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ABSTRACT

Huregions are the ionized spheres surrounding high-mass stars. They are ideal targets for tracing Galactic
structure because they are predominantly found in spiral arms and have high luminosities at infrared and radio
wavelengths. In the Green Bank Telescope H n Region Discovery Survey (GBT HRDS), we found that >30% of
first Galactic quadrant H i1 regions have multiple hydrogen radio recombination line (RRL) velocities, which makes
determining their Galactic locations and physical properties impossible. Here we make additional GBT RRL
observations to determine the discrete Huregion velocity for all 117 multiple-velocity sources within
18° < ¢ < 65°. The multiple-velocity sources are concentrated in the zone 22° < ¢ < 32°, coinciding with the
largest regions of massive star formation, which implies that the diffuse emission is caused by leaked ionizing
photons. We combine our observations with analyses of the electron temperature, molecular gas, and carbon
recombination lines to determine the source velocities for 103 discrete H nregions (88% of the sample). With the
source velocities known, we resolve the kinematic distance ambiguity for 47 regions, and thus determine their

doi:10.1088 /0004-637X/810/1 /42

heliocentric distances.
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1. INTRODUCTION

Huregions are created by the ionizing radiation from
massive stars. Only stars with spectral types of BO or earlier
are capable of producing the ultra-violet photons necessary to
appreciably ionize the surrounding interstellar medium (ISM).
Such stars only live ~10 Myr and therefore H nregions trace
star formation at the present epoch. Since H 11 regions surround
massive stars, they trace spiral structure and can be used to
understand the structure of our Galaxy. H 1 region distances are
required to turn measured properties (i.e., flux and angular size)
into physical properties (i.e., luminosity and physical size).
Distances are also essential for using H nregions for studies of
Galactic structure and large-scale Galactic star formation.

In the Green Bank Telescope H 11 Region Discovery Survey
(GBT HRDS; Bania et al. 2010; Anderson et al. 2011), we
detected radio recombination line (RRL) emission from 448
previously unknown Galactic Huregions at X-band (9 GHz;
3 cm). Of the 448 detected targets, 130 (~30%) have multiple
RRL velocity components: 106 have two components, 23 have
three components, and one has four components. Without
knowing the source velocity, it is not possible to compute
kinematic distances or to derive physical properties (including
electron temperature, e.g., Balser et al. 2015) for the multiple-
velocity HRDS H nregions.

H uregions with multiple RRL components are common in
the literature, but their numbers have increased with the greater
sensitivity of modern instruments. Of the 462 Huregions
detected in RRL emission by Lockman (1989), 17 (<4%) have
multiple components. In the more recent RRL surveys of ultra-
compact Huregions by Araya et al. (2002), Watson et al.
(2003), and Sewilo et al. (2004), the combined percentage of
multiple-component RRL Hnregions detected is 12%. That
nearly 30% of HRDS sources have multiple line components

speaks to the sensitivity of the GBT and its ACS spectrometer,
and to our efficient observational setup. Within the 2 GHz
bandpass at X-band, we were able to simultaneously measure
the emission from seven hydrogen RRLs in two polarizations.
This allowed very sensitive measurements in short observa-
tions; the average on-target integration was ~10 minutes.

There are at least two explanations for the origin of the
multiple RRL velocity components. In previous RRL work on
Huregions, most authors have assumed that each velocity
component arises from a discrete Huregion along the line of
sight. By “discrete” Huregion we mean RRL and free—free
continuum radiation stemming from locations that are spatially
well-defined on the sky. This emission is distinct from that
emanating from diffuse ionized gas that produces RRLs, but
does not have detectable continuum emission above the
background.

The spatial density of discrete H 1 regions is not high enough
to explain the HRDS multiple-velocity detections, especially
given the small GBT beam at X-band (82"). Using the WISE
Catalog of Galactic Huregions (Anderson et al. 2014), we
estimate the fractional sky area covered by Huregions. The
WISE catalog contains all known Galactic H 1 regions, and lists
approximate H 1 region sizes based on their WISE mid-infrared
emission. The highest density of multiple-velocity H nregions
is found in the zone £ ~ 22°-32° |b| < 1° (see below). Using
the WISE catalog sizes, we find that only 16% of the sky area in
this zone is covered by known Huregions with measured
ionized gas spectral lines (including “grouped” H uregions in
large complexes). Just over 2% of the sky area in this zone is
covered by more than one region. Even including H nregion
candidates with weak expected RRL emission that would not
have been detected in the HRDS, these numbers are just 22%
and 3%, respectively. Most of these overlap regions are in fact
caused by Huregions near the same velocity that therefore
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cannot be the cause of multiple RRL lines. When computing
the fractional sky areas, we factored in the GBT X-band beam
size by counting regions closer than 82" as overlapping. For an
infinitely small beam these numbers would further decrease.
Therefore, it seems highly unlikely that the multiple-velocity
Huregions can be caused by confusion along the line of sight
from H nregions at different velocities. Furthermore, the spatial
morphology of the multiple-component H nregion images at
infrared and radio wavelengths is the same as that of the single-
component HRDS sources. There are no additional radio
continuum sources seen in the HRDS data, and no additional
WISE sources seen superposed on top of their mid-infrared
emission. There is no indication that there are two distinct
Huregions along the line of sight. This suggests that some of
the additional velocity components are due to diffuse ionized
gas; these components would thus stem from the “warm
ionized medium” (WIM).

