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ABSTRACT

The dispersion in chemical abundances provides a very strong constraint on the processes that drive the
chemical enrichment of galaxies. Due to its proximity, the spiral galaxy M33 has been the focus of numerous
chemical abundance surveys to study the chemical enrichment and dispersion in abundances over large spatial
scales. The CHemical Abundances Of Spirals (CHAOS) project has observed ~100 H II regions in M33 with
the Large Binocular Telescope (LBT), producing the largest homogeneous sample of electron temperatures (T,)
and direct abundances in this galaxy. Our LBT observations produce a robust oxygen abundance gradient of
—0.037 £ 0.007 dex/kpc and indicate a relatively small (0.043 £ 0.015 dex) intrinsic dispersion in oxygen
abundance relative to this gradient. The dispersions in N/H and N/O are similarly small and the abundances
of Ne, S, Cl, and Ar relative to O are consistent with the solar ratio as expected for a-process or a-process-
dependent elements. Taken together, the ISM in M33 is chemically well-mixed and homogeneously enriched
from inside-out with no evidence of significant abundance variations at a given radius in the galaxy. Our results
are compared to those of the numerous studies in the literature, and we discuss possible contaminating sources
that can inflate abundance dispersion measurements. Importantly, if abundances are derived from a single T,
measurement and T,-T, relationships are relied on for inferring the temperature in the unmeasured ionization

zone, this can lead to systematic biases which increase the measured dispersion up to 0.11 dex.

1. INTRODUCTION

The abundance of heavy elements in the Interstellar
Medium (ISM) is entwined with the physical processes at
work in a galaxy. High-mass stars forge these elements via
stellar nucleosynthesis and release them into the gas via su-
pernovae and mass-loss events. Galactic mixing processes
distribute the metal-enriched gas through the ISM, while in-
fall acts to dilute the ISM with pristine, metal-poor gas.
As such, the distribution of gas-phase chemical abundances
grants insight into star formation, galactic mixing mecha-
nisms, and the overall chemical evolution of the galaxy. Ob-
servations of the ISM in spiral galaxies typically show a neg-
ative metallicity gradient with some scatter. That scatter,
the dispersion about the abundance gradient, is a potentially
powerful diagnostic of galaxy evolution. A large dispersion
indicates that enrichment processes prevail over mixing pro-
cesses. For example, if chemical enrichment is a local pro-
cess, i.e., massive stars in clusters pollute their immediate

environs, then large departures from the mean are possible
as star formation regions at different positions in the spiral
galaxy evolve independently. On the other hand, if chemical
enrichment is more of a global process, i.e., supernovae ex-
pel their newly produced heavy elements into the hot phase
of the galaxy where it mixes and dilutes before cooling, then
the whole galaxy experiences chemical evolution in a more
homogeneous manner.

High precision measurements of the chemical abundances
in a large sample of star forming regions in a individual
galaxy are necessary to accurately measure the dispersion
about the mean metallicity gradient. Fortunately, optical
emission from regions of ionized gas, or H II regions, con-
tains a multitude of emission lines from the ions present
in the gas. Despite the relatively low abundance of metal
ions compared to H*, emission from the forbidden transi-
tions of O*, O**, N*, and others are comparable in strength
to the Balmer series. Intensity ratios of various collisionally-
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excited lines (CELs) from the same ion but originating from
different energy levels can be exponentially sensitive to the
physical conditions within the region, such as the electron
gas temperature (T,) or density (n.). Provided these physi-
cal conditions, the ionic abundances of many ions can be di-
rectly calculated via the intensity of the observed CELs and
the emissivities of the transitions as a function of T, and n,.

The direct abundance method (Dinerstein 1990) is often
viewed as the gold standard when it comes to abundance
techniques. Firstly, the emission lines necessary to measure
the electron temperature and calculate ionic abundances are
all within the optical, enabling ground-based observations.
The optical band also contains the emission from the domi-
nant ionization states of oxygen, which permits an accurate
measure of the abundance of oxygen without the corrections
for unobserved ionization states. Secondly, this abundance
technique utilizes the derived physical properties within the
nebula instead of relying on indicators that may not be cali-
brated or well-constrained at all physical conditions. Finally,
this technique can be applied to multiple ionic species to
obtain T, from numerous ionization zones within a region,
thereby uncovering the temperature structure within the ion-
ized gas.

While the direct method does have shortcomings, most no-
tably the potential for an upward bias in temperature in the
presence of temperature inhomogeneities (Peimbert 1967),
presently it is the only method which allows for a robust mea-
surement of the metallicity dispersion. The uncertainties on
strong line method metallicities of individual H II regions are
too large to accurately measure the dispersion. Fine struc-
ture and recombination line measurements cannot provide
the large sampling necessary.

Thus, direct abundances of large, homogeneous samples
are required to better understand the chemical evolution of
the ISM. Local spiral galaxies present the best opportunity
to study gas-phase abundances in a large quantity of H II re-
gions with sampling on small spatial scales. A quintessen-
tial example of such a spiral galaxy is M33; the third largest
member of the Local Group, M33 is very close (adopted dis-
tance of 0.86 Mpc from Savino et al. 2022), relatively face-on
(inclination ~55°), and hosts a number of bright H II regions
across the disk of the galaxy. Given its angular size and prox-
imity, M33 has been the focus of many pioneering chemical
abundances studies (Smith 1975; Kwitter & Aller 1981; Diaz
& Tosi 1984; Vilchez et al. 1988). Modern, large-scale opti-
cal surveys include H IT region chemical abundances from the
direct (Crockett et al. 2006; Magrini et al. 2007; Rosolowsky
& Simon 2008; Magrini et al. 2010; Bresolin 2011; Toribio
San Cipriano et al. 2016; Lin et al. 2017; Alexeeva & Zhao
2022) and strong-line methods (Lin et al. 2017; Alexeeva &
Zhao 2022). Additionally, there are existing recombination

line (Esteban et al. 2009; Toribio San Cipriano et al. 2016)
and stellar abundances (U et al. 2009) in M33.

The full literature sample is one of the largest H II region
compilations in a nearby spiral galaxy, consisting of a large
range in physical and ionization conditions in the ISM. How-
ever, the sample’s coverage and scope is offset by its in-
homogeneity. To start, a variety of detectors, all of which
have varying wavelength coverage and spectral resolution,
are used to obtain the optical spectra. Furthermore, the H II
regions selected within each sample are optimized for differ-
ent studies of the ISM. For example, samples targeting many
H I1 regions across the disk of the galaxy are beneficial for an
accurate measure of the abundance gradient and dispersion
about it (e.g., Rosolowsky & Simon 2008). Other samples
(e.g., Esteban et al. 2009; Toribio San Cipriano et al. 2016)
focus on relatively few, bright regions for the most reliable
direct and recombination line (RL) abundances for insight
into the Abundance Discrepancy, or the consistent trend that
RL abundances are significantly larger (around a factor of
2 in H II regions) than CEL abundances as measured in the
same object (Peimbert & Peimbert 2005; Garcia-Rojas & Es-
teban 2007; Esteban et al. 2009; Garcia-Rojas et al. 2013).
Many studies in the literature were observed at relatively low
spectroscopic resolution (> 5 A) which is insufficient for iso-
lating key emission lines from other emission lines or atmo-
spheric features. Finally, each study selects its own atomic
data, reddening determination method, electron temperature
relations, etc., based on the available spectroscopic data. As
such, the literature temperatures and/or abundances in M33
cannot necessarily be compared on a simple one-to-one ba-
sis.

To better understand the chemical evolution of this impor-
tant galaxy, and to complement previous chemical abundance
studies, the CHemical Abundances Of Spirals (CHAOS)
project (Berg et al. 2015) has observed a large population
of H II regions in M33. To date, CHAOS has accumulated
200+ high-resolution H II region spectra in nearby, face-on
spiral galaxies. With this database, CHAOS has measured
statistically-significant direct oxygen abundance gradients in
five galaxies, found evidence of universal secondary N/O
gradients in local spirals, measured C II recombination line
abundances of bright regions, and developed robust empiri-
cal T,-T, relations and a new method of application for these
relations (Berg et al. 2015; Croxall et al. 2015, 2016; Berg
et al. 2020; Skillman et al. 2020; Rogers et al. 2021). The
H 11 regions of M33 with auroral line detections increases the
database by almost 33%, but the real advantage is its wealth
of direct abundance data and homogeneity.

This study is organized as follows: In §2 we introduce the
observations and reduction of the CHAOS M33 data, and
present the literature samples we compare to. The parame-
ters used for direct abundances, including T, and Ionization
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Table 1. M33 Global Properties

Property Adopted Value Reference
RA. 01"33"50.6' 1
Decl. +30°39"29.9° 1
Inclination 55.08° 1
Position Angle 201.12° 1
Distance 85924 kpc 2
log(M./M¢) 9.68 3
R. 555”,2.31 kpc 4
Redshift —-0.000597 1

NOTE—Units of right ascension are hours, min-
utes, and seconds, and units of declination are
degrees, arcminutes, and arcseconds. Refer-
ences: [1] Koch et al. (2018) [2] Savino et al.
(2022) [3] Corbelli et al. (2014) [4] Leroy et al.
(2019, 2021)

Correction Factors (ICFs), are discussed in §3. The oxygen
abundances, gradient, and dispersion in M33 as well as the
abundance of other heavy elements (N, Ne, S, Cl, Ar) are re-
ported in §4. We compare our results to the literature, discuss
possible sources of T, contamination (some unique to M33),
and contextualize the abundance dispersion observed in local
spiral galaxies in §5. We summarize our conclusions in §6.

2. OBSERVATIONS AND REDUCTION

2.1. CHAOS Observations of M33

The CHAOS project utilizes the Multi-Object Double
Spectrographs (MODS, Pogge et al. 2010) on the Large
Binocular Telescope (LBT, Hill 2010) to obtain the optical
spectra of H II regions in nearby spiral galaxies. The MODS
blue channel has a wavelength coverage of 3200-5700 A
and R~1850 for the G400L (400 lines mm™') grating; the
red channel has a wavelength range of 5500-10000 A and
R~2300 for the G670L (250 lines mm™') grating. In com-
bination, these spectrographs cover the full optical band and
extend into the NIR at sufficient resolution for direct abun-
dance analysis. Multi-object slit (MOS) masks can observe
~20 objects in one 6'x6’ field of view, while longslits can
target objects that are too extended (in galactocentric radius
or in emission) for the MOS masks. The versatility, sensitiv-
ity, resolution, and wavelength coverage of MODS permits a
thorough examination of the direct abundances in M33 and
other nearby spiral galaxies.

For M33’s parameters, we adopt the disc parameters of
center, position angle, and inclination that Koch et al. (2018)
derive from a fit to the velocity field derived from combined
VLA and GBT H1I 21 cm observations. These properties
are provided in Table 1. Note that the single values of posi-

tion angle and inclination do not account for the outer warp
(cf., Corbelli et al. 2014) but that feature appears beyond ~
8 kpc, and is not relevant for our H II region sample. There
are many distances to M33 in the literature to choose from
(see discussion in de Grijs et al. 2017; Lee et al. 2022). We
adopt the distance modulus of 24.6740.06 (corresponding to
859:%‘3‘ kpc) based on HST observations of RR Lyrae (Savino
et al. 2022) anchored to the GAIA eDR3 reference frame
(Nagarajan et al. 2021), which is consistent with the values
favored by de Grijs et al. (2017) and Lee et al. (2022). The
effective radius of M33, R,, is determined from the zOMGS
WISE 3.4um maps (Leroy et al. 2019) with the same fitting
method as described in Leroy et al. (2021) and which has
been utilized in previous CHAOS studies (e.g., Berg et al.
2020).

Given its proximity and wealth of H1I regions, CHAOS ob-
served five MOS fields in M33 with an additional six longslit
pointings. All MOS observations and the majority of the
longslit observations took place between 2015 October 11
and 15; the remaining longslit pointings were taken 2015
December. Each MOS field was observed in six 1200 sec-
ond exposures, while longslit pointings were observed for
three 1200 second exposures. The standard star G191-B2B
was observed on multiple nights for flux calibration. The
width of each slit in the MOS masks was 170 and the length
ranged from 6!0-300; the longslits are a combination of
five 6070x 170 slits. The airmasses of the observations var-
ied depending on the time of observation, and the position
angle was chosen to be equal to the parallactic angle halfway
through a pointing to minimize flux losses due to differential
atmospheric refraction (Filippenko 1982). In total, 99 slits
target ionized regions based on their surface brightness, lo-
cation, and overlap with previous direct abundance studies.
Figure 1 provides a continuum-subtracted Ha image of M33
along with the MOS and longslit locations of the CHAOS
observations. Table 2 provides the name, location, and ra-
dius for each H II region observed in M33. Consistent with
previous works, we report the name of the H II region as the
offset in R.A. and Decl. of the center of the extraction profile
relative to the center of the galaxy (provided in Table 1).

2.2. Data Reduction and Processing

Aspects of the MODS data reduction pipeline' are de-
tailed in previous works (Berg et al. 2015; Rogers et al.
2021). As such, we only provide a brief summary of the
steps taken. The modsCCDRed PYTHON programs (Pogge
2019) are used to bias subtract and flat field the raw images
before combination. Standard star and science images are

! The MODS reduction pipeline was developed by Kevin Croxall with fund-
ing from NSF Grant AST-1108693. Details at http://www.astronomy.ohio-

state.edu/MODS/Software/modsIDL/
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Figure 1. A continuum-subtracted Ha image of M33 from Massey et al. (2006) retrieved from NASA/IPAC Extragalactic Database (2019) with
the CHAOS slits superimposed on the targeted regions. The R.A. and Decl. are reported on the vertical and horizontal axes, respectively. Left:
Heo image of the center of M33. This image encompasses the five MOS fields (Red, Orange, Green, Cyan, and Purple slits) and four longslit
pointings (Brown slits). Right: Ho image focused on the far southern portion of M33. Two longslit pointings are provided as the Brown slits.

median combined, then are input into the modsIDL pipeline”
(Croxall & Pogge 2019). Standard stars, which are observed
on each night of science observation, are processed and used
for flux calibration (Bohlin et al. 2014). Sky subtraction and
region extraction are performed on each slit while allowing
for multiple sky areas or H II regions to be extracted within
the same slit. Each MOS mask has at least two slits cut away
from any prominent ionized gas and which can be used if lo-
cal sky subtraction is not possible in one of the MOS slits. Fi-
nally, the blue and red spectra are re-sampled and combined
at 5700 A. As an example of the sensitivity and wavelength
coverage of MODS, Figure 2 plots the high-S/N spectrum
of the H II region M33+333+745. This region has clearly-
detected T,-sensitive auroral lines, Balmer and Paschen se-
quences, and faint emission lines from other metal ions such
as CII and [Cl III].

The underlying stellar continuum within an H II region is
fit using the STARLIGHTV04? spectral synthesis code (Cid
Fernandes et al. 2005) with the stellar population models of
Bruzual & Charlot (2003). We mask out strong nebular lines
and the area near the dichroic cross-over when fitting the stel-

2This pipeline operates in the XIDL reduction

http://www.ucolick.org/~xavier/IDL/

3 www.starlight.ufsc.br

package,

lar continuum, and we allow for a linear, nebular continuum
component in the total fit. The net continuum is subtracted
from the spectrum, and the emission lines are fit with Gaus-
sian profiles. The full spectrum is broken into ten wavelength
bands in which all Gaussian profiles have the same full width
at half maximum (FWHM) and global velocity shift. Line
multiplets that are blended at MODS’s resolution, such as
[O 1JAA3726,3729, are fit using Gaussians with fixed wave-
length separation and FWHM.

The direct temperature method is exponentially sensitive to
the auroral-to-nebular line ratio, requiring utmost care when
fitting these lines. The Gaussian fit to each line is checked
against a fit of the profile using the IRAF* SPLOT routine;
the flux of the emission line and RMS noise in the contin-
uum are updated to the SPLOT values only when the there is
significant disagreement with the modsIDL fitting program.
The uncertainty on the emission line flux, adapted from Berg
et al. (2013) and reported in Rogers et al. (2021), is a combi-
nation of RMS noise in the continuum around the line profile
and a 2% uncertainty associated with the standard star flux
calibration (Oke 1990).

4 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
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Table 2. M33 LBT/MODS Observations
HII R.A. Dec. R, Ry /R. Literature HII R.A. Dec. R,  Rg/R. Literature

Region (J2000) (J2000) (kpc) Obs. Region (J2000) (J2000) (kpe) Obs.
M33-2+25 1:33:50.4 30:39:55.37 0.13 0.05 M33-224-437 1:33:33.2 30:32:13.23 2.07 0.89
M33+23-9 1:33:52.4  30:39:20.98 0.18 0.08 M33+253-141 1:34:10.1 30:37:09.18 2.09 0.90
M33-23+16 1:33:48.8 30:39:45.97 0.20 0.09 M33+19+466 1:33:52.1 30:47:15.83 2.14 0.93
M33-28+6 1:33:48.4 30:39:35.66 0.21 0.09 RO08BI11,T16,L17 | M33+263+423 1:34:10.9 30:46:32.85 2.15 0.93
M33-36-52 1:33:47.8 30:38:37.55 0.28 0.12 RO8,B11,T16 M33+209+473 1:34:06.8 30:47:22.42 2.16 0.93
M33+2+111 1:33:50.7 30:41:2096 0.52 0.22 M33+285+399  1:34:12.6 30:46:08.4 2.17 094
M33-6-120 1:33:50.1 30:37:30.09 0.55 0.24 CO06,R08,B11 M33+221+476  1:34:07.7 30:47:25.68 220 0.95
M33+78+91 1:33:56.6 30:41:00.69 0.55 0.24 M33-263-461 1:33:30.2 30:31:48.66 226 0.98 L17
M33-89-21 1:33:43.7 30:39:0891 0.59 0.25 M33-267-462 1:33:29.9 30:31:47.76 227 0.98
M33-42-138 1:33:47.3 30:37:12.06 0.60  0.26 M33-128+386  1:33:40.6 30:45:55.93 229 0.99
M33+108+25 1:33:58.9 30:39:55.33 0.71 0.31 M33-143+371 1:33:39.5 30:45:40.56 230 0.99 A22
M33-66-161 1:33:45.5 30:36:48.59 0.73  0.31 RO8,B11 M33+285+456  1:34:12.6 30:47:05.86 2.32  1.00
M33-114-123 1:33:41.7 30:37:26.61 0.79 0.34 M33+267-191 1:34:11.2  30:36:19.22 234 1.01
M33+89+165 1:33:57.5 30:42:1443 0.79 0.34 M33+121-405 1:33:60.0 30:32:44.53 234 1.01 B11,L17
M33-88-166 1:33:43.8 30:36:43.67 0.79 0.34 M33+300+471 1:34:13.8  30:47:20.71 242 1.05
M33+125+78 1:34:00.2 30:40:47.65 0.81 0.35 RO8 M33+266-221 1:34:11.2  30:35:48.77 2.43 1.05
M33-89+89 1:33:43.7 30:40:58.55 0.86 0.37 Bl11 M33+299-164  1:34:13.7 30:36:45.89 246 1.07
M33-144-78 1:33:39.4  30:38:12.2 093 0.40 M33+208+567 1:34:06.7 30:48:56.99 252 1.09
M33-150-79 1:33:39.0 30:38:10.55 097 0.42 M33+94+574 1:33:57.8  30:49:04.34 2.53 1.09 C06
M33+70+228 1:33:56.0 30:43:17.42 1.00 043 M33+107+581 1:33:58.9 30:49:11.22 2.55 1.10 A22
M33+29+261 1:33:52.8 30:43:51.29 1.17 0.50 M33+322-139 1:34:15.5 30:37:10.79 2.55 1.10 RO08,T16,L17,A22
M33+135+264 1:34:01.0 30:43:5391 125 0.54 L17 M33+119+592  1:33:59.8 30:49:21.71 259 1.12
M33+146+266 1:34:01.9 30:43:56.26 1.29 0.56 M33+299+541 1:34:13.7 30:48:309 262 1.13 A22
M33+143+328 1:34:01.7 30:44:57.46 149 0.65 M33+334-135 1:34:16.5 30:37:14.7 2.62 1.13 L17
M33-24-333 1:33:48.7 30:33:56.89 1.51 0.65 M33+328+543 1:34:16.0 30:48:33.03 2.72 1.18
M33+113-224 1:33:59.3 30:35:46.33 1.52 0.66 Bl11 M33+306-276  1:34:14.2 30:34:53.62 2.87 1.24
M33+69+352 1:33:55.9 30:45:21.87 1.54 0.67 M33+369+545 1:34:19.2  30:48:34.82 2.88 1.25
M33+88-258 1:33:57.4 30:35:11.76 1.54  0.67 M33+380+578 1:34:20.0 30:49:07.66 3.01 1.30
M33+62+354  1:33:55.4 30:45:23.73 1.55 0.67 M33+400+552  1:34:21.6 30:48:41.86 3.02 1.31
M33-36+312 1:33:47.8 30:44:42.04 157 0.68 M33+405+554  1:34:22.0 30:48:43.29 3.05 1.32
M33-2-340 1:33:50.4 30:33:49.51 1.59 0.69 M33+298-344  1:34:13.7 30:33:45.39 3.06 1.32 RO8,L17
M33-65+302 1:33:45.5 30:44:31.99 1.64 0.71 M33+421+560  1:34:23.2 30:48:50.12 3.13 1.35
M33-108-389 1:33:42.2 30:33:01.36 1.70 0.73 M33+313-342  1:34:14.8 30:33:48.01 3.14 1.36 L17
M33+14-355 1:33:51.7 30:33:3498 1.70 0.74 M33+325-329 1:34:15.7 30:34:00.6  3.17 1.37
M33+33+382 1:33:53.1 30:45:51.7 172 0.74 M33+330-345 1:34:16.1 30:33:44.81 3.25 1.41
M33-35-385 1:33:47.8 30:33:04.79 1.73 0.75 Bl11 M33+345-344  1:34:17.3 30:33:45.44 334 1.45 ROS8
M33-78+311 1:33:44.5 30:44:41.0 173 0.75 M33+333+745 1:34:16.5 30:51:54.32 3.4l 1.47 CO06,L17
M33-224-346 1:33:33.2 30:33:43.31 1.79 0.77 M33+417-254  1:34:22.9 30:35:16.08 3.51 1.52
M33+116-286 1:33:59.5 30:34:43.51 1.80 0.78 A22 M33+371-348 1:34:19.3 30:33:41.27 352 1.52 RO8
M33-99+311 1:33:42.9 30:44:40.53 1.83 0.79 A22 M33+388-320  1:34:20.6 30:34:09.93 3.53 1.53
M33-148-412 1:33:39.1 30:32:37.49 1.83 0.79 M33+541+448 1:34:32.6  30:46:57.31 3.57 1.55 L17
M33-196-396 1:33:35.4 30:32:53.73 1.86 0.80 M33+553+448 1:34:33.5 30:46:57.07 3.64 1.57
M33+122-294 1:34:00.0 30:34:36.04 1.87 0.81 M33-464+348 1:33:14.5 30:45:17.71 412 1.78 L17
M33+26+421 1:33:52.6 30:46:30.62 191 0.83 M33-507+346  1:33:11.3 30:45:15.59 4.38 1.90 C06,T16,A22
M33+46-380 1:33:54.1 30:33:09.67 192 0.83 RO8,B11 M33-72-1072 1:33:45.0 30:21:38.08 4.86 2.10 RO8,L17,A22
M33+126-313 1:34:00.3 30:34:17.13 197 0.85 RO8,B11,T16 M33-181-1156 1:33:36.6 30:20:13.48 5.09 2.20 RO8,L.17
M33-77-449 1:33:44.6  30:32:01.2 197 0.85 B11,A22 M33-438+800  1:33:16.6  30:52:49.7 5.63 2.44 L17,A22
M33-168—448 1:33:37.6 30:32:02.18 1.99 0.86 M33-442+797 1:33:16.2 30:52:46.13 5.64 244 A22
M33+175+446 1:34:04.1 30:46:554 199 0.86 M33-610-1690 1:33:03.5 30:11:19.06 7.49 3.24 C06,L17
M33-211-438 1:33:34.2 30:32:12.21 2.04 0.88 RO8,L17

NoOTE—Compilation of H II regions CHAOS observed in M33. Columns 1 and 7: H II region ID given by the R.A. and Decl. offset relative to the center of M33.
Columns 2 and 8: R.A. of the H II region in hours, minutes, and seconds. Columns 3 and 9: Decl. of the H II region in degrees, arcminutes, and arcseconds. Columns
4 and 10: H 1 region distance from the center of M33 in kpc. Columns 5 and 11: H II region distance from the center of M33 normalized to the effective radius of the
galaxy. Columns 6 and 12: Literature studies that have observed the H II region, see text for shorthand citations (Section 2.3).
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Figure 2. Example MODS spectrum of M33+333+745. Temperature-sensitive auroral lines and their model fits (Gaussian plus STARLIGHT
continuum) are provided in the subplots. All five commonly-employed auroral lines are detected at high S/N. While the spectrum has been
corrected for the systemic velocity of M33, the rotational velocity of this extended region has shifted the lines blueward of their theoretical
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The exception to the above fitting routine is for the Balmer
lines, which are necessary to measure the line-of-sight red-
dening for each region. The reddening method that we em-
ploy is described in Rogers et al. (2021) and is a modi-
fied version of the technique detailed in Olive & Skillman
(2001) with an MCMC component expanded upon by Aver
et al. (2021). In short, we fit a linear function to the contin-
uum across the stellar absorption well, and then fit a Gaus-
sian profile to the Balmer line above the well. Theoretical
Balmer line ratios are calculated for n, = 10> cm™ and T,
= 10* K from the tables of Storey & Hummer (1995). We
then determine the combination of ¢(H[) and the equiva-
lent width of the stellar Balmer absorption features, ay, that
produces agreement between the measured and theoretical
Ha/HpB, H~/H3, and HJ/H/ ratios. The spectrum is redden-
ing corrected using the best-fit ¢(H3) and the reddening law
from Cardelli et al. (1989) assuming Ry = 3.1. The electron
temperatures are calculated from the resulting line intensi-
ties, and new theoretical Balmer line ratios are generated for
the determined T,. The process is iterated until convergence
(change in T, < 20 K).

In Table A.1, we provide the emission line detections for
each H II region. Only emission lines with S/N > 3 are
considered detected and, subsequently, used for tempera-
ture/abundance analysis. In addition to the auroral line detec-
tions, we also indicate the detection of other significant emis-
sion lines (Columns 8-11) and the presence of Wolf-Rayet
features (Column 12). Table A.2 in the Appendix provides
the emission line intensities, c(H3), and ay for each region.
We report the combined flux of [O IIJAA3726,3729 as a sin-
gle line, [O IIJA3727. We exclude the object M33—-224-346
from the tables in the Appendix and from the following anal-
ysis because it is coincident with the Luminous Blue Variable
(LBV) M33C-7256 (Massey et al. 2007; Humphreys et al.
2014). The spectrum of this object is characterized by in-
tense Balmer, Fe II, and O I recombination lines while the
[O 11] and [O 111] strong lines are extremely faint. The lack
of [O I1] and [O 1I] strong lines would indicate that the bulk
of the emission is coming from the LBV and, therefore, the
object should not be included in the following H II region
abundance analysis.

2.3. Ancillary Data

Table 3 compiles previous literature studies that obtain di-
rect abundances in the H II regions of M33. While there
are many prior abundance studies in M33 (including strong-
line and recombination line abundances), we focus on this
sample given the wealth of direct abundances and the cover-
age/overlap of the H II regions. No two samples in Table 3
are directly comparable: each has a different number of re-
gions with T, measurements, wavelength coverage, spectral
resolution, and auroral lines used.

2.3.1. Crockett et al. (2006)

While early direct abundance studies of local galaxies in-
cluded the bright H II regions in M33 (see Introduction),
Crockett et al. (2006, hereafter C06) is the earliest study
with a significant number of direct abundances in M33. C06
observed 13 H II regions with the Mayall Telescope at Kitt
Peak National Observatory and obtained optical spectra in
the wavelength range 3600-5100 A. This wavelength range
contains the auroral and strong nebular lines necessary to
measure T,[O III], which was possible in six of the H II re-
gions. The auroral line [S I[]A\4069 was also measured in
this range but the strong nebular lines [S I[JAAN6717,6731
were not, preventing a measure of T[S II]. Using the neb-
ular lines of [O II] and [O 1], oxygen abundances were
calculated and a gradient was obtained using these six re-
gions and five regions from Vilchez et al. (1988). Addition-
ally, Ne abundances were obtained in these regions using the
[Ne II]A3865 line, T,[O III], and the strong lines of oxygen
as an ICF for unobserved ionization states of Ne.

2.3.2. Rosolowsky & Simon (2008)

Rosolowsky & Simon (2008, hereafter RO8) obtained di-
rect abundances in 61 H1I regions in the southern half of M33
using the Low Resolution Imaging Spectrometer on Keck I,
producing one of the largest homogeneous samples of direct
abundances in a spiral galaxy. Similar to C06, T.[O II] was
the only electron temperature measured and subsequently
used for direct abundance calculations. RO8 found that these
regions produce a negative O/H gradient but with an intrinsic
dispersion about the gradient of o;,; = 0.11 dex, larger than
the uncertainties on the majority of the oxygen abundances.
The CHAOS observations target regions across the full disk
of M33 and with broader wavelength coverage, allowing for
both a comparison of abundances in similar regions and for
an assessment of the abundance dispersion that RO8 measure
in the southern half of the galaxy.

2.3.3. Bresolin (2011)

To evaluate the magnitude of the intrinsic dispersion in
O/H measured by ROS, Bresolin (2011, hereafter B11) ob-
served 25 central H Il regions in M33 with the Gemini Multi-
Object Spectrograph on the Gemini North Telescope. Of the
25 observed (ten of which were also observed by R08), only
eight had significant [O 11JA4363 detections. Using these
abundances and direct O/H with low uncertainty from the lit-
erature, the scatter in the inner 2 kpc is reduced to ~0.06
dex. The scatter is further explored through strong-line anal-
ysis, where regions with high S/N [O 1II]\4363 and accept-
able ionization conditions for the McGaugh (1991) calibra-
tion of Ry3 = log(([O I]A3727 + [O II]AA4959,5007)/Hp)
(Pagel et al. 1979) produce a strong-line abundance gradient
with a dispersion of just 0.05 dex. While the argument for a
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Table 3. M33 Literature Direct Abundance Studies

Reference X Coverage (A) Resolution  # H II Regions T.-Sensitive Lines T.-T.
with Direct O/H Relations

Crockett et al. (2006) (C06) 3600-5100 ~2 A 6 [O 111] [1]
Rosolowsky & Simon (2008) (RO8) 3600-5400 ~5A 61 [O 111] [1]
Bresolin (2011) (B11) 3500-5100 ~5.5A 8 [O 1] [1]
Toribio San Cipriano et al. (2016) (T16) 3600-7600 R=2,500 11 [O 1], [N 11], [O 1], [S 11] [2]
Lin et al. (2017) (L17) 3650-9200 ~6.2 A 384 [O 1], [N1I] [1]
Alexeeva & Zhao (2022) (A22) 3700-9099 R=1,800 27 [O 1], [N 11], [O 11] None
This Study 3200-10000 R~2,000 65 [O 1], [N 11, [S 111], [O 11], [S 11] §3.1

NOTE—The compilation of literature abundance studies which obtain T, measurements in the H II regions of M33. We focus on studies with
many HII regions from which abundance gradients can be measured. The columns provide the following information: reference to the
study; the wavelength coverage of the detector used (in A); the quoted resolution of the spectra; the reported number of regions with at least
one T,.-sensitive auroral line detected; the T.-sensitive lines detected in M33; and the T.-T. relations applied. The T.-T, relations are: [1]
Campbell et al. (1986); Garnett (1992); [2] N/A unless missing [O III]A4363, in which case use empirical relation from Esteban et al. (2009).

4 More regions have measurements of [O III] and [N II] auroral lines but are rejected based on the shape of the line profile.

small intrinsic dispersion about the oxygen abundance gradi-
ent is convincing, the direct abundances measured and recal-
culated from the literature rely on a single T, measurement
and, therefore, the T,-T, relations. An accurate, direct mea-
sure of T, in all ionization zones is needed to produce robust
abundances and to determine if the inferred low-ionization
zone T, is responsible for some of the direct O/H scatter.

2.3.4. Toribio San Cipriano et al. (2016)

Toribio San Cipriano et al. (2016, hereafter T16) ob-
served 11 H II regions in M33 with the Optical System for
Imaging and low-Intermediate-Resolution Integrated Spec-
troscopy (OSIRIS) instrument on the Gran Telescopio de
Canarias to obtain C and O recombination line abundances
and the C/O gradient within the galaxy. The broad wave-
length coverage allows for [O II1], [O 1], and [N II] temper-
ature calculations in all observed regions, thereby eliminat-
ing the need for a T,-T, relation to obtain the low-ionization
zone temperature. While other literature studies utilize larger
samples, T16 present the highest spectral resolution data and
target central and extended (R, ~ 7.5 kpc) H II regions,
which enables an understanding of how properties such as
T.[N 1I] and O/H change over large spatial scales. CHAOS
has adopted a similar methodology, allowing for a compari-
son of these and other properties in many more H II regions.

2.3.5. Linetal (2017)

Recently, extensive strong-line abundance studies have
been carried out in M33. Lin et al. (2017, hereafter L17)
used the Hectospec fiber system on the Multiple Mirror Tele-
scope to observe 413 H Il regions over a wavelength range of
3650-9100 A. Of these, 385 and 38 regions have strong-line
and direct abundances, respectively. The oxygen abundances

were calculated via T,[O 1] for the high-ionization zone and
the Garnett (1992) T,-T, relation for the low-ionization zone,
while T[N II] was used for N abundances only. While a
comparison between the strong line and direct abundances in
many H II regions is not the focus of this work, this sample
includes H II regions with abundances outside the previously
mentioned samples and, therefore, makes for a worthwhile
addition.

2.3.6. Alexeeva & Zhao (2022)

Alexeeva & Zhao (2022, hereafter A22) report on another
strong-line focused abundance study in M33. Their sam-
ple includes 110 M33 H II region spectra from Data Release
7 of the Large sky Area Multi-Object fiber Spectroscopic
Telescope (LAMOST) with a wavelength coverage of 3700—
9099 A with a resolution of R~1800, sufficient to obtain di-
rect temperatures of [O II], [N II], and [O II]. In total, 27
H II regions have direct abundances including extended ob-
jects with CHAOS longslit observations. Both .17 and A22
measured shallow O/H gradients relative to other literature
studies, making an evaluation of these data and the result-
ing direct temperatures all the more critical to understand the
chemical evolution of M33.

3. ELECTRON TEMPERATURES AND ICFS
3.1. CHAOS Electron Temperatures

The MODS spectra obtained in M33 have the wavelength
coverage and resolution to measure the electron gas temper-
ature from multiple ions. The temperature-sensitive emis-
sion line ratios necessary to measure these temperatures
are: [O MI]A4363/AX4959,5007, [N IJAS5755/A)\6548,6584,
[S MIJA6312/AX9069,9532, [O 1JAAN7320,7330/A3727, and
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[S IIAA4069,4076/AM6717,6731. The temperature measured
from each ion corresponds to the gas within the H II region
which contains that ion. For example, O*" is present in an
H II region only where the average degree of ionization is
high, and so T,[O III] corresponds to the temperature from
this high-ionization zone. We use a three-zone model for
each H II region: the ions N*, O*, and S* are present in the
low-ionization zone; the intermediate-ionization zone con-
tains S?*, C1>*, and Ar**; the gas responsible for the emis-
sion of O?", Ne?*, and Ar’* is the high-ionization zone. The
strength of having a large wavelength coverage is the capa-
bility of measuring direct electron temperatures from all of
these ionization zones, allowing for reliable ionic abundance
measurements.

