figure 4.5. The stellar temperature is limited to include only up
to 200 kK, as none of the stars in this sample are above this value. The models
increase in stellar metallicity first (repeats every 6th model), then nebular density
(repeats every 36th model), and finally stellar temperature for each successive
model number. For the majority of models, the oxygen ICF from the ELSA
equation is smaller than the model ICF and vice versa for neon. This is what
is seen for the PN in this sample, albeit at different stellar temperatures and
smaller percent differences. Also, all of the model argon ICFs are smaller than
the ELSA equation counterparts, which is not observed in this PN sample. These
discrepancies may be the result of the boundaries of the nebular gas and the stellar
atmosphere model being different (Rauch H-Ca vs. Rauch H-Ni) and warrants

further investigation.
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Fig. 4.5.— Relative percent error of the oxygen, argon, and neon ICFs calculated
with the equations in ELSA with respect to the ICF from each model. The
models increase in stellar metallicity first (repeats every 6th model), then nebular
density (repeats every 36th model), and finally stellar temperature for each
successive model number.
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The parameters for the best fit models for the Gaussian and Gaussian with
a power-law density profiles are in Table 4.4. This table has the same format as
Table 4.3 but only contains the full regions. The difference between these stellar
parameters and the constant density models is small in most cases. Only IC 3568
had a somewhat large change in the luminosity of 0.16 dex. However, this is
small compared to the errors estimated for the best fit constant density model.
Therefore, the choice of density structure only has a minor effect on the final
stellar temperature and luminosity and the adoption of the stellar parameters
from the constant density models is reasonable. The Gaussian and Gaussian with
a power-law density profiles also generate similar electron temperatures but higher
electron densities when compared with the constant density profile. This makes
sense, since these two profiles have peak density values significantly above the
constant density profile (see Figures 4.3 & 4.4). The ionization correction factors
are either slightly larger or smaller than the constant density ICFs as well. This
could be an indication that the choice of density structure affects the ICFs but
is fairly negligible. Lastly, the rms values for the non-constant density profiles
of IC 2165 and NGC 2440 are considerably larger than their constant density
counterparts while the rms of the Gaussian profile for NGC 5882 is smaller than
the constant density rms value. This indicates that IC 2165 and NGC 2440 are
better represented using a constant density model while a Gaussian density profile

appears more suitable in the case of NGC 5882.
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Table 4.4. Non-constant Density Models

Non-constant Density Models

1C2165 Full I1C3568 Full NGC2440 Full
Gaussian  Gaussian With  Gaussian  Gaussian With  Gaussian  Gaussian With
Parameter power-law power-law power-law
Tstar (KK) 110.0 110.0 69.2 66.6 171.8 171.9
Ltar (log]L/L)]) 3.19 3.19 3.67 3.68 2.74 2.73
Filling Factor (10~1) 9.51 9.45 9.70 8.67 1.76 1.71
He/H (1072) 10.19 10.14 9.27 9.04 12.27 12.27
C/H (107%) 3.84 3.92 5.35 5.24 2.54 2.54
N/H (10~%) 1.18 1.15 0.15 0.17 0.74 0.74
O/H (107%) 2.54 2.54 4.83 4.45 2.71 2.69
Ne/H (107?) 3.04 3.00 7.69 7.57 3.42 3.58
S/H (107°) 2.80 2.82 12.08 13.30 1.49 1.49
Ar/H (10°7) 14.26 14.35 15.35 16.11 13.03 13.00
O II1] T, (K) 13700 13700 10000 10000 14200 14200
[S II] N.(em™3) 12600 12500 e 8700 8500
C III] N, (em™3) 11800 11700 9100 8500 8300 8100
icf (O) 1.45 1.45 1.09 1.08 1.44 1.43
icf(Ar) 1.26 1.26 1.27 1.32 1.16 1.16
ict (Ne) 1.14 1.15 0.94 0.95 1.26 1.27
icf(S) 3.29 3.36 e e 1.64 1.62

RMS (1072) 3.40 3.60 3.13 2.31 10.25 9.97
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Table 4.4—Continued

Non-constant Density Models

NGC5315 Full NGC5882 Full NGC3242 Full
Gaussian  Gaussian With  Gaussian  Gaussian With  Gaussian  Gaussian With
Parameter power-law power-law power-law

Tstar (KK) 69.9 69.9 79.2 78.7 91.6 91.2
Lgiar (log[L/Le)]) 4.92 4.94 3.42 3.42 3.26 3.29
Filling Factor (10~1) 9.68 9.75 8.30 8.26 9.77 9.83
He/H (1072) 11.94 11.80 12.62 12.59 9.84 9.93
C/H (107%) 16.87 17.82 4.29 4.29 5.28 5.21
N/H (107%) 0.57 0.57 2.41 0.24 e .
O/H (107%) 6.59 6.52 12.88 12.88 4.54 4.46
Ne/H (107?) 14.89 14.83 23.66 23.66 7.11 6.61
S/H (107°) 431.52 454.99 7.66 7.69 e e
Ar/H (1077) 959.40 1016.25 38.11 38.46 fe fe