The 10* K WIM contains up to 90% of the ionized mass in
the Galaxy (Haffner et al. 2009) and is therefore an important,
but poorly understood, component of the ISM. It has
alternatively been called the “Diffuse Ionized Medium,” the
“Galactic Ridge Emission,” or the “Extended Low-Density
Medium,” albeit sometimes with slightly different definitions.
It has long been thought that massive stars produce the ionizing
photon fluxes necessary to create and sustain the WIM (e.g.,
Reynolds 1984; Domgorgen & Mathis 1994). The WIM
detected at radio wavelengths is composed of both “worms”
and “chimneys” blown out by supernova remnants or
successive generations of O-stars (e.g., Heiles et al. 1996),
and also of extended diffuse emission from large star-forming
regions (see Murray & Rahman 2010; Roshi et al. 2012).

Recent results from Murray & Rahman (2010) have
confirmed what has been known for some time: H nregions
are leaky and a large number of the ionizing photons escape
beyond their photo-dissociation regions (see Oey & Kenni-
cutt 1997). A recent study by Anderson et al. (2015) showed
that even for the “perfect bubble” H nregion RCW 120, where
the photodissociation region is thick and extends completely
around the Huregion, ~25% of the ionizing photons are
leaking into the nearby ISM.

We hypothesize that most of the additional velocity
components are due to the WIM. Lending support to this
hypothesis, the H nregions with multiple velocity components
are not evenly distributed in the Galaxy, but are clustered near
the locations of large star-forming regions that may be leaking
photons into the WIM. For example, Anderson et al. (2011)
show that 21 of 23 Huregions within 1° of W43 at (£,b) =
(31278, —0203) have multiple velocity components. Of these
21 Huregions, all have one velocity component within
10 km s~ ! of the velocity of W43, 91.6 km sfl(Lockman 1989).
Furthermore, the strength of the velocity component within
10 kms~ ' of the velocity of W43 decreases with distance from
this nominal central position of W43. This is consistent with
the idea that the WIM is created and maintained by leaking
photons from large H nregions.

No study has yet proven that the large-scale distribution of
the WIM is connected to the emission from the Galactic
population of discrete H nregions. In part this is because the
WIM has traditionally been studied at optical wavelengths, and
most Galactic Huregions are not optically visible. In radio
observations of the WIM, Heiles et al. (1996) showed that there
were plumes of ionized gas extending above and below the
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plane, and that these plumes were in some cases related to
massive star formation regions in the Galactic plane. Alves
et al. (2010, 2012, 2015) discussed low-resolution (~15")
studies of the RRL emission in the Galactic plane. At the
1.4 GHz frequency of their observations, the intensity of the
emission from low-density plasma is enhanced compared to
that of observations at higher frequencies. With their low
spatial resolution data, however, it is not possible to disentangle
the emission from the diffuse ionized gas and discrete
Huregions, or to investigate the connection between them.

Here we make RRL observations toward our HRDS sample
of first Galactic quadrant Huregions with multiple RRL
velocities. Our goal is to resolve which velocity component
arises from the discrete H nregion.

2. OBSERVATIONS AND DATA ANALYSIS

We used the GBT 100 m telescope to observe RRLs in a
sample of multiple RRL velocity Huregions from 2011
December through 2013 April. Our spectral line observational
setup was identical to that of the HRDS (described in Anderson
et al. 2011). Our observations made total-power position-
switched 6 minutes. on-target and 6 minutes. off-target integra-
tions at X-band (9 GHz; 3 cm), hereafter called “pairs.” The on-
and off-target integrations followed the same path on the sky,
and we observed a single pair for each position. We
simultaneously observed the H87 o to H93 o transitions.
We began each observation by measuring a source of known
position and intensity in order to obtain pointing and focus
corrections. We made no corrections for atmospheric effects.

We reduce the data with the TMBIDL software.® We
average the seven transitions together to improve the RRL
signal-to-noise ratio (Balser 2006) and smooth this average
Hn « spectrum to a velocity resolution of 1.86 kms™'. This
resolution is more than sufficient to resolve the typical
25kms ' FWHM of hydrogen RRLs (Anderson et al. 2011).
We remove a baseline (typically third-order) and fit a Gaussian
model to each detected RRL component. From the Gaussian
fits we derive the line intensity, LSR velocity, and FWHM for
each component.