The electron density can be calculated from the
[S MJA6717/[S ]A6731 and [C1l TJAS517/[C] IIJAS5537 in-
tensity ratios. Provided the lower ionization energy required
to produce S* and the scarcity of Cl in the ISM, it is signifi-
cantly easier to detect and use the [S II] strong lines as density
diagnostics. Despite the lower intensity and abundance of Cl,
we detect the [C1IIIJAA5517,5537 pair in 20 H IT regions (see
Table A.1).

To calculate T, from the significantly-detected auroral
lines, we use the above line intensity ratios as input into
the PYTHON PYNEB (Luridiana et al. 2012, 2015) package’s
GETTEMDEN function. The temperature-sensitive line ra-
tios have a weak dependence on the electron density, but in
the low-density limit (n, < 10> cm™) the ratios are essen-
tially density-independent. Densities are calculated using the
[S IA6717/A6731 and [Cl IITJA5517/A5537 intensity ratios
and low- and intermediate-ionization zone temperatures, re-
spectively, in the same GETTEMDEN function. The majority
of the H II regions in M33 have a measured n,([S II]) con-
sistent with the low-density limit. As such, temperatures are
calculated using the GETTEMDEN function with the emis-
sion line intensity ratios and at a fixed electron density of 10?
cm™.

We use a MCMC approach to obtain the uncertainties on
the electron temperatures. We generate a distribution of 1000
auroral-to-nebular line ratios assuming a normal distribution
centered on the measured line ratio and with standard devia-
tion equal to the uncertainty on the ratio. We then calculate
the temperature from all ratios in the distribution and take
the standard deviation of these values as the uncertainty on
the measured temperature. During this process, we fix the
electron density to n, = 10> cm™. The same MCMC tech-
nique is used for the uncertainty on n.([S 1I]) and n.([CI I11])
using the uncertainty on the measured line ratios of [S II] and
[C111] and fixing T, to the low- and intermediate-ionization
zone values, respectively.

There are a few cases where additional care is taken with
the line ratios used for temperature analysis. First, the

strong lines [S MIJAA9069,9532 can be contaminated by tel-
luric absorption; a contaminated strong line produces a larger
auroral-to-nebular line ratio and, therefore, T,[S III] than is
actually present in the gas. To assess contamination, we
compare the measured [S III] strong line ratios to the theo-
retical value of [S IIJA9532/A9069 = 2.47. The theoretical
line ratio is determined from the ratio of [S II]JA9532 and
[S TIT]A9069 emissivities using the atomic transition proba-
bilities of Froese Fischer et al. (2006); it has been shown that
different atomic data produce slight variations in this theoret-
ical ratio, but the Froese Fischer et al. (2006) transition prob-
abilities are consistent with the range of values predicted by
the majority of the available datasets (from 2.47 to 2.54, see
Méndez-Delgado et al. 2022b).

If the measured line ratio agrees with the theoretical ra-
tio within uncertainty, then we use both lines in T[S III]
calculation. If the measured ratio is greater than theoreti-
cal, as is the case for a more contaminated [S IIIJ\9069, we
only use the [S IIIJA9532 line, and vice versa for a mea-
sured ratio that is less than theoretical. Telluric absorption
bands can affect the transmission of large portions of the
NIR (see Figure 3 in Noll et al. 2012), which could result
in contamination of both [S III] strong lines. While the sys-
temic velocity of M33 is not sufficient enough to blueshift
these lines completely away from the absorption bands, the
low dispersion in T,[S III] observed in other CHAOS galax-
ies (Croxall et al. 2016; Berg et al. 2020; Rogers et al. 2021)
would indicate that this approach is not introducing unphys-
ical scatter in the sulfur temperatures. This technique is re-
peated for the [O II]JAN4959,5007 strong lines, although the
[O TIIA5007/7\4959 ratio agrees with theoretical (2.89 from
the ratio of emissivities and the atomic transition probabili-
ties of Froese Fischer & Tachiev 2004) for all regions with
significant [O II[]\4363 auroral line detections.

Second, it is not uncommon for Ha to have wing profiles
that extend beyond the FWHM of the Gaussian fit. Depend-
ing on the region, these wings can blend with [N II]JA6548,
which is only 15 A away from the Hov line center at 6563 A.
The other strong line, [N IIJA6584, is farther from Ha and is
not as blended with the wing profiles in the majority of the re-
gions. As such, we only use the [N I1]\6584 line to calculate
T[N 1] in the H II regions of M33.

Lastly, previous studies have reported on possible contam-
ination of [O II]A4363 due to the presence of [Fe I[]A4360
(Curti et al. 2017). For low-resolution spectrographs, the
inability to distinguish the [O III] and [Fe II] line may lead
to an erroneously high flux measurement for [O II]A\4363
which produces a temperature that is too large for the
high-ionization zone. The presence of [Fe I[JA4360 that is
comparable to [O 1JA4363 might be expected for higher-
metallicity sources (see discussion in Curti et al. 2017), but
fluorescence can populate some of the energy levels, includ-
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ing the °S; /2 level that produces [Fe 11]A4360, and cause en-
hanced [Fe II] emission (Rodriguez 1999). The two lines
are slightly blended at the resolution of MODS; while we
have previously used the FWHM of [O II1]\4363 and other
neighboring lines to simultaneously fit a second Gaussian
at 4360 A (Berg et al. 2020; Rogers et al. 2021), we can
also use other [Fe II] lines originating from the same 68 /2
level to assess the contamination of [O III]\4363 by [Fe I1].
From the atomic data of Bautista et al. (2015), the emissivity
ratio of [Fe 11]\4288, which also originates from the °Ss 2
level, to [Fe IIJA\4360 is 1.37. As such, if we do not ob-
serve [Fe I1]\4288 then the contamination of the [O III] au-
roral line by [Fe I1]A\4360 is negligible and is not corrected.
If the profile of [Fe 11]\4288 can be fit (as is the case for
four regions), then the corresponding inferred intensity of
[Fe 1]A4360 is subtracted from [O II]A4363 before temper-
ature calculations.

This approach relies on the significant detection of
[Fe I1]\4288, but even a weak, inferred [Fe I1J\4360 could
bias faint [O II]JA4363 such that it becomes a significant de-
tection and produces an unreasonably high T,[O II]. When
verifying the fits to the auroral lines, we also check the line
profile of [O I[]A\4363 and, if possible, attempt to fit a sec-
ond Gaussian profile at 4360 A when the profile is asym-
metric. We complete this fit with another strong line in the
spectrum to constrain the FWHM of the Gaussians at 4360
A and 4363 A. If [Fe 11]\4288 is undetected and if the inten-
sity of [O II]A\4363 significantly changes when considering a
contaminating line at 4360 A, we adopt the fit to [O TII]\4363
from the deblended Gaussian. With these steps, we have at-
tempted to reasonably account for [Fe II] contamination in
a way that is physically (using the intensity of [Fe I1]A\4288)
and observationally (using the symmetry of the Gaussian pro-
file) motivated.

With the above considerations, we determine the electron
temperatures in M33 and report them in Table A.3 in the Ap-
pendix. Given the dependence of the electron temperature
on the abundance of heavy elements, it is expected that tem-
peratures from different ionization zones are related. When
a direct temperature is not measured in an ionization zone,
these T,-T, relations provide a method to infer the ionization
zone temperature from the available temperature data. Many
previous studies have derived the functional form of T,-T,
relations from empirical direct temperature data (e.g., Este-
ban et al. 2009; Croxall et al. 2016; Arellano-Cérdova & Ro-
driguez 2020; Rogers et al. 2021) and from photoionization
models (e.g., Campbell et al. 1986; Garnett 1992; Izotov et al.
2006). Many of the H II regions in M33 have multiple direct
temperatures, but the size of the sample is not sufficient to
derive statistically-significant empirical T,-T, relations. In-
stead, we can compare the direct temperature trends in this
galaxy to existing relations.

Figure 3 plots the M33 direct temperature trends from nu-
merous ions and H II regions. Each panel plots the direct
temperature from one ion against the temperature from an-
other ion measured in the same region, and each temperature
is normalized by 10* K. Reported in the lower right of each
panel is the number of H II regions with both direct temper-
atures, the intrinsic dispersion, defined as the random scatter
in the dependent variable about a linear regression fit to the
data, and the total dispersion in T, (both of which are cal-
culated using the same technique as Bedregal et al. 2000).
While the intrinsic dispersion depends on which temperature
is assumed to be the dependent variable in the linear relation
(see discussion in Rogers et al. 2021), we only provide one
permutation of the relations because we are not attempting to
derive robust relations from the M33 regions alone. We will
report on the global direct temperature trends of the CHAOS
sample in a future work.

Plotted as a red dashed line in panels (a) and (b) of Fig-
ure 3 is the commonly applied low-to-high ionization zone
T,-T, relation of Campbell et al. (1986); Garnett (1992). In
the majority of M33 abundance studies with only T,[O II1],
this is the relation applied to obtain the low-ionization zone
temperature (see Table 3). As other studies report (Kenni-
cutt et al. 2003; Esteban et al. 2009; Berg et al. 2015; Yates
et al. 2020), the trend between the direct temperatures of
T,[O 1] and T,[O I1] is not clear and the temperatures are
often scattered over many thousands of K. This is true in our
sample of temperatures, where panel (a) shows the intrin-
sic dispersion is significantly larger than the other tempera-
ture trends. T[N II], another representative temperature of
the low-ionization zone, does not show this scatter relative to
T,[O 111]. In fact, the direct temperatures measured here fol-
low the Campbell et al. (1986); Garnett (1992) relation well
and exhibit small intrinsic scatter.

The observed T,[O III] in M33, and in many galaxies, have
an effective lower limit that is set by the average electron en-
ergy within the nebula: the electron energy needed to excite
0" to the 4th excited state is relatively large, requiring either
high T, or a relatively bright region to detect [O III]\4363.
This prevents detections of low [O II]JA4363 in all but the
brightest regions, which is why there are fewer regions with
concurrent T,[O 1] and T[N II] in the low-T, regime (<
7500 K). The electron energies required to enable the tran-
sitions that produce [N I]A5755 and [S IIJ\6312 are sig-
nificantly lower, resulting in the larger number of regions
with simultaneous T.[N II]-T,[S III] and with T, < 7500 K
in panel (c).

Garnett (1992) also report a photoionization model T,-T,
relation for the intermediate-ionization zone; the extrapola-
tion of the high-to-intermediate relation to the low-ionization
zone is plotted in panel (c). Again, there is generally good
agreement between the measured T,[N II]-T,[S II] trends in
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Figure 3. The CHAOS-measured T,.-T. trends in the H II regions of M33. Each point represents an H II region containing a direct T, from the
corresponding ion. The dashed red and blue lines are the T.-T. relations of Garnett (1992) and Rogers et al. (2021), respectively. The number
of regions with both direct temperatures, the intrinsic and total scatter in the dependent T, are provided in the lower right. (a) and (b): The
high- vs. low-ionization zone temperatures, the former as measured by T.[O III] and the latter measured by T.[O II] (a) and T[N II] (b). (c)
and (d): Intermediate-ionization zone temperatures from T[S III] as compared to T.[N 1] (c) and T.[O 1] (d). (e) and (f): A comparison of
the low-ionization zone temperatures measured by T[N II] to the temperatures in the same zone as measured from T.[O II] (e) and T.[S IT] (f).
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M33 and this relation. The measured temperatures have a
small intrinsic dispersion, but the best-fit relation deviates
from the relation derived from the other CHAOS galaxies
(blue dashed line) at high T,. The relation reported in Rogers
et al. (2021) makes use of 108 direct T,[N II] and T,[S II1],
many of which are at lower average T, than the T, mea-
sured in M33 (particularly the temperatures from the high-
metallicity galaxies NGC 5194 and NGC 3184, see Croxall
et al. 2015; Berg et al. 2020). It is not surprising, then, that
the temperatures measured here deviate from the trends at the
extreme temperature ranges when we do not measure such
temperatures in M33.

Panel (d) plots the T,[S 1I]-T,[O III] temperatures ob-
served in 27 regions with the photoionization (Garnett 1992)
and CHAOS empirical T,[S 1I]-T,[O 1I] relations. The in-
trinsic dispersion about the M33 relation is a factor of five
smaller than that reported in Rogers et al. (2021). Again,
the sample of regions examines a relatively small area in
T,-T, space when compared to the full CHAOS H II region
sample, but the large [S III] temperatures measured in other
spiral galaxies (like M101, Croxall et al. 2016) are simply
not observed in M33. For many regions at moderate T,, the
CHAOS relations describe the T, trends relatively well.

Finally, panels (e) and (f) focus on the low-ionization zone
temperatures from [N II], [O II], and [S I]. Provided that
these ions have roughly the same ionization energies, it is ex-
pected that their temperatures should be, generally, in agree-
ment. This is roughly the case for the 39 regions with con-
current T[N II]-T,[O 1] and T,[N 1I]-T,[S II] where most re-
gions are scattered about the 1-to-1 line. This scatter has been
measured in other galaxies (Esteban et al. 2009; Rogers et al.
2021), and it might be related to factors such as dielectronic
recombination (Rubin 1986; Liu et al. 2001), contamination
in the NIR, or the presence of higher temperatures in the gas
surrounding the H II region (the photodissociation region, or
PDR). As such, we deprioritize T,[O 1I] and T,[S 1] in the
following abundance analysis due to the scatter relative to
T[N 11]. Note that there are actually more T,[O II] measure-
ments than any other temperature (see Table A.1). A better
understanding of the behavior of T,[O II] would represent a
significant increase in diagnostic power.

Following Rogers et al. (2021), we use the weighted-
average electron temperature prioritization when calculating
the temperature to use in the low-, intermediate-, and high-
ionization zones. This method makes use of the available
[N 11], [S 1], and [O II] temperatures in a single region for
a robust estimate of the temperature in each ionization zone.
With these three temperatures, one can measure a dominant
temperature and two inferred temperatures from available T,-
T, relations, then combine these in a weighted average. This
method prioritizes significant T, from the dominant ion (i.e.,
those that have the lowest errors in that ionization zone), or

Table 4. CHAOS Atomic Data

Ion Transition Probabilities Collision Strengths

N* Froese Fischer & Tachiev (2004)
o* Froese Fischer & Tachiev (2004)
O*  Froese Fischer & Tachiev (2004)
Ne**  Froese Fischer & Tachiev (2004)
S* Irimia & Froese Fischer (2005)
S Froese Fischer et al. (2006)
cr* Rynkun et al. (2019)

Ar** Mendoza & Zeippen (1983)

Tayal (2011)
Kisielius et al. (2009)
Storey et al. (2014)
McLaughlin & Bell (2000)
Tayal & Zatsarinny (2010)
Hudson et al. (2012)
Butler & Zeippen (1989)
Munoz Burgos et al. (2009)

NOTE—Atomic data used for the calculation of ionic abundances in M33.

a combination of the inferred temperatures when the domi-
nant ion is not detected or is measured at low S/N. We ap-
ply the T,-T, relations from Rogers et al. (2021), which are
calibrated from the CHAOS sample of direct temperatures
and employ the intrinsic scatter about the relations to bet-
ter account for the uncertainties on the inferred temperatures
(see discussion in Rogers et al. 2021). If a region does not
have significant [N II], [S III], or [O II] auroral line detec-
tions, then that region is rejected from the abundance anal-
ysiS. Terow, Te > and T pign, determined from the weight-
average prioritization are reported in Table A.3. The follow-
ing abundance analysis has been repeated using the standard
ionization-based temperature prioritization (i.e., use a single
direct temperature if it is the dominant ion in the ionization-
zone), and all results are consistent within uncertainty.

3.2. ICFs for Various lonic Species

With the temperatures in each ionization zone and the in-
tensities of the strong lines available in the optical, we can
directly calculate the abundance of different ionic species
within each zone via the emissivity of the transition that pro-
duces the strong line. The PYNEB GETIONABUNDANCE
function performs this calculation, where a five-level atom
model (De Robertis et al. 1987) is assumed and the atomic
data (transition probabilities and collision strengths) are pro-
vided in Table 4. To calculate the ionic abundance uncer-
tainty, we propagate the uncertainty on the ionization-zone
temperature through the emissivity ratio, then use the result-
ing emissivity and intensity ratio uncertainty to calculate the
total percent error on the ionic abundance. To calculate the
total abundance of a given element, it is necessary to obtain
an abundance measurement of all ionic species of that ele-
ment within the H II region. This may not be possible if a
specific ionization state has no observable emission lines in
the optical, so ICFs are used to account for the unobserved
ionic species.
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The total abundance of oxygen within an H II region is
well-described by O = O + O%**, where it is assumed that
there is little neutral O in the H II region due to the coin-
cident ionization energies of H and O. In very highly ion-
ized regions, oxygen can triply ionize; while there are no ob-
servable lines of O*" in the optical, significant He I1\4686
indicates the presence of a very-high ionization zone that
contains He*, 0%, and other ions (Berg et al. 2021). In
the regions of M33, only one region, M33-211-438, has a
significant detection of narrow He I1A4686; all other regions
with significant fits to He [1\4686 are dominated by the stel-
lar continuum (no clear line, but absorption at 4686 A pre-
dicted by STARLIGHT) or have broad He 1174686 indicative
of WR stars. While we could account for the missing O**
in M33-211-438, we adopt the common assumption that all
gas-phase O is in the O" or O*" states to remain consistent
with the majority of the sample. N* is the only observable
ionization state of nitrogen in the optical. N* and O" charac-
terize the low-ionization gas in an H II region, and the ratio
of N/O is not expected to change between different ioniza-
tion zones. The common ICF for N is, therefore, ICF(N) =
O/0O" such that N/H = N*/H* x ICF(N). The use of this ICF
produces N/O abundances that are found to be within 10% of
the true N/O values from photoionization models (see Nava
et al. 2006; Amayo et al. 2021).

The ICFs applied for the a-element abundances in the
CHAOS sample were discussed in Rogers et al. (2021), but
these ICFs come from an array of sources (for example, Pe-
imbert & Costero 1969; Thuan et al. 1995; Izotov et al. 2006).
Recently, Amayo et al. (2021) published new ICFs for Ne,
S, Cl, and Ar generated from the Mexican Million Models
database (3MdB, Morisset et al. 2015). The models used for
calibrating the ICFs are selected for their ability to reproduce
the line ratios observed in blue compact galaxies and giant
H 11 regions, making them suitable for the sample of regions
in M33. Each ICF is a fifth-order polynomial in O**/O and
has an associated uncertainty that is itself a polynomial func-
tion of O%*/0. In prior CHAOS studies it was assumed that
the applied ICF had an uncertainty of 10%, but the uncer-
tainty in a given ICF can vary significantly as a function of
0%*/0 (see Figure 7 in Amayo et al. 2021). To accurately
calculate the uncertainty in the ICFs, make use of the most
recent ICFs, and have a consistent source for all a-element
ICFs, we use the Ne, S, Cl, and Ar ICFs and their uncertain-
ties from Amayo et al. (2021). These ICFs are calibrated to
calculate a/O abundances, and so we use the ionic oxygen
abundances, when necessary, to convert to a/H abundances.

For the first time in a CHAOS abundance study, we deter-
mine CI** abundances from a significant number of regions
(20 total) using the [Cl IIJAA5517,5537 lines. To determine
the ionic abundances, we use the calculated n,([Cl IIT]), the
[CIII]A5517 intensity, and the intermediate-ionization zone

temperature. We require a measure of n,([C1 III]) to calculate
the CI>* abundance because the assumption of n, = 10?> cm™
produces different CI**/H* when using either [CI II[J]A5517
or [C1IJA5537 individually. However, the energy levels that
produce the [CI 1] density-sensitive lines have higher criti-
cal densities than the commonly used [S II] lines; as such, the
emissivity ratio of the two lines is a slowly varying function
of n, in the low density regime that describes the regions of
M33 (as evidenced by the [S II] lines). In fact, four regions
have measured line ratios that are not predicted at the pro-
vided T, in that their ratio is at or above the ratio predicted
at n, ~ 0 cm™. For this same reason, the uncertainties cal-
culated using the MCMC method can be particularly large.
Taken together, when the line ratio does not permit a calcu-
lation of n,([Cl III]), we calculate CI**/H* from both lines
assuming n, = 10? cm™ and average the resulting values. We
have verified that using I([C1III]A5517)+I([CI1 LII]A\5537) and
assuming a density of n, = 10> cm™ produces ionic abun-
dances that are consistent with the ionic abundances deter-
mined from the above method. The CI>/O*" abundance is
then used with the Amayo et al. (2021) ICF to determine the
Cl/O relative abundance.

4. ABUNDANCE GRADIENTS AND DISPERSIONS

Using the ionic abundances and ICFs described in the pre-
vious section, we calculate the total abundances of numerous
elements in M33. We first examine the homogeneous abun-
dances determined from the CHAOS observations to assess
the magnitude of the intrinsic dispersion in abundances in
M33. In the next section we compare these abundances to
the measured literature values and merge the samples that we
believe to be of similar quality.

4.1. Oxygen

The third most abundant element, oxygen is a tracer of
high-mass star formation. In many star-forming spiral galax-
ies, the oxygen abundance is observed to be largest near the
center of the galaxy and lowest at the edges of the spiral
arms. The negative oxygen abundance gradient in M33 mea-
sured by C06, R08, B11, and T16 all support the inside-out
chemical evolution of this galaxy. The dispersion about the
negative abundance gradient is related to processes within the
galaxy such as radial motion along spiral arms, local contam-
ination due to pristine gas infall, etc. The scatter measured
in M33 from a sample of direct abundances alone ranges be-
tween 0.06 dex as measured in the inner 2.2 kpc by B11 to
0.11 dex reported by ROS.

In Figure 4, we plot the oxygen abundances (in dex) mea-
sured in this study against the galactocentric radius of each
region in kpc. The linear gradient is fit using the PYTHON
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M33: Gradient = -0.037+0.007 dex/kpc
8.8 Oint = 0.04340.015 dex
4 a 1T, o 2T, e 3T,
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Galactocentric Radius (kpc)

Figure 4. The direct oxygen abundance gradient in M33 measured
by CHAOS. The oxygen abundance, 12+log(O/H) (dex), of each
region is plotted against the galactocentric radius (in kpc) of the
region. The shape of the point represents the number of direct tem-
peratures used to calculate the abundances within the region, as in-
dicated in the legend. The best-fit gradient and intrinsic scatter in
O/H about the gradient (provided in the legend) are represented as
a solid line and shaded area about the line, respectively.

LINMIX package®, which fits a linear function between
two variables while considering the uncertainty in each vari-
able and returns the random scatter in the dependent variable
about the linear fit (this is the implementation of the fitting
program outlined in Kelly 2007). The shape of each point in
Figure 4 represents the number of direct temperatures used
in the weighted-average ionization-zone temperature calcula-
tions: triangles indicate regions with a single direct temper-
ature, diamonds represent regions with two, and pentagons
are regions with temperatures from [N II], [S III], and [O III].
The shaded region about the gradient represents the intrin-
sic dispersion (in dex) about the abundance gradient. The
gradient and intrinsic dispersion are provided in the legend,
and the number of H II regions used in fitting the gradient is
found in the lower right corner. The O/H gradient in M33 re-
ported here is measured from 65 H II regions, making this the
largest, homogeneous sample of direct abundances in M33.
The gradient measured from this sample is:

12+log(O/H) = 8.59(40.02) —0.037(:0.007) X Respe (1)

where R, 1, 1s the galactocentric radius in kpc. The intrin-
sic dispersion in oxygen abundance about this gradient is
Oine = 0.043 £0.015 dex. When normalizing the positions
to the effective radius of M33, the gradient is —0.081+0.017

5 https://github.com/jmeyers3 14/linmix

dex/R.. From Eq. 1, we confirm the existence of a negative
oxygen abundance gradient in M33. This abundance gradi-
ent appears to accurately describe the O/H trends from within
~0.13 kpc to the outer H II regions at nearly 7.5 kpc.

There is non-negligible scatter in the oxygen abundances,
with some regions scattered to relatively low (< 8.2) and high
(2, 8.7) O/H. However, the scattered regions are primarily
those with a single electron temperature used to infer the tem-
perature in all ionization zones; while the uncertainty on O/H
is reflective of the missing temperatures, the scatter these re-
gions exhibit highlights the importance of having: 1. High
S/N measurements of the T,-sensitive auroral lines, and 2.
Multiple direct temperatures spanning the typical ionization
zones of a region.

The measured intrinsic dispersion is less than the value
of 0.11 dex reported by RO8 and in fairly good agreement
with the scatter of 0.06 dex obtained in the inner 2.2 kpc
as measured by B11. In fact, the average error in O/H of
regions with all three commonly-used electron temperatures
is (6(0O/H)3) = 0.053 dex, which matches o;,, within uncer-
tainty. The average O/H uncertainty for regions with two
and one available temperature are (§(O/H),) = 0.078 dex and
(6(O/H);) = 0.118 dex, respectively. Given that intrinsic dis-
persion in the oxygen abundances is comparable to the aver-
age uncertainties of our best measured targets, we find no ev-
idence of significant azimuthal abundance variations in M33.

We examine the distribution of O/H about the best-fit gra-
dient to further explore this claim. If we take n to be the
difference between the measured and predicted oxygen abun-
dance, where the latter is calculated from Eq. 1 and the ra-
dius of the H II region, we can determine its average, (1),
and standard deviation, o(7), for the regions with one, two,
and three direct temperatures used in the weighted average
approach. (n) examines how the abundances in regions that
are missing direct temperatures compare to the best-fit gradi-
ent, while o(n) provides insight on the scatter in O/H in each
sample of regions. We find: for regions with three direct tem-
peratures, (13) = 0.00 dex and o(n3) = 0.05 dex; those with
two direct temperatures, (1;) = 0.03 dex and o(7;) = 0.10
dex; and for regions with a single temperature, () = —0.04
dex and o(n;) = 0.11 dex. It is not surprising that the av-
erage offset from the gradient is very small for the sample
with three direct temperatures, as the uncertainty in O/H is
relatively small and the best-fit gradient gives these regions a
higher priority in the fit. o(73) is consistent with (6(O/H)3)
and oy, supporting the claim that the O/H observed in the
regions with the highest S/N T, spanning multiple ionization
zones do not show large azimuthal variations.

Our data show evidence that when a single temperature is
measured, requiring the use of T,-T, relationships to infer the
temperature in the other ionization zone, then the dispersion
in the total oxygen abundance is inflated because of the inad-



CHAOS VII 15

equacy of simple T,-T, relationships to accurately infer tem-
peratures. The temperature most often inferred is the high-
ionization zone temperature, as [O IIIJA4363 is detected in
28 regions (see Table A.1). The weighted average approach
utilizes the measured T[N II] and/or T,[S III] with the cho-
sen T,-T, relations to infer a high-ionization zone tempera-
ture, but the T, [O II]-T,[S III] relation of Rogers et al. (2021)
shows very large scatter and the T,[O III]-T,[N II] relation is
constructed with a relatively small number of H II regions. A
direct measure of T, within this ionization zone is crucial for
reliable measurements of the O** abundance.

Regions with a single electron temperature rely most on
the accuracy of the T,-T, relations. Pérez-Montero & Diaz
(2003) highlight this weakness in direct abundance measure-
ments, and Arellano-Cérdova & Rodriguez (2020) find that
applying a single T, [O III] or T,[N II] with various T,-T, re-
lations can produce differences in total N and O abundances
greater than 0.2 dex, especially so when T,[O II1] is inferred
from T,[N II]. While the larger errors on their direct O/H re-
flect the uncertainty in the relations, the true temperature in a
given region/ionization zone can deviate from the simple, lin-
ear relations, resulting in erroneous temperatures/abundance
trends. Therefore, a measure of the true intrinsic dispersion
in O/H within a spiral galaxy can only be obtained with direct
measures of the low- and high-ionization zone temperature;
the use of inferred temperatures can produce abundances that
generally agree with the abundance gradient but show en-
hanced scatter that is not reflected in the most reliable mea-
surements of T, and O/H.

4.2. Nitrogen

Nitrogen, which is produced in high-mass stars along with
oxygen, has two nucleosynthetic origins: primary nucleosyn-
thesis, in which the ISM is enriched with N via supernovae,
and a secondary component where by mass-loss events of
intermediate-mass stars releases additional N relative to O
and other a-elements (Henry et al. 2000). As such, N/H and
N/O are relevant quantities to understand the total and sec-
ondary enrichment of the ISM with N, respectively.

In the top panel of Figure 5 we plot the N/H abundances
against Rz ,., where the gradient and dispersion is provided
by the solid line and shaded region, respectively, and the
symbol representation is the same as Figure 4. All regions
with O/H measurements have significant [N II[]A\6548,6584
detections, hence the number of regions is the same as Figure
4. The 12+log(N/H) gradient in M33 is measured as

12+log(N/H) = 7.57(£0.02) —0.099(£0.007) X Rgipe- (2)

with o, = 0.044 +0.014 dex. The reported intrinsic disper-
sion in N/H is equivalent to o;,, about the O/H gradient. This
agreement would indicate that the dispersion in O is reflective
of the dispersion in other abundant elements in the gas-phase.

7.8

N/H Gradient = -0.0994-0.007 dex/kpc
+ A Giy = 0.04440.014 dex

085 2 i 6 g
Galactocentric Radius (kpc)
—038 Sec. N/O Gradient = -0.18+0.02 dex/R.
+ A giy = 0.05+0.009 dex
-0.9

o 05 10 15 20

2.5 3.0 3.5
Galactocentric Radius (R,/R,)

Figure 5. The direct N abundance gradients in M33. In each panel,
the gradient and intrinsic scatter are provided as the solid line and
shaded regions, respectively, and are reported in the plot legends.
The symbols follow the same representation as Figure 4. Top Panel:
12+log(N/H) as a function of Ryp.. Bottom Panel: 1og(N/O) relative
abundances as a function of R¢/R,, or the galactocentric radius nor-
malized to the effective radius of M33. The gradient and dispersion
in this fit are for regions with R¢/R., < 2 to isolate the secondary
N/O gradient.

The total N abundance is related to the O abundance through
the ICF(N) = O/O*, which might introduce additional scatter
into the N/H trends. However, given the agreement between
intrinsic dispersions, this effect does not appear to be large
enough to produce a larger o;,, around the N/H gradient.
The N/H gradient is steeper than the O/H gradient because
the ISM has been enriched with secondary N. This is eas-
ier to visualize in the bottom panel of Figure 5, where we
plot the relative abundance of N to O as a function of R./R.,
or galactocentric radius normalized to the effective radius of
M33. We briefly mention that the N/O gradient determined
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from LINMIX when using Ry is —0.064 £0.007, which is
what one expects if the difference between the N/H and O/H
gradients is taken.

Instead of fitting a linear gradient to all regions in M33,
we focus on the secondary N/O gradient. We follow the
methods of Berg et al. (2020) and fit the N/O abundances
at R,/R, < 2 with a linear gradient. Berg et al. (2020)
show that secondary N production is significant below this
radius while N is mostly primary in origin beyond R,/R, =
2.5; they also find that three of the CHAOS galaxies exhibit
a common secondary N/O gradient of —0.3440.06 dex/R..
However, Rogers et al. (2021) measure a significantly shal-
lower secondary N/O gradient of —0.16+£0.04 dex/R, in
the spiral galaxy NGC 2403, which was attributed to this
galaxy’s lower stellar mass relative to the other CHAOS
galaxies. If the stellar mass is a good proxy for the amount of
intermediate-mass stars that have enriched the ISM with sec-
ondary N, then galaxies with stellar masses similar to NGC
2403 should have similarly shallow secondary N/O gradients.

As shown in the bottom panel of Figure 5, the secondary
N/O gradient measured in M33 from the 60 H II regions at
Rg/R, < 2is:

log(N/O) = —0.98(£0.02)—-0.18(+0.02) X R;/R..  (3)

with o, = 0.050 £0.009 dex. The secondary N/O gradient
in M33 agrees with that of NGC 2403 when considering un-
certainties and is significantly shallower than the common
gradient measured in NGC 628, M 101, and NGC 3184. The
stellar mass of M33 is log(M,/Mg) = 9.68 (Corbelli et al.
2014), which is very similar to that of NGC 2403 and sup-
ports the possible trend of increasing secondary N/O gradi-
ent with increasing stellar mass. We note here that the num-
ber of galaxies in this sample size is too small to make any
robust claims, and that the N/O gradient can be affected by
other factors such as galaxy interaction (Croxall et al. 2015;
Berg et al. 2020, see NGC 5194). Furthermore, the Milky
Way, with stellar mass log(M,/M) = 10.78 (Licquia & New-
man 2015), has a N/O gradient that is significantly shallower
(—0.05£0.03 dex/R., Arellano-Coérdova et al. 2020) than that
observed in M33.

As a final note, the most extended H II region,
M33-610-1690, appears enhanced in N/O relative to the
other extended regions. [N II[JA5755 is not detected in this
region, requiring an inferred low-ionization zone tempera-
ture for N*/H* abundances. The linear T,[N II]-T,[S III] re-
lation constructed from the sample of five CHAOS galaxies
in Rogers et al. (2021) is well-sampled and shows low in-
trinsic dispersion at T, < 9000 K, but the electron tempera-
tures measured in this region are relatively high: T,[O LI]
= 11,100 K and T,[S ] = 9,500 K. These temperatures
are in an area of parameter space not well sampled by the
bulk of the CHAOS H 1I regions and, therefore, the relations

might not produce realistic values at such high temperatures.
Provided that M33-610-1690 is the only region at R,/R, >
2.5, we fit the primary N/O plateau considering the five re-
gions at Rg/R, > 2.0 and obtain a weighted-average value
of 1og(N/O)primary = —1.36, which is in good agreement with
the primary N/O plateau measured in M101 by Berg et al.
(2020).

4.3. Neon, Sulfur, Chlorine, and Argon

The elements Ne, S, and Ar are produced in high-mass
stars via the alpha-process, the same mechanism that pro-
duces O. The production of Cl is controlled by S and Ar,
the former through proton capture and the latter through ra-
dioactive decay (Clayton 2003; Esteban et al. 2015). Given
their production in the same progenitor stars, the abundance
of these four elements should trace the O abundance in an HII
region. In Figure 6 we plot the abundance of these elements
relative to the oxygen abundance in the regions of M33: the
left column plots the relative abundance against R,/R,, the
right column plots them against 12+log(O/H), and the rows
are ordered in increasing atomic number. In the right col-
umn, we provide the weighted average log(a/O) ratio with
its standard deviation as a black dashed line and gray shaded
region, respectively. We also provide the solar log(a/O) ratio
and its uncertainty from Asplund et al. (2021) as a blue dot-
ted line and blue shaded region, respectively. Note that we
no longer represent the H II regions by the number of direct
temperatures used in the weighted-average ionization zone
temperature calculations.

The first row plots the log(Ne/O) relative abundances,
which are scattered over ~1 dex. The Ne?*/O?* abundances
are calculated directly from the emissivities and line intensi-
ties using the high-ionization zone temperature because this
temperature describes the gas containing both ions. This ap-
proach usually produces small uncertainties on the Ne?*/O**
abundances because the emissivity ratio of [Ne III]JA3868 and
[O 1I]A5007 is a weak function of T,. The large uncertain-
ties on log(Ne/O) come from the ICF(Ne), which is relatively
uncertain in regions with O?*/O < 0.5. This is also exhibited
in the additional scatter at log(Ne/O) < —1.0, which is where
the ICF is rapidly decreasing at O**/O < 0.2. This matches
the trends of the H II region sample used by Amayo et al.
(2021); their sample of high-ionization blue compact galax-
ies show a flat log(Ne/O) trend but we do not observe many
H II regions that have this high ionization.