O II1] T, (K) 8900 8900 8400 8300 11900 12000
[S II] Ne(em™3) 20000 20000 20000® 20000

C III] N, (em™3) 72100 72200 27400 26700 4700 4700
icf (0) 1.39 1.40 1.12 1.12 1.52 1.53
icf(Ar) 1.98 1.99 1.17 1.22

ict (Ne) 1.23 1.24 0.99 0.99 1.22 1.23
icf(S) 47.57 50.88 1.84 1.96 e e

7.88 8.61

RMS (10-2) 3.32 3.45 5.52 7.97
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Table 4.4—Continued

Non-constant Density Models

NGC7662 Full

Gaussian  Gaussian With
Parameter power-law

Tstar (KK) 108.8 108.8
Lytar (log]L/Lg)) 3.36 3.36
Filling Factor (1071) 10.00 10.00
He/H (1072) 9.84 9.59
C/H (107%) 5.81 5.78
N/H (10~%) 0.75 0.74
O/H (107%) 3.94 3.94
Ne/H (1079) 6.44 6.35
S/H (1079) 3.43 3.48
Ar/H (1077) 24.89 25.23
O ] 7. (K) 12400 12400
C III] N, (em™3) 4300 4200
icf (O) 1.51 1.51
icf(Ar) 1.36 1.36

icf (Ne) 1.19 1.19
icf(S) 2.22 4.75
RMS (1072) 4.87 5.50

2High Density Limit Default.



Stellar parameters determined by various authors over the last three decades
are compared to the best-fit constant density values in Table 4.5 and Figure 4.6.
The first column in Table 4.5 gives the name of each sample PN followed in
subsequent columns by the luminosities [in log(L/L¢)] and temperatures (in kK)
for each source. As can be seen in Figure 4.6, the stellar parameters for IC 2165
agree within the 1o uncertainties with those from Paper II and the temperature
agrees with that of Zhang & Kwok [65]. The stellar parameters for IC 3568 are
consistent with the other authors, except for the temperature of Paper II (300
K smaller than the lower limit). The luminosity for NGC 2440 is significantly
lower than the other published values, although the temperature matches (given
the uncertainties) with that of Zhang & Kwok [65]. NGC 3242’s temperature
and luminosity are consistent with all authors except for Zhang & Kwok [65]
and Corradi et al. [10], respectively. For NGC 5315, the luminosity is significantly
higher compared to the values from the other authors, except for the upper bound
determined by Shaw & Kaler [58]. The temperatures for NGC 5315 and NGC
5882 are consistent with Paper II and Zhang & Kwok [65], respectively. The
luminosities for NGC 5882 and NGC 7662 match with the values of Frew [15]
and Paper II, within uncertainties. Lastly, Shaw & Kaler [57] and Frew [15] have

temperatures consistent with the value for NGC 7662.
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Table 4.5. Comparison: Stellar Parameters

Object Model  SK85/89* ZK93> CSSP03¢ F08¢ Paper II°

Luminosity (log[L/Lg)])

IC 2165 3.17 3.76 3.95 3.51 3.16
1C 3568 3.52 4.12 3.78 3.73 e 3.88
NGC 2440 2.74 3.88 3.51 e 3.32 3.10
NGC 3242  3.36 3.59 3.40 3.88 3.54 3.64
NGC 5315  4.89 <5.25 3.95 3.50
NGC 5882  3.45 3.72 3.80 3.52 3.45
NGC 7662 3.24 3.89 3.76 3.99 3.42 3.42
Effective Temperature (kK)
1C 2165 110.0 118.0 112.1 154.9 .- 110.0
1C 3568 69.6 52.0 51.3 55.0 e 51.0
NGC 2440  169.8 112.0 178.8 208.0 198.0
NGC 3242  89.7 90.0 75.0 89.0 89.0 89.0
NGC 5315 69.9 61.0 59.9 70.0
NGC 5882 78.7 70.0 73.0 e 68.0 70.0

NGC 7662  109.9 113.0 96.8 100.0 111.0 95.0

aShaw & Kaler [57] and Shaw & Kaler [58], Observation.
bZhang & Kwok [65], Observation.

¢Corradi et al. [10], Observation.

dFrew [15], Observation.