Our source sample consists of all H i regions located within
¢ = 18°-65° whose RRL spectra have multiple detected
velocity components. We restricted the current study to this
longitude range because of the availability of H1data (used in
Section 3.2) and the relative accuracy of kinematic distances
(see Anderson et al. 2012, T.V. Wenger et al. 2015, in
preparation). There are 117 multiple-velocity H nregions
within this range: 28 from the literature and 89 from the
HRDS. The literature sources were first observed in RRL
emission near 5 GHz by Lockman (1989), Lockman et al.
(1996), or Sewilo et al. (2004). Figure 1 shows that these
multiple-velocity H nregions are not evenly distributed across
the Galaxy, but rather are found preferentially in the zone
¢ o~ 22°-32° coinciding with active regions of high mass star
formation in the inner Galaxy.

We conduct our observations in two phases. We first observe
the 28 literature sources on-target at the nominal peak of the
free—free radio continuum intensity to establish X-band (3 cm)
line parameters and to verify the measured velocities. We fit
Gaussians to each detected line component. In Table 1 we give
the derived RRL peak antenna temperature, LSR velocity,

6 https://github.com/tvwenger/tmbidl.git
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Figure 1. Locations of the single- and multiple-velocity H 1 regions. The background image is a mosaic of VGPS 21 cm continuum data (Stil et al. 2006). Multiple-
velocity H 1 regions are shown in green, with HRDS sources filled and those from the literature open. Single velocity H 1 regions are shown in light gray. The
multiple-velocity H 11 regions are not evenly distributed and are rare below ¢ ~ 22° and above ¢ =~ 32°. One multiple-velocity H 11 region near £ = 50° is not shown.

FWHM, and rms noise. The 28 on-target observations resulted
in 53 detected lines: 5 observations have one component, 21
have two components, and 2 have three components. When
multiple RRL components are detected, we follow our usual
convention and append “a” to the source name of the strongest
component, “b” to the source name of the next strongest
component, etc. We did not detect multiple velocity compo-
nents for 5 of these literature Huregions, which could be
caused by either a lack of sensitivity in our observations or an
error in the original observations.

We next observe, using the same observational setup,
positions near all multiple-velocity H nregions (literature and
HRDS). The goal of these observations is to identify the
discrete H 11 region source velocities. The WIM is more broadly
distributed in the Galactic disk compared to a discrete
Huregion. Our hypothesis is that observations at positions
offset from the multiple-velocity H nregions (“off-target”) will
detect only the WIM.

The off-target positions are at least one 82” beam width away
from the multiple-velocity Hnregions and any other nearby
radio continuum sources. A typical separation is a few
arcminutes. We determine the off-target positions by examin-
ing VGPS 21 cm continuum data (Stil et al. 2006) to identify
locations devoid of discrete sources of radio continuum
emission (Figure 2). For the 51 cases where the results
from the first off-target position do not definitively indicate
which line is from the discrete Hmnregion, we observe a
second off-target position. In 12 cases, we need a third
off-target position and in two cases we need a fourth. Some off-
target positions are nearly equidistant between two multiple-
velocity Hiuregions, and single off-target observation can be
used for both multiple-velocity regions. In total, we observe
127 off-target positions for the 28 literature and 89 HRDS
regions.

The observations of the 127 off-target positions resulted in
the detection of 225 hydrogen RRLs, or just fewer than two
velocity components per position. We give the derived off-
target line parameters in Table 2, which lists the Galactic
longitude and latitude, the separation from the nearest multiple-
velocity H 1 region, the line intensity, the LSR velocity, the line
FWHM, and the rms noise. The final column gives the
multiple-velocity H nregion(s) that use this off-target position
in our subsequent analyses. Line parameter uncertainties in
Table 2 are 1o.

3. DETERMINING DISCRETE H 1 REGION VELOCITIES
AND KINEMATIC DISTANCES

3.1. Discrete H 11 Region Velocity Criteria

Our goal is to use these observations to identify the velocity
of the discrete H nregions. To do this we create a database of
474 X-band RRL line parameters from £ = 18°-65°: 53 lines
from the 28 on-target observations of literature H 1 regions
(Table 1), 225 lines from the 127 off-target positions (Table 2),
and 196 lines from the 89 multiple-velocity HRDS sources
(Anderson et al. 2011). In order to determine which velocity
components are from the discrete H nregions, we use pairs of
on- and off-target spectra from this database to search for
velocity components with substantially different intensities.

To search for lines that decrease in intensity at the off-target
locations, we must associate on-target and off-target velocity
components. Due to motions within the ISM, the fact that we
are not sampling the