Due to their high uncertainties, the H II regions with low-
ionization are not weighted heavily in the calculation of the
average log(Ne/O) value. The average log(Ne/O) we mea-
sure in M33 is log(Ne/O) = —0.6940.17 from 56 H II re-
gions. This agrees with the solar value of log(Ne/O) =
—0.63+0.06 but note the large uncertainty. If we only con-
sider H II regions with O%*/0 > 0.2 (in other words, exclud-
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Figure 6. The abundance trends of « elements observed in M33 relative to the oxygen abundance within the region. Left Column: The relative
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ing the regions where the ICF is most uncertain and is rapidly
changing as a function of O%**/0), we determine the average
log(Ne/O) from 33 regions to be —0.631+0.10. This exact
agreement with the solar value and lack of dependence on
R,/R, or 12+log(O/H) reveals that Ne enrichment in M33 is
consistent with the trends expected for an element produced
predominantly by the o process.

All regions with O abundance have the strong lines of S*
and S**, producing a sample of 65 S/O abundances in M33.
The S ICF corrects the ratio of St + S>* to O" + O*" to ac-
count for missing S*" in high-ionization H II regions. All
strong lines in this ratio are measured at high S/N and the
ICF is well-constrained over a large range of O**/O, result-
ing in relatively low uncertainties on the log(S/O) in the sec-
ond row of Figure 6. While some of the inner regions scat-
ter to slightly high S/O, there is no apparent S/O trend with
metallicity. The average value measured in M33 is log(S/O)
=—1.56£0.08, in excellent agreement with the solar value of
—1.57£0.05.

Only 20 regions have significant [C] HIJAA5517,5537 de-
tections, and, in most cases, these emission lines are not
detected at high S/N. Furthermore, the uncertainty in the
CI ICF is larger for low-ionization H II regions which pro-
duces the large uncertainties observed in a few objects. The
Cl/O relative abundances appear constant as a function of
R,/R., although there is a slight trend of increasing Cl/O as
a function of metallicity. This trend is exhibited in the re-
gions with the lowest uncertainty on Cl/O, and Esteban et al.
(2020) obtained a similar Cl/O trend in the H II regions of
M101. However, the trend in M101 disappeared depending
on the H II region temperature structure assumed. There are
not enough regions in the present sample with O/H < 8.3
or > 8.6 to reliably fit this trend which could, ultimately,
be a product of the ICF. The average value of log(Cl/O) in
M33 is —=3.51£0.08. The solar value reported by Asplund
et al. (2021), —3.3840.20, is relatively uncertain because
the Cl abundance is determined through HCI observations in
sunspot spectra owing to a lack of CI features in the Sun’s
spectrum.

Similar to the strong lines of S, [Ar III]A7135 is observed in
all regions with O abundance determinations. Provided this
line’s high S/N and the potential sky contamination at longer
wavelengths, we only use [Ar IITJA7135 in the calculation of
Ar?*/O%* abundances. There is no trend in Ar/O as a function
of R,/R, or 12+log(O/H), and the average determined from
the M33 data, —2.32+0.07, is in very good agreement with
the solar value, —2.3140.11. In summary, the abundances of
these four elements in M33 appear to be consistent with the
enrichment expected for a-process or a-process-dependent
elements and the relative amount of these elements to O is
consistent with the solar ratio. Taken together with the O
and N abundances discussed above, M33 is chemically well-

mixed and homogeneously enriched from inside-out with no
evidence of significant abundance variations at a given ra-
dius in the galaxy.

5. LITERATURE COMPARISON

To make the most reliable comparison to the literature di-
rect abundances in M33, we use the line intensities (and their
associated uncertainties) and R.A./Decl. centers of each lit-
erature H II region, then recompute the temperatures, abun-
dances, and H II region radii in a consistent manner. We do
this for all H II regions in M33 from the studies listed in Ta-
ble 3 using the CHAOS reduction steps explained in §2.2 and
§3.2. We apply the S/N > 3 cutoff for detected lines, which
does produce fewer auroral line detections and direct abun-
dances in some studies. For example, one region from C06
has a reported [O IIIJA4363 with S/N < 3, resulting in only
five regions with T,[O III]. Similarly, L.17 reported abun-
dances for some regions with non-significant [O II1]A4363
(S/N < 3), and did not report abundances for regions with
significant [N II[]A\5755 but non-significant [O II[]\4363; the
net result is that the sample of regions with recalculated di-
rect abundances decreases from 38 to 33.

Most prior studies applied the T,-T, relation of Camp-
bell et al. (1986); Garnett (1992) to obtain the low-ionization
zone temperature in the H II regions. One exception is T16,
who used direct T,[O III] and T[N II] as the high- and low-
ionization zone temperatures, respectively, unless T,[O III]
is undetected. In this case, the high-ionization zone tempera-
ture is inferred from T[N II] and the empirical relation from
Esteban et al. (2009), which is in good agreement with the
relation used by Campbell et al. (1986) and Garnett (1992).
The other exception is A22, who took the same approach as
T16 but did not infer any ionization zone temperature; in-
stead, A22 assumed an ionization zone temperature of T, =
10* K when a direct temperature is missing.

We use the weighted-average temperature approach with
the T,-T, relations of Rogers et al. (2021) to determine the
ionization zone temperature and its uncertainty. For CO06,
ROS8, and B11, which do not have the wavelength coverage to
measure multiple direct temperatures, this method is simply
utilizing the T.-T, relations to obtain the electron tempera-
ture in the low- and intermediate-ionization zones. For T16,
L17, and A22, we use the available T,[O III] and T[N II] to
make a robust estimate of the temperature in each zone. Note
that no previous abundance study reports T, [S III] and we still
de-prioritize T,[O II] and T,[S II], resulting in a weighted av-
erage temperature of, at most, one dominant and one inferred
T, in the low- and high-ionization zone.

Some studies have reported only one of the [O III] strong
lines; while we use [O IIIJA\5007 to obtain the O/H abundance
in the CHAOS observations of M33, we use [O III]A\4959 to
recalculate the literature abundances if that is the only avail-
able [O II1] strong line.
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Figure 7. The direct oxygen abundance trends in the M33 H II regions observed by CHAOS (black points with same representation as Figure
4) and the recalculated literature abundance trends (various colored points with same representation). The gradients and intrinsic dispersions in
O/H about the gradient are provided in the legends and are plotted as the solid lines and shaded regions, respectively. The number of literature
H 11 regions used in the fits are provided in the lower right corner. The panels provide the recalculated abundances of (a): CO6 (pink). (b): RO8
(blue). (c): B11 (green). (d): T16 (orange). (e): L17 (red). (f): A22 (brown).
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In each panel of Figure 7, we plot the oxygen abun-
dances of M33 as measured by CHAOS (black points) and
the recalculated literature values (various colors depending
on the panel), the best-fit LINMIX abundance gradients de-
termined from these regions (solid colored lines) and the in-
trinsic dispersion in O/H about the gradients (shaded regions
around the solid lines). Again, the shapes indicate the num-
ber of direct temperatures used in the weighted average ion-
ization zone temperatures with the same representations as
Figure 4. In a few instances, namely for C06 and B11, the
LINMIX gradients/dispersions are not well constrained due
to the few direct abundances used in the fitting program. Both
C06 and B11 combined their observations with existing lit-
erature data when fitting their gradient and do not report the
gradient from their observations alone due to the small num-
ber of regions (C06) or the small radial coverage (B11).

For a better constraint on the gradient and dispersion, we
instead fit the recalculated C06 and B11 data with a linear
function using the SCIPY ODR package. This package fits a
linear function to the data by minimizing the orthogonal dis-
tance of each point to the line of best fit while considering
the uncertainties in both dimensions. With the resulting lin-
ear fit parameters, we then calculate the intrinsic dispersion
about the gradient using LINMIX. In each case, the LIN-
MIX and SCIPY ODR functions return the same gradient and
dispersion, but the uncertainties returned by SCIPY ODR are
more reflective of the data. This technique was repeated for
the other literature data compilations, but no difference was
measured in the resulting gradients, dispersions, or the un-
certainty on either quantity. To remain consistent with the
CHAOS approach for M33, the gradients and dispersions in
panels (b), (d), (e), and (f) are all calculated using LINMIX.

In general, the recalculated abundances produce gradi-
ents that are consistent with the CHAOS-measured gradient.
The gradients plotted in panels (a)-(d), which are those re-
ported by studies focusing on the direct and recombination
line abundance techniques, agree within uncertainty. Addi-
tionally, the intrinsic dispersions about the recalculated C06,
B11, and T16 abundance gradients agree with the dispersion
about the CHAOS M33 gradient, but are not as well con-
strained due to the smaller number of regions. The disper-
sion measured about the gradient in panel (b) from the recal-
culated RO8 abundances is significantly larger than the dis-
persion measured by CHAOS and is similar to the dispersion
originally reported by R08. The reproduction of the intrin-
sic dispersion in abundance from the ROS line intensity data
requires that the atomic data, T,-T, relations, and abundance
methods are not the source of the large dispersion R08 report.

The primarily strong-line studies plotted in panels (e) and
(f) produce direct abundance gradients that are significantly
shallower than the CHAOS M33 gradient. Unfortunately,
the [O II]A\4363 line in the inner H II region that 1.17 report

CHAOS
8.8

oy

0 1 2 3 1 5 6 7
Galactocentric Radius (kpc)

Figure 8. The direct oxygen abundances in the common H II re-
gions of M33 measured by CHAOS (black points) and the litera-
ture (other colors, same as Figure 7). The best-fit CHAOS gradient
and intrinsic dispersion about the gradient are provided as the solid
black line and shaded gray region, respectively. The shape of the
points represents the number of direct temperatures used to calcu-
late the abundances, same as Figure 4. H II regions which contain
CHAOS abundances but are missing literature abundances are not
plotted.

(which they term VGV 86 11-063) is not at a high enough S/N
to be used in abundance determination, producing a smaller
radial coverage and a flatter gradient than originally reported.
The regions with T.[O III] and T[N II] tend to scatter low
(O/H < 8.2) relative to the CHAOS data. The direct abun-
dances from A22 do appear to be well-distributed within the
range of abundances expected from the CHAOS data, al-
though there are a few regions at R, > 4 kpc with large O/H
that flatten the best-fit gradient. A22 label some of these re-
gions as planetary nebula (PNe) based on their position in the
classic BPT (Baldwin et al. 1981) diagram. Nine of the H I
regions we observe are slightly above the curve that Baldwin
et al. (1981) define to designate H II regions and PNe, but
we do not observe large scatter in O/H in these regions. All
but one of the eight possible PNe that do have direct abun-
dances in our sample have an oxygen abundance consistent
with the gradient and the dispersion about it. As such, we
do not remove these regions from our sample when reporting
the abundance trends in M33.

Similar regions are targeted in the literature and the present
study (see Table 2), allowing for a more direct comparison
of the abundances measured in each region. In Figure §,
we plot the CHAOS direct oxygen abundances and gradi-
ent in black and the direct oxygen abundances measured in
the same H II regions by the literature studies (same colors
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and CHAOS. Each point is color-coded based on the literature study (see legend). (a): Recalculated T.[O 1II] from the literature study vs. the
CHAOS T, [O 1I] measured in the same region. The black solid line represents a one-to-one relation. (b): Recalculated 12+log(O/H) from the
literature study vs. the CHAOS 12+log(O/H). (c): 6(O/H), defined as the difference between the CHAOS and literature oxygen abundances in
the same region, vs. dT.[O II1], the difference between the CHAOS and literature T,[O III]. (d): Recalculated T.[N II] from the literature study

vs. the CHAOS T[N 11]. (e): 6(O/H) vs. 6T.[N II].

as Figure 7). In general, the CHAOS oxygen abundances
are consistent or larger than the literature abundances for the
same H II regions. Additionally, we report a large range of
abundances for some of the most well-studied H II regions in
M33. For example, three literature studies (R08, B11, T16)
observe M33-36-52, a bright, central H II region that is cru-
cial for constraining the O/H gradient at low radii. The recal-
culated oxygen abundances for these literature studies and for
CHAQOS are (O/H)gos = 8.33+0.11, (O/H)p;; = 8.72+£0.17,
(O/H)r16 = 8.4810.10, and (O/H)cpaos = 8.54+0.08, which
represent a potential range of ~0.4 dex in abundance be-
tween the various studies. We note that the studies with broad
wavelength coverage, relatively high spectral resolution, and
more than one T,-sensitive line detected/applied (T16 and
this study) agree within uncertainty.

In Figure 9, we attempt to uncover the source of the dif-
ference in abundance within these common H II regions and,
potentially, the large scatter in the previous abundance stud-
ies. In panel (a), we plot the recalculated T,[O III] against

the CHAOS measured T,[O III] in these regions. Overall,
the trend in panel (a) reveals that the literature and CHAOS
T,.[O 1] track each other relatively well, although there is
scatter about the line of unity. This is the case for the ma-
jority of the temperatures from R0O8, where all but one of
the common regions has a higher recalculated T,[O III] when
compared to the CHAOS temperatures. Defining the differ-
ence between the CHAOS measured and literature T,[O III]
as 0T,[O 1], the average 4T,[O III] for RO8 is > 600 K.
There are an additional four common H II regions that con-
tain a recalculated T,[O III] from the ROS line intensities but
in which we fail to detect the [O III]A4363 auroral line. This
is similar to what B11 finds in their sample of 25 central H II
regions: [O II]A\4363 is undetected in 17 of the H II regions,
four of which RO8 report a detection of [O II[]A\4363.

Panel (b) plots the recalculated literature oxygen abun-
dances in the common regions against the abundance we re-
port for these regions. The CHAOS abundances are calcu-
lated using the available T,[O III], T,[S 1], and T[N II] data,
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which may result in more regions for comparison relative to
panel (a). As Figure 8 makes evident, the recalculated abun-
dances for the literature studies RO8 and L17 are scattered
lower than the CHAOS abundances. The average J(O/H),
or the difference in direct oxygen abundance between the
CHAOS and the literature, is —0.12 dex and —0.17 dex for
RO8 and L17, respectively. A22 recalculated abundances are
scattered above and below the line of unity, resulting in an
average 0(O/H) of —0.02 dex. There are too few overlap re-
gions to make a thorough comparison for CO6 and B11, but
the abundances in the common regions observed by T16 are
in excellent agreement with the CHAOS abundances (aver-
age 0(O/H) = —0.05 dex).

The source of the scatter in panel (b) is explored in panel
(c), in which we plot §(O/H) against §T,[O III]. The anti-
correlation between §(O/H) and 0T,[O III] is clear: the scat-
ter to low oxygen abundances relative to the CHAOS abun-
dances is related to significantly higher T,[O II] in these
regions. This is supported by the two regions from A22
with 6T,[O II] < 0 and §(O/H) > 0, and is consistent
with the expected trend that electron temperature is anti-
correlated with abundance. For three of the literature stud-
ies, T.[O III] ultimately controls the entirety of the oxygen
abundance: O?* abundance directly from T,[O III] and the
O* abundance through the inferred low-ionization zone tem-
perature. Significantly different [O III] temperatures should
produce noticeably different oxygen abundances, which indi-
cates that the source of the scatter to low abundance is higher
T,[O II]/larger [O 1I]A4363/[O MI]A5007 intensity ratios in
the literature. There is a cluster of regions around §(O/H) =
0 and 6T,[O II] = O from regions with very similar temper-
atures and abundances; an exact agreement in temperature
may still produce scatter around this location due to slight
differences in [O III] strong-line intensities and the applied
low- and high-ionization zone temperatures (the latter not
necessarily equivalent to T,[O III] due to the weighted av-
erages).

Panel (d) is the same as panel (a) except the recalculated
and CHAOS T, [N 1I] are plotted. There is very good agree-
ment between the recalculated T,[N II] of T16 and those re-
ported in this work. However, the agreement becomes less
clear when considering the recalculated temperatures of L17
and A22, where both studies produce slightly larger T,[N II]
than measured from the CHAOS observations. These higher
T[N 1] could be responsible for the flattening of the O/H
gradient and the scatter to low O/H observed in both of these
studies, although the uncertainties on these T[N II] are rather
large and, therefore, are not prioritized as much as T,[O 1]
in the weighted average ionization zone temperatures.

The anti-correlation between d(O/H) and 6T, [N II] is not
as clear in panel (e): while the common regions of T16 are
still clustered around the origin, the low number of regions

and the larger uncertainties on JT.[N II] do not make as con-
vincing a trend. As previously mentioned, the large T[N 1I]
uncertainties could produce a low-ionization zone tempera-
ture that is weighted more to the inferred temperature from a
well-measured T, [O II1]; if this is the case, then the uncertain
T, [N II] has little impact on the final O/H and, therefore, may
produce no anti-correlation with O/H.

While we have focused on the common H II regions from
the literature and our sample, these high [O III] temperatures
are likely the source of the scatter observed in the other lit-
erature H II regions. In Figure 10, we plot the distribution
of T,[O III] observed in CHAOS and the literature studies.
The violin plot in the left panel shows the minimum, maxi-
mum, and number density of T,[O III] (as minimum, max-
imum, and width of the violin, respectively) measured in
each sample, while the right panel plots each sample’s av-
erage T,[O III] and its standard deviation. We note that 1.
We do not expect all T,[O III] to be in exact agreement be-
cause the electron temperature is a function of metallicity and
each study targets different H 1I regions, and 2. That the ex-
treme temperatures affect both the height of the violins and
the standard deviation of the average T.[O III]. The second
point is what produces the large standard deviations observed
in the right panel, resulting in an agreement between all aver-
age T,[O III]. However, the left panel reveals that the density
of T,[O 1] from CHAOS, B11, and A22 all peak at roughly
the same temperature. Not only does the density of [O III]
temperatures from RO8 and L17 peak at higher T, [O III], but
the maximum recalculated T,[O III] from these samples is
larger than observed in any other literature study. Some stud-
ies have relatively few recalculated T,[O III], which impacts
their appearance on the violin plot (5 for C06, 8 for B11, and
9 for T16). Of particular note is T16, which shows a rel-
atively constant T,[O III] density from the minimum to the
peak T,[O III]. This is likely due to the radial and abundance
range covered by this sample: T16 measured [O I[]A4363 in
nine H II regions ranging from the center to the outskirts of
M33, producing a broad span of T,[O III] due to the change
in O/H but not well-sampled enough to produce a clear peak
in the T, [O 1] distribution. Overall, T16 measure a range of
[O 111] temperatures similar to ours (see also Figure 9).

5.1. A Discussion on the Temperature Dispersion in M33

The remaining question is, then, why are the T, [O III] from
some of the literature studies offset to larger values than we
measure in M33? T,[O III] is dependent on [O III]A4363
such that a stronger auroral line produces a larger auroral-to-
nebular line ratio which, in turn, results in a higher T,[O 1I1].
Perhaps the simplest explanation is that noise in the con-
tinuum could be interpreted for auroral line emission. If
the noise in the continuum is not reflected in the emission
line uncertainties and is assumed to be physical, then the re-
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Figure 10. The distribution of T,[O III] in M33 measured by CHAOS and recalculated from the literature studies. Left Panel: A violin plot of
the T,[O III] measured from the different studies. The minimum, maximum, and number density of T.[O III] are plotted as the base, peak, and
width of each violin, respectively. Some of the violin profiles are affected by the relatively few recalculated T.[O III] (for example, CO6 and
T16). Right Panel: The average T.[O 1IT] and standard deviation measured from the distribution of T.[O III] in each sample.

ported [O III] auroral line intensities would be biased to larger
temperatures resulting in underestimated H II region oxygen
abundances.

Alternatively, [O III]A4363 can be contaminated by other
emission features. One possible source of contamination is
[Fe 11]A\4360, which would bias a single fit to [O I[]A\4363
high if unaccounted for (Curti et al. 2017). This is particu-
larly the case if [Fe 11]A4360 is comparable to a [O I11]A4363
line that is, on its own, not significant, which might be the
situation for high-metallicity H II regions. In this scenario,
the auroral line goes from being undetected (with no corre-
sponding direct temperature) to being significantly detected
and producing an unrealistically large temperature and low
O?* abundance. Provided that many of the studies examined
in this work do not have the spectral resolution to fully de-
blend [Fe I1]A4360 and [O I11]A4363, and that these studies
did not account for [Fe II] contamination, this is a potential
explanation for the scatter towards high T,[O IlI}/low O/H.

The degree of significant [Fe II] contamination in M33
that we report in the CHAOS sample is present, but min-
imal in that few regions have [Fe IIJA\4288 with S/N >
3. Of the nearly 100 regions we observe, only four® have
significant detections of [Fe I1]A\4288 and, therefore, sig-
nificant [Fe 11]JA4360 emission that must be accounted for
when fitting [O I1]A4363. As described in §3.1, we sub-

6 M33-224-346, which is characterized by emission from the LBV M33C-
7256, also has extremely intense [Fe I1]JA4288 and [Fe 11JA4360, but it is

not used in T, or abundance analysis and, therefore, not counted.

tract the inferred [Fe I[J\4360 intensity from the intensity
of [O IIIJ\4363 to account for [Fe II] contamination. This
method ensures that [Fe I[JA4360 is completely removed
from [O I11]\4363 and utilizes a line that is in an area of the
continuum that is easy to fit. MODS has a resolution of R ~
2000 in the blue, which allows for the fit to [Fe I1]\4360 in
cases where the profile of the [O III]A\4363 line is asymmet-
ric. We have done these fits for all H Il regions with asymmet-
ric [O 1I]A\4363 and for regions with 2 < S/N([Fe I1]\4288)
< 3 to verify that the profile of [O III]JA4363 can be trusted.
We plot an example of this in Figure 11, which is the
spectrum of the H II region M33-35-385 focused around
H~ and [O [I]A\4363. From both panels, there is clear
[Fe I[]\4288 emission and emission at 4363 A, but the S/N
of [Fe I]\4288 is less than 3. In the top panel we fit
[Fe 1] A\4288, [Fe 11]A4360, and [O NIJA4363. To fit the three
lines in the top panel, we first fit the [O III] strong lines to
obtain the FWHM of the Gaussians in km/s, then use this to
obtain the FWHM of the [O IIJA4363 Gaussian. We then
assume that the [Fe II] lines have the same FWHM and that
their flux ratio must be equivalent to the emissivity ratio of
the two transitions. The fit to [Fe II]\4360 and [O II1]\4363
captures the asymmetric profile and one can clearly see
the contamination from [Fe I]A4360 despite the fact that
[Fe 111\4288 is measured at 2 < S/N([Fe 11]A4288) < 3. The
bottom panel plots the fit to [Fe I[]\4288 and [O MI]A\4363
assuming that there is a single line at 4361.5 A and allowing
for the Gaussian FWHM of each line to vary freely. The in-
tensity and width of the line at 4361.5 A is clearly too large
relative to the deblended fit in the top panel, which would
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Figure 11. The spectrum of M33-35-385 near Hy. The lines
[Fe 1] A4288, [Fe 11]A4360, and [O II]\4363 can be made out in
this wavelength range. Top Panel: A fit to the three emission lines
while using the [O III] strong lines to constrain the Gaussian FWHM
of [O 1IT]\4363 and the same FWHM for each [Fe IT] line. Each line
fit is provided as a colored Gaussian while the linear continuum is
plotted as an orange line. [Fe IIJA4360 and [O 1I]JA4363 can be
deblended and produces a non-detection of [O IIJA\4363. Bottom
Panel: A fit to [Fe 11]\4288 and a line at 4361.5 A to simulate a
single Gaussian fit to [O III]J\4363. The Gaussian for [O III]A4363
is clearly too intense and too broad relative to the Gaussian with
FWHM set by the strong lines, but the intensity is large enough to
produce an erroneous line detection.

be the scenario if the resolution of MODS was insufficient
to deblend [Fe 1]A4360 and [O II]A4363. The fit in the top
panel produces a non-detection in [O II]JA4363 while the bot-
tom panel is at sufficiently high signal to produce a detection,
which would bias the T,[O III] and ionization-zone tempera-
tures in this region to unphysically large values.

We propose an additional explanation for the high T.[O III]
in some of the literature studies: contamination from the
night sky. The redshift of M33, z =—0.000597, is particularly
troublesome for direct abundance studies that rely solely on
[O 1IJA4363. At this redshift, [O I1]A4363 is blueshifted
from its theoretical wavelength to A4360.60 A (with individ-
ual H I regions shifted up to £ ~ 2A due to the rotation of the
galaxy; Koch et al. 2018) which is in close proximity to the
Hg I night sky line at A\4358.34 A. If there is prominent Hg I
night sky emission and the spectral resolution of the detector
is not sufficient, these two lines could be partially or totally
blended. Hg I A\4358 is observed at the LBT, but the resolu-

tion is sufficient that the night sky line can be cleanly sub-
tracted in most cases. As described in §3.1, in cases where
the profile of [O IIJA4363 is asymmetric or there is evidence
of poor subtraction of the Hg I line, we fit the sky residuals to
the blue side of [O 1II]A4363 and exclude this emission from
the flux of [O I1]A4363. This approach was originally taken
for potential significant [Fe II] contamination, but it works for
a Hg I A\4358 undersubtraction artifact because this noise is
shifted to 4360.9 A when the spectrum is redshift corrected.

Hg I contamination of [O III]A\4363 will typically produce
[O 1] temperatures that are biased higher than the actual
[O 1] temperature in the region. Consider a spectrum with
insufficient resolution to completely deblend Hg I A4358 and
[O 11]A\4363 in M33. There are two scenarios of contami-
nation, one in which the Hg I line is oversubtracted and an-
other in which the line is undersubtracted. In the first case,
the oversubtraction of Hg I clips the [O III] auroral line and
produces negative residuals on the blue side of the otherwise
Gaussian profile. In cases of extreme contamination, the loss
in [O 11]A\4363 flux will produce a S/N < 3 and cause the
auroral line to go undetected. In the second scenario, an
undersubtraction still produces a non-Gaussian profile but
increases the flux in the fit for [O IIJA\4363. When con-
tamination is large, the additional flux could cause an oth-
erwise undetected [O I11]JA4363 to be fit at a S/N > 3, but
even small amounts of contamination will bias the [O III]
flux/temperature high. In this way, Hg I contamination re-
moves all 4363 when the oversubtraction is significant but
increases 4363 when there is any undersubtraction in the line,
producing a net trend to higher [O IIT] flux.

The potential Hg I contamination in the literature spectra
of M33 is dependent on: 1. The resolution of the detector,
and 2. Whether or not Hg I emission is present in the sky at
the telescope location. For instance, the raw data obtained
from the GTC used by T16 show evidence of Hg I A\4358,
but the resolution of the R2500U grism is sufficient enough
to clearly separate this line from [O II]A4363. An exam-
ple of a MODS 2D spectrum obtained from the multi-object
field observation of M33+294261 is provided in Figure 12.
The top panel is the spectrum before sky subtraction, while
the bottom is the spectrum after sky subtraction (the limits
are unchanged between the panels). We focus on the portion
of the spectrum from H~, the intense line to the left of the
cyan box, to He I A4471. The locations of [O II]A4363 and
He I \4388 are highlighted by the solid cyan box and dashed
magenta box, respectively, in both panels. In the top panel,
the Hg I sky line spans the entire slit and is close in proxim-
ity to [O II[]JA4363, but it is possible to make out the red edge
of the auroral line. In the bottom panel, Hg I A4358 line is
cleanly subtracted and the [O III] auroral line emission is still
detectable. Furthermore, the 2D profile of [O III]\4363 is
comparable to the He I A4388 profile in the dashed magenta
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Figure 12. A portion of the MODS 2D spectrum of M33+29+261
focused on Hvy, Hg I A\4358, [O 1[]JA4363, He I \4388, and He I
471, Top Panel: The 2D spectrum before sky subtraction. The
location of [O IIIJA4363 is highlighted in the cyan box and the line
can be seen on the red edge of the Hg 1 A4358 emission. With lower
spectral resolution, [O III]\4363 may be entirely blended with Hg I
A4358. The location of He I A\4388 is highlighted with the dashed
magenta box. Bottom Panel: The 2D spectrum after sky subtrac-
tion. Hg I A4358 is cleanly subtracted and the [O II]A4363 emis-
sion is present within the cyan box. The 2D profile of [O I1]A4363
is comparable to the He I A4388 feature, the latter of which is not
susceptible to Hg I contamination.

box. This line is not affected by Hg I or night sky contami-
nation, therefore the similar profile of the [O III] auroral line
would indicate negligible sky contamination in the MODS
spectrum.

Detectors with insufficient spectral resolution, however,
could be subject to the night sky or [Fe II] contamination.
This could be a potential explanation for the scatter to high
T.[O 1] observed in the recalculated .17 temperatures: the
resolution of ~6 A of Hectospec at the MMT might be insuf-
ficient to deblend the [O III] auroral line and night sky line,
in which case the contamination will bias the [O III] flux and
T, high. The same is true for RO8, who obtained their raw
spectra using LRIS on Keck I, but the degree to which Hg I
A4358 is present at Mauna Kea would favor [Fe 1I] contami-
nation. The agreement between the CHAOS and T16 [O III]
and [N II] temperatures, the latter of which are free from
these sources of contamination, indicate that high-S/N obser-
vations with multiple T,-sensitive auroral lines produce the
same abundance gradient and similarly low scatter in abun-
dance. This highlights the importance of high spectral reso-
lution to distinguish various emission lines, and large wave-
length coverage to properly measure the temperatures in dif-
ferent ionization zones in an H II region and to avoid a re-
liance on a single, potentially contaminated T, measurement.

We believe the homogeneity of the CHAOS sample makes
for the most reliable measurement of properties such as the
intrinsic dispersion about the abundance gradient. Nonethe-

M33: CHAOS+Lit. Gradient = -0.0434-0.006 dex/kpc
int = 0.05740.012 dex
a CHAOS A E09 A T16 A A22
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Figure 13. The oxygen abundance gradient in M33 as measured
from CHAOS (65 regions, purple), T16 (6 regions, orange), A22
(13 regions, green), and Esteban et al. (2009) (2 regions, cyan). The
best-fit gradient (dashed purple line) and intrinsic dispersion in O/H
(shaded purple area) are provided in the legend. The point represen-
tation is the same as Figure 4.

less, we determine the impact on the oxygen abundance gra-
dient and dispersion when we combine the CHAOS abun-
dances with those from the literature with similar wavelength
coverage, spectral resolution, and direct temperature mea-
surements. These studies include T16, A22, and the abun-
dances of NGC 604 and NGC 595 from Esteban et al. (2009),
which have been recalculated in the same manner as the other
literature samples. Esteban et al. (2009) used the Keck High
Resolution Echelle Spectrometer (HIRES), which has a spec-
tral resolution of R~23,000 (for their configuration) and is
sufficient to deblend any potential [O II]A4363 contamina-
tors. In constructing the combined M33 sample, we exclude
the PNe objects from A22 due to the unexplained scatter to
high O/H that we do not observe. In cases of overlap regions,
we prioritize our homogeneous sample, followed by T16, Es-
teban et al. (2009), and finally A22. The sample of 86 H I
regions is plotted as a function of radius (in kpc) in Figure
13, and the resulting best-fit O/H gradient is —0.043£0.006
dex/kpc with intrinsic dispersion o, = 0.057£0.012 dex.
Despite the increase in the slope of the composite gradient
due to the inclusion of the low abundances observed in the
outer H II regions by T16 (see panel d in Figure 7), both the
gradient and intrinsic dispersion agree with the values ob-
tained from the homogeneous CHAOS sample.

5.2. The Abundance Dispersion in Local Spirals

The dispersion in O/H measured about the abundance gra-
dient in a spiral galaxy is related to the presence/absence of
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mixing mechanisms within the galaxy. Various mechanisms
affect gas motion and mixing on different time and spatial
scales (see discussion in Roy & Kunth 1995). The observa-
tion of low dispersion about an abundance gradient is indica-
tive of effective mixing mechanisms that distribute the heavy
elements after local enrichment from stellar nucleosynthesis.
On the contrary, large abundance variations indicate that lo-
cal enrichment is dominant, i.e. that the mechanisms acting
to homogenize the ISM are inefficient or not present. From
the large sample of regions in M33, the dispersion in O/H is
relatively low/consistent with the observational uncertainties
on the most well-measured abundances. The subsample of
regions with the direct T, from [O III], [S 1II], and [N II] (22
regions) support this further, as the standard deviation about
the gradient from these regions is ~0.05 dex (see §4.1). The
other CHAOS galaxies show similarly low dispersion, rang-
ing from ~0.04 dex to 0.10 dex (Rogers et al. 2021).

Recently, Esteban et al. (2022) examined the abundances
in the Galaxy as measured from a number of sources, includ-
ing H II regions from Arellano-Cérdova et al. (2020, 2021),
with the goal of assessing the large abundance dispersion
that De Cia et al. (2021) measure in Galactic neutral clouds.
The direct abundances in the H II regions are calculated us-
ing T,[N II] in the low-ionization zone and T,[O II] in the
high-ionization zone, only applying the Esteban et al. (2009)
T,-T, relation when one of these temperatures is missing.
From the 42 Galactic regions, the dispersion about the O/H
gradient is ~0.07 dex, which is similar to the dispersion in
metallicity measured from B-type stars, classical Cepheids,
and young clusters in the Galaxy (Esteban et al. 2022), and
significantly less than the dispersion measured in the neu-
tral clouds. Méndez-Delgado et al. (2022a) corroborate the
low dispersion in the Arellano-Cérdova et al. (2020, 2021)
H 1I regions when considering non-zero temperature fluctua-
tions and updated H II region positions. In the spiral galaxy
M101, Kennicutt et al. (2003) determine the abundance gra-
dient from 20 H II regions, the majority of which have direct
T.[O 111] and T,[S III] measurements and nine have direct
T[N 1]. Citing the tight correlation they observe between
T.[O 1] and T,[S III], Kennicutt et al. (2003) use an average
of the direct T, [O IIT] and the inferred T, [O III] from T, [S III]
to obtain the high-ionization zone temperature and they use
the direct T.[N II] in the low-ionization zone, when avail-
able. Although this sample consists of only 20 regions, there
is a clear abundance gradient in M101 with very little disper-
sion about the gradient. The dispersion reported by CHAOS
(0.097 dex, Rogers et al. 2021) is slightly larger than the gra-
dient from Kennicutt et al. (2003) would indicate, but this
could be due to the inclusion of H II regions with a single
direct T,.

Taken together, the magnitude of the intrinsic dispersion
in O/H observed in local spiral galaxies would suggest the

following: 1. Large abundance variations are not typically
observed when considering the H II regions with the most re-
liable abundance measurements; 2. The mixing mechanisms
in these galaxies act to efficiently homogenize the ISM such
that the dispersion is at the level of observational uncertainty;
3. The use of single-temperature H II regions has the poten-
tial to inflate the measured intrinsic dispersion to unphysi-
cally large values, erroneously suggesting that local enrich-
ment/pollution are dominant relative to the mixing mecha-
nisms. As discussed in §5.1, the use of a single T.[O 1] in
M33 is particularly problematic due to various contaminating
sources, which might explain the abundance scatter reported
in previous studies. That being said, any H II region could
have a temperature structure that deviates slightly from the
predicted T,-T, relations and can result in large abundance
variations (Arellano-Cérdova & Rodriguez 2020). Robust
T,-T, relations that account for other properties of the region
(hardness of the ionizing radiation, metallicity, etc.) may im-
prove inferred temperature estimates, but the simple linear
relations have the potential to inflate abundance dispersion
when only one temperature is applied. Strong line abun-
dance calibrators have been shown to produce lower abun-
dance variations relative to the direct technique when a single
direct temperature is used (see Arellano-Cérdova et al. 2016).
However, empirical and theoretical strong line calibrators can
produce different abundances, gradients, and dispersions in
the same galaxy (Kewley & Ellison 2008; Moustakas et al.
2010). Therefore, for the most accurate measure of the abun-
dance dispersion in a galaxy it is imperative to have direct
temperature measurements across multiple ionization zones
in a significant number of H II regions.