°Henry et al. [21], Model.
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Fig. 4.6.— Comparison of the best fit constant density stellar temperature and luminosity for each planetary nebula to
other values in the literature.
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Values of the final mass and radius as well as the main sequence lifespan,
ZAMS mass, radius, luminosity, temperature, and spectral type can be estimated
from the model-derived T and L values for each planetary nebula. Each of these
derived properties is shown in Table 4.6. The final and ZAMS masses are es-
timated by interpolating between theoretical post-AGB evolutionary tracks on
the H-R diagram shown in Figure 4.7. For NGC 5315, the mass estimates are
from extrapolation since there are no post-AGB evolutionary tracks that have
been successfully modeled with luminosities that high. Each track is from either
Vassiliadis & Wood [61] (VW 1994, red solid lines), Schoenberner [54] (S 1983,
blue dash lines), or Miller Bertolami [39] (MB 2016, green dash and purple dash-
dot lines). Beneath each author on the plot is the ZAMS/final mass in solar
masses following each evolutionary track from top to bottom. The ZAMS/final
masses from different interpolations were averaged together when overlapping oc-
curred, since a single set of models was insufficient for all calculations. The final
masses for five of the PNe match with the white dwarf mass peak, 0.565M ), from
Liebert et al. [33]. The current radius was calculated using the Stefan-Boltzmann
law. Mass-luminosity and mass-radius relations from Demircan & Kahraman [12]
(appropriate for a given mass) were used to calculate the ZAMS luminosity and
radius, respectively. The Stefan-Boltzmann law was also employed to calculate
the ZAMS temperature. The main sequence lifespan was based on the approxi-
mate lifespan of the Sun, 7o) & Mg /L = 9.5 Gyr, and the age of the Milky Way
Galaxy, 13.2 Gyr, was used as a hard upper limit. Lastly, the ZAMS spectral type
was determined from the ZAMS luminosity with the spectral type range within

the brackets being based on the uncertainties in the luminosity.
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Table 4.6. Derived Stellar Parameters.

¢6

Stellar Property IC 2165 IC 3568  NGC 2440 NGC 3242  NGC 5315  NGC 5882 NGC 7662

Final Mass (Mg) 0567007 0557028 0.667008  0.56T001 1174999 0.567003  0.567007
Current Radius (R, 0.1175-08 0.1675:5 0.0373:51 0.2070-59 1.90%032 0.29795-82 0.1215-02
Main Se Lif (o) 9P 128 Fo! 15 7088 198 198
quence Lifespan (Gyr) 9.575 83751 0.57575 10.7752 0.0475 01 89751 8.7 %

ZAMS Mass (Mg) 0997072 1045592 2817080 0.957079 6.551008 1.021077 1021924
ZAMS Radius (Re) L0570 110754 236705 1017070 3.7870 21 L0804 1.08THE

ZAMS Ly (L) 0.99753F  1.2072404 586577552 0.84109%  1618.68T155 % 1.097555 IRPARST
ZAMS Temperature (kK) 56790 58707 104755 55705 18.9777 5701 5.770%

ZAMS Spectral Type G2 [F6-G8] GO [B6-K3] B8 [B7-A3] G4 [G7-F5] B2 [B2-B3]  GI [F5-G5] G1 [F5-G5]




Amnuel [3] suggested that an increase in progenitor mass would increase the
probability of low mass companions, which would determine the axisymmetric
morphology of the planetary nebula. As can be seen in Table 4.6, the central
stars of 1C 2165, IC 3568, NGC 3242, NGC 5882, and NGC 7662 are each solar-
like while those of NGC 2440 and NGC 5315 are super-solar. NGC 5882, NGC
2440, and NGC 5315 are the only PN in this sample to exhibit very asymmetric
structures (Figures 1.2 & 1.3), in support of the claim made by Amnuel [3] that
increasing the progenitor mass would increase the probability of a companion,

assuming each does indeed have a companion.
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Fig. 4.7— Log L/Lsy, vs. log T.s; for the entire planetary nebula sample.
Post-AGB model tracks from Vassiliadis & Wood [61] (VW 1994, solid red lines,
7Z=0.016), Schoenberner [54] (S 1983, blue dashed lines, Z=0.016) and Miller
Bertolami [39] (MB 2016, purple dash-dot lines, Z=0.02 and green dash lines,
Z=0.01) are overlaid. Beneath each author on the plot is the ZAMS/final mass
in solar masses following each evolutionary track from top to bottom.
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Chapter 5

Summary and Conclusions

The level of homogeneity of elements distributed in a small set of PN was
investigated. Also, each PN was modeled to constrain the stellar luminosity and
temperature. To test the homogeneity, the co-spatial observations described in
Paper I were divided into different spatial regions and spectra were extracted.
Individual line strengths were measured and these measurements were used to
calculate the nebular temperatures, densities, and abundances. Comparisons of
the nebular properties among regions of each PN were then made.

Next, model of each PN were generated in order to determine the stellar prop-
erties using observational constraints. An rms value determined the effectiveness
of each model to match each observation, and the rms value was used to choose the
best parameters and estimate errors. Finally, three different density profiles (con-
stant density, Gaussian density, and Gaussian with a power-law density profile)
were used to see the effects each has on the best stellar parameters.