6. CONCLUSIONS

We report on the CHemical Abundances Of Spirals obser-
vations of the well-studied spiral galaxy M33. Of the nearly
100 H II regions targeted, we detect significant temperature-
sensitive auroral line emission from [O IIT], [N II], or [S III]
in 65 regions, as well as emission from the auroral lines of
[O 1], [S O], and [Ar IIT]. We also detect [C1 IT]AA5517,5537
in 20 regions, allowing for the first statistically significant CI
abundance determination in a CHAOS galaxy. [Fe [1]\4288
is significantly detected in 4 H II regions, indicating that
[Fe 1]A4360 contamination of [O III]JA4363 must be ac-
counted for in these regions, but that the degree [Fe II] con-
tamination is, in general, fairly minimal in M33.

The temperatures we measure in M33 show little scatter
and generally follow the existing literature T,-T, relations.
We use the direct temperatures from [O III], [N II], and [S 1]
and the T,-T, relations and weighted-average ionization zone
temperature approach from Rogers et al. (2021). The ion-
ization zone temperatures are used to obtain the ionic abun-
dances of many species in M33; the oxygen abundances mea-
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sured in 65 H II regions constitute the largest homogeneous
sample of direct abundances in M33 to date.

From multiple elements, the chemical enrichment of M33
is homogeneous and shows little dispersion, indicating a
well-mixed ISM. The intrinsic dispersion measured about the
oxygen abundance gradient is consistent with the uncertainty
on the most well-measured O/H. The scatter observed in the
subsample of regions with direct temperatures of T,[O III],
T,[S 11], and T,[N 1I] is 0.05 dex, while the scatter measured
in regions with fewer direct T, is closer to ~0.11 dex. The
secondary N/O gradient in M33 is shallower than the univer-
sal secondary N/O gradient reported in Berg et al. (2020),
but is consistent with the gradient measured in other spiral
galaxies with low stellar mass. The a-process and a-process-
dependent elements show averages consistent with the solar
values and do not vary as a function of galactocentric radius.

We compare our results to literature studies that measure
oxygen abundance gradients in M33. While the total lit-
erature abundance sample is one of the largest in any spi-
ral galaxy, it is obtained in an inhomogeneous manner (i.e.,
different detectors, wavelength coverage, and temperatures
used) and a complete and consistent recalculation of tem-
peratures and abundances is required to make a one-to-one
comparison. We use the reported line intensities and com-
plete this re-reduction, then compare the resulting tempera-
tures and abundances to the CHAOS-measured values. While
there is generally good agreement between the gradients de-
termined from primarily direct-abundance studies, the direct
abundance gradients determined from the primarily strong
line studies are significantly shallower and have much larger
dispersions.

Comparing the physical properties in common H II re-
gions, we find very good agreement with the [O III] and [N II]
temperatures and O/H abundances measured by T16. The
differences in O/H relative to the other literature studies are
related, primarily, to the difference in T,[O III]. We discuss
different mechanisms for [O IIIJA4363 contamination, such
as from [Fe []JA4360 or the Hg I A\4358 sky line, which is
a unique source of contamination for M33 due to its red-
shift. The use of low-resolution spectrographs can blend
[O 1] )\4363 with these contaminating sources and produce
unphysical T,[O III]; using relatively high-resolution spec-
troscopy with broad wavelength coverage, sufficient to ob-
tain electron temperatures from multiple ionization zones, is
the only way to avoid, or limit the impact of, contamination.

The result that M33 is chemically well-mixed and shows
little abundance variations is supported by the studies that
meet the above criteria. Similar abundance studies that detect
multiple temperatures from numerous H II regions in local
spiral galaxies also show intrinsic dispersions that are con-
sistent with observational uncertainties. These findings sug-
gest that the ISM is well-mixed in these galaxies and that the

use of single-temperature regions can inflate the dispersion
in O/H. Studies seeking to obtain the most accurate measure
of the variation in O/H should strive to directly measure T,
in multiple ionization zones to avoid any potential biases as-
sociated with the application of linear T,-T, relations or con-
tamination in the single temperature.
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APPENDIX

In this Appendix, we provide the following information: Emission Line Detections are reported in Table A.1; Line Intensities
are provided in Table A.2; and the Temperatures and Abundances in each region are listed in Table A.3.

Table A.1. M33 Emission Line Detections

HI Auroral Lines Other Lines Wolf

Region [om [Nu [Sm] [Oomn [Sn [Armn] Cu [Clm] [ArIv] [Fell] Rayet

Total Detections: 28 42 62 84 64 5 10 20 4 4
M33-2+25

M33+23-9
M33-23+16
M33-28+6 v
M33-36-52
M33+2+111
M33-6-120
M33+78+91
M33-89-21
M33-42-138
M33+108+25
M33-66—-161
M33-114-123
M33+89+165
M33-88-166
M33+125+78 v
M33-89+89
M33-144-78
M33-150-79
M33+70+228
M33+29+261
M33+135+264
M33+146+266
M33+143+328
M33-24-333
M33+113-224
M33+69+352
M33+88-258
M33+62+354 v
M33-36+312

M33-2-340

M33-65+302

M33-108-389

M33+14-355

M33+33+382 v
M33-35-385 v
M33-78+311
M33+116-286
M33-99+311 v
M33-148-412
M33-196-396
M33+122-294
M33+26+421
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Table A.1 continued
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Table A.1 (continued)

H1 Auroral Lines Other Lines Wolf

Region [om [Nu] [Sm] [Omn [Sn [Armn] Cn [Clm] [ArIv] [Fell] Rayet

M33+19+466 v v
M33+263+423

M33+209+473 v v v
M33+285+399
M33+221+476
M33-263-461
M33-267-462
M33-128+386 v
M33-143+371
M33+285+456
M33+267-191
M33+121-405 v
M33+300+471
M33+266-221
M33+299-164
M33+208+567 v
M33+94+574
M33+107+581
M33+322-139 v
M33+119+592
M33+299+541
M33+334-135 v
M33+328+543
M33+306-276
M33+369+545
M33+380+578
M33+400+552
M33+405+554
M33+298-344 v
M33+421+560
M33+313-342
M33+325-329
M33+330-345
M33+345-344
M33+333+745
M33+417-254
M33+371-348
M33+388-320
M33+541+448
M33+553+448
M33-464+348
M33-507+346
M33-72-1072
M33-181-1156
M33-438+800
M33-442+797
M33-610-1690
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NOTE—Emission line detections in the H II regions of M33. A checkmark indicates an emission line that is measured
at S/N > 3. Column 1: H1I region ID. Columns 2-7: Temperature-sensitive auroral line detections in the H II region.
The auroral lines are [O III]A4363 (Col. 2), [N IIJA5755 (Col. 3), [S HI]A6312 (Col. 4), [O I1]AA7320,7330 (Col. 5),
[S IM]AN4069,4076 (Col. 6), and [Ar IIJAS192 (Col. 7). Columns 8-11: Significant detections of other physically-
significant emission lines which include: C II A4267 (Col. 8), [Cl1 IIJAA5517,5537 (Col. 9), [Ar IV]A\4740 (Col. 10),
and [Fe I1]JA\4288 (Col. 11). Column 12: Wolf-Rayet features observed in the region.
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Table A.2. M33 Emission Line Intensities

I(\)/I(HB)
Ton M33-2+25 M33+23-9 M33-23+16 M33-28+6 M33-36-52  MB33+2+111 _ M33-6-120  M33+78+91 M33—89-21
[O1] A3727 2.799£0.180  1.389F0.089 1.906+0.142  2.138£0.151 1.989+0.140 2.172£0.059  3.217+0.296  2.161£0.055  2.444F0.139
H13 \3734 0.02740.004  0.027£0.006  0.03040.008  0.03040.003  0.0264+0.003 29.4+1.8x103 0.02840.006 27.04£2.0x1073  0.0304-0.002
H12 A3750 0.030+0.011  0.0474£0.006  0.053+0.017  0.0394+0.004  0.036+0.003  0.044+0.004  0.02840.017  0.033+£0.008  0.057+0.008
H11 \3770 0.046£0.009  0.058+0.004  0.056+0.013  0.04740.004  0.043+£0.004  0.047+£0.005  0.036+£0.012  0.047£0.004  0.06040.006
H10 A3797 0.060+0.008  0.060+£0.013  0.066+0.016  0.06440.007  0.0574+0.006  0.064+0.004  0.0594+0.013  0.058+£0.004  0.065+0.005
He I \3819 0.01540.009 e 0.013+0.015  0.01740.004  0.011£0.003  0.01140.003  0.01740.006  0.013+£0.003  0.002+0.002
H9 \3835 0.0784+0.010  0.097+£0.007  0.102+0.014  0.0914+0.007  0.0894+0.006  0.088+0.007  0.08440.011  0.102+0.009  0.0984-0.006
[Ne 111] A3868 0.010+£0.008  0.002+0.003  0.021£0.016  0.115+£0.008  0.046+£0.003  0.01440.004  0.028+0.012  0.0214+0.003  0.00040.002
He I A\3888 0.092+0.012  0.0704£0.008  0.1054+0.018  0.1114+0.013  0.114+0.012  0.070+£0.004  0.099-+£0.020  0.098-£0.008  0.07240.009
H8 3889 0.115+0.016 ~ 0.118+£0.025  0.126+0.031  0.12240.013  0.1104£0.011  0.124+0.008  0.1134+0.025  0.11240.008  0.12440.010
He I \3964 e 0.0060.009 e 0.009+0.007  0.0084+0.008  0.007-£0.003  0.001+0.006  0.010+£0.004  0.001-0.008
[Ne 111] A3967 e e 0.01240.020  0.0464+0.010  0.013+0.008 o 0.01240.014  0.03440.004 e
H7 \3970 0.170+0.024  0.176+£0.038  0.1844+0.046  0.1774+0.019  0.1634£0.017  0.184+0.011  0.1654+0.036  0.164+0.012  0.18440.015
He I \4026 0.003+0.010  0.003+£0.003  0.016+0.009  0.02440.002 19.74+1.7x1073  0.014+0.004  0.0054£0.024  0.01240.005  0.01340.003
[S 1] A4068  0.013+£0.009 6.44+1.6x1073  0.003+£0.008  0.009+£0.002 11.0+£1.5x103 0.0074£0.003  0.0174£0.009  0.0194+0.005  0.018+0.003
(S 11] 4076 o 2841.6x1073  0.014£0.010  0.003+£0.002  3.6+1.5x10  0.0014£0.003  0.013+£0.008  0.0084+0.005  0.006+0.003
HS 24101 0.260+£0.017  0.254+0.010  0.2554+0.014  0.2684+0.011  0.273+£0.012  0.258+0.011  0.285+0.013  0.268+£0.012  0.2614+0.012
He I A\4120 ‘e 0.006+£0.007  0.004+0.011  0.1£1.9%x103 1.84+1.7x1073 1.7+1.5x1073  0.003-0.006 “er ‘e
HeI)4143 - 0.001£0.002  0.0094£0.010  0.0004+0.002  3.14+1.8x1073  0.000+0.003 ver vee
C I M\4267 0.007-0.007 ‘e ‘e 0.0024+0.002  14.249.2x107* ver 0.01040.006  0.00240.004 ‘e
[Fe 11124288  0.001+0.008 o 0.00140.011 . e e 0.005+£0.006  0.00640.005  0.000£0.003
H~y A\4340 0.466+0.019  0.467+0.015  0.485+0.019  0.489+0.016  0.4754+0.016  0.457+0.015  0.4914+0.017 0.474+0.016  0.488+0.016
[O 111] A4363 e e e 5.94+1.8%x1073  9.148.9x10™*  0.000+£0.003  0.00440.005 e e
He I \4387 e e 0.005+0.006  4.441.0x1073 46.648.9%x10™* 6.0+£1.9%x107>  0.0054+0.007  0.008+£0.004  0.004+0.002
He I M471 0.0294+0.008  0.007£0.004  0.031+0.008  0.04740.004  0.0404+0.003 27.7+£1.6x103 0.0394+0.008  0.041+0.004 154+1.7x1073
[Fe II] A4658 0.012-£0.005  0.007+0.003  0.004£0.008 2.2+1.1x107 12+1.1x103 03+1.1x1073 e 0.000+0.002  3.54+1.7x1073
He Il M4686  0.001+£0.006  0.0164+0.005  0.007-£0.008  2.7+1.2x1073 e e e e 0.0060.003
[ArIVIA4740  0.001£0.007 e 0.000+0.009  0.5+1.6x1073 e 0.9+1.4%x1073  0.00540.005 e e
Hp 24861 1.00040.032  1.0004£0.030  1.000+0.032  1.000+0.030  1.0004+0.031  1.0004£0.031  1.0004+0.031  1.000+0.031 1.00040.031
He I \4921 0.0184+0.008  0.002+£0.003  0.0084+0.007 12.84+12x1073 10.54+1.1x107 82+15x103  0.0164+0.004  0.01140.002  0.00840.002
[O 1] A4959  0.098+0.011 25.1+1.6x102 0.1794£0.013  0.669+£0.042  0.353+£0.021  0.15140.006  0.301+£0.025  0.2294+0.009  0.04440.003
[O 1] A5007 0.248+0.013  0.08440.007  0.493+0.030  1.984+0.123  1.04240.058  0.4484+0.017  0.899+0.074  0.6861+0.027  0.13940.006
He I A5015 0.021£0.008  0.0154£0.005  0.02840.019  0.0384+0.090  0.034+0.036  0.017+£0.008  0.032+£0.055  0.020+£0.013  0.01440.003
[Ar IIIA5192 “ee “ee 0.013+£0.007  1.7£3.9x10~* vee 0.8+£1.2x1073  0.00240.004  0.00140.002 e
[ClIIIA5517 5.6+8.8x107* “ee 26.046.2x10™* 25.449.0x10™* 0.006+£0.003  0.006£0.004  0.004+£0.003  0.00640.003
[C1I]A5537 “ee 10.94+8.1x 1074 ‘e 21.246.4x10™ 25.9494x10* 0.007+£0.003  0.000£0.005  0.006£0.003  0.00640.004
[N 1] A5755  0.014+£0.005 29.5+£5.2x10™* 0.005+£0.005 41.546.8x10™* 40.74£6.7x10™* 3.6+1.3x1073  0.007+£0.004 8.14+1.5x1073 3.4+1.3x1073
He I \5876 0.0994+0.008  0.067+£0.006  0.126+0.008  0.14440.010  0.12840.008  0.102+0.006  0.11940.007  0.118+0.008  0.07540.004
[O1] A6300  0.029+£0.006 6.6+1.3%x1073 e 11.0£1.0x1073 104+1.4x107  0.0104£0.002  0.015+£0.002 11.5+1.8x1073  0.00740.002
[StI] A6312  0.004£0.005 29.4+9.4x10* 0.0174£0.006 10.9£1.1x1073 92.14£8.9x10* 63+1.6x107  0.015+£0.002 7.441.4x1073  0.00640.002
[0 1] X6363 0.016£0.003  0.0£1.0x1073  0.001£0.005 30.743.5x10™* 24.049.3x10™* 7.94+7.0x107* e 28.4+483x10™* 3.6+1.2x1073
[N 1] A6548  0.300+£0.097  0.25440.095  0.164+0.066  0.170+£0.076  0.21540.100  0.2394+0.041  0.246+0.084  0.2184+0.041  0.25240.102
Ha \6563 2.8604+0.089  2.969+0.088  2.8814+0.089  3.0834+0.092  3.1154+0.095  2.9074+0.088  3.17140.097  3.056+0.093  2.93640.090
[N 1] A6584  0.838+0.056  0.678+0.051  0.4754£0.040  0.480+0.039  0.54740.042  0.67440.054  0.630+£0.048  0.6374+0.052  0.64440.046
He I A6678 0.02740.004 21.04+1.6x1073  0.0334£0.003  0.040+0.003  0.03840.002  0.030+0.003  0.03440.003  0.034+0.003 18.0+1.4x1073
[SU]A6717  0.480+£0.031  0.304+£0.021  0.160+£0.014  0.1334+0.011  0.178+0.011  0.259+0.020  0.211+0.015  0.219+0.018  0.2984+0.018
[Su]A6731  0.335+£0.024  0.21740.018  0.121£0.013  0.109£0.009  0.13140.009  0.18440.016  0.163+£0.011  0.157+0.014  0.21240.014
He I \7065 0.0144+0.004  0.016£0.003  0.020+0.006 25.44+1.5%x1073 1634+1.6x107 14.1+£1.1x107  0.0194£0.003 15.6£1.0x107  0.01240.002
[Ar ] A7135  0.055-£0.003  0.028+0.002  0.060+£0.005  0.116£0.007  0.084+0.005  0.0594+0.004  0.105+£0.007  0.0760.004  0.035+0.003
[0 A7320  0.011£0.004  0.001+0.002  0.00240.004 14.6+1.2x1073 12.6+£1.2x1073 85+1.5x1073 14.4+1.7x107% 11.14+1.2x10>  0.01040.002
[O1] A7330  0.010£0.004 4.7+1.8x107  0.005£0.006 13.94+1.1x1073 11.54£1.6x1073 8.84+1.5x1073 154+1.7x103 9.9+1.2x107  0.01040.002
[Ar ] A7751  0.0224£0.005  0.003+0.002  0.01840.007 26.4+1.7x1073 19.5£1.7x1073 11.741.4%x1073  0.037+£0.004 16.1+£1.5x107>  0.00940.002
P12 8750 0.0144+0.010  0.022£0.003  0.017+0.007 99.7+7.2x10™* 14.0+1.2x1073  0.01940.004  0.0224+0.005  0.018+0.002 12.142.0x1073
P11 78862 0.015+0.007  0.027+£0.006  0.0224+0.007 138.749.7x107* 16.44+1.3x1073 0.01940.005  0.0254+0.003  0.021+0.003  0.01440.003
P10 \9015 0.0284+0.012  0.031£0.007  0.023+0.006 20.9+1.7x1073  0.02440.002  0.018+0.004  0.0374£0.008  0.026+0.003  0.02340.003
[SI] A9069  0.110£0.010  0.1864+0.014  0.160+£0.013  0.2924£0.020  0.230+0.013  0.2004+0.012  0.333+£0.014  0.2474+0.016  0.15940.008
P9 29229 0.03940.008  0.039+£0.005  0.026+0.005 28.1+1.8x107  0.03140.002  0.026+0.003  0.0394+0.003  0.030+0.004 20.9+1.7x1073
[S1I] A9532  0.508+£0.032  0.2894+0.024  0.213£0.021  0.504+0.033  0.92740.052  0.52140.032  1.2754£0.048  0.8154+0.051  0.368+0.018
P8 \9546 0.0424£0.011  0.0424+0.006  0.03740.005  0.03740.008  0.032+0.015  0.040+£0.011  0.030+£0.019  0.050+£0.007  0.03740.010
c(HP) 0.52£0.03 0.24£0.03 0.67£0.03 0.87£0.03 0.43£0.03 0.47£0.03 0.81£0.03 0.69+0.03 0.56£0.03
ag 16+02 10+0] 02+03 00+04 00+10 17+()4 00+04 00+09 00+04
Fug 16354035 204564418 43401092 80.0201.63 139359985  87.0241.78 21.0540.45 37.60.40.77 57404118
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Table A.2 (continued)
I(N)/I(HP)
Ton M33—42-138  M33+108+25 M33-66-161 M33—114-123 M33+89+165 M33-88-166  M33+125+78  M33-89+89 _ M33-144—78
[O1 X3727 3.069E£0218 2.699+0.134  3.233£0.156 _ 3.019£0.156  2.510E£0.098  2.894F0.133  2.057£0.053  2.710£0.118  2.862£0.107
H13 \3734 0.0214+0.018  0.026+£0.013 28.0+£1.9x103  0.02840.007 24.14+1.5%x1073  0.024+0.003  0.0334£0.003  0.015+£0.007  0.02840.004
H12 A3750 0.06610.024 e 0.041+0.003  0.04240.015  0.03440.003  0.037+0.007  0.0494+0.008  0.031+0.011  0.046+0.009
H11 A3770 0.0784+0.034  0.013£0.016  0.04740.003  0.0494+0.011  0.03840.003  0.043+£0.006  0.0494+0.006  0.020+£0.014  0.05340.004
H10 A3797 0.046+0.039  0.057+£0.028  0.061+0.004  0.060+0.014  0.0534+0.003  0.053+£0.006  0.0704+0.006  0.032+0.016  0.062+0.010
He I \3819 0.0204+0.034  0.024+£0.024 83+1.4x1073  0.009+0.014 9.2+1.3x1073  0.0074£0.005  0.02440.007  0.025+£0.007  0.01140.002
H9 \3835 0.11740.033  0.046+£0.018  0.0894+0.005  0.11240.023  0.0794+0.004  0.085+0.004  0.09740.008  0.075+£0.011  0.0994-0.004
[Ne 111] A3868 e 0.48440.029  0.02840.002  0.005+£0.015 16.2+1.4x107 0.01840.003  0.187+£0.009  0.056+0.012  0.01340.004
He I \3888 0.135+0.026  0.079+£0.014  0.088+0.008  0.0814+0.015  0.0754£0.006  0.09740.009  0.064+0.004  0.148+0.019  0.09140.007
HS A\3889 0.088+0.075  0.111£0.055  0.118+0.008  0.1164+0.028  0.103+0.006  0.102+0.011  0.12940.011  0.061+0.030  0.120+0.019
He I \3964 0.056+0.012  0.050+£0.011  0.003+0.009  0.0074£0.026  0.0074£0.005  0.005+0.005  0.0154+0.004  0.033+£0.010  0.01340.007
[Ne 11I] A3967 0.086-£0.021  0.088+0.011  0.008£0.009  0.023+£0.026  0.008+0.005  0.01140.006  0.060£0.004  0.11440.011 e
H7 \3970 0.1314+0.111  0.166+£0.082  0.175+0.012  0.1714+0.041  0.1554+0.010  0.152+0.016  0.1814+0.016  0.089+0.043  0.17940.028
He I \4026 e 0.026+0.018 14.5+1.8x1073 . 14.7413%1073  0.01240.003  0.0214£0.005  0.016+0.007  0.016+0.003
[S 11] 4068 e 0.02740.012 1634+1.2x1073  0.014+0.015 14.3+1.2x1073 0.0174+0.004  0.016+£0.004  0.026+0.009  0.01340.003
[S1] M\076  0.031£0.021  0.01940.019 4.6+£1.1x1073 .. 6.9+12x1073  0.00440.004  0.005+£0.004  0.0204+0.007  0.00340.003
Hé \4101 0.315+0.029  0.264+0.018  0.278+0.012  0.2834+0.021  0.2564+0.011  0.25740.011  0.2994+0.012  0.264+0.011  0.261+0.011
He I M4120 oo o 04+1.2x1073 . 2.04+1.2%1073 e 0.004+0.003  0.0134+0.008  0.004+0.003
He I M4143 0.00940.014 o 1.741.1x1073  0.009+0.011  3.6£1.4x107  0.003+0.003 e 0.009+0.008  6.04+2.0x1073
C II \4267 oo 0.016+0.016 30.04£9.5x10™*  0.006£0.009 19.54£9.1x10™* 0.0034£0.002  0.004+£0.003  0.0160.008  0.00240.002
[Fe 11124288  0.031+0.016 o 19.34£8.9x10*  0.014+0.011  0.6+1.4x1073  0.001£0.003  0.008+0.003  0.011£0.009  0.000-£0.003
H~y A\4340 0.5204+0.033  0.453+0.020  0.4924+0.016  0.5174+0.024  0.4674+0.015  0.475+0.016  0.5334+0.017  0.485+0.016  0.477+0.016
[O 1] M4363  0.018+0.013  0.00240.019 1.1+7.2x107 8.84+1.9%1073
He I \4387 0.02140.013 e 49+1.1x1073  0.011+0.009 554+1.6x1073 1.6£1.9x10>  0.009+0.003  0.014+0.006 6.1+1.5x1073
He I M471 0.0444+0.011  0.035+£0.013  0.034+0.002  0.016+0.016 33.14+1.7x1073  0.0274£0.003  0.05240.003  0.046+0.005 28.4+1.6x1073
[Fe 111] A\4658 “ee 0.014£0.011 16.7£5.1x10*  0.0024+0.012  3.14+7.8x107* o 3.542.0x103  0.0014£0.004 1.7+1.5%x1073
He Il M\4686  0.013+£0.011  0.01140.008 e . e 0.000+0.002 e e
[ArIVIA4740  0.010£0.019  0.00140.009 o 0.0060.007 e e e e e
Hp 24861 1.00040.040  1.00040.036  1.000+0.031 1.0004£0.034  1.00040.030  1.00040.031  1.00040.029  1.0004+0.030  1.000-+0.031
He I \4921 0.021+0.010  0.003+£0.010 88.9+6.4x10*  0.01940.007 112.34+9.3x10™* 0.01140.002 11.84+1.7x1073 0.015+£0.002 13.4+1.7x1073
[0 1] A4959  0.070+£0.009  1.32340.071  0.271£0.015  0.030+£0.008  0.19140.010  0.15340.008  1.051+0.040  0.3484+0.014  0.09540.004
[O 1] A5007  0.182+£0.014  3.985+0.195  0.803+£0.047  0.0794+0.009  0.575+0.027  0.459+0.023  3.145+0.124  1.035+£0.034  0.28740.010
He I A\5015 0.0374+0.015  0.044+0.107  0.0284+0.036  0.0184+0.008  0.0194+0.016  0.021+0.014  0.0264+0.057  0.036+0.012  0.02040.004
[ArIA5192  0.002+£0.010  0.004+0.015 1.9+4.7x107* . 7.04£63x107% 2.441.5x107 19.14£9.7x10*  0.00540.003 o
[CITIA5517  0.013£0.009  0.0084+0.008 32.64+6.7x10™*  0.017+£0.012 26.54£8.7x10™* 0.006+0.003 4.4+1.1x103  0.0044+0.002  0.00640.003
[CITIA5537  0.0124£0.005  0.0004+0.007 15.346.7x107* . 2241.1x1073  0.003+£0.002 3.241.1x107  0.006£0.002  0.004=0.002
[N 11] A5755 e 0.01740.011 59.6+4.9x107* . 57.749.1x107* e 48.8458x10™*  0.006+0.002  6.14+1.3%1073
He I \5876 0.0714+0.008  0.152£0.013  0.103+0.004  0.0484+0.007  0.089+0.003  0.085+0.004  0.15840.007  0.133+£0.010  0.09140.005
[O11 A6300  0.030£0.010  0.066+0.007 18.14+1.2x1073  0.013+£0.007 147.749.9%x10* 12.3+1.6x1073 14.7+1.0x107 0.0124+0.003 16.3+1.6x1073
[SmI] A6312  0.021£0.007  0.0234+0.009 105.1+5.5%x107* . 76.2482x107% 6.04+1.5x1073 156.949.4x10™* 0.008+0.002  4.441.6x1073
[0 1] X6363 0.014+£0.007  0.043+£0.005 62.9+4.9%x10~* . 53.546.8x10™% 2.941.1x1073 48.0+£8.9x10™* 2.54+1.6x1073 37.949.0x10~*
[N 1] A6548  0.256+£0.043  0.21840.090  0.2914+0.030  0.268+£0.034  0.243+0.032  0.27440.022  0.155+£0.021  0.2384+0.093  0.27340.036
Ha A6563 2.9584+0.105  2.843+0.095  3.23240.099  2.96440.096  2.9304+0.087  3.007+£0.092  3.47140.100  3.037+£0.091  2.996+0.091
[N 1] A6584  0.753+£0.037  0.680+0.058  0.769+0.035  0.780+£0.030  0.728+0.033  0.7434+0.031  0.451+0.025  0.656+0.049  0.738+0.033
He I \6678 0.00440.010  0.050+£0.010 34.0+1.8x107>  0.0014+0.006 27.84+1.1x1073 0.030+0.002  0.0464+0.002  0.033+£0.003  0.028+-0.003
[Su]A6717  0.357£0.020  0.415+0.036  0.287+£0.010  0.434+0.019  0.289+0.011  0.28640.010  0.1274£0.007  0.2244+0.016  0.398+0.015
[SH] A6731  0.266£0.015  0.297+0.031  0.213+£0.008  0.313+£0.014  0.205+£0.010  0.20840.007  0.122+0.007  0.1674+0.014  0.284+0.013
He I \7065 0.005+0.009  0.034-£0.008 188.5+8.8x107™* 0.006+0.006 158.9+9.4x107* 12.6+1.4x1073 0.0660.003 19.241.7x1073 118.54+8.3x107*
[Ar ] A7135 0.062+£0.008  0.17240.012  0.086+0.003  0.036+£0.006  0.064+0.002  0.0604+0.003  0.163+£0.008  0.08640.006  0.04840.002
[On]A7320  0.017£0.009  0.013+0.006 23241.0x107  0.001£0.006 147.947.9%107 15.0+£1.2x1073 32.7£1.3x107  0.010+0.004 14.7+1.6x1073
[On]A7330  0.011£0.009  0.014+0.006 16241.7x107  0.005£0.006 136.14+7.7x107* 10.1+£1.3x1073 27.24+1.2x107  0.01940.005 10.0+1.5%x1073
[Ar 1] A7751  0.039+£0.008  0.060+0.017 23.84+1.9x107  0.015+£0.007 16.6£1.3x1073 15.0+1.2x1073 38.3+£1.8x107 0.020+0.004  0.01040.003
P12 \8750 0.02240.012  0.035+£0.023  0.01340.002  0.006+0.005 14.54+1.1x107  0.01240.004 139.946.4x10~* 0.019+£0.006  0.0062-0.002
P11 8862 0.0184+0.013  0.069+£0.020  0.01740.004  0.0134+0.007 19.241.5%x107 0.01740.002 187.6+7.9x10~* 0.024+0.007  0.00740.004
P10 \9015 0.0094+0.014  0.024+0.014  0.02940.003  0.0034+0.015 14.841.1x107  0.02740.005 24.74+1.5%x107>  0.025+£0.007  0.02540.002
[S Il A9069  0.192+£0.013  0.17740.027  0.296+0.010  0.098+£0.009  0.273+£0.013  0.2624+0.012  0.439+0.021  0.1994+0.011  0.196+0.008
P9 \9229 0.0214+0.008  0.052+£0.015  0.035+0.002  0.0034+0.013  30.94+1.7x1073  0.02940.003 35.24+1.9x1073 0.030+£0.003  0.02740.002
[SII] A9532  0.747+£0.041  1.24940.090  1.13940.044  0.441+0.026  0.647+£0.026  0.83440.044  1.316+0.062  0.6441+0.042  0.60040.020
P8 \9546 0.0744+0.028  0.128+0.053  0.029+0.018  0.0044+0.018  0.0354+0.013  0.030+0.024  0.05440.011  0.04140.011  0.03420.006
c(HP) 0.50£0.03 0.24£0.03 0.46£0.03 0.53£0.03 0.23£0.03 0.43£0.03 1.58£0.03 0.94£0.03 0.35£0.03
ay 0.055 3.1703 0.0%5 0.005 217 0.050 0.055 0.0 0.053
Fugp 5.94+0.16 6.38+0.16 98.88+2.02 6.34+0.15 158.154£3.23  34.6740.71 69.44+1.41 36.2240.74 65.63+1.35
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Table A.2 (continued)
I(N)/I(HP)

Ton M33-150—79  M33+70+228  M33+29+261  MB33+135+264 M33+146+266 M33+143+328 M33-24-333 M33+113-224 M33+69+352
[O1 X3727 2.948E0.100 2.971+0.155 1.882£0.122  2.006£0.069  2.392+0.062  2.722£0.080  1.914E0.182  3.409+£0.109  2.435+0.124
H13 \3734 0.0304+0.003  0.025+£0.003  0.02740.002 27.3+1.5%x107  0.0234+0.004  0.024+0.003  0.0234+0.010 245.449.0x10™* 0.02540.002
HI12 \3750 0.051+0.009  0.036£0.005  0.033+0.002  0.0354+0.002  0.0424+0.010  0.043+£0.010  0.056+0.016  0.036+£0.002  0.030+0.003
H11 A\3770 0.05440.005  0.043+£0.008  0.042+0.003  0.0454+0.002  0.0414£0.008  0.035+0.009  0.036+0.021  0.040+0.002  0.03540.003
H10 A3797 0.066+0.006  0.054+£0.006  0.059+0.004  0.060+0.003  0.051£0.009  0.053+0.006  0.0514+0.022 53.3+£2.0x103  0.05540.005
He I \3819 0.01140.004 13.0£1.2x1073 11.6£1.1x107  0.01840.008  0.013+£0.006  0.013+£0.012 9.241.9x107  7.5+1.1x1073
H9 A\3835 0.098+0.006  0.072-£0.007  0.078+0.005  0.07740.003  0.088+0.009  0.076+0.004  0.0804+0.018  0.076+£0.003  0.0660.004
[Ne 1] A3868 0.018+£0.006  0.007+0.004  0.109£0.006  0.058+£0.003  0.042+0.007  0.0474£0.006  0.073+£0.019  0.0474+0.003  8.1+1.8x 1073
He I \3888 0.09340.007  0.041£0.010  0.091+0.010  0.08640.006  0.11440.008  0.113+0.008  0.10840.010  0.097+0.006  0.0664-0.008
H8 A\3889 0.12840.012  0.105+£0.011  0.115+0.009  0.116+0.006  0.0984+0.018  0.103+£0.012  0.09840.042  0.103+£0.004  0.108+0.010
He I \3964 0.008+0.014 e 0.010+0.009  0.0054+0.006  0.006+0.006 e 0.02440.014  0.00940.006  0.006+0.007
[Ne 111] A3967 e o 0.02940.009  0.0154+0.006  0.02740.006 e 0.020+0.014  0.00240.006 o
H7 \3970 0.1904+0.017  0.157+£0.016  0.170+0.013  0.1734£0.009  0.1454+0.026  0.153+0.017  0.14440.061  0.152+0.006  0.16140.015
He I \4026 0.02540.004 23.6+1.8x1073 21.3+1.6x10  0.0234£0.005  0.015+0.005  0.0454+0.013 20.8+£1.3x1073 16.5+£1.9x1073
[S 1] A4068  0.012£0.004  0.017+0.004 10.54+1.2x1073 109.1+6.0x10™* 0.010+£0.005  0.01340.005 9.5+1.1x1073  20.0+2.0x1073
[S1] A4076  0.011£0.004  0.006+0.004 4.8+1.1x1073 51.14£52x10%  0.010£0.005  0.01440.006  0.012+£0.016 2.341.1x1073  0.00840.002
HS \101 0.2894+0.012  0.256+£0.011  0.263+0.011  0.2614+0.011  0.25440.011  0.256+£0.012  0.2674+0.017  0.250+£0.011  0.260+0.011
He I \4120 0.0084+0.005  0.002+£0.005  0.006+0.003  1.941.1x1073  0.00440.004 0.00740.014 28.349.7x10™* 22.249.5x107*
He I 4143 0.0084-0.002 6.042.0x1073 21.34+4.8%x10™*  0.004£0.006  0.00140.003  0.0234+0.010 32.3+£9.7x10* 9.04+8.8x107*
C II \4267 0.00340.005 28.249.3x10* 20.6+7.1x10™*  0.00240.005 0.003+0.008 18.14+9.6x10™* 10.249.7x107*
[Fe11]A\4288  0.004-£0.004 o 1.6+4.9%x107* 11.949.4x10~* e e 0.003+0.010 11.54+5.6x107* e
H~y M\4340 0.49440.017  0.463+0.016  0.464+0.015  0.4714+0.016  0.4794£0.016  0.495+0.017  0.4694+0.020  0.503+0.017  0.44440.015
[O 1] A4363  0.001£0.005 534455x10* 27.4+7.4x10%  0.00940.005 0.000+0.008 21.14+8.9x10™* 0.1£1.3x1073
He I \4387 0.01040.002 43.848.8x107* 57.0£64x10*  0.005+0.002  0.006+0.004  0.029+0.016 67.5+£7.0x10™* 2.4+1.4x1073
He I \4471 0.040+0.003  0.010£0.005  0.046+0.003 43.6+1.8x1073  0.03840.003  0.042+0.002  0.0564+0.010 38.1+£1.6x103  0.03340.003
[Fe 1] A4658 0.000£0.003  0.0014+0.004 12.64+5.7x10™* 14.9+7.8x10* 1.7+£1.9%x1073 0.005+£0.011 19.548.6x10™* 2.7+£1.2x1073
He II \4686 12.847.2x10™*  0.64+1.1x1073
[Ar IVI\4740 oo 0.00340.002 7.2443x10*  5.1469x10%  0.0014£0.003  0.0014£0.003  0.014+0.007 6.3+7.8x107* o
HpB \4861 1.000+0.031  1.00040.031  1.000+0.031 1.00040.031 1.000+0.031  1.0004+0.031  1.000+0.034  1.00040.031 1.000+0.031
He I M921 0.015£0.002  4.3+1.6x1073 106.44+8.7x10™* 11.9+1.0x1073  0.014+£0.002  0.015+£0.003  0.032+£0.010 119.248.0x10™* 97.64+9.8x107*
[O 1] A4959  0.198+£0.008  0.087+0.004  0.686+0.050  0.486+0.019  0.31240.012  0.3884+0.014  0.406+0.020  0.4214+0.016  0.116%0.007
[0 1] A5007 0.593+£0.020  0.250+0.012  2.038+0.148  1.458+0.060  0.925+0.034  1.15940.043  1.202+0.065  1.2534+0.051  0.35140.020
He I \5015 0.03140.007  0.012£0.006  0.02740.043  0.02440.033  0.02240.017  0.025+0.022  0.02240.029  0.021+0.024  0.01940.012
[Ar I]A5192 0.00140.003  2.3+3.6x10™*  2945.1x10™*  3.9+1.8x107 0.01140.009 15.245.1x10™* 53+6.7x107*
[CIIIA5517  0.004£0.003  0.00940.003 41.64+5.0x10™* 41.44+4.5x10* 3.8+1.9x107 0.01940.012  36.14+7.5x10™* 3.7£1.2x1073
[CIIIIA5537  0.004£0.002  0.00440.003 28.74+4.9x10™* 26.6+4.8x10™* 2.5+1.9%x107° 19.448.4x107* 203+7.5x107*  4.14+1.1x1073
[N 1] A5755  0.004£0.003 6.14+1.9%x1073 33.844.9x10™* 41.44+42x10™* 1.8+£1.8x102 0.0064+0.003  0.005+£0.007 50.146.4x10™* 58.04+7.7x 10~
He I \5876 0.1084+0.008  0.053+£0.003  0.12240.008  0.1254+0.006  0.1214£0.005  0.123+£0.006  0.11440.009  0.11240.005  0.097+0.006
[O1] A6300  0.005£0.002  0.020+0.003 11.14£1.3x1073 97.0£7.7x10™*  0.0124£0.003  0.01240.004  0.018+£0.010 94.7+8.4x10~* 22.1+1.8x1073
[S1I] A6312  3.0+1.3x1073  0.005£0.002 103.946.9x10™* 89.34+6.8x10™* 8.34+2.0x107  0.009+0.005 102.847.2x10™* 6.7£1.6x1073
[01] A6363  2.0+1.9x1073 6.8+1.7x1073 32.843.1x10™* 25543.7x10™* 4.84+1.4x1073  0.006+0.003 28.444.5x10™* 65.94£9.0x10~*
[NI] A6548  0.270+£0.026  0.2844+0.037  0.12940.041  0.148+£0.049  0.166+0.042  0.1494+0.052  0.117+£0.060  0.1774+0.047  0.264+0.083
Ha A6563 3.1694+0.097  2.93740.089  2.9714+0.091  2.97240.091  2.9334+0.089  2.920+0.090  2.8854+0.092  2.997+0.092  2.88240.087
[N 1] A6584  0.719+£0.035  0.847+0.045  0.369+0.028  0.445+0.026  0.5074£0.026  0.4334£0.030  0.389+0.020  0.5274+0.030  0.75340.048
He I \6678 0.0394+0.003 146.449.2x10™* 0.038+0.003  0.0374£0.002  0.0354+0.002 33.5+1.8x10 0.0394+0.006 31.8+£1.8x1073  0.028+0.002
[Su]X6717  0.3324£0.014  0.40240.022  0.140£0.010  0.1674£0.010  0.20940.011  0.1754+0.012  0.159+0.008  0.1754+0.011  0.40040.025
[Sn] A6731  0.231£0.012  0.304+0.019  0.10840.008  0.122+0.008  0.146+0.008  0.12740.010  0.106£0.007  0.1284+0.009  0.28440.021
HeIA7065  15.941.7x1073 9.241.1x1073 22.14+1.3x107 19.7+1.1x1073 18.14£1.3x1073 16.84+1.6x107  0.01240.006 15.941.1x1073 14.1+1.2x1073
[Ar 1] A7135 0.070£0.004  0.046+£0.002  0.111£0.007  0.0964+0.005  0.085+£0.004  0.078+£0.005  0.079+0.006  0.090£0.005  0.05140.004
[O1] A7320  0.015£0.002 17.442.0x1073 15.6+£1.3x1073 149.248.0x10™* 11.4+1.4x1073 0.015+0.003 18.0+£1.0x1073 15.3+1.1x1073
[O1] A7330  0.012+£0.002 16.3+£1.9x1073 12.74+1.3x1073 119.0+8.4x10™* 0.012+0.003  0.01240.003 146.449.4x107* 130.5+9.6x 10~
[Ar ] A7751  0.015£0.002  0.021+0.003 27.441.6x1073 23.64+1.2x1073  0.024+0.002  0.0174+0.003  0.018+0.004 23.9+12x1073 15.3+1.4x1073
P12 A8750  8.441.8x1073  0.015+£0.002 135.74£8.6x107* 110.84+6.7x10™* 10.3+1.6x1073 13.3+£1.9x1073  0.01240.007 106.0+£8.5x10~* 10.5+£1.2x1073
P11 78862 0.016£0.005  0.0224£0.005 18.0£1.1x1073 145.34+10.0x107* 15.4+1.7x1073 0.0124£0.003  0.012+£0.005 139.849.7x10* 17.7+1.8x1073
P10 \9015 0.02340.006  0.021£0.005 20.2+1.7x1073 15.1+£1.3%x1073 18.0+1.7x1073 0.012+0.003  0.02440.006 20.3+£1.3x10  0.01740.003
[SI] A9069  0.198+0.008  0.246+0.010  0.313+£0.019  0.270£0.015  0.2204£0.012  0.2034+0.012  0.268+£0.011  0.271+0.015  0.22340.012
P9 29229 0.02240.003  0.038£0.003 29.94+2.0x1073 26.9+1.5x1073 25.14+1.4%x107  0.026+£0.003  0.0194+0.005 252+1.4x1073 254+42.0x1073
[S1I] A9532  0.809+0.030  0.5824+0.022  0.802+0.046  0.610+£0.031  0.528+0.026  0.4064+0.025  0.772+0.034  1.096+0.058  0.47440.024
P8 \9546 0.030+0.013  0.0324£0.011  0.040+0.012  0.03340.020  0.03240.016  0.015+0.017  0.0754+0.016  0.030+0.032  0.0344-0.007
c(HP) 0.41£0.03 0.41£0.03 0.47£0.03 0.36£0.03 0.55£0.03 0.49£0.03 0.57£0.03 0.54£0.03 0.24£0.03
ay 0.0°33 L6754 0.0%5 0.0% 0.8°04 0.0°03 0.0 52443 2333
Fug 38.5340.79 29.56+0.61 244374498  203.45+4.20 30.9340.64 59.90+1.24 9.03+0.20 206.55+4.29 69.0241.45

Table A.2 continued



CHAOS VII 33
Table A.2 (continued)
I(N)/I(HP)
Ton M33+88-258  M33+62+354 M33-36+312  M33-2-340  M33-65+302 M33-108-389 M33+14-355 M33+33+382  M33-35-385
[O1] X3727 4.439£0.128 1.961+0.103  3.683E£0.216  3.027E£0.152  2.888X0.195 2.509E£0.192  3.554£0.150  1.852%£0.100  3.043£0.173
H13 A\3734 0.0224+0.011  0.029+£0.002  0.029+0.005  0.02840.002  0.0294+0.005  0.027+0.003  0.03340.008  0.023+£0.005  0.02310.002
H12 A3750 0.070+0.020  0.039+£0.003  0.047+0.010  0.0484+0.008  0.0554+0.014  0.045+0.004  0.08240.028  0.030+£0.020  0.028+0.004
H11 A\3770 0.076+0.034  0.045+£0.003  0.059+0.013  0.0494+0.005  0.05440.006  0.055+0.006  0.03440.018  0.042+0.016  0.0360.004
H10 A\3797 0.0494+0.024  0.062+£0.004  0.063+0.012  0.0614+0.005  0.0634+0.010  0.058+0.007  0.0724+0.017  0.050+£0.010  0.049+0.005
He I \3819 0.01340.028 8.0+£1.3x1073  0.018+0.005  0.006+0.005  0.0084+0.011  0.013+0.004  0.00440.027  0.028+0.010  0.00740.003
H9 \3835 0.135+0.023  0.083+£0.005  0.094+0.009  0.0984+0.007  0.0804+0.012  0.092+0.007  0.1094£0.022  0.082+0.007  0.075+0.006
[Ne 1] A3868 0.059+£0.022  0.043+0.002  0.036+0.016  0.019+£0.003  0.025+£0.012  0.02240.003 e 0.081+0.011  0.034+0.004
He I \3888 0.071+0.030  0.067+£0.009  0.070+0.014  0.09440.011  0.088+0.011  0.088+0.012  0.0774£0.014  0.092+0.012  0.09020.009
H8 A\3889 0.0974+0.047  0.121£0.009  0.121+0.022  0.11840.010  0.12440.020  0.114+0.013  0.13740.032  0.098+0.019  0.095+0.009
He I \3964 e 0.0084-0.008 e . 0.01240.010 o 0.01140.011  0.0074£0.009  0.011£0.007
[Ne 111] A3967 oo o oo 0.008+0.011 e 0.01440.012  0.00740.015 e 0.01540.008
H7 \3970 0.1464+0.070  0.179+£0.013  0.17940.033  0.1744+0.014  0.18640.029  0.170+0.019  0.19940.047  0.146+0.029  0.14240.013
He I \4026 0.0274£0.022 16.3+£1.9%x10 0.013+£0.005  0.0244+0.004  0.016+0.008  0.015+£0.003  0.019+0.019  0.035+0.008  8.8+1.1x1073
[S 1] A4068  0.022+£0.019 110.6+£8.6x10™* 0.024+0.003  0.0140.003 e 10.64+1.7x1073  0.030+0.017  0.0064+0.005 17.94+1.4x1073
[S 11] \4076 e 40.0£7.9x10%  0.007+0.003  0.00640.003 e 46+1.7x103  0.016+0.017  0.009+£0.005 5.1+1.3x1073
H$ \101 0.31440.026  0.258+0.011  0.258+0.010  0.2714+0.012  0.2564+0.015  0.2554£0.011  0.2954+0.017  0.2624£0.011  0.256+0.011
He I \4120 0.03240.037 3.0£1.6x107  0.003+£0.002  0.0024+0.002  0.0154+0.011  0.005+0.003 e 0.00140.007  0.84+1.3%x1073
He I \4143 e 314+6.8x10% 0.0044£0.004  0.003£0.003  0.011+£0.010  0.00340.002 e 0.01140.007 o
C II \4267 0.00240.022  16.14+4.0x107* o 0.5+£1.8x1073  0.01540.008 e 0.10140.084  0.00440.004 e
[Fe 11124288 0.01040.011 19.94+7.8x1074
H~y A\4340 0.4914+0.025  0.456+0.015  0.477+0.015  0.4834+0.016  0.4794+0.019  0.470+0.016  0.4774+0.018  0.447+0.015  0.468+0.016
[O 111] A4363 e 27.3+7.3x107* e 0.002+0.002 e e e 0.01740.004  3241.2x1073
He I \4387 e 31.5+7.2x107* e 0.003+0.002  0.01340.007  0.003£0.002 e 0.010+0.004  10.5+6.0x107*
He I M471 0.049+0.025  0.031£0.002  0.020+0.002  0.0374£0.002  0.02140.008  0.027+0.002  0.0204+0.008  0.051+0.005 26.6+1.7x1073
[Fe 1] A4658 0.021-£0.026 33.2+5.0x107* 0.009+£0.003  1.3+1.4x1073 e 3741.9%x1073  0.014+£0.008  0.009+0.005 4.64+1.2x1073
He Il M4686  0.419+0.111 11.9463%x10™* 0.003£0.003  0.000+0.002 e e e e e
[ArIVIA4740  0.009+0.017 oo 3241.8x1073  0441.6x1073  0.00240.007 e 0.00740.008  0.00940.005 e
Hp 24861 1.00040.035  1.0004£0.031  1.00040.030  1.0004-0.031 1.00040.031  1.00040.031  1.000+0.034  1.00040.031 1.00040.031
He I \4921 0.02240.011 87.449.6x10™* 0.008+0.002 10.0+£1.9x107  0.01440.003  0.009+0.002  0.01240.009  0.016+£0.005 76.4+8.7x10~*
[O 1] AM4959  0.468-+0.021  0.35040.021  0.1434£0.007  0.201£0.009  0.15740.011  0.21740.018  0.109+0.010  0.499+0.025  0.21740.010
[O 1] A5007 1.419+0.056  1.042+0.069  0.424+0.019  0.598+0.027  0.472+0.031  0.63440.051  0.363+£0.016  1.460+0.069  0.640+0.029
He I A\5015 0.02340.027  0.020£0.012  0.016+0.006  0.021+0.011  0.0414£0.012  0.02140.029  0.0264+0.010  0.028+0.032  0.018+0.012
[Ar TIIIA5192 e 3.0£1.7x10™%  1.0£1.4x1073 12.549.4x10™*  0.007+0.007 e e e e
[CITIA5517 36.74£3.5x107* 5.442.0%x1073 3.54+1.4%1073  0.0124£0.013  0.015+0.010 32.7+3.4x107*
[CI1TIA5537 e 24.043.6x10™*  0.000£0.002  0.005+0.002 444+19%x1073 e 0.01140.007 24.1+£33x107*
[N 1] A5755  0.017£0.010 36.943.5x10% 2.1£1.7x107  0.002+0.002 e 0.006+0.003  0.0094£0.006  0.005+£0.004 51.5+£3.9x107*
He I \5876 0.1094+0.010  0.098+£0.006  0.079+0.004  0.1104+0.005  0.05940.014  0.091+0.006  0.0794+0.007  0.134+0.009  0.0880.004
[O11 A6300  0.071£0.010 94.7+£7.5x10* 0.04740.003  0.018-+0.002 e 0.013+£0.002  0.03240.004  0.010+£0.005 21.6+1.6x1073
[S Il A6312  0.008£0.009 80.3+6.8x10~* 0.013+£0.002  9.3+1.3x1073 7.9+1.9%x1073  0.0054+0.004  0.014+0.004 80.3+6.7x107*
[O1] A6363  0.028+£0.007 31.8+2.6x107* 16.4+1.8x1073 6.5+£1.3x1073 e 48+12x1073  0.00240.004  0.001+£0.004 81.9+4.9x10~*
[N 1] A6548  0.304+£0.055  0.18140.036  0.23440.050  0.231+£0.048  0.159+0.057  0.1764+0.049  0.249+0.044  0.126+0.073  0.21840.064
Ha \6563 2.94740.096  2.899+0.088  2.885+0.087  3.0814+0.094  2.8754+0.087  2.936+0.088  2.9824+0.095  2.819+0.085  2.91640.088
[N ] A6584  0.742+£0.042  0.515+0.038  0.685+0.040  0.655+£0.031  0.505+0.042  0.5004+0.038  0.705+0.034  0.346+0.028  0.606+0.037
He I \6678 0.0454+0.007 28.3+1.7x1073 23.4+1.2x10  0.03540.003 e 0.026+0.002  0.02740.005  0.046+0.006 24.1+1.2x1073
[Su]A6717  0.410£0.020  0.18340.013  0.524+0.032  0.2774£0.014  0.204+0.025  0.22940.016  0.402+0.019  0.1814+0.014  0.376+0.023
[SH] A6731  0.300+£0.016  0.141+0.010  0.386+0.025  0.194+0.011  0.133+£0.021  0.1634+0.011  0.277+0.015  0.120+0.012  0.27940.019
He I \7065 0.006+0.059 179.5+9.8x1074141.949.7x10™# 0.025+0.005  0.0104+0.006 14.9+1.0x107% 0.010+0.002  0.022+£0.004 121.64+6.5%x107*
[Ar ] A7135 0.1254£0.013  0.07140.004  0.05540.003  0.081+£0.005  0.071£0.006  0.06240.004  0.054+0.005  0.09240.006  0.05840.003
[On]A7320  0.036£0.007 148.4+7.5x107* 18.841.9%x1073 17.3+1.4x107  0.006+£0.007 13.0+£1.3x1073  0.024+0.003  0.00840.004 153.7+6.5x 10~
[On]A7330  0.031£0.007 129.947.2x107* 16.5+1.9%1073 11.5£1.3x107  0.01140.008 13.1+£1.2x1073 0.0114£0.003  0.0094+0.004 141.5+6.2x 10~
[Ar ] A7751  0.025+£0.008 171.54£9.7x107* 13.34+1.1x1073  0.034+£0.005  0.01240.009 14.74+1.7x1073  0.009+£0.004  0.0194+0.004 125.2+7.2x10~*
P12 \8750 0.03440.014 103.6+6.8x107* 16.3+£1.7x10  0.00540.003 e 11.0£1.8x1073  0.00940.004  0.01840.010 99.14+5.8x107*
P11 8862 0.006+0.017 143.84+7.1x10™* 0.02140.003  0.01040.002 0.016+0.002  0.01840.007  0.029+0.009 124.6+6.2x107*
P10 \9015 0.0464+0.017 14.841.0x107 0.01940.004  0.01640.003 e 0.02740.003  0.02640.005  0.015+0.007 14.6+1.1x1073
[S Il A9069  0.150+£0.012  0.238+0.015  0.188+0.010  0.234+0.011  0.14140.013  0.2594+0.017  0.164+0.007  0.2144+0.015  0.21140.009
P9 \9229 0.0394+0.008 23.54+1.4x1073 26.14£1.9x103  0.0184+0.004  0.0174£0.009 26.4+1.7x10 0.0254+0.006  0.013+£0.004 19.0+1.5x1073
[SII] A9532  0.647+£0.057  0.547+0.036  0.378+0.020  0.720£0.043  0.315+0.022  0.6994+0.047  0.417+0.019  0.5294+0.030  0.54240.023
P8 \9546 0.0384+0.023  0.031£0.010  0.03740.008  0.0354+0.025  0.0214+0.018  0.046+0.010  0.0394+0.008  0.014+0.019  0.03940.009
c(HP) 0.18£0.03 0.44£0.03 0.58£0.03 0.50£0.03 0.26£0.03 0.29£0.03 0.84£0.03 0.25£0.02 0.40£0.03
an 0.0%53 1408 1551 0.0 1404 1353 0.0% 24704 0.6%04
Fugp 12.08+£0.29 452594928  36.85+0.75 57.61+1.17 14.3340.30 93.33+1.91 9.09+0.21 30.5540.65 280.65+5.72
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Table A.2 (continued)
I(N)/I(HP)

Ton M33—78+311 M33+116-286 M33-99+311 M33—148—412 M33-196-396 M33+122-294 M33+26+421 M33+46—380 M33+126-313
O] A\3727 2.996£0.192  2.597£0.075  2.743E£0.160  2.431£0.173  3.206E£0.220 2.913£0.079 2.806E0.112 3.450£0.116  2.679E£0.077
H13 \3734 0.0294+0.002  0.014£0.005  0.03140.002 23.1+£1.9%x1073  0.02240.008  0.02740.003  0.03240.005  0.029+0.003  0.026+0.002
HI12 \3750 0.044+£0.007  0.031£0.007  0.0424+0.004  0.0324+0.004  0.046+£0.008  0.041+£0.006  0.048+£0.014  0.039+£0.007  0.03340.004
H11 A3770 0.040+0.005  0.031£0.006  0.04740.003  0.0374£0.004  0.0514£0.016  0.05740.008  0.0534+0.011  0.054+0.003  0.039+0.006
H10 \3797 0.063+£0.005  0.030+£0.010  0.0674£0.004  0.0514+0.004  0.049+0.017  0.060£0.007  0.071+£0.011  0.063£0.006  0.05740.004
He I A3819 0.010£0.004  0.014£0.010 11.4£1.9%x10  0.0094+0.003  0.028+0.011  0.006£0.009  0.024-£0.007  0.010£0.004  0.01240.004
H9 \3835 0.0884+0.006  0.065+£0.005  0.085+0.005  0.0834+0.006  0.08240.010  0.088+0.005  0.0964+0.009  0.093+0.005  0.07540.003
[Ne 111] A3868 0.007£0.004  0.058+£0.012  0.050£0.003  0.0134+0.002  0.026+0.011  0.050+£0.007  0.014+£0.005  0.084-+£0.007  0.46040.018
He I A\3888 0.1974£0.018  0.113+£0.007  0.083+0.010  0.080+0.010  0.109+0.016  0.100£0.008  0.058-£0.009  0.114+£0.009  0.09440.006
H8 3889 0.12240.010  0.059+£0.020  0.131+0.009  0.0994+0.008  0.0954+0.033  0.11740.014  0.13740.022  0.121+0.011 0.11240.009
He I A3964 0.007-0.008 ‘e 0.011£0.009  0.00640.007 o o 0.0264+0.013  0.00340.003 ‘e
[Ne 111] A3967 o 0.03740.010 e 0.00240.008  0.01340.010  0.007+0.011 o 0.025+0.005  0.10140.006
H7 A3970 0.180+£0.015  0.088+£0.030  0.193+0.013  0.1484+0.012  0.141+0.049  0.175+£0.021  0.203+£0.033  0.177+£0.016  0.1684+0.013
He I 4026 0.020£0.003  0.015£0.004 204+1.6x1073 11.84+1.6x1073  0.013+£0.011  0.021+£0.005  0.023+£0.007  0.013£0.004  0.01540.003
[S 1] A4068  0.014£0.002  0.013£0.004 11.6£1.0x10  0.01740.003  0.021+£0.005  0.025+£0.007  0.016+£0.004 13.0+£1.6x10~3  0.03240.004
[S 1] A4076  0.005£0.002  0.009+£0.004 35.64£9.5x10™*  0.006+0.002  0.008+0.005  0.001£0.005  0.003£0.004 6.0+1.6x1073  9.1+1.6x1073
HS 24101 0.270£0.012  0.2574£0.011  0.2624+0.011  0.256+0.011  0.259+0.016  0.259+0.012  0.264+0.013  0.255+0.011  0.25740.011
HeIX4120  0.441.4x1073  0.006£0.003 12.3+9.8x10~* ‘e 0.00840.006  0.0094+0.006  0.01440.009  0.00440.004 “ee
HelIM4143  3241.5x1073  0.009+£0.005 15.4+5.7x10~* 0.01140.008  0.0034+0.005  0.00740.008 ver “ee
CIIM4267  04+1.4x1073 4.6+7.0x107* oo 0.0014+0.007  0.00640.006 0.000-+£0.002
[Fe I]\4288 “ee 0. 001i0 005 “ee - vee 0.0014+0.006  0.00340.007 vee 3.4+1.8x1073
H~ 4340 0.47740.016  0.463+0.016  0.477+0.016  0.4654+0.016  0.4694+0.019  0.469+0.016  0.4534+0.016  0.482+0.016  0.474+0.016
[O 1] A4363 10.0£10.0x10™* 0.00940.004 33.1£10.0x10~* 3.941.9x1073 e 0.00740.005  0.0034+0.005 3.4+1.0x10° 19.3+1.6x1073
HeIM4387  4241.4x102  0.005+0.003 5.7+1.0x107  3.0+1.4x1072  0.009+0.005  0.006+0.004  0.005+£0.007 9.74+82x10™*  0.004+0.003
He I M\4471 0.0324£0.003  0.028+0.003  0.0404£0.003  0.02840.002  0.033+£0.006  0.038£0.005  0.035+£0.005  0.030£0.002  0.03840.003
[Fe 111] A\4658 . . 1.5£1.0x103  1.841.7x1073 e 0.00340.003 e 44+15%x103  0.00120.003
He II M4686  1.84+1.2x1073 ‘e 6.04£9.1x10™*  0.54£1.2x1073 e 0.00140.005 e 5.141.4x1073  0.00740.002
[Ar IVIA4740 ‘e 0.9+£1.9%x1073 ‘e 14+1.1x1073  0.001£0.005  0.001+£0.004  0.003-£0.004 e 2.442.0x1073
Hp 24861 1.00040.031  1.00040.030  1.000+0.031 1.000+0.031 1.00040.031  1.0004£0.031  1.00040.031  1.00040.030  1.000-+0.031
HeIM4921  87+1.1x1072  0.01440.003 105.54+7.8x10™* 7.6+£1.3x102  0.005+0.006  0.0104£0.004  0.01940.006 93.34+5.7x10™* 9.2+1.9x1073
[O 1] A4959  0.164+£0.009  0.279+£0.012  0.42340.021  0.1414+0.011  0.186+0.012  0.272+0.013  0.197+£0.008  0.475+£0.018  1.38040.054
[O 1] A5007  0.494+0.028  0.844+0.035  1.2624+0.063  0.4264+0.032  0.560+£0.040  0.815+0.031  0.567+£0.022  1.41240.053  4.10940.170
He I A\5015 0.0244+0.017  0.016£0.019  0.035+0.035  0.0154+0.013  0.0204£0.022  0.019+0.016  0.0254+0.013  0.02240.028  0.02140.088
[ArIIA5192  5.9+7.0x10™*  0.00140.002 o . 0.00740.004  0.0014£0.004  0.004+0.005 3.54+3.6x10™* 0.8+1.5x1073
[CIIIA5517 48.2489x10™* 0.014+0.004 36.7+4.8x10™* 42+1.4x1073  0.006+0.007 e 0.00140.004 29.743.9%x10™*  0.00440.003
[CITIA5537  1.1£1.9%103  0.003+0.005 29.54+4.8x10™* 0.0+£1.4x1073 0.00140.004 1.242.0x1073 21.943.8x10™*  0.00240.002
[N 1] A5755 2.8+1.5x1073  0.004+0.003 47.746.5x10™* 4.9+1.4x1073 0. OOSj:O 005 e 0.00940.003  50.34+9.9%10™*  0.007-+£0.002
He I A\5876 0.100£0.006  0.101£0.006  0.116+0.006  0.0854+0.006  0.100+£0.010  0.114+0.009  0.104+£0.007  0.107£0.004  0.11540.007
[01] A6300  8.6+1.7x1073  0.020£0.004 14.2+£1.1x103  0.0144+0.002  0.051+£0.008  0.019-0.004 e 129.447.9x10™*  0.06240.004
[S1I] A6312 104+1.6x1073  0.009+£0.002 9.7+1.0x1073  0.00740.002 e 0.00940.003  0.00940.003 92.846.8x10™*  0.01340.002
[01] X6363  14.9+£6.6x107* 0.4+1.9x1073 40.243.6x10* 2.1£1.1x107  0.016+£0.003  0.006=0.003 e 41.0+£7.2x10™* 13.7+£1.8x1073
[N 1] A6548  0.218+0.091  0.168+0.058  0.183+0.087  0.196+£0.044  0.22140.064  0.1914+0.052  0.191+£0.084  0.1574+0.040  0.17940.040
Ha \6563 3.054+£0.093  2.917+0.087  2.988+0.092  2.9314+0.088  2.864+0.087  2.863+£0.086  2.842+0.087  2.948+0.089  2.89840.087
[NII] A6584  0.573+£0.042  0.516+£0.034  0.467+£0.035  0.5454+0.044  0.643+£0.049  0.549+0.041  0.558+0.046  0.432+0.020  0.51440.041
HeI 6678 27.3+1.8x1073 0.023+£0.003  0.035+£0.002  0.02440.003  0.02440.003  0.030+0.003  0.0184+0.008 28.7+1.0x1073 30.8+1.8x1073
[Su]A6717  0.203+£0.013  0.273+0.018  0.19540.011 0.29940.024  0.3584+0.027  0.412+0.028  0.2874+0.022  0.1974£0.009  0.444+0.034
[Su]A6731  0.145+£0.010  0.195+£0.015  0.1404£0.009  0.2194+0.019  0.251+0.021  0.277+0.019  0.188+£0.019  0.148+£0.007  0.31440.026
HeIA7065 13.8+£1.0x1073 0.017+£0.004 178.64£9.7x107* 11.6+1.1x1073  0.01840.003  0.017+0.003  0.0114+0.003 179.748.1x10~* 15.6+£1.2x1073
[Ar ] A7135  0.0674£0.004  0.06740.004  0.086+0.005  0.051+£0.004  0.063+£0.006  0.0664+0.004  0.066+£0.006  0.0814+0.003  0.11640.007
[O 1] A7320 161.249.9%x10™* 0.01740.002 171.6+9.4x10~* 10.5£1.3x107  0.0204£0.003  0.01940.003  0.012+£0.003 187.0+£7.5x107* 23.34+1.7x1073
[0 1] A7330 126.349.1x10™* 0.01440.002 136.3+9.3x107* 102.44+9.4%x10™* 0.013+£0.004  0.01240.003  0.0124£0.003 152.24£6.7x107* 20.24+1.7x1073
[Ar 1] A7751 15.941.6x1073 16.14£1.9x1073 21.44+1.4x1073 9.5+1.3x107  0.02240.007  0.02740.006  0.017+£0.005 180.6+£6.7x10* 0.02640.003
PI2X8750  11.7£1.2x1073 0.01740.005 98.4+7.3x10™* 12.5+£1.5x107  0.014+0.006  0.012+£0.005  0.02240.005 88.44+3.6x10™*  0.011-0.002
P11)8862  14.0£1.5x107 0.0184+0.005 13.54+1.1x1073 13.8£1.4x1073  0.02140.006  0.01940.006  0.020+£0.003 116.4+6.6x10™* 0.01240.003
PIOX9015  17.94£1.9x1073 0.026+0.004  0.018£0.003  0.026+£0.004  0.033+0.007  0.01940.006  0.005+0.008 169.8+9.4x10* 0.02340.003
[S 1] A9069  0.249+0.014  0.2254£0.013  0.2424+0.012  0.2334+0.016  0.210+£0.014  0.193+£0.013  0.221+£0.017  0.236+£0.008  0.27440.016
P9 19229 21.741.4x1073  0.02740.004 22.64+1.1x1073  0.024+0.003  0.0264+0.005  0.02840.004  0.01840.005 180.4+7.3x10™* 0.026+0.003
[S1] A9532  0.621+£0.034  0.7374£0.039  0.609+0.028  0.6324+0.043  0.618+0.035  0.660+£0.042  0.523+0.042  0.628+£0.024  0.82640.048
P8 \9546 0.038+0.012  0.023+£0.019  0.03740.009  0.0424+0.013  0.0464+0.021  0.036+0.008  0.01740.007  0.03240.009  0.039+0.014
c(HP) 0.45£0.03 0.28£0.03 0.49£0.03 0.27£0.03 0.33£0.03 0.23£0.03 0.43£0.03 0.76£0.03 0.23£0.03
ay 00+13 26+02 00+09 12+05 12+Ol 14+06 20+21 00+02 11+09
Fug 112239530 47298097 235870485 61460126 14.96 1031 43112090 32.8740.68 181,463 69 57350119
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Table A.2 (continued)
I(N)/I(HP)
Ton M33—77-449 M33-168—448 M33+175+446 M33—211-438 M33-224-437 M33+253—141 M33+19+466 M33+263+423 M33+209+473
O] N\3727 347510203 3.195£0.231 4.120£0.224  2.812£0.162  3.063E£0.169  2.040£0.133  2.147£0.057 2.902£0281  2.673%£0.175
H13 \3734 0.03240.020  0.021£0.002  0.026+0.003  0.026+0.002  0.02640.002  0.009+0.011  0.02940.002 oo 30.4+42.0x1073
H12 \3750 0.094+0.027  0.033+£0.008  0.02940.005  0.03740.003  0.036+£0.003  0.033+£0.030  0.035-£0.004 0.041-+0.002
H11 A\3770 0.0974+0.047  0.036£0.006  0.03940.005  0.04440.003  0.04740.004  0.042+0.023  0.05040.003 0.04840.003
H10 \3797 0.070£0.043  0.046+£0.005  0.0574£0.006  0.05840.005  0.057+£0.005  0.020+£0.024  0.064-£0.004 0.066+0.004
He I A\3819 0.014£0.040  0.008+£0.005  0.015£0.004  0.0104+0.002  0.007+0.003 e 0.01140.003 e 9.8+1.5x1073
H9 \3835 0.1404+0.048  0.069+£0.007  0.07940.007  0.0834+0.005  0.08640.005  0.048+0.028  0.0804+0.003  0.075+£0.223  0.087+0.005
[Ne 111] A3868 e 0.0194£0.008  0.0254£0.005  0.12340.007  0.024+0.002 e 0.06240.003  0.19440.152  0.08620.004
He I A\3888 0.143+£0.027  0.068+0.012  0.084+0.012  0.075+0.010  0.084+0.009  0.043+£0.023  0.083+£0.005  0.237+£0.123  0.08440.010
H8 3889 0.13440.083  0.090+£0.009  0.11240.012  0.11340.009  0.1094£0.010  0.039+0.047  0.12540.009 o 0.12840.008
He I 3964 0.034+0.013 ‘e 0.006-£0.009 . 0.00540.007 o 0.01340.005 0.002+0.010
[Ne 111] A3967 0.094+0.017 e e 0.03240.011  0.01040.008 o o 0.01840.010
H7 23970 0.198+£0.122  0.134£0.014  0.166+£0.017  0.1684+0.013  0.160£0.014  0.059+0.071  0.186+0.013 0.190+0.012
He I 4026 e 0.010£0.004  0.021£0.003 16.3+1.3x1073 14.5+£1.7x107  0.010+£0.028 16.5+£1.4x1073 e 19.34+1.5x1073
(S 11] A\4068 0.016£0.002  0.018+£0.004 19.14£1.9x1073 17.5£1.9x1073 0.018+0.026 11.4+1.4x1073 0.026+0.110 113.14+5.6x107*
[S 11] A4076 e 0.005£0.002  0.007£0.003  7.8£1.4x103 9.84+1.8x107 0.015+£0.022 3.64+1.4x1073 e 37.54+4.6x107*
HS 24101 0.2574£0.013  0.257+£0.011  0.266+0.012  0.2634+0.011  0.269+0.012  0.277+0.054  0.258+0.011 0.26540.011
He I \4120 ‘e 0.004+£0.003  0.003+£0.003 1.4+1.3x1072 1.541.7x1073 e 1.84+1.8x1073 17.143.8x107*
He I M\4143 5.0+£1.8x1073  0.0024+0.003 2.6+1.2x1073 33.3+9.4x10™* 3.6+1.4x1073 23.4443%x107*
C II \4267 e 0.005+£0.003  1.6+£1.1x102 0.54+1.2x1073 0.001£0.002 19.744.2x107*
[Fe I|\4288 “ee 0.00040.003 e 0.74£1.1x103  1.34+1.9%x1073 e e s
H~ 4340 0.465+0.015  0.466+£0.016  0.479+0.017  0.4714+0.016  0.4814+0.016  0.420+0.050  0.46040.015 0.47940.016
[O 111] A\4363 e 0.005£0.002  0.001£0.003 92.5£10.0x10™* 2.141.6x1073 e 0.1£1.3x1073 51.444.7x107*
He I \4387 0.001£0.002  0.004£0.002 53.949.7x10™* 3.241.1x1073 e 5.5+1.4x1073 49.6+4.3x107*
He I M\4471 ‘e 0.016£0.002  0.044£0.004  0.0334+0.002  0.029+0.002  0.031+0.019  0.042+0.003 e 0.041-+0.003
[Fe 111] A4658 0.002£0.010  1.4+1.7x1073  0.0024£0.003  0.9+1.0x1073 36.74£8.6x10™* 0.031+£0.032 0.7+£1.2x1073  0.026+£0.177 26.3+6.5x107*
He II M4686  0.005+£0.005  0.001£0.003  0.001-£0.003  23.54+1.5x1073 e e e 0.09440.056 ‘e
[ArIVIA4740  0.002-£0.005 ‘e 0.003+£0.002  2.9+1.3x102 0.64+1.3x1073 e 0.1£1.0x10~3  0.00540.012 e
Hp 24861 1.00040.029  1.0004£0.030  1.00040.032  1.00040.031 1.00040.031  1.0004£0.047  1.000+0.031  1.0004+0.040  1.000+0.031
He I \4921 10.642.0x1073  0.01540.003  9.0+1.0x107 82.848.5%x107* 13.04+1.5%1073 101.247.5x107
[0 111] A4959  0.135£0.008  0.083+£0.004  0.216£0.013  0.5454+0.031  0.222+0.010  0.023+£0.015  0.468+0.017  0.283+£0.025  0.57340.036
[O 111] A5007  0.378+£0.024  0.240+£0.013  0.645+0.037 1.6254£0.090  0.6634+0.030  0.0744+0.016  1.3954+0.053  0.55940.075 1.69540.110
He I A\5015 o 0.015+0.006  0.021£0.024  0.020+£0.038  0.019+0.018  0.0434+0.017  0.026+0.021 e 0.02610.040
[ArTIIA5192  0.003-0.006 e 1449.7x10™*  6.449.7x10™*  0.001£0.022 1.14+9.2x107* 2.942.0x10™*
[C1TIA5517 e 1.541 7>< 1073 2.04+1.8x1073 32.04£8.0x107* 28.845.9x107* e 0.00640.002 e 40.542.6x107
[CITA5537  0.002-£0.004 254+13%x1073  13.74£6.9%x107% 8.0£6.6x10™*  0.0174£0.021  0.0074£0.003  0.007+£0.006 29.742.4x107*
[N 1] A5755  0.008£0.003 0. OOSﬁ:O 002  7.642.0x1073 58448.1x10™* 52+1.6x1073  0.015+£0.016 42.04+6.8x10™* 0.020+0.008 39.0+2.6x 10~
He I A\5876 0.061£0.008  0.071£0.005  0.1154£0.005  0.096+0.006  0.093+£0.005  0.069+£0.032  0.130£0.009  0.042+£0.038  0.11840.006
[01] A6300  0.017£0.002  0.018£0.003  0.026£0.002 19.24+1.3x1073 18.7+£1.5x1073 0.025+£0.015 12.0£1.5x103 0.023+£0.018 96.14+7.3x107*
[S1I] A6312  0.008+£0.002 7.0+£1.5x1073  0.011£0.002 10.44+1.2x1073 8.14+1.3x1073  0.021+£0.012 8.54+1.0x1073 e 115345.1x 1074
[01] A6363  0.005£0.003 29.6+£9.7x107* 0.009+£0.002 42.5+6.7x10™* 60.8+£8.4x10~* 0.016+£0.017 49.4+9.3x10~* 0.005+£0.007 30.14+2.1x107*
[N 1] A6548  0.207+£0.062  0.21440.035  0.25840.048  0.216£0.049  0.21740.031  0.19740.046  0.147+£0.049  0.1954+0.077  0.14440.086
Ha \6563 2.906+£0.084  2.902+0.087  3.033+£0.094  2.9914+0.091  3.095+0.094  2.838+0.111  2.898+0.087  3.471+0.121  3.02540.092
[N 1] A6584  0.558+£0.036  0.601+£0.049  0.771£0.035  0.6224+0.047  0.637+0.045  0.575+0.036  0.412+0.033  0.565+£0.029  0.41940.028
He I \6678 0.004+£0.003 18.3+£1.7x103 0.0354£0.003  0.02840.002 28.6+1.6x1073 vee 0.03640.003 vee 0.035-+0.002
[SH]A6717  0.34240.023  0.366+0.030  0.353+£0.016  0.320+£0.024  0.294+0.023  0.4374+0.026  0.183+£0.015  0.4984+0.029  0.16340.011
[Su]A6731  0.237+£0.018  0.257+£0.024  0.2454+0.013  0.2294+0.018  0.215+£0.018  0.285+0.024  0.132+£0.011  0.334+£0.023  0.12340.009
HeIA7065  22412x1073 9441.1x1073 19.941.8x1073 15.04£1.1x1073 150.949.0x10™* 0.003+0.012 18.7+1.2x1073 0.016+0.015 21.4+1.3x1073
[Ar ] A7135  0.050+£0.004  0.04140.003  0.090+£0.004  0.068+£0.005  0.068+0.003  0.0134+0.014  0.089+0.006  0.0514+0.012  0.09640.007
[O1] A7320 17.24£1.6x1073 14.9+1.8x102 0.024+£0.003 18.14+1.4x1073 17.9+1.5x1073 0.018+£0.009 13.9+1.4x1073 18.841.6x1073
[O 1] A7330 17.04£1.6x1073 13.4+1.6x10  0.02440.003 15.0+1.4x107 154+1.4x1073 e 125.549.8x10~* 0.028+0.008 15.8+1.3x1073
[Ar 1] A7751  0.009-+£0.003 105.7+£8.8x107* 0.0254+0.004 15.5+1.2x107 16.8+£1.0x107  0.03240.009 20.7+1.1x107 0.01240.012 23.6+1.2x107
P12 A8750  6.6+1.6x1073 8.44+1.1x1073  0.020£0.005 11.0+1.1x1073 11.5+1.1x1073 0.014+0.030  0.017+0.003 e 106.945.1x 10~
P11)8862  83+1.8x10723 11.8+1.1x107 0.027£0.006 15.1£2.0x1073 14.5+1.1x103 0.0304+0.046  0.019+0.004 e 140.945.9x 10~
P10 A9015 0.02240.004 21.241.9x1073 0.016+0.004 18.8+1.7x107 21.1+1.3x107 0.086+£0.035  0.010+0.004  0.038+£0.010 156.0+9.9%107*
[S 1] A9069  0.217£0.012  0.161£0.011  0.315£0.012  0.270+0.020  0.265+0.013  0.132+£0.023  0.216+£0.014  0.192+£0.014  0.30640.013
P9 19229 0.026£0.002 21.3£2.0x103  0.0304£0.003 20.74+1.6x1073 23.74£1.4x107 0.054+£0.022  0.024+0.002  0.012+£0.008 28.84+1.2x1073
[S1] A9532  0.525+0.028  0.396+£0.029  0.593+0.021  0.756+0.054  0.750+0.036  0.288+0.034  0.461+0.028  0.245+0.019  0.39440.017
P8 \9546 0.03240.013  0.043+£0.012  0.038+0.009  0.0394+0.018  0.0394£0.008  0.063£0.055  0.02940.005  0.025+0.023  0.04620.006
c(HP) 0.60£0.01 0.29£0.03 0.40£0.03 0.34£0.03 0.64£0.03 0.20£0.02 0.35£0.03 0.26E0.01 0.44£0.03
ay 1 4+O 0 1 4+0 2 0. 0+2 3 0. 0+1 8 0. O+1 1 2. 5+O 1 2. 5+O 7 0. 5+O 0 0. O+0 8
Fugp 31.3340.64 47.052097 61.620131 124.6349.55 73540152 8.5040.28 92234189 6.34420.18 509.59210.45
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Table A.2 (continued)
I(N)/I(HP)