The conclusions from this work are as follows.

e The planetary nebulae in this sample are chemically homogeneous, which
implies the shells of material that were ejected from their respective stars
were well-mixed and the resulting nebula is as well. This is in line with
current theoretical work on the formation of planetary nebulae. Specifically,
the mixing timescale is much shorter than the nuclear timescale in the central
star. The homogeneity also means that observations can be taken anywhere
across the PN and the resulting abundance will accurately represent the

nebula as a whole.

e The constant density models can constrain the stellar parameters quite well
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depending on the planetary nebula. Also, the choice of density structure has
only a small effect on the final stellar properties. This is advantageous since
the model calculation time for non-constant density profiles is considerably

higher than for constant density profiles.

The progenitor (ZAMS) masses for the majority of this sample were around 1
M. This is expected since the observed distribution of white dwarf masses
peaks at a progenitor mass around 1 M. The largest mass at 6.55 M, for
NGC 5315 is somewhat questionable given the need to extrapolate from the
post-AGB evolutionary models. This can only be improved with more high

mass models being calculated.
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Chapter 6

Improvements and Future Work

Given that the sample size is only seven planetary nebulae, including more PNe
would better explore the homogeneity of planetary nebulae. This would allow for
a wider range of morphological types and progenitor masses to be tested. Also,
probing the fainter outer structures would either corroborate the claims made here
or show any discrepancies that would need explanations. A dedicated observing
program would be required in most cases since few spatial studies have been made.
Since HST time is quite competitive, a ground based program is being pursued.
Lastly, it would be prudent to redo the observations for NGC 2440 to definitively
decide on its homogeneity.

The modeling method employed in this work is a basic gradient descent type
approach for finding the minima of the parameters. By design, this method doesn’t
give a sense of errors in each parameter nor insurance that the global minimum
is found. A better approach (to be implemented for future work) would be to
use a method called Goodman and Weare’s Affine Invariant Markov Chain Monte
Carlo Ensemble sampling. This method utilizes a random sampling technique
in a user defined number of chains. First, the starting points of each chain are
randomly chosen from a distribution of possible parameters defined by the user.
Next, a change in a parameter is proposed by sampling a normal distribution
about the parameter with a user-defined standard deviation. Then, the likelihood
of the current position and proposed change are calculated and compared. If the
likelihood of the change is higher, it’s accepted outright and accepted part of the
time if it is lower. The acceptance for lower likelihoods is determined by first

calculating the relative probabilities of the change to the original position (always

97



< 1), picking a random number between 0 and 1 to compare with, and keeping
the change if the relative probability value is greater than the random number. In
this way, the posterior probability distribution is sampled along each chain. From
the various chains, the posterior probability distribution for a parameter can be
sampled well enough to give highly probable values for that parameter. The best
possible values can be determined quite efficiently using this method and using
multiple starting locations help ensure that the global minimum is found.

Keeping with the theme of spatial variations, another project is currently
underway looking at chemical differences between H II regions in six nearly face-
on, nearby spiral galaxies (M 51, M 83, M 100, M 101, NGC 2403, and NGC
2997). H II regions are the birthplace of stars and tracers of the current chemical
composition in spiral galaxies. Studying H II regions across a galaxy will map
out the chemical distribution, which is an important constraint for determining
mixing rates, infall rates, and star formation efficiencies.

The main goal is to test the assumption that galaxies are chemically homo-
geneous around the galaxy for a fixed distance from the center. Secondary goals
include calculating radial abundance gradients and star formation rates as well
as improving the abundance measurements of carbon and neon for metal rich H
IT regions. These goals are attainable since the galaxies were observed at the
McDonald Observatory using the VIRUS-P (Visible Integra-field Replicable Unit
Spectrograph-Prototype, Hill et al. [22]) instrument. This instrument has 246
fibers, each with a 4.16” diameter on the sky, spaced such that a 100”"x102” area
near the center of the galaxy can be covered in three exposures as seen for NGC
2403 in Figure 6.1. These observations cover a full 360° around the galaxy centers
and include metal rich H II regions. The full wavelength range is in the optical

(3480-6900 A) and emission line measurements are being carried out using the
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program ROBOSPECT (Waters & Hollek [63]), which automates the measure-
ments. Currently, calculations for the abundances of oxygen and nitrogen have
been made for NGC 2403 using the ONS (Strong Line) empirical relation of Pilyu-
gin & Grebel [46]. There is a clear radial and inconclusive azimuthal abundance
gradient for both elements. More analysis is underway for NGC 2403 as well as

the other galaxies with completion expected in August.
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Fig. 6.1.— The three exposures from VIRUS-P covering a 100”"x102” area of the
central region of NGC 2403.
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