Ton M33+285+4399 M33+221+476 MB33-263-461 M33-267-462 M33—128+386 MB33—143+371 M33+285+456 M33+267-191 M33+121-405
[O1 X3727 1.249£0.068  3.141£0.259  3.197£0.096  2.822£0.077  2.281+0.088  1.184E0.175  2.300£0.197 3.523£0.232  2.170£0.051
H13 \3734 0.031+0.012  0.02840.006  0.006+0.005  0.02840.004  0.0354+0.003  0.12740.086  0.0274+0.008  0.032+0.003 23.9+1.5x1073
H12 A3750 0.0324+0.023  0.034+0.014  0.014+0.006  0.0514+0.005  0.0424+0.006  0.398+0.056  0.01840.018  0.052+0.011  0.0360.002
H11 A\3770 0.05340.016  0.0294£0.007  0.011+0.007  0.0594+0.004  0.046+0.004  0.50140.044  0.0554+0.011  0.05240.007  0.04440.003
H10 A3797 0.067+0.026  0.062£0.013  0.014+0.010  0.0624+0.008  0.074£0.007  0.277+0.189  0.059+0.017  0.068+0.007  0.05240.003
He I \3819 oo 0.0034+0.005  0.010£0.009  0.004+£0.003  0.013+£0.004  0.1554+0.062  0.015+£0.007  0.015+0.006 10.34+1.2x1073
H9 \3835 0.1084+0.025  0.068+£0.011  0.046+0.008  0.10240.004  0.088+0.007  0.5894+0.047  0.0904+0.006  0.106+0.007  0.0824-0.003
[Ne 111] A3868 0.006+£0.017  0.055+0.008  0.05840.010  3.8+1.9x103  0.1574£0.008  0.0654+0.031  0.238+0.017  0.03440.003  0.09440.004
He I \3888 0.05240.020  0.067+£0.021  0.14740.009  0.0684+0.004  0.0974£0.006  0.068+0.099  0.1004+0.013  0.098+0.013  0.11040.005
H8 23889 0.131+0.050  0.122+0.026  0.027+0.019  0.1194+0.015  0.1404+0.013  0.538+0.367  0.1164+0.032  0.131+0.012  0.101+0.006
He I \3964 e e e . 0.01240.005 e o 0.0074+0.013 e
[Ne 111] A3967 e e 0.068+0.011  0.00840.006  0.041-+0.005 e 0.052+0.013 e 0.029+0.003
H7 \3970 0.196+0.075  0.184+0.039  0.0394+0.028  0.176+0.022  0.2014+0.018  0.801+0.546  0.1734+0.048  0.192+0.018  0.15140.010
He I \4026 e 0.033+0.014  0.003+£0.004  5.54£2.0x103  0.0174£0.003  0.12340.059  0.0174£0.007  0.0234+0.004 23.24+1.6x107
[S 1] A068  0.010£0.009  0.020+0.008  0.009+£0.004 13.1£1.1x107  0.009+0.003 e 0.030+0.012  0.01840.002  9.7+1.3x1073
[S1] A\076  0.019+£0.011  0.020+0.007  0.004+£0.003  4.3+1.0x103  0.005+0.003 e 0.02040.010  0.00240.002  4.1£1.3x1073
Hé \4101 0.25740.013  0.270+£0.014  0.25440.010  0.25440.009  0.2834+0.012  0.260+£0.012  0.2624+0.013  0.290+£0.013  0.255+0.011
He I \4120 oo 0.00340.004 o 0.006+0.003  5.04+1.7x1073  0.067+0.030 e o 1.341.6x1073
He I M4143 o 29.64£9.7x10*  0.00140.003  0.047+0.023 o 3.6+1.6x1073
C 11 \4267 o 0.34+1.8x1073  0.00440.003 e e 0.003+0.002  0.84+1.4x1073
[Fe I1]\4288 e 0.00340.008 e e 0.004+0.002 e 0.002+0.008  0.00240.003 e
H~ 4340 0.4914+0.017  0.434+0.017  0.4834+0.016  0.4804+0.015  0.5014£0.016  0.461+0.017  0.4554+0.016  0.509+0.017  0.47440.016
[O 111] \4363 1.74£1.8x1073  02412x1073  7.941.7x1073 0.00240.010  0.00240.002  7.541.4x1073
He I \4387 o e 20.74£5.5x10*  0.005+£0.002  0.03240.027  0.003£0.007  0.0054+0.002  4.6+£1.1x1073
He I M471 e 0.036+0.006  0.023+£0.003  0.013+£0.003  0.043+£0.002  0.08740.055  0.034+0.005  0.0414+0.003  0.04340.002
[Fe II] A4658 0.005£0.020  0.002+0.006  0.00240.006 28.84+5.9x10™% 22+41.7x10>  0.0084+0.016  0.005£0.009  0.004+0.002 15.5+7.7x107*
He II \4686 e e 04+1.1x103  0.00620.005 e 0.05140.008  0.00440.008 2.5+1.9%x1073 e
[ArIVIA4740  0.003-£0.008  0.00540.008 oo 9.14+3.8x107* e e 0.002+0.008 e 0.241.1x1073
Hp 24861 1.00040.032  1.00040.033  1.000+0.030  1.000+0.030  1.0004+0.029  1.000+£0.032  1.0004+0.032  1.000£0.030  1.000+0.031
He I M4921 e 0.01240.005 3.5+£1.3x107 56.7£6.9x10™*  0.0104£0.002  0.0454+0.038  0.006+£0.005 12.4+1.6x107 12.54+1.1x1073
[O 1] A4959  0.004+£0.004  0.2834+0.018  0.378+0.014  0.059+0.002  0.788+0.026  0.01440.006  0.703+£0.051  0.3014+0.021  0.60140.028
[0 11] A5007  0.007+£0.007  0.871+£0.064  1.1224+0.041  0.1814+0.007  2.355+0.077  0.071+0.035  2.052+0.160  0.898-+0.064  1.79540.086
He I A\5015 o 0.021+0.031  0.018£0.021  0.011+£0.004  0.041+0.028  0.0494+0.036  0.024+0.046  0.0284+0.041  0.01540.062
[ArTIA5192  0.004-+0.006 e e e 144+1.2x1073 e e 1.6£1.2x1073  11.049.1x107*
[CITMA5517 8.24+1.8x1073 35.847.1x107* 27.6+6.1x10™* 4.241.5x1073 0.01540.012  0.00340.002  29.6+7.7x107*
[CITIA5537  0.002£0.005  0.007+0.011 27.244.9x10™* 14.446.0x10™* 3.7+£1.0x1073 e 0.004+0.010  1.1£1.7x1073  23.547.7x107*
[N 1] A5755  0.001=0.006 5434+4.6x107* 37.74£3.0x10™* 4.441.1x1073  0.0074£0.003  0.009+0.005  0.0034+0.003 44.54+8.9x107*
He I \5876 0.006+0.003  0.106£0.009  0.101+0.005  0.05440.004  0.1364+0.007  0.153+0.032  0.12440.010  0.114+0.007  0.12440.008
[O11 A6300  0.013+£0.006  0.007+0.006 15.241.5x1073 118.1+9.4x10™* 15.4+1.6x1073 e 0.059+0.005  0.00840.003 12.241.2x1073
[S 1] A6312  0.00640.005 e 954+1.4x1073 68.5+8.8x107* 13.841.0x1073 0.01140.005  0.009£0.005  0.011+£0.002  9.5+1.0x1073
[O1] A6363  0.004+£0.004  0.008+0.006 47.14+5.0x10™* 38.74+3.9%x10™* 50.8+£8.1x107* e 0.02440.003  3.5+1.1x1073 41.44+7.8x107*
[N 1] A6548  0.157£0.030  0.126+0.110  0.16940.075  0.203+£0.074  0.138+0.047  0.19940.055  0.171£0.062  0.2104+0.059  0.11640.040
Ha \6563 2.9194+0.089  2.815+£0.087  2.951+0.089  2.9504+0.090  3.2014+0.095  2.849+0.087  2.83840.086  3.241+0.098  2.93140.090
[N ] A6584  0.460+£0.025  0.420+0.044  0.480+0.026  0.575+£0.031  0.360+£0.025  0.3934+0.080  0.500+£0.037  0.570+0.038  0.33340.026
He I \6678 0.00440.005  0.032+£0.004 24.4+1.4x1073 17.44+1.1x1073  0.0414£0.002  0.081+0.018  0.0404+0.005  0.032+0.002  0.035+0.003
[Su]A6717  0.379£0.016  0.29440.033  0.2324+0.012  0.319+£0.017  0.1614£0.009  0.2184+0.013  0.376+£0.027  0.279+0.017  0.15640.012
[SH]A6731  0.261+£0.015  0.19240.026  0.169+0.010  0.230+£0.014  0.12140.007  0.163£0.011  0.260+£0.023  0.2014+0.015  0.11240.010
He I A7065 ‘e 0.0174£0.003 147.948.5x107™* 82.14+7.2x10™* 22.9+41.0x1073 0.072+£0.011  0.020+£0.003 17.7+£1.6x10~3 18.3+1.2x1073
[Ar ] A7135 0.005+£0.005  0.085+0.008  0.078+0.004 31.84+1.5x1073  0.12140.006  0.0254+0.006  0.109+0.008  0.08340.005  0.09140.007
[O1] A7320  0.002£0.004  0.027+0.007 16.441.7x1073 11.54+1.1x1073 19.4+1.1x1073 e 0.026+0.004 21.94+1.5%x1073 139.1+9.5%x10™*
[O1] A7330  0.005+£0.005  0.013+0.010 9.7+1.8x107% 6.8+1.3x10 16.2+1.0x10 0.0034+0.007  0.015+£0.004 18.7+1.5%x1073 113.94+9.8x107*
[Ar 1] A7751  0.008£0.003  0.031+0.018 167.5+8.9%x10~* 68.04+5.0x10™* 253+1.0x107 0.0164+0.003  0.027+£0.005 20.7+1.5x1073 23.54+1.7x1073
P12 \8750 oo 0.02740.007 91.846.6x10™* 106.5+6.2x10™* 14.04£1.4x10 0.0314£0.011  0.034+0.007 11.9+1.5%x1073 102.6+7.6x10~*
P11 8862 0.01440.009  0.017+£0.012 114.3+£8.2x107* 129.547.2x107* 16.5+1.8x1073 0.0414£0.011  0.0394£0.015 19.0+£1.5x1073 11.5+1.8x1073
P10 \9015 0.01940.014 oo 19.6£1.1x1073 21.04£1.5x10  0.020+0.002  0.036+£0.010  0.0284+0.040  0.02840.003 19.2+1.9x1073
[S 1] A9069  0.088+£0.006  0.27040.023  0.253+£0.011  0.213+£0.009  0.268+0.011  0.10140.009  0.23940.011  0.2554+0.065  0.263+0.021
P9 29229 0.0264+0.005  0.0274£0.013 20.8+1.1x1073 210.249.5x107* 25.84+1.2x107  0.042+0.007  0.0354+0.007 30.6£1.5x1073 17.741.7x1073
[S1I] A9532  0.199+0.014  0.61240.060  0.7294£0.032  0.585+0.025  0.688+0.026  0.2474+0.013  0.538+0.024  0.8754+0.040  0.675+0.053
P8 19546 0.050+0.012  0.092+0.036  0.034+0.015  0.040+0.011  0.0414+0.011  0.040+0.014  0.04440.013  0.033+£0.022  0.036+0.005
c(HP) 0.32£0.02 0.21£0.03 0.62£0.03 0.52%£0.03 1.11£0.03 0.38£0.02 0.24£0.02 0.69+0.03 0.40£0.03
an 1600 05793 0.9%0 1 0.1 0.0%3 0.5*5¢ 2150 0.0%¢ 0.0%0
Fug 9.9940.22 8.33+0.18 123.4942.51 188.11£3.80 54.82+1.12 39.46+0.86 10.564+0.23 44.304+0.91 121.9742.51
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Table A.2 (continued)
I(N)/I(HP)
Ton M33+300+471 M33+266—221 M33+299-164 M33+208+567 M33+94+574 M33+107+581 M33+322-139 M33+119+592 M?33+299+541
[O1] N\3727 2.934£0.195 2.725£0.190  2.915£0.198 1.824£0.115  3.143£0.090 3.123£0.096  1.853F£0.118  3.525£0.109  3.553+0.244
H13 \3734 0.031£0.005  0.041£0.008  0.036£0.005 28.64+2.0x1073  0.025+£0.002 29.3£1.9%x10~3 0.030£0.003  0.042+£0.023  0.02840.004
HI12 \3750 0.046+£0.016  0.0774£0.033  0.04840.008  0.0360.002  0.029+0.003  0.037+£0.006  0.041+£0.005  0.074+£0.042  0.04640.008
H11 \3770 0.0474£0.017  0.0874£0.024  0.0604£0.014  0.04440.003 34.5+1.9x107 0.047+£0.004  0.051+£0.005  0.098+£0.037  0.05440.010
H10 \3797 0.067£0.011  0.090£0.018  0.0794£0.010  0.06240.004  0.054+0.005  0.064+£0.004  0.066+£0.006  0.090+£0.049  0.06040.008
He I \3819 0.015+0.011  0.023£0.009  0.01940.011 11.5+1.4x103  0.0104£0.002  0.007+£0.002 14.6+1.6x1073 o 0.02440.005
H9 \3835 0.105£0.023  0.12840.019  0.121£0.012  0.0834+0.005  0.068+£0.004  0.087+£0.005  0.094-+£0.006  0.217+£0.035  0.09140.012
[Ne 1] A3868 0.024+£0.015  0.075+0.013  0.089+£0.010  0.108+£0.007  0.034+0.002  0.04140.004  0.087+0.006 o 0.05140.012
He I \3888 0.080+£0.016  0.099+£0.016  0.12840.012  0.0934+0.011  0.091+£0.006  0.093+£0.006  0.114+0.013  0.010£0.012  0.09540.013
H8 23889 0.131£0.021  0.1754£0.034  0.1534+0.020  0.12240.008  0.104+£0.009  0.123+£0.008  0.129+0.011  0.168+£0.092  0.1164+0.016
He I \3964 0.014£0.017  0.0094£0.032  0.02240.007  0.00440.009  0.006+0.006 e 0.01140.009 e e
[Ne 111] A3967 ‘e ‘e 0.026+£0.007  0.02140.010 e 0.0164+0.005  0.01440.009  0.00740.034  0.008+0.010
H7 \3970 0.19340.031  0.260+£0.051  0.22740.030  0.1814+0.012  0.15540.013  0.181+0.012  0.19440.016  0.240+0.132  0.16940.023
He I \4026 0.02240.014  0.010£0.014  0.008+0.007 23.3+1.6x1073 15.24+13%x107 20.4+1.8x107  0.02140.003 0.0224-0.006
[S 1] M\068  0.0224£0.007  0.01940.011  0.01840.012  90.6£8.3x10™* 15.7+£1.2x1073 14.0+1.7x1073 53.54£8.0x10™* 0.0264+0.017  0.02540.005
[S1] M\076  0.015£0.010  0.008+0.011  0.011£0.012 27.84+7.8x10™* 54+1.1x107° 5941.7x107 17.2+7.8x10™* 0.0184+0.017  0.00640.005
Hé M\4101 0.255+£0.018  0.305+£0.014  0.2524+0.013  0.2624+0.011  0.255+£0.009  0.259+0.011  0.2724£0.011  0.251+£0.024  0.25540.012
He I \4120 s 0.005+£0.014 e 23.046.1x10™*  0.14£1.2x1073  1.3+1.9x1073 3.0+£1.9x1073  0.026+£0.022  0.00640.006
He I \4143 0.004£0.006  0.0184£0.009  0.0124+0.007  23.74+5.5x10™* 2241.4x107  0.003£0.002 2.8+1.3x107  0.005£0.017  0.00740.006
C II 4267 e s 0.002+£0.008  25.74+5.5x10™* 0.94+1.1x1073 1.1+1.3x1073 16.14£9.5x10™* e 0.002-+0.005
[Fe I]\4288  0.002-£0.008  0.001-£0.006 “ee - vee vee vee 0.01340.013 “ee
H~ 4340 0.476+0.020  0.526+£0.019  0.513+0.018  0.4684+0.016  0.4724+0.015  0.480+0.016  0.50240.016  0.483+0.023  0.480+0.016
[O 111] A4363 e 0.0094+0.004  0.001£0.006 54.0+£5.9x107* e e 6.241.3%1073 e oo
He I \4387 0.015+0.008  0.012£0.006  0.00740.004 53.1+5.1x107* 3.5£1.5x1073 42+12x1073 57.6+6.6x10™* 0.0114£0.013  0.00740.004
He I \471 0.0274+0.007  0.034£0.016  0.042+0.008  0.0454+0.004 35.34+1.6x1073  0.034+0.002  0.04540.003 e 0.029-+0.007
[Fe 111] A4658  0.008+0.009 e 0.00140.004  10.9+6.4x10™* 1.3£1.1x1073 1.74£1.4x1073 0.6£1.1x107  0.011+0.013 e
He II \4686 0.001-+0.005
[ArIVIA4740  0.010-£0.007 ‘e ‘e . 4.748. 2>< 1074 1.241.9x1073  5.0+6.9x10™*  0.003+£0.006  0.00340.004
Hp 24861 1.00040.033  1.0004£0.034  1.000+0.032  1.00040.031 1.00040.031  1.0004+0.031  1.000£0.030  1.00040.033 1.00040.030
He I \4921 0.001+0.009  0.002+£0.012  0.01740.005 120.948.6x10™* 91.0+7.6x10™* 8.5+1.1x1073 124.749.8x10™* 0.001+£0.009  0.01440.005
[O 1] A4959  0.225+0.017  0.458+£0.046  0.544+0.035  0.666+0.046  0.302+0.012  0.286+0.012  0.586+0.034  0.054+0.007  0.24940.021
[O 111] A5007  0.654+£0.060  1.483+0.134  1.653+0.107 1.97240.141  0.8964+0.036  0.85240.040  1.7464+0.101  0.14240.012  0.7434+0.059
He I A\5015 0.025+0.015  0.02840.061  0.043+0.054  0.02940.022  0.02240.019  0.019+0.017  0.0604£0.055  0.0204£0.007  0.02340.024
[Ar TIIIA5192 e e 0.004£0.003  2.2433x10™*  0.54+12x1073 8.4484x10™* 0.34+6.7x10™*  0.005£0.007  0.00440.003
[CITIIA5517  0.02140.009 o 39.9453x107% 22.147.1x10% 6.4+1.6x1073 33.245.6x10™* 0.003£0.005  0.002-0.002
[CITMA5537  0.001+0.011 o e 23.04£52x107* 17.14£6.1x10*  0.007£0.002 21.04£5.5x10™* 0.006+0.006  0.003-£0.002
[N 1] A5755  0.012£0.008  0.015+0.006  0.001£0.003  23.5£6.1x10™* 52.4+6.3x107* 45.3483%x10™* 23.74£52x10™*  0.0084+0.006  0.00640.002
He I A\5876 0.107£0.009  0.099+£0.019  0.12840.008  0.13140.009  0.11940.005  0.105+£0.005  0.128+£0.005  0.047+£0.004  0.10140.007
[01] A6300  0.008-0.006 ‘e 0.018+£0.003  82.849.4x107™* 149.7+£7.4x107* 13.941.1x1073 3.6+1.1x1073  0.030£0.004  0.03240.003
[S 1] A6312  0.011+0.007 0.010£0.003  92.746.2x10™* 76.2+7.0x10™* 85.247.3x10™* 9.94+1.1x1073  0.003+£0.003  0.01240.003
[01] XA6363  0.003-£0.004 ‘e 0.007£0.002  31.443.4%x10™* 51.14£6.6x10™* 47.3+£6.6x10™* 7.5+4.5x10™*  0.009+£0.003 12.0+1.9x1073
[N 1] A6548  0.181£0.082  0.14240.104  0.12240.042  0.091+£0.095  0.185+0.046  0.17840.049  0.113+£0.025  0.2194+0.047  0.186+0.103
Ha \6563 2.871£0.090  3.181£0.103  2.98740.092  2.9504+0.090  2.932+0.089  2.980+0.091  3.171+£0.094  2.874+0.089  2.91240.088
[N 1] A6584  0.527+£0.037  0.383+£0.041  0.3474£0.022  0.2554+0.022  0.539+0.028  0.520+0.028  0.266+0.034  0.630+£0.034  0.55340.042
He I \6678 0.0324£0.004  0.0174£0.017  0.0424+0.002  0.03740.003 32.1+£1.5x1073 29.4+1.6x10~3 38.5+1.4x10 0.016£0.003  0.02740.002
[Su]A6717  0.320£0.025  0.175+0.023  0.1874£0.008  0.121£0.010  0.264+0.013  0.25340.013  0.100£0.003  0.4054+0.022  0.41340.031
[Su]A6731  0.216+£0.019  0.122+£0.015  0.13240.007  0.08740.007  0.186+0.011  0.181+£0.010  0.075+£0.003  0.301+£0.019  0.29440.025
He I A7065 0.021£0.004  0.015£0.004  0.0194£0.003 19.0+1.2x1073 167.246.4x1074156.14+9.3x1074200.0+7.5x10™* 0.012£0.003  0.01540.004
[Ar 1] A7135  0.076£0.007  0.0824£0.009  0.0924£0.005  0.09440.007  0.083£0.004  0.069+0.003  0.096+0.003  0.037+£0.003  0.05940.005
[On]A7320  0.037£0.007  0.01740.005  0.019£0.002 125.14+62x107* 186.448.1x 1074 17.941.2x 1073 124.7+7.4x10™* 0.0144+0.004  0.02240.003
[O1]A7330  0.013£0.005  0.01740.005 17.74+1.8x1073 115.746.0x10* 145.348.1x 10 15.741.1x 1073 12.5£1.0x107  0.0134+0.004  0.02440.003
[Ar ] A7751 0.0124£0.003  0.016+0.005  0.03340.003 21.4+1.3x107 21.8+£1.4x1073 151.04£7.5x1074234.349.9%10™* 0.006+0.003  0.01240.004
P12 \8750 0.016+0.004  0.003+£0.003  0.0094+0.003 107.8+7.3x10* 0.0134+0.002 15.7+1.6x1073 100.8+8.3x10™* 0.0124£0.004  0.0202-0.002
P11 8862 0.026+0.009  0.020£0.009 14.0+£1.9x1073 13.94+1.1x107 162418107 0.01940.002 143.248.9x10~* 0.015+0.005  0.01740.003
P10 \9015 0.01340.009  0.015£0.007  0.02240.005 12.84+1.4x107  0.0134£0.003  0.01740.002 2234+12x107 0.024+0.005  0.03620.014
[S 1] A9069  0.2724£0.017  0.177£0.015  0.236£0.009  0.21740.014  0.24240.009  0.254+0.010  0.271+0.010  0.135£0.007  0.22940.013
P9 19229 0.039+£0.004  0.0224£0.006  0.02940.002 24.441.5x1073 25.4+1.0x1073 28.2+1.4x1073 28.8+1.3x10~3 0.028+£0.002  0.04640.009
[S1I] A9532  0.592+£0.029  0.892+0.069  0.579+0.021  0.1254+0.009  0.455+0.017  0.327+0.012  0.658+£0.024  0.144+0.007  0.16240.012
P8 \9546 0.0494+0.014  0.024+0.028  0.046+0.011 0.0414+0.004  0.03240.008  0.04340.004  0.04740.012  0.03340.005  0.043-+0.009
c(HB) 0.46£0.03 0.42£0.03 0.45£0.03 0.35%£0.03 0.39£0.03 0.56£0.03 0.21£0.03 1.23£0.03 0.71£0.03
ay 50+08 00+59 00+03 00+19 02+10 00+06 00+05 05+Ol 16+02
Fug 9.8540.22 32084074 18.482039 265379549 104309211 97114200  323.124:6.60 6484015 31.4740.65
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Table A.2 (continued)
1(N)/1(HB)

Ton M33+334-135 M33+328+543 M33+306-276 M33+369+545 M33+380+578 M33+400+552 M33+405+554 M33+298-344 M33+421+560
[Ou]A3727 1.995£0.121 2.915%0.187 3.720£0.226  3.112%£0.179  2.541£0.093 2.716£0.100  3.704E0.144 2.986F£0.147  3.690%0.103
H13 \3734 0.02640.002  0.0274£0.007  0.03540.007  0.0254+0.014  0.02740.005  0.02840.005  0.03140.006  0.024+0.004  0.0284-0.007
H12 A3750 0.03740.005  0.069+£0.015  0.053+0.013  0.01640.026  0.02940.024  0.035+0.011  0.0324+0.011  0.02940.004  0.06140.017
H11 A\3770 0.04040.003  0.0524£0.024  0.05740.009  0.05440.026  0.0504+0.011  0.05240.011  0.0534+0.012  0.035+0.004  0.0554-0.013
H10 A3797 0.0584+0.005  0.060£0.015  0.076+0.016  0.0554+0.030  0.05940.011  0.060£0.010  0.06640.012  0.05240.008  0.06140.016
HeIA3819 11.741.3x107 0.031£0.018  0.00640.010  0.01340.023  0.014+0.008  0.009+£0.008  0.01340.009  0.0114-0.003 e
H9 A\3835 0.0794+0.004  0.068+£0.018  0.090+0.010  0.09740.030  0.088+0.013  0.07040.004  0.07740.008  0.073£0.005  0.06740.013
[Ne 111] A3868 0.064+£0.003  0.01740.011  0.0534£0.015  0.006+£0.023  0.024+0.013  0.0384+0.012  0.024+0.008  0.0484+0.003  0.00740.009
He I \3888 0.10440.010  0.045+£0.020  0.11740.013  0.130£0.021  0.08240.011  0.068+0.012  0.0854+0.011  0.096+0.010  0.0524-0.010
H8 3889 0.11440.010  0.1174£0.030  0.14440.030  0.1054+0.058  0.1164+0.021  0.116+0.019  0.12440.022  0.101£0.016  0.1204-0.030
He I \3964 0.0124-0.008 e 0.01140.015 e e e 0.014£0.008  0.00740.007  0.00940.017
[Ne 111] A3967 0.00640.008 oy oy 0.05840.012 e e 0.015+0.008 oy oy
H7 \3970 0.17240.015  0.1754£0.045  0.20840.044  0.15440.085  0.17440.031  0.1724£0.028  0.1794+0.032  0.150£0.023  0.178+0.045
HeIM4026 21.4+1.9x107 0.015+0.014  0.015£0.008  0.003+£0.025  0.016+0.006  0.00640.007  0.013+0.007 15.0+1.9%x107>  0.011£0.011
[S 1] M4068  95.54+7.8x10™* 0.02440.011  0.01740.008  0.018+£0.016  0.008+£0.004  0.0254+0.006  0.023+£0.006 10.5+1.6x10  0.03040.010
[S 1] M076 27.049.0x10™* 0.02040.009  0.00240.007  0.003+£0.017  0.015+0.008  0.00640.006  0.010£0.005 4.34+1.6x107>  0.01240.008
HS M101 0.2754+0.012  0.260£0.023  0.28140.012  0.2774+0.018  0.25940.011  0.25740.012  0.2734+0.013  0.256+£0.011  0.26940.015
HeIA4120  4.1£1.4x102  0.01640.021  0.002+0.005 .y oy iy 0.00340.006 0.9+1.4x107  0.016£0.012
Hel\4143  42.6£6.4x10™* 0.00740.008 e 0.02440.013  0.00940.004  0.005+£0.005  0.00540.005 iy 0.00440.014
CII \4267  3.84+1.0x1073  0.010£0.008  0.0114-0.006 e e 0.00140.005  0.00240.005 0.0044-0.006
[Fe 11]\4288 0.0084-0.005
H~y 4340 0.49740.016  0.467+0.023  0.49240.017  0.4934+0.022  0.46840.015  0.476+0.016 0.4854+0.016  0.472+0.016  0.46840.018
[O 1] M4363 4.7£1.1x1073 e 0.00640.007  0.01640.013 e e 0.00140.004 4.7+£1.4x1073  0.009+£0.009
HeIM4387  6.1£1.1x10°  0.01140.008  0.009+0.007 e 0.008+0.006 e 0.005+£0.003 1.74£1.6x107  0.010£0.008
He I M471 0.04440.003  0.04240.015  0.05140.005  0.016+0.008  0.02940.004  0.018+0.005  0.03340.005  0.036+0.002  0.0224-0.009
[Fe 111] A\4658 23.14+9.9x 1074 0.00240.005  0.01040.011  0.00040.003  0.00140.004  0.00740.004
He Il \4686  7.445.6x107* oy 0.00140.006  0.00040.013 e 0.00140.003  0.00340.003
[Ar IVI\4740 e 0.01640.011 e 0.016+0.011  0.00740.005  0.001£0.006  0.0014-0.004 e e
Hp 24861 1.00040.030  1.000£0.033  1.0004-0.031 1.0004+0.035  1.00040.030  1.000£0.031  1.00040.030  1.000+0.031 1.0004-0.033
HeIM4921  13.6£1.2x1073  0.0094£0.011  0.011£0.002  0.016+0.008  0.01340.003  0.009+£0.004  0.01440.002 9.6+£1.3x1073  0.002+0.009
[O11] A4959  0.619+£0.033  0.106+0.013  0.42840.026  0.088+£0.007  0.158+0.007  0.2104+0.009  0.311+£0.013  0.3854+0.014  0.03240.014
[0 1] A5007  1.85940.094  0.32740.026  1.304£0.069  0.260+£0.015  0.467+0.018  0.63840.027  0.939+0.039  1.1404+0.041  0.14840.008
He I A5015 0.0704+0.060  0.023+£0.015  0.04540.031  0.0254+0.010  0.02640.009  0.02140.014  0.0234+0.022  0.036+0.017  0.0094-0.005
[ArIIAS192 4.247.3x10™*  0.01540.014  0.003+£0.004  0.009+£0.008  0.00040.003 oy 0.000+0.002 oy 0.0074-0.007
[CIIIAS517 31.548.4x10™* 0.03540.017  0.00740.002  0.008+£0.006  0.003£0.003  0.01040.005  0.008+£0.004 18.349.1x10™*  0.00140.009
[CIIIAS537 19.848.3x107* oy 0.0084+0.003  0.01140.005  0.00040.002  0.00940.006  0.00640.004 13.9£6.9x107* oy
[N 1] A5755 24.947.8x10™* 0.00740.011  0.01440.005  0.020£0.007  0.010+0.004 oy 5.941.7x1073 43.04+6.4x10™*  0.008+0.006
He I \5876 0.1264+0.007  0.094+0.013  0.11840.007  0.090+0.011  0.0914+0.006  0.083+0.007  0.09940.005  0.118+0.007  0.0494-0.009
[O11 A6300  0.007£0.006  0.035+0.010  0.0234+0.002  0.023+£0.007  0.016+0.003  0.01640.004 14.7+£1.7x107 5.14+1.0x107  0.02040.010
[S 1] A6312  0.00940.003 e 0.01140.002  0.00040.007 e e 11.741.1x1073 96.54£8.1x10™*  0.0124-0.004
[O1] A6363  5.0£1.6x103  0.01540.009  0.0094£0.003  0.007£0.005 2.8+1.9x103 0.01440.002 7.2+1.5x1073 e e
[N 1] A6548  0.138£0.026  0.19940.101  0.17440.048  0.202+£0.077  0.154£0.074  0.1504+0.061  0.165+£0.059  0.15640.087  0.23940.048
Ha \6563 3.20940.095  2.862+£0.090  3.11840.095  2.9494+0.096  2.863+0.084  2.8774+0.088  3.04840.091  2.918+0.089  2.89140.090
[N 1] A6584  0.316£0.034  0.58240.044  0.439+0.034  0.612+£0.043  0.467+0.030  0.46240.027  0.491+£0.026  0.40140.032  0.703+0.035
HeIX6678  41.8£1.6x1073  0.03240.009  0.0394£0.003  0.02240.005  0.02840.003  0.026+0.003 30.9£1.7x1073 29.241.9x1073  0.020+0.004
[Su] X6717  0.160£0.006  0.44540.037  0.213+£0.013  0.437+0.031  0.283+£0.019  0.3404+0.020  0.253+£0.014  0.1934+0.013  0.48140.023
[St]A6731  0.111£0.004  0.30140.025  0.1534£0.010  0.304£0.027  0.198+£0.015  0.23640.016  0.187+£0.011  0.1394+0.011  0.32740.019
HeIA7065 21.2+1.5x107 0.0104£0.005 19.84£1.5x107  0.0234£0.007  0.01740.002  0.0154£0.003 17.8+1.1x1073 16.84+1.2x107  0.002-0.004
[Ar 1] A7135  0.106£0.004  0.06040.008  0.09040.005  0.050+£0.004  0.055+£0.003  0.0604+0.003  0.092+0.004  0.08240.004  0.02540.007
[Om] A7320  0.010£0.003  0.01740.009 21.441.7x1073  0.021£0.006  0.011£0.003  0.01740.003 26.9+£1.4x107 16.8+1.1x10>  0.01740.007
[O1] A7330  0.016£0.005  0.02340.009  0.0204£0.002  0.025+£0.006  0.0124£0.003  0.01040.003 20.8+1.4x107 13.8+1.1x107> e
[Ar 1] A7751  0.035£0.007  0.00940.012  0.02440.003  0.018£0.007  0.011£0.002  0.01740.006 22.1£1.7x107 19.741.0x1073
P12 \8750 0.01340.006  0.046£0.014  0.01540.002  0.02640.007  0.02240.005  0.01640.003 13.1£1.1x1073 7.74£1.2x10  0.02140.007
P11 8862 0.02040.006  0.052+0.028  0.016+0.003  0.0254+0.009  0.02640.007  0.0154£0.004 16.441.1x1073 108.3+7.5x10™*  0.03940.011
P10 \9015 0.0254+0.010  0.029+0.033  0.02240.003  0.0264+0.004  0.0114£0.007  0.02040.008 14.44+1.7x1073 0.021£0.003  0.03340.010
[SI] A9069  0.315£0.014  0.21140.016  0.22740.012  0.171£0.011  0.224+0.012  0.2134+0.009  0.2774£0.011  0.18440.010  0.19140.016
P9 19229 0.03240.002  0.0524£0.010  0.02740.002  0.0254+0.005  0.02740.003  0.03740.005  0.03240.002 21.2+1.3x1073  0.0764-0.023
[STI] A9532  0.845+0.034  0.45040.034  0.493+0.027  0.271£0.019  0.350£0.022  0.3604+0.015  0.446+0.017  0.59840.033  0.29040.016
P8 19546 0.05440.018  0.103£0.040  0.03340.007  0.0394+0.012  0.073£0.016  0.04240.011  0.04440.009  0.026+0.017  0.0584-0.025
c(HPB) 0.11£0.03 0.31£0.03 0.98%0.03 0.67£0.03 0.27£0.02 0.53£0.03 1.13£0.03 0.47£0.03 0.33£0.03
an 0.0732 3.2104 0.0)0 0.0707 1.8%01 1.6702 0.0708 0.9704 0.0%57
Fug 147.944£3.12 12.414+0.28 24.4140.51 13.374£0.32 27.39+0.56 31.76+0.66 18.70+0.39 103.414£2.12 17.0940.37
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CHAOS VII 39
Table A.2 (continued)
I(N)/I(HP)
Ton M33+313-342 M33+325-329 M33+330-345 M33+345-344 M33+333+745 M33+417-254 M33+371—348 M33+388-320 M?33+541+448
[O1] X3727 3.800E£0.162  0.429+0.028  0.034E£0.067  3.372£0.132  1.24210.073 4.776£0.177  4.574E£0.170 591210242  1.498%0.093
H13 \3734 0.02240.005  0.034+£0.019  0.0544+0.030 28.3+1.8x1073  0.02840.002  0.032+0.009  0.04840.010  0.042+0.017  0.02940.003
H12 A3750 0.035+0.007  0.087+£0.033  0.233+0.072  0.0454+0.008  0.0354+0.002  0.059+0.021  0.073+0.019  0.101+0.027  0.03540.003
H11 A3770 0.0294+0.008  0.130£0.032  0.266+0.070  0.0494+0.004  0.0404£0.003  0.082+0.012  0.0634+0.016  0.104+0.024  0.04240.002
H10 A3797 0.0484+0.011  0.076£0.043  0.1184+0.065  0.0624+0.004  0.060+0.005  0.070+£0.019  0.1034£0.021  0.090+£0.037  0.06320.006
He I \3819 oo 0.070+0.031  0.089+0.032  0.010+0.003 100.9+£6.5x10* 0.0164+0.015  0.01140.021 e 10.5+£1.2x1073
H9 \3835 0.076+0.009  0.1374£0.008  0.304+0.037  0.08440.006  0.0754+0.005  0.135+0.016  0.0964+0.017  0.104+0.025  0.0784-0.004
[Ne 1] A3868 0.029+£0.008  0.014+0.020  0.060+£0.027  0.048+£0.003  0.24740.014  0.0074£0.010  0.433+0.019  0.0174+0.017  0.150+0.008
He I A\3888 0.092+£0.009  0.458+0.052  0.0684+0.032  0.0974+0.008  0.082+£0.010  0.108+£0.011  0.076+£0.015  0.055+£0.033  0.06840.009
H8 3889 0.09240.021  0.151£0.085  0.22740.125  0.1204+0.007  0.11840.010  0.136+0.036  0.19740.041  0.174+0.071  0.12440.011
He I \3964 e 0.036+0.015 e 0.01240.009  0.031+0.010  0.010-+£0.015 e e 0.00340.009
[Ne 111] A3967 0.008+0.009 e e . 0.030+0.010 o 0.061+0.022 e 0.03040.010
H7 \3970 0.135+0.030  0.228+0.129  0.3354+0.184  0.17740.011  0.1774£0.015  0.202+0.054  0.288+0.060  0.257+0.105  0.18540.017
He I \4026 0.0014+0.006  0.14340.039 oo 22.14£1.9%x1073 19.1+1.5%x1073 e 0.02040.011 e 20.6+1.3x1073
[S 1] AM4068  0.024-0.004 o 0.03240.014  0.01440.002 104.3+52x10™* 0.036+£0.011  0.0474+0.010  0.038+£0.018 90.5+3.5x10~*
[S1] A4076  0.008+£0.004  0.054+0.057  0.00840.008 3.4+2.0x1073 34.1+4.3x10* 0.0144+0.011  0.022+£0.010  0.040+0.017 27.9+22x107*
HS 24101 0.255+£0.012  0.480+0.019  0.266+0.048  0.2614+0.011  0.25740.011  0.253+0.018  0.295+0.019  0.261+0.018  0.26140.011
He I M\4120 0.002£0.003  0.151-+£0.054 ‘e 3241.9x1073 24.546.3%x107* ver 0.00640.006 ver 23.443.7x107*
He I )\4143 ‘e 0.071£0.016  0.000+£0.019  2.8+1.2x103 20.6+4.9x10* 0.002+£0.011  0.016-0.010 27.842.8x107*
C II \4267 e ‘e 3.0+£1.3x1073  25.742.4x10™*  0.0164+0.007  0.01440.008 18.5+1.0x107*
[Fe I1]\4288 e e 0.026+0.014 . 7.1+23%x107 vee 0.01940.007 vee 30.948.5x1075
H~ 4340 0.4814+0.016  0.511£0.019  0.4484+0.022  0.4804+0.016  0.4734£0.016  0.486+0.020  0.4894+0.020  0.459+0.019  0.47240.016
[O 11] A4363  0.000£0.007 e e 0.003+0.002 178.8+7.5x107* e 0.025+0.007  0.02840.011  94.14+4.1x107*
He I \4387 0.001+0.004  0.067£0.016  0.016+0.023  5.0+1.0x1073 57.9452x10™* 0.011£0.008  0.0094£0.007  0.012+0.015 54.4+3.7x107*
He I M471 0.0184+0.004  0.193+£0.057  0.002+0.013  0.0384+0.002  0.04440.003  0.034+0.007  0.0504+0.006  0.017+0.010  0.04340.003
[Fe 1] A4658 0.000-£0.003  0.06310.092 e 1.1+£12x1073 53.2+7.7x107* e 0.002+0.005  0.00840.008 25.14+6.3x 1074
He II \4686 e 0.385-+0.020 . 1.0£1.3x103 18.5+8.2x107* e e e 6.443.0x10™*
[ArIVIA4740  0.002-£0.002 e 0.0060.012 . 9.0+£2.1x10™*  0.00340.006 e 0.006+0.014  0.3+1.4x107*
Hp 24861 1.00040.031  1.0004£0.031  1.00040.029  1.00040.031 1.00040.031  1.0004£0.032  1.000+0.032  1.0004+0.034  1.000+0.031
He I \4921 0.00740.002  0.177£0.018  0.086+0.017 9241.1x1073 12.941.6x107 0.01240.005  0.0044+0.008  0.026+£0.012 12.2+1.1x1073
[O111] A4959  0.234-£0.009  0.03140.009 o 0.370+0.013  1.28240.088  0.176+£0.010  1.05740.035  0.1874£0.014  0.914+0.062
[O 1] A5007  0.723+£0.028  0.138+0.017 ‘e 1.1104£0.041  3.84240.264  0.52840.019  3.2044+0.107  0.5354+0.021  2.743+0.184
He I A5015 0.026+0.015  0.109£0.012  0.088+0.034  0.0354+0.021  0.034£0.096  0.033+£0.007  0.05440.031  0.030+0.012  0.03140.033
[ArIIA5192  0.00440.003 e e 0.6+1.1x1073  4.84+1.3x107* o e 0.005+£0.009  35.4+6.1x107°
[CITIA5517 . 0.01040.006 e 3.541.1x1073  47.842.7x10™*  0.00740.008  0.00540.006 e 41.64£2.0x107*
[CITIA5537 - 0.00240.004  0.015£0.007 254+7.3x107* 342427x10™* 0.0024£0.004  0.012+0.005  0.0014£0.006 29.0+1.3x107*
[N 1] A5755  4.842.0x1073 0.009+£0.003  56.846.8x10™* 22.0+1.6x10™ 0.01440.005 20.04+1.0x107*
He I \5876 0.0874+0.005  0.535+£0.057  0.003+0.012  0.1134+0.006  0.12240.007  0.095+0.007  0.1314+0.007  0.068+0.014  0.12040.008
[O1]1 A6300 19.3+1.7x1073 o 0.0074+0.003  19.34+1.8x1073 15.441.0x1073  0.025+0.005  0.086+0.006 e 69.0+£6.7x107*
[S1I] A6312 12.0+1.4x1073 o 9.54+1.4%x1073 128.849.8x10* 0.002+£0.006  0.015+0.006  0.021£0.009 110.54+4.9%107*
[0 1] X\6363 0.005-0.002 47.2485x10™* 504+3.0x107* 22.241.9%1073 25.042.2x107*
[N 1] A6548  0.200£0.066  0.09440.052  0.12940.060  0.178+£0.084  0.055+0.014  0.1674+0.014  0.207+£0.048  0.14440.039  0.06240.014
Ha \6563 2.91340.089  2.558+0.076  2.8294+0.081  2.9994+0.092  2.8974+0.087  2.881+0.090  2.9624+0.092  2.848+0.090  2.959+0.089
[N ] A6584  0.516+£0.033  0.220+0.053  0.093+0.093  0.443+0.032  0.164+0.010  0.5034+0.024  0.551+0.029  0.413+0.025  0.18240.012
He I \6678 0.0224+0.004  0.332+£0.019  0.004+0.003 33.3+2.0x107  0.0354+0.002  0.030+0.003  0.03840.004  0.013+0.005  0.03620.002
[Su]A6717  0.288+0.016  0.12140.022 e 0.25740.014  0.106+0.007  0.360£0.012  0.610+0.027  0.272+0.013  0.104=0.007
[Sm] A6731  0.211+£0.013  0.080+0.020 e 0.184+0.012  0.0884+0.006  0.259+0.010  0.4384+0.023  0.188+0.012  0.078=0.006
HeIA7065 13.9+£14x1073 0.24240.035  0.007£0.003 16.7+£1.1x1073 242+1.5x10 0.0144+0.006 23.6+£1.9x1073 e 21.141.3%x1073
[Ar ] A7135  0.069+£0.003  0.015+0.006 1.84+1.4x107  0.080+£0.004  0.119+0.007  0.0854+0.005  0.113+£0.005  0.0360.007  0.098+0.006
[O1] A7320 26.54+1.7x1073  0.00740.007 o 21.8+1.4x1073 164.0£64x10™* 0.0264+0.005  0.033+0.003 e 131.04£5.3%x 107
[O1] A7330  0.021£0.002  0.0014+0.007  0.001£0.003 16.9+£1.7x1073 137.7+£5.8x10* 0.02240.011  0.031+0.003 109.94+4.9x 107
[Ar 1] A7751  0.029+£0.003  0.027+0.003  0.003£0.002 21.841.0x1073 28.6£1.6x1073 0.0254+0.006  0.030+£0.004  0.0284+0.010 23.6+1.3%x1073
P12 \8750 0.005+0.004  0.020£0.009 21.5£1.9x103 9.14+1.1x1073 108.8+5.9x10* 0.003+£0.005  0.015+0.003  0.013+£0.012 105.54+5.7x107*
P11 8862 0.010+0.004  0.018+£0.008  0.028+0.003 11.7+1.3x1073 1404+7.9x10* 0.013+£0.007  0.015+0.004  0.031+£0.012 138.84+7.7x107*
P10 \9015 0.016+0.003  0.023+£0.012  0.038+0.005 18.9+1.4x1073 18.84+1.2x1073 0.014+0.009  0.01840.007  0.028+0.012 149.0+£10.0x107*
[S 1] A9069  0.162+£0.008  0.05040.006  0.0074£0.002  0.185+£0.008  0.226+0.013  0.19440.009  0.206+£0.008  0.1414+0.009  0.27140.017
P9 29229 0.0254+0.003  0.058+0.011  0.04040.006 25.0+1.4x107 26.7+1.8x107  0.0324£0.006  0.02740.003  0.022+0.007 25.9+1.6x1073
[S1I] A9532  0.573+£0.027  0.154+0.011 o 0.670+0.029  0.24440.013  0.214+0.019  0.516+0.019  0.112+£0.009  0.590+0.037
P8 19546 0.0244+0.011  0.036£0.014  0.039+0.005  0.0294+0.012  0.0414+0.003  0.047+0.017  0.0454+0.010  0.030+£0.009  0.0384-0.005
c(HP) 0.65£0.03 0.55+0.01 0.451£0.03 0.27+0.03 0.40£0.03 0.78+£0.03 0.54£0.02 0.27£0.03
ay 11733 0.0°4 L4590 0.0%60 L7509 1033 0.0%5 1591 0.055
Fugp 46.9240.98 21.8240.48 60.24+1.23 103.73£2.13  1013.11£20.80  12.85+0.28 13.04+0.28 10.76+£0.25  2030.55+41.97
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Table A.2 (continued)
1()/1HB)

Ton M33+553+448 M33—464+348 M33-507+4346 M33—72-1072 M33—181-1156 M33-438+800 M33-442+797 M33-610-1690
[O1 X3727 1.594E0.094 2.042£0.121 1962E0.116  1.533E£0.070  2.431£0.156  2.226E£0.162  1.702£0.127  2.182%0.143
H13 \3734 0.02940.002  0.023+£0.002  0.0284+0.003 24.4+1.7x1073  0.0274£0.007  0.033+£0.004  0.02740.003  0.031+0.004
H12 A3750 0.037+0.002  0.034+£0.006  0.045+0.006  0.0314+0.002  0.03340.003  0.039+0.004  0.03340.004  0.0380.007
H11 A3770 0.04340.002  0.033+£0.004  0.055+0.005  0.0394+0.002  0.04440.004  0.043+£0.003  0.03640.003  0.043+0.004
H10 A3797 0.063+0.005  0.051£0.005  0.062+0.006  0.05440.004  0.0604+0.016  0.070+0.008  0.059+0.007  0.067+0.008
HeIA3819  9.9+1.5x102  0.01540.006  0.011£0.003 10.1+£1.1x1073  0.006+0.005 101.3+6.4x107* 8.5+1.3%x107>  0.008+0.004
H9 \3835 0.07740.004  0.079£0.009  0.0874+0.007  0.0704+0.003  0.0714£0.005  0.080+0.005  0.06740.005  0.083+0.007
[Ne 1] A3868 0.219+£0.012  0.22440.016  0.0774£0.005  0.189+0.008  0.18740.012  0.36440.028  0.290+£0.023  0.39340.022
He I A\3888 0.057+£0.007  0.086+£0.008  0.071£0.007  0.0784+0.006  0.075+£0.009  0.049+0.010  0.066+0.012  0.075+0.008
H8 3889 0.12440.009  0.098+£0.010  0.12340.012  0.106+0.007  0.1174£0.031  0.135+£0.016  0.1154+0.013  0.133+0.017
He I \3964 e 0.00440.009 e 0.0030.006 e 0.005+0.012  0.00440.012  0.001+0.014
[Ne 111] A3967 0.054+£0.009  0.06740.009  0.0204£0.010  0.046£0.006  0.04740.010  0.09440.015  0.074+0.013  0.08740.016
H7 \3970 0.186+0.014  0.145+£0.015  0.1854+0.018  0.1594+0.011  0.17440.046  0.19740.023  0.1734£0.020  0.200+0.025
HeIM4026 19.5+£1.2x107 0.01740.004 14.14+1.4x1073 15.8+1.5x107  0.015+£0.003 19.7+1.4x1073 17.8+£1.3x107  0.02140.003
[S 1] A4068 105.14+4.7x10™* 0.013+£0.003 8.5+1.3x1073 73.548.6x10™* 13.0£1.8x1073 201.64£9.5x104113.24+6.2x10* 0.023-0.002
[S 1] M4076  36.3+£3.7x10~* 0.004£0.002  18.1482x10™* 4.94+1.8x1073 73.8+7.6x10™* 38.8+5.3x10™* 7.74+1.8x1073
HS 24101 0.2574£0.011  0.258+0.012  0.2574+0.010  0.2594+0.011  0.260+0.011  0.268+0.011  0.259+0.011  0.260+0.012
HeI 4120 24.8+53x10™* 0.003+£0.005  0.004+£0.002 11.34+8.7x10™* 2.64+1.9x1073 27.74+4.1x10™* 23.6+5.5x10* 0.001+0.003
HelA4143  28.142.9x10™* 0.002+£0.003 13.8+6.9x10™* 27.3+4.8x10™* 3.14+1.8x1073 25.6+5.1x10™* 25.24+4.2x10™* 0.0030.003
CIIM4267  20.3+1.8x10™* 0.004+0.003 ‘e 6.745.0x10%  0.241.6x1073 6.6+1.3x10™* 0.543.7x10™* 2.942.0x1073
[Fe IA\4288 7.442.1x10™*  0.002-£0.004 e 59+6.8x10%  0.841.7x1073 11.541.3x10™* 0.64+3.2x10™*  0.00340.002
H~ 4340 0.4684+0.016  0.465+0.016  0.465+0.015  0.4614+0.015  0.45240.015  0.483+0.016  0.4604+0.016  0.470+0.016
[O 111] A4363 152.34+5.6x10™* 0.013£0.004 61.24£9.4x10™* 151.449.3x10™* 15.0+1.8x 1073 48.9+1.6x107> 27.8+1.4x107> 0.039+0.003
HeI)4387  57.14£4.2x10™* 0.010£0.005 5.34+1.2x1073 51.146.9x10™* 334+1.9x1073 53.443.9x10™* 48.6+4.3x10™*  0.005+0.003
He I \4471 0.04340.002  0.035+£0.004  0.035+0.002 38.9+1.7x1073  0.036£0.002  0.043+£0.003  0.0394+0.003  0.042+0.004
[Fe 111] 4658 37. 8:|:4 5 x10™*  0.0024+0.003 0.3+1.1x1073  14.0+£6.6x107* e 57. 7:|:4 4%107* 11 4:|:3 7>< 10*  0.00240.002
He II \4686 0.00240.003 . e 0.002+0.003
[ArIVIA4740 9.0+1. 4><10 4 0.003+£0.002  1.146. 7><10 4 11.94£79%x10* 1.6£1.5x1073 51. 0¢3 0><10 412, 5i2 5><10 4 37+1.6x1073
Hp 24861 1.00040.031  1.0004+0.031  1.0004£0.029  1.000+0.030  1.0004+0.031  1.000£0.031  1.00040.031  1.00040.030
HeIA4921 12241.1x1073 104+1.5x1073 8.14+1.1x1073 11.241.2x1073 10.64+1.6x1073 115.149.8x107* 12.3+1.4x1073  0.01240.002
[O 1] AM4959  1.219+£0.062  1.098+0.085  0.638+0.036  1.085+£0.052  0.981+0.060  1.71240.111  1.490+0.130  1.43040.104
[O 1] A5007 3.681+£0.186  3.325+0.258  1.91740.109  3.2584+0.156  2.923+0.183  5.182+0.327  4.468+0.398  4.365+0.134
He I A\5015 0.03340.031  0.0294£0.060  0.025+0.052  0.0314+0.087  0.034£0.090  0.048+0.126  0.0514+0.236  0.038+0.209
[ArTIA5192 5.54+1.2x10™% 29+1.6x1072 4.54+3.5x107* 11.849.0x10™* 10.1£1.5x10™* 8.842.1x10™*  0.003+0.003
[CITTIA5517 45.84£2.0x107* 4.44+1.5x107 30.8£6.5x10™* 47.3+7.9x10™* 3.541.2x1073 35.0+1.6x10™* 46.14£3.6x10™*  0.007-£0.004
[CITTIA5537 37.5£1.8x107*  0.0024£0.002 28.0£6.5x107™* 36.14+7.8x10™* 2.74+1.3x1073 33.2+1.5x10™* 34.14£2.4x10™*  0.006-£0.004
[N 1] A5755 26.7£1.4x10™* 0.003£0.002 35.8+£4.8x10™* 26246.3x10™* 2.64+1.1x1073 29.5+1.4x10™* 21.941.9x10™* 3.64+1.9x1073
He I \5876 0.1254+0.006  0.107£0.008  0.106+0.007  0.1154+0.007  0.10440.007  0.118+0.007  0.1104+0.008  0.110+0.008
[01] A6300 109.34+9.1x107* 0.015+£0.002 10.6£1.1x1073 90.249.5x10™* 19.941.5x1073 25.0+£1.6x1073 18.0+£1.4x1073 0.046+0.003
[S 1] A6312 147.545.9x107* 12.1£1.8%x 1073 113.64+6.5x 107 120.7+7.1x10™* 11.8+1.1x1073 213.1£7.6x1074174.1£6.9%x107* 13.0£2.0x 1073
[01] X6363  39.8+£3.0x10™* 43+1.1x1073 21.6+£7.6x107* 29.743.9x10™* 56.14£9.6x10™* 83.3+4.5x10™* 57.14£4.2x10™* 12.0£1.1x1073
[N 1] A6548  0.074£0.017  0.073+0.014  0.086+0.019  0.050+£0.013  0.065+£0.021  0.0514+0.015  0.044+0.014  0.07840.016
Ha A6563 2.898+0.087  2.895+0.088  2.9134+0.084  2.8774+0.084  2.869+0.087  2.955+0.090  2.838+0.085  2.846+0.083
[N 1] A6584  0.221+0.014  0.217+0.018  0.256+0.016  0.147+£0.008  0.195+0.011  0.156+0.009  0.130£0.008  0.23440.014
HeI 6678  38.9+1.9x1073 0.031+£0.003  0.033+£0.002  0.03340.002  0.03340.003 34.0+1.7x1073  0.033+0.002  0.036+0.004
[Su]A6717  0.114£0.008  0.1894+0.015  0.135+£0.010  0.100£0.007  0.170£0.012  0.10740.007  0.135+£0.009  0.31640.023
[S] A6731  0.094+£0.007  0.140+0.011  0.09740.008  0.076£0.006  0.122+0.009  0.10440.007  0.099+0.007  0.228+0.017
HeIA7065  39.241.5x1073 20.2+1.1x1073 19.8£1.2x1073 20.3+1.2x1073 19.8+1.6x1073  0.066+£0.003 21.0+£1.3x1073  0.020-0.003
[Ar ] A7135 0.12840.006  0.1084+0.006  0.095+£0.006  0.100£0.007  0.096+0.007  0.11840.006  0.104+0.007  0.09640.011
[O 1] A7320 224.847.6x10™* 0.02440.002 190.44+8.6x10~* 163+1.3x107 22.0+£1.8x1073 0.04840.002 19.9+£1.4x107 0.03440.003
[0 1] A7330 187.74+6.6x10™* 0.02140.002 155.848.0x10~* 13.84+1.2x1073 17.6+£1.8x103 0.0394+0.002 16.7+£1.2x107  0.02740.003
[Ar 1] A7751 31.5£1.2x1073  0.030+£0.002 24.8+1.5x107% 22.841.6x1073 22.9+1.9x1073 28.8+1.3x1073 25.2+1.5x1073  0.025+0.003
P12 A8750  128.94+7.6x107* 0.015+£0.002 128.44+8.9x107* 12.24+1.0x1073 9.441.5x1073 117.84£8.2x1074103.2£7.3x10* 0.017+0.005
P11 A8862  17.14£1.1x1073 0.0174£0.004 17.2+1.3x1073 16.3+1.1x1073 12.941.3x1073 15.6+1.0x1073 141.949.4x10™* 0.01940.006
P10 X9015  180.448.8x10™* 0.02240.003  0.024+£0.002 19.0+£1.5x1073  0.02140.002 181.5+8.5x107* 18.6£1.5x103  0.02640.004
[S 1] A9069  0.353+£0.016  0.268+0.018  0.29740.021  0.237+£0.018  0.250+0.013  0.276+0.013  0.251+0.018  0.23440.018
P9 \9229 30.3+£1.4x1073  0.02840.002 31.14£2.0x1073  0.026+0.002 26.8+1.7x1073 28.14+1.2x1073 24.3+1.6x103  0.03440.004
[S1I] A9532  0.72240.032  0.7124£0.049  0.7954£0.054  0.44340.032  0.425+0.022  0.723+0.031  0.755+0.054  0.537+0.044
P8 \9546 0.045+0.004  0.041£0.008  0.045+0.013  0.03440.004  0.02440.009  0.044+0.003  0.04340.005  0.034+0.004
c(HP) 0.26£0.03 0.54£0.03 0.11£0.03 0.15£0.03 0.35£0.03 0.71£0.03 0.20£0.03 0.07£0.03
ay 1. 2+l 1 26+09 22+03 28+09 30+09 00+20 10. O+42 1. 8+10
Fus 10634440186 145369297 1335.0392733  703.0411444 7118201476 7824041609 342.89007 14 216794454

NOTE—The reddening-corrected emission line intensities measured in the H II regions of M33. The left column provides the H II region ID, the remaining
columns provide the intensity for each emission line (rows). The last three rows provide the best-fit c(H3), ag (the stellar absorption EW in A), and Fy 5 in

units of 1071¢ ergs s™! cm™2



CHAOS VII

Table A.3. M33 Temperatures, Densities, and Abundances

M33 Physical Properties

Property M33+23-9  M33-28+6 _ M33-36-52 M33+2+111__M33-6-120 _M33+7/8+91 _M33-66-161 M?33+89+165
T[] (K) 5400£400  9300E£1900 9200900 - . 11800£3400  §700E£500  8700£400
T,[N11] (K) 67004£400 82004500 78004500 e . 9400700 79004200 8000400
7,[011] (K) . 8900+£400 85004400 72004300 76004400 77004300 85004300 82004200
T,[St1] (K) 62004600 80004300 70004200 75004600 74004400 68004400 6900100 74004300
T.[O 11] (K) 81004700
Re sty (cm™) 30480 1604150 6080 30+£100 1104110 40+110 70440 30440
e cin (em™) 820:
T, Low (K) 69004400 83004300 77004200 79004500 79004300 78004300 77004200 79004200
T, 1ne. (K) 59004500 80004300 71004200 75004600 74004400 72004400 6900100 74004300
T, migh (K) 71004900 83004700 80004800 84004900 84004800 86004800 80004800 82004800
O*/H* (10%) 34.3410.7 18.943.6 26.0+4.7 23.6+7.3 35.948.1 25.845.6 41.946.1 28.1+4.8
O*2/H* (10%) 1.240.7 13.84+4.4 8.543.6 3.1+1.3 6.242.6 42+1.6 6.542.7 42+1.7
12+log(O/H) 8.5540.13 8.514+0.08  8.54+0.07  8.4340.12  8.6240.09  8.4840.08 8.694+0.06  8.5140.07
N*/H* (100) 44.248.6 17.042.3 24.543.1 27.04+5.4 25.743.7 27.044.1 342432 29.743.2
N ICF L0%] 17403 13402 1.1%01 1241 1241 1.2101 12101
log(N/O) -0.8940.06  -1.05£0.05 -1.03£0.05 -0.94+£0.06 -1.15+0.06  -0.98+0.05  -1.0940.04 -0.98+0.04
log(N/H) 7.664+0.08  7.4740.08  7.514£0.07  7.48+0.08  7.484+0.06  7.504£0.07  7.60+£0.05  7.5340.05
S*/H* (107) 39.645.3 10.3+0.9 16.34+1.3 21.042.9 18.1+1.8 18.842.0 26.3%1.6 23.84+1.8
ST/MH* (107) 11294324 789497  139.04+145  66.9+15.0  167.44228  117.3+£18.3  178.74+11.4  89.549.1
S ICF 0.8870.08 1.0110:02 0.9810:02 0.9570:93 0.9610.04 0.9670:04 0.9670:04 0.9670.04
log(S/0) -1.42%0-17 -1.560-99 -1.36100) -1.50%0-14 -1.3770-10 -1.3670-10 -1.39%007 -1.47008
0g(S/H) “401 0712 U 505 “*02_6.06 --Y8 510 -1 008 ~+.0%_5.08 -+ 11606 -+70 507
Ne*2/H* (10°) - 28.1410.9 13.446.9 3.442.0 - 45422 8.344.3 4242.1
Ne ICF 1.3707 Lit? 0.7743 0.8%}3 0.7%43 0.77}3
log(Ne/O) -o.sstgég -0.76j§§§ 4.131%;;‘% -1-09i§12‘§ -1.02j§;;‘§ -1-14i§;;‘§
log(Ne/H) - 406107 422408 4704038 - -4.619>2 4341023 .4.63103
Ar?/HY (107)  11.043.8 17.442.4 18.242.2 10.642.8 19.343.2 15.642.8 19.741.4 12.0£1.3
Ar ICF 0.0619:%4 0.4810-04 0.299:94 0.1319:% 0.1749:% 0.1619:% 0.1619:% 0.1549:%
log(Ar/O) a.zsﬁégg a.zzjﬁ-i; -2.21i§%§ -2.33f§§; -2.28f§-§i -2.22f§§('f -2.33f§-§i -2.37f§-§§
3 . . ¥ ¥ ¥ ¥ ¥
log(Ar/H) 57315558 S5 56701 -5.91%3 -5.6573 -5.74%030 -5.64%040 -5.86%03)
CI*2/H* (107) 0.640.2 . - - Iy
CIICF 0.55+9-97
log(Cl/O) -3.59t§;}3
log(CI/H) -7.08%1

Table A.3 continued
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Table A.3 (continued)

1V

AT
T.

o 1 =
IO TITySITAI FTOPTTUTS

Property M33-88-166  M33+125+478 M33-89+89 M33-144-78 M33+70+228 M33+29+261 M33+135+264 M33+146+266
T,[S1] (K) 9000£1300  15600+£4900 6400£600 7200900  11300£1100  10400£500
T,[N11] (K) - 8900400 e 81004600 78004700 8400500  8400-£300 =
T.[O1] (K) 74004200 141004400 800041000 74004300 82004300  9400+500 8900200 7700400
T.[Su1] (K) 6400400 74004200 7600800 - - 7600200 77004200 81004700
T,[O 1m1] (K) - 8000400 - 7800+200 73004500 .
Resin (em™) 50+40 3904140 70100 30440 9080 100110 50+70 10£50
e (citin) (cm™3) 50:
T Low (K) 72004300 81004200 80004500 81004600 78004700  8100£200 8100200  8400-£500
Tone. (K) 6400400 75004200 76004800 77004900 720041100 77004200 77002200  8100-£700
T, igh (K) 7700£900 82004400 85004900 830041100 780041200  7900£200  7800-£500  8800-£900
O*/H* (10°) 53.4+150  20.3+2.8  28.1+102  27.9+10.8  36.4+18.8 18.7+2.9 19.1+2.9 19.8+6.1
O*2/H* (10°) 4.4=2.1 23.445.1 6.8+3.0 2.1+1.1 2.2:+1.5 17.6+2.5 13.74£3.5 53421
12+log(O/H) ~ 8.76+0.11  8.64+0.06  8.54+0.13  8.48+0.16  8.59+0.21 8564005  8.52+0.06  8.40+0.11
N*/H* (10%) 40.8+6.9 17.1£1.7 25.6+5.8 27.7+65  36.5+11.3 14.0£1.6 16.5+1.7 17.3+3.3
N ICF L1 2.2+03 12101 1.1%01 1.1%01 1.9%02 17402 1.3%01
log(N/O) -1.12£0.05  -1.08£0.03  -1.04+£0.07 -1.00+£0.07 -1.00+£0.09  -1.13+£0.05  -1.06+0.04  -1.0620.06
log(N/H) 7.65£0.07  7.57+£0.07  7.50+0.10  7.47+0.09  7.59+0.12 7431006  7.45+0.07  7.34+0.09
S*/H* (107) 31.843.6 11.4£0.8 18.0+£2.8 30.4+4.8 36.0+7.6 11.2+0.9 12.7+0.9 14.3£1.9
S*2/H*(107)  162.8433.6  167.2£13.0  79.8+21.1  71.1£20.8  85.4:+34.1 97.2+8.4 78.6+73  56.8+12.3
0.06 0.02 0.02 +0.07 +0.07 +0.02 +0.02 +0.02
S ICF 0.92+0-9¢ 1.03+0:92 0.97+092 0.92+097 0.91097 1.02+0:02 1.00+0:92 0.98+0:92
log(S/0) -1 .51j§;};‘ -1 .38f§:§% -1 .56j§;}% -1 ‘51f§;}§ -1 .55f§;§% -1 ‘52f§;06 -1 .55t§;§; -1 .56f§;}j
log(S/H) 474598 47450403 -5.02% 11 -5.03%19 -4.96% 13 -4.96%0 03 -5.04%0 01 -5.16%505
Ne*2/H* (10°)  6.3+3.8 49.5£129  12.8+74 33423 - 344454 20.246.3 7.944.0
Ne ICF 0.57)2 1.2103 10403 0.57)2 1.370:¢ 1.3197 1.0}
log(Ne/O) -1.131§;§§ -o.59j§;5§ -0.74*0% -1.101%;3% —0.61j§:% -0.72ﬁ§;;9 -0.82j§§7
log(Ne/H) 4361092 -3.95%5% 4200047 -4.6370% - -4.0549 19 -4.20%033 4421040
Ar2/HT(107) 177443 29.0+2.5 14.8+4.5 7.842.7 9.3+4.4 18.7+1.8 15.7+1.6 12.1£3.0
0.04 0.05 0.05 0.04 +0.04 0.05 0.04 +0.04
YOS N s N O v O e O
O, v =L X -Z. . -Z. X =L : - 2 -Z. X -Z. 13 -Z. 2
log( ArH) e | Ny Ry S e | S = S, B0 | Yo .2
8 U0-0.28 -0.07 -0.25 Y7-0.33 -0.42 7-0.07 ©Y-0.10 *PY-0.21
CI*2/H* (107) : : 1.1£0.2 1.010.1
CIICF e 0.619:97 0.5519:97
log(C1/0) -3.43i§;i§ -3.40i§;ﬁ
log(CI/H) -6.87%0 00 -6.88701)

Table A.3 continued
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Table A.3 (continued)

AT
VIO

o 1 =
J TITYSICAI TTOPTTUCS

Property M33+113-224 M33+69+352 M33+62+354 M33-36+312 M33-2-340 M33-108-389 M33+33+382 M33-35-385
T,[S1] (K) 8500£700  8500£600 9200600  7600+£500  8100=1000 7800700 e 7900400
T,[N11] (K) 85004400 79004400 7700300 e e e 82004300
T.[011] (K) 77004200 83004300 91004300 77004300  7700£300 7900300 e 7700200
T.[Su1] (K) 6900200 75004600 79004300 101004800 76004400  7300£500 99001300  8000-£200
T,[O 1m1] (K) 7800500 121001200
Nesin (em™) 50480 30+80 100-£100 6080 20450 30480 7080
e (citi) (cm™3) 330+960
T Low (K) 77004200 79004400 80004200 98004600 80004300  7900£400 10200900  8200-£200
To e, (K) 7000200 7400600 77004300 101004800 76004400  7300£500  9900-£1300  7900-£200
T, igh (K) 83004800 82004900 8000500 1010021000  8500-£800  8300-£900 110001200 85004800
O*/H* (10°) 423+6.3 26.8+6.8 20.643.5 148+40  30.9+64 28.9+8.4 6.2+23 274443
O*/H* (10°) 8.8+3.4 2.6+1.1 8.642.4 1.5+0.5 3.9+15 4.5+19 3.8+13 4.1£15
12+log(O/H) ~ 8.71+£0.06  847+0.10  8474+0.06  821+0.11  8.54+0.08  85240.11  8.00+0.12  8.50:0.06
N*/H* (10%) 229424 30.4+4.9 203425 15.1£2.5 253433 20.8+3.8 6.8+1.6 217423
N ICF 1.2504 11791 14101 1.1%01 1.1%01 1.2:01 1603 11301
log(N/O) -1.27£0.04  -0.95+£0.05 -1.01£0.05  -0.99+0.05 -1.09+0.04  -1.14+0.06  -0.96+0.07  -1.10+0.04
log(N/H) 7444005 7524007 7464006 7224007 7454006  7.38£0.08  7.04+0.12  7.40+0.05
S*/H* (107) 15.5£1.2 32.64+3.7 15.1+1.3 242428 21.4+1.9 19.242.4 7.1+£1.2 27.942.1
SY/MH*T(107) 16724142 715147 70.8+7.7 294452  88.1%124 9404192  35.0£99 59.8+5.2

0.03 0.06 0.01 +0.06 +0.05 +0.04 +0.02 +0.04
S ICF 0.973% i 0.93t+% H 0.993% m 0932918 09521 09621 100G 09621
log(S/0) L4620 e AT L5153 L5259 L4970 L38ge 15700
log(S/H) 47545 -5.017557 -5.077004 -5.307002 -4.987000 -4.96709% -5.387010 -5.087003
Ne*2/H* (10°)  11.6£5.5 2.1%1.2 12.74£4.2 - 43422 54429 6.1£2.6 74435
Ne ICF 0.9)3 0.673 12404 0.77)3 0.73 1.3108 0.773
log(Ne/O) -o.93j§;§i -1.33t‘8);§é -0.75t§;§§ -1.14t§;;‘§ -1.05t§;g‘g -0.69t§;§% -o.sstg;g‘g
log(Ne/H) -4.23+028 4877080 42803 - -4.60%9>> -4.52+0> -4.69193%  .4.39%0>2
Ar2/HT (107)  19.941.9 9.442.3 11.9+14 4.4£0.9 13.9+2.2 11.9+2.8 77425 8.840.9

X .04 .04 .04 . X .04 X

ArICF 0.20j0_32§ 0.1 1j0_823 0.3470:04 0.1170:04 0.130:02 0.16+0:03 0.4470:04 0.15+0:02
log(Ar/O) -2.34j§;10 -2.42t§;2§ -2.32j§;{1 -2.50j§;§g -2.33j§;§? -2.39j§;§§ -2.05j§;§} -2.49j§};
log(Ar/H) -5.637515 -5.95%3! -5.867015 -6.28+023 -5.797053 -5.867023 -6.057020 -5.99*040
CI*2/H* (107) - 0.9£0.1 - 0.8+0.1
CIICF 0.4310:96 0.2410:07
log(Cl/O) -3.33103? -3.34j§:§é
log(CI/H) -6.877013 -6.84*9.39

Table A.3 continued
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Table A.3 (continued)

e
T.

o xomm a1 =
VIS5 TITYySICAlI FTOPTTUCTS

Property M33-78+311 M33+116-286 M33-99+311 M33-148-412 M33+46-380 M33+126-313 M33-77-449 M33-168-448
T.[S11] (K) 10100£1300 78001400  9000+600 8900+900  10300£900 1050041000 e 7600600
T.[N11] (K) 8700400 8300900 9100+700
T.[O11] (K) 77001300 84004400 8200+300 74001300 78001100 98001300 78001300 75001300
T.[Su1] (K) 8300500 7500600 8200300 7200£700 8000£200 8200£500 8100£900 8500£700
T.[O 1] (K) 78001600 7700600 91004200

T.[Arna] (K)

Nesi (em™) 30+80 4080 4080 60110 80460 204110 10£80 204110
Retcum (cm™) . - 7501500 . 330: . . e
T Low (K) 85004400 8000500  8400£300 7900500 8300200 8500400  8400+600 8600500
Tone. (K) 83004500 75004600  8200=300  7400=700 80002200  8200-£500 8100900 8500700
T, igh (K) 89004900 84004900 8400600 8300900 8200600 9100200 88001000 9000900
O*/H* (10°) 22.9+5.1 279+84 219438  274+100  29.8+42 201448  284+109  23.0+6.7
O*Y/H* (10°) 2.7+1.0 57424 8.7+2.6 3.0+1.4 10.4+2.9 20.642.1 2.1+09 1.2+0.5
12+log(O/H) ~ 8.41+0.09  8.53+0.11  8.494+0.07  8.48+0.14  8.60+0.06  8.61+0.06  848+0.16  8.38+0.12
N*/H* (10%) 18.6+2.7 20.5+3.9 156+£19  223%5.1 15.1+1.4 16.5+2.7 18.8+4.4 18.8+3.5
N ICF L1704 12401 14101 1.1%91 1.3%01 2,003 11401 11301
log(N/O) -1.09£0.05  -1.13£0.06  -1.15£0.05  -1.09+0.07 -1.30+£0.03  -1.09+£0.05  -1.18+£0.07  -1.0940.06
log(N/H) 7324006  7.394+0.08  7.34+0.06  7.3940.09 7314005 7524008  7.31+£0.09  7.30+0.08
S*/H* (107) 13.4£1.3 22.0+2.9 13.3+1.1 25.143.9 14.4£0.9 28.94+3.2 232438  23.14+3.0
S*2/H* (107) 61490 9394204 622466  84.14224  68.5453 84.0£14.2  557+15.0  37.6+7.6
0.05 0.03 0.01 +0.05 +0.02 +0.02 +0.07 +0.07
e 0% O O%ag OStan 0w M%ae 0% O
o v A 1 Bt | W 1 e /A0 | S S 1
log(S/H) 5154900 49500 5310t 49900 -5.09*003 -4.94*0-0¢ -5.1410% -5.26:507
Ne*2/H* (10°) - 13.6£7.5 122443 3319 21.9+7.6 75.4+8.8 e .
Ne ICF e 0.9+}3 1241 0.64)3 1142 12106
log(Ne/O) - -0.68j§;§§ -0.78j§;§§ -1.181§;§§ -0.62j§;g; -0.347017
log(Ne/H) e -4.15%531 -4.29%0-3¢ -4.70%39 -4.01%5:38 -3.734018 e e
Ar2/HT (107)  8.9+15 11.9+3.0 11.8+1.5 9.6+3.0 12.1£1.0 159431 7.0+2.2 52+1.2
ArICF 0. 12%8232 0.20%8233 0.33%?831;‘5 0A12t+%82§8 0.30%81‘3: 0.56%%8120 0092%32‘2‘9 0.072%82‘2‘7
log(Ar/O) 23903 238 235gn 24300 2455 23650 25450 2535
log(Ar/H) -5.98%053 -5.867033 -5.867013 -5.957030 -5.857015 5755011 -6.067035 -6.157037
CI*2/H* (107) 0_8:|:(())_026 0,7:5())_01
CIICF . - 0.4210:96 - 0.4079-96
log(Cl/O) e e -3‘41t§;{§ e -3.58j§;{§
log(CI/H) e - -6.927012 e -6.987015

Table A.3 continued
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Table A.3 (continued)

1V

AT
T.

o 1 =
IO TITySITAI FTOPTTUTS

Property M33+175+446 M33-211-438 M33-224-437 M33+19+466 M33+209+473 M33-263-461 M33-267-462 M33-128+386
T,[S1] (K) 8400£1000 9500600 10100900 9400900  10000E500 n 7300400 e
T,[N11] (K) 86004800 84004500  8100=800  8700=500 8400300 9000300  7500+200 93004900
T.[011] (K) 83004400  8400+300  8100+300 8600300 8700400  7200+£300  6600+200 9600300
T.[Su1] (K) 7900+£500 78004300 72004400 82004400 80004200  7600£400 7400300  8900-£300
T,[O 11] (K) - 9600300 - . 81004200 . . 83004500
Nesi (em™) 1050 30490 50100 40100 9090 6070 4060 9080
Recum (cm™) 310+410 470:
ToLow (K) 83004400  8300£300 7800300  8500=300 8300200 8500300  7700+200 89004300
Tone. (K) 80004500 79004300 7200400 82002400  8000-£200 8100400 7200300 8900300
T, migh (K) 87004900 94004300  8200=800  8900-£800 82002200 8900800 7900800 87004500
O*/H* (10°) 35.949.2 23.8+43 36.8+8.0 16.7+3.1 22.6+3.2 24.5+4.4 36.946.1 144421
O*/H* (10°) 3.8+L5 7.2+1.0 4.9+2.0 7.6+2.7 12.8+1.6 6.0%+2.1 1.5+0.7 14.1£3.1
12+log(O/H) ~ 8.60+0.10  8.49+0.06  8.62+0.09  8.38+0.07  8.55+0.04  848+0.07  8.58+0.07  8.45:+0.06
N*/H* (10%) 27.1+43 21.4+2.8 27.14£3.9 13.5+1.8 14.5+1.4 15.6£1.9 25.742.9 10411
N ICF L1 13101 11791 15102 1.6%1 1.2%1 1.0%01 2,003
log(N/O) -1.12£0.05  -1.04£0.05  -1.13£0.05  -1.09+£0.05 -1.19+£0.04  -1.20+£0.04  -1.16:£0.04  -1.14+0.04
log(N/H) 748+007 7454006  7.494+0.06 7294007 7364005  7.2940.06  7.43+£005  7.31£0.07
S*/H* (107) 24.8+2.7 224420 255426 12.3+1.2 11.7+0.8 15.5+1.3 28.942.3 9.7+0.7
S*2/H*(107) 8524148 8324106  104.5+14.8  53.7£70  80.7+56 75.949.1 83.7£105  58.6+4.8
0.05 0.02 0.05 +0.01 +0.01 +0.02 +0.08 +0.02
S ICF 0.94+005 0.98j0_9? 0.95*092 0.99+0:01 1.0070:91 0.98+0-92 0.89+0-98 1.02+0:92
log(S/0) —LSSf‘é:}ﬁ -1.48t§;8§ -1‘53t§;{g -1.57j§;§§ -1.58j§;§§ -1.53j§;?§ -1.58j§;?? -1.61j§;§§
log(S/H) -4.99+5:08 -4.98%0¢ 49140 -5.19%02 -5.04%03 -5.05% 0 -5.00%5 08 -5.16%03
Ne*2/H (10°)  5.0+2.5 17.3+2.7 6.2+3.2 11.2+4.9 23.0+3.1 10.2+4.7 e 31.7+84
Ne ICF 0.6443 1142 0.7+43 1.2419 1.3198 1.o+3 1.319¢
log(Ne/O) -1.10i§-§g -0.59t§-§§ -1.07i§-;‘§ -0.74i§§§ -0.64f§§§ -0.78f§-§i -o.ssigé%
5 3 5 . . K .
log(Ne/H) 4514037 410403, 4457037 4357032 -4.09*023 -4.301033 e -4.09+021
Art2/HT (107) 134427 10.2+1.4 13.5+2.2 12.1+1.8 14.0+1.3 11.0£1.5 6.5+1.0 13.5+1.3
Ar ICF 0.1 1t+(;<);4 0.27j+?6;glg‘l 0. 14%?88233 036%81;‘7 0.42%92;‘8 0'232?2581% 0061;80:82‘2; 0.55%)00;3121
log(Ar/O) 240505 24y, 2425 224507 23450 2380 2597 22
log(Ar/H) -5.807053 -5.92701 -5.80752 -5.857014 5797008 -5.897017 -6.00705¢ -5.82% 0%
CI*2/H* (107) 0.940.1 0.8+0.2
+0.0 +0.0
ClICF 0.50%0-97 0.33+0:97
log(Cl/O) -3.46j§~§§ -3.37j§§}
X 20
log(CI/H) -6.917000 -6.88%520

Table A.3 continued
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Table A.3 (continued)

e
T.

o xomm a1 =
VIS5 TITYySICAlI FTOPTTUCTS

Property M33+267-191 M33+121-405 M33+299-164 M33+208+567 M33+94+574 M33+107+581 M33+322-139 M33+299+541
T.[St] (K) 95002900 98001000 e 10700£1000 9200500  9100£800  8400+£800  9200+£1300
T,[N11] (K) = 9600800 or 84004800 85004400 8200500  8300-£700 >
T.[O1] (K) 83004300 83004200  8600+400 8800300 8000200  8100+£200  8900+300  8700+500
T.[Su1] (K) 7600500 78004300 85004900 84004300 76004200  7700£200  8000-£300  9000-£800
T,[O 1m1] (K) - 8800500 e 7900-£200 . . 84004500 -
ne (s (em™) 4090 40+110 20450 40+110 2060 30450 7040 304100
e (citin) (cm™3) 680:
ToLow (K) 80004400 8400300 8700700  8500=300  8200£200 8100200  8300+300 9000600
Tone. (K) 7600500 80004300 85004900 83004300 77004200  7800£200  8000-£300  9000-£800
T, igh (K) 84004900 89004500 91001000 8000200  8600£800 8500800 8500500 94001000
O*/H* (10°) 37.0+10.2 18.043.1 20.4+7.7 14.3+2.4 29.7+4.5 29.8+4.6 16.2+2.8 20.5+6.3
O*2/H* (10°) 6.0+2.5 9.742.0 8.4+3.5 16.2+2.3 5.5+2.0 5.5+2.1 11.242.6 3.3+12
12+log(O/H) ~ 8.63+0.11 8444006  8.46+0.13  8.48+0.05  8.55+0.06  8.55+0.06  844+0.06  8.38+0.12
N*/H* (10%) 224139 11.4£1.5 10.7+2.5 84%l1.1 19.9+2.0 19.3£2.0 94+1.5 15.2+3.0
N ICF 1.2504 1541 14192 2.1+02 1.2%01 1.2%1 17402 1.2:01
log(N/O) -1224£0.06  -1.20+£0.04  -1.28+£0.07 -1.23+£0.05 -1.174£0.04  -1.193£0.04  -1.24+0.06  -1.1320.06
log(N/H) 7424007 7244006  7.18+0.11  7.25+£0.07  7.37+0.05  7.36+0.05  7.20+£0.08  7.25+0.08
S*/H* (107) 22.3+2.7 10.9+1.0 11.7£1.8 8.240.7 19.6+1.4 19.1+1.4 7.3+0.5 23.243.1
S*2/HT(107)  109.8420.7 733495  54.1£139  53.1+57 71.6+6.2 73.5+6.6 732473 458495

0.04 0.01 0.01 +0.02 +0.03 +0.03 +0.02 +0.04
SICE 00%m  O%an O%w Qe O 0%an 10w 00%n
0g(S/0) -1.53%5y -1.52% 08 - '65—8.18 -1.697 06 -1.60Z4 09 -1.60Z 09 -1.532007 1,562
log(S/H) -4.907507 -5.087002 -5.19704%7 -5.207004 -5.067002 -5.057052 -5.097004 -5.187008
Ne*t?/H* (10%)  7.9£4.0 16.944.1 148475 32.0+5.1 7.0+3.2 9.2+4.3 19.2+5.4 7.3+3.6
Ne ICF 0.8+13 1.3199 1241 12193 0.8+14 0.8+04 1.3197 0.8+02
log(Ne/O) -1.00i§;;‘§ -0.65f§§§ -o.67i§;§§ -0.62ﬁ§;;z -0.98ﬁ§;§§ -0.86f§;§§ -0.66f§ég -0.78ﬁ§;§g
log(Ne/H) 4371933 -4.21+5-28 4217030 -4.1370 18 -4.43%04 431754 -4.22+8-28 -4.40%5->3
ArHY (107) 145432 13.5£1.9 114434 12.6£1.5 13.8+1.4 112412 14.3£1.6 6.3£1.5

. .04 .04 . . X .04 X

Ar ICF 0.16*0:02 0407094 0.34%0:04 0.59f0_%§ 0.18%0:02 0.18%0:02 0474004 0.16*0:02
log(Ar/O) -2.41j§;§§ -2.25t§;}% -2A33j§;§§ -2.34j§;8§ -2.34j§;{§ -2.43j§;$§ -2.23j§;{§ -2.52j§;§%
log(Ar/H) '5-781)% '5-812):%(1) '5-88%% -5.86%0s '5'80t0i{7 '5'89tof{8 '5-79tof118 '6-14t01%§
CI*2/H* (107) e 0.7£0.2 e 0.7£0.1 e e 0.740.1 e
CIICF e 0.4919:07 e 0.660:98 . . 0.540:07
log(Cl/O) e -3.45t§;i; e -3.54i§;i§ e o -3.47i§;ij
log(CI/H) e -7.01%5-18 e -7.065:0 - e -7.03%%-12

Table A.3 continued
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Table A.3 (continued)

e
T.

o xomm a1 =
VIS5 TITYySICAlI FTOPTTUCTS

Property M33+334-135 M33+306-276 M33+405+554 M33+298-344 M33+313-342 M33+345-344 M33+333+745 M33+371-348
T.[St] (K) 9200-£600 Iy 125003100 8600900 116001900  8600+£800  12800+£800 109002000
T,[N11] (K) 8000900 X 9200-£1000  8800-£500 oE 9400-£500 9600300 =
T.[Om1] (K) 88001200  8200+300  8700£200 7900200 8600300  8300£300  12400+600 9100400
T.[St] (K) 7200-£600 8800600  8400+£300  8200£300  9000+400  7800+400 94004300 =
T[Om] (K)  7800£500 e - 8800700 - . 9000200 107001000
T.[Ar11] (K) 92004800
Ne sty (cm™) 10£30 4070 7080 4080 6070 40£70 200+130 4060
Ne.[clIn (cm‘3) 310: 200+390
T Low (K) 7800-£500 8900500  8600+£300  8500+300  9000+300  8500+300 93004300 1000041000
Te i (K) 7100£600 8800600 8400300  8300+300  9000+400  8200+400 95004300 1110041900
T, migh (K) 7900-£500  9200£900 9100800 8900700  9400+800  9200+800 91004200 1070041000
O*/H* (10°) 24.248.0 23.3£6.1 26.9+4.3 227437 22.2:+4.1 25.2+4.7 6.2+1.0 16.6+7.1
O*2/H* (10°) 16.344.1 6.142.2 4.6+1.6 6.2:+1.9 3.2:+1.1 5.4+1.8 19.4£1.9 9.24238
12+log(O/H) ~ 8.6140.10  847+0.10  8.50+0.06  8.46+0.06  841+£0.07  8.49+0.07  8.41+0.04  8.41+0.13
N*/H (105) 13.5+3.0 12.7+2.2 15.5+£1.7 13.0£1.6 143£1.8 14.2£1.9 4.1£0.4 11.4£3.0
N ICF 1.7:03 1.3704 1.204 1.3704 L1704 12431 4.1706 1.6703
log(N/O) -125+0.07  -1.274£0.06  -1.244+0.04 -1.2440.05 -1.1940.04  -1.25+0.05  -1.18+£0.04  -1.16+0.07
log(N/H) 7.36£0.11  7.204£0.08  7.26+£0.05  7.2240.06  7.21+£0.05  7.24+0.06  7.23+£0.07  7.25+0.12
S*/H* (107) 13.74£1.9 12.6+1.4 16.6+1.3 12.8+1.0 16.5+1.4 16.8+1.5 5.9+0.5 26.3+4.7
SY/H' (107)  122.3+£29.6  48.2+484 65.8-£6.3 59.8+6.1 46.9+5.5 67.9+8.3 41.0+£4.0 27.5+9.3
0.02 0.02 0.04 +0.02 +0.04 +0.03 +0.04 +0.01
SICF 1.oot+% 0 0.98%% [ 0.962% " 0.9810_9% 0.96 o 0.97 o 1.081% 0 0.99 00
log(S/0) _1'47’8" 4 -1.705-11 -1.6070-07 -1.615007 -1.62709% -1.57+09% -1.7155:98 -1.68%0-13
log(S/H) -4.875%% -5.23%508 -5.10% 04 -5.15% 08 5225003 -5.09%03 -5.30% 01 527508
Ne*t?/H* (10°)  20.6+6.3 8.0+4.1 o 8.8+3.2 4242.0 7.6+3.1 41.0+42  36.5+13.1
Ne ICF 1.3+0.7 1.0+1,3 .. 1.0+1.3 0.7+143 0.9+1A3 1.1+0.3 1.3+O,9
0.6 0.5 —0.5, —0.4 0.5 0.2 0.6
log(Ne/O) -o.79j§;§2 -o.sstgég - -0.84f§;§§ -1 .03f§;;‘§ -0.9of§;§z -0.64t§; ﬁ -0.29t§;§g
log(Ne/H) -4.18%5-28 -4.42+04 e -4.38+049 -4.6310-2 -4.41#548 -4.23%012 -3.88%031
Ar/HY (107)  21.946.2 10.242.0 11.8£13 11.1£13 7.4+£1.0 10.9£1.6 11.241.2 74428
Ar ICF 0.4610:04 0.2419:04 0.1749:9 0.259:94 0.1519:% 0.20*9:% 0.8219:9 0.419:04
log(Ar/O) 22179017 -2.39t§;}3 2367013 -2.357)-18 2471040 -2.387013 2327007 -2.48701
log(Ar/H) -5.607017 -5.92'315 -5.867515 -5.897013 -6.0704% -5.90715 -5.92+0-0¢ -6.07033
CI*2/H* (107) 0.7+0.3 0.6=0.1
CIICF e ey e e iy 0.3019:97 0.89+9-%¢
log(Cl/O) e s e e e -3.4oi§:§§ -3.ssj§;§§
log(CI/H) -6 91:):2‘3 7 15t0:06

Table A.3 continued
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Table A.3 (continued)

AT
T.

1V

o 1 =
IO TITySITAI FTOPTTUTS

Property

M33+541+448 M33+553+448 M33-464+348 M33-507+346 M33-72-1072 M33-181-1156 M33-438+800 M33-442+797

T,[S1] (K) T1900£600 12300700 10000E1900 9400E1100 10400£1000 10800E1300 281003300 11800£700
T,[N11] (K) 89004300 92004300 e 9700500 108001200 e 11000-£400 10500500
T.[011] (K) 9700+400 129004600 116004800 102004400  10800+500 9800500 180001600 11400600
T.[Su1] (K) 83004200 83004200 8400500 7900200  8900-£300 8700300 10400200 93004300
T[Om] (K)  8300+200 87004100 87004700 82004300 91004200  9300£300  11200£200 9900300
T.[Arm] (K) 8900500 9400700 - e - - 11800700 118001200
Nesin (em™) 80110 180130 70100 4090 90+110 40100 450190 6090
Refcum (em™)  80+210 8404350 . 1400: 490: . 1800£500 350450
T Low (K) 86004200 8800200 8600400  8400=200  9000-£300 8800300 10300200 95004300
Tone. (K) 84004200 85004200  8400=500  8000-£200  9000-£300 8700300 10700200 9600300
T, igh (K) 8400200  8700+100  8800+700  8500+300  9100+200 93004300 112004200 99004300
O*/H* (10°) 10.6£1.5 10.5£1.4 152432 157423 8.9+1.4 15.6+2.6 7.24+0.8 77%1.1
O*/H* (10°)  18.9+1.9 21.4+1.6 18.7£6.2 12.7+2.1 16.1+1.4 13.542.0 12.7+1.1 16.3+2.0
12+log(O/H) ~ 8.47+0.04  8.504+0.03  8.53+0.09  8.45+0.05  8.40+0.03  846+0.05  830+0.03  8.38+0.04
N*/H* (10%) 5.7+0.6 6.6+0.6 6.9+1.0 8.640.9 4.1+04 5.7+0.6 3.0+0.2 3.1+0.3
N ICF 2,803 3.0103 22103 1.8702 2.8%03 1.9702 2.8103 31504
log(N/O) -1274£0.04  -120+0.04  -1.3440.05 -1.26+0.04  -1.34+0.04  -1.44+£0.04 -1.38+£0.04 -1.40+0.04
log(N/H) 7204006  7.3040.06  7.1940.10  7.1940.06  7.06+0.06  7.03£0.06  6.92+0.05  6.98+0.07
S*/H* (107) 6.8+0.5 7.4£0.5 12.6£1.3 9.2+0.7 5.8+0.5 10.2:£0.8 5.0+0.3 6.7+0.5
S*2/H* (107) 64.9+5.8 819455  68.6£10.0 851480  48.14+53 54.545.7 413125 534453
0.02 0.02 0.02 +0.02 +0.02 +0.02 +0.02 +0.02
S ICF 1.04+0:92 1.05+0:92 1.03+0:92 L.01*: 1.04+0:92 1.01+0:92 1.04+0:02 1.05+0:92
log(S/0) -1 .60j§;§§ -1 .53t§;§% -1 .61j§;é? -1 .47t§;0° -1 .65f§;§§ -1 ‘65f§:§§ -1 .62f§;04 -1 .58t§;§§
log(S/H) '5-13:):01 5031003 -5.08f0:0~g -5.025504 -5.25%504 -5.18%504 -5.325503 -5.20%504
Ne*2/H* (10°)  36.0+3.7 429438  42.1+166 177435 30.6+3.0 27.74£4.9 25.542.7 32.6+4.3
0.4 0.4 0.5 0.7 +0.4 0.6 0.4 +0.4
Ne ICF 11704 1.1704 1.2+02 1.3701 11704 1.30¢ 11704 11704
log(Ne/O) -0.66j§;}§ -0.65t§;}§ -o.sﬁjgéi -0.75j§é3 -0.67t§;{4 -o.ssjgég -0.64j§;}§ -0.6570-14
log(Ne/H) 419515 4147075 -4.03%55; 429703 4277513 4121555 4347513 4272518
ArHHY (107) 127412 16.1:£1.2 13.9£2.2 13.9+14 10.7£1.2 112414 8.440.6 9.4+1.0
Ar ICF 0.690:03 0.7310:02 0.6170:03 0.5070:03 0.7070:0> 0.520:02 0.690:03 0.7410:05
log(Ar/O) -2.33j§-§; —2.26f§-§§ -2.34j§-{6 -2.26j§~§g -2.33j§»g; -2.36j§~§g -2.34j§-§§ 2.37j§»3§
X X . X X .09 X X
log(Ar/H) -5.86%5 00 5761003 -5.81% 11 -5.80% 08 -5.93% 00 -5.90%0 -6.04%002 -5.99%00
CI*2/H (107)  0.840.1 0.9+0.1 - 0.8+0.2 0.7+0.1 e 0.4+£0.1 0.620.1
CIICF 0.77:991 0.809-9¢ 0.57+9:97 0.77+9:91 0.77:9:91 0.8119:9
log(Cl/O) -3.50i§-§; -3.47t§-§§ -3.45i§-§ —3.46f§-i§ -3.66i§-§§ -3.56i§-§§
.06 X . . . X
log(CI/H) -7.03+08¢ 69740 700803 -7.065010 -7.36003 7185047

Table A.3 continued
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Table A.3 (continued)

e
T.

o xomm a1 =
VIS5 TITYySICAlI FTOPTTUCTS

Property M33-610-1690
T.[Su] (K) 10400£900
Te[N11] (K) "
T.[011] (K) 13600900
T.[S11] (K) 95004600
T.[O 111] (K) 11100£300
T.[Arma] (K) cee

ne sty (cm™) 40100
ne(ciy (cm™) e

Te.Low (K) 9600400
T, e, (K) 9500600
T, migh (K) 110004300
O*/H* (10°) 9.342.0

O*2/H* (10%) 11.440.9
12+log(O/H) 8.3240.05

N*/H* (10%) 5.340.7
N ICF 22103
log(N/O) -1.24+0.05
log(N/H) 7.07+0.07
S*/H* (107) 15.0£1.5
S*2/H (107) 42.746.7
SICF 1.0310:02
log(S/0) -1.541007
log(S/H) -5.23j§;§§
Net2/H* (10%)  29.543.1
Ne ICF 1.2703
log(Ne/O) -0.50%48
log(Ne/H) -4.19f§§?
Art2/H* (107) 9.0+1.7
Ar ICF 0.61*9:93
log(Ar/O) -2.3240-10
log(Ar/H) —6.00Jj§:%§
CI*2/H* (107) e
ClICF

log(Cl/O)

log(CI/H)

NOTE—The electron temperatures, electron densities, ionic abundances, and total abundances in the H I regions of M33. The left column lists the property and
the relevant units, the remaining columns provide the values of the properties for each region. The MCMC technique described in §3.1 can result in large errors
on n, ciyr); [C11] densities with uncertainty larger than three times the calculated density are reported with ":".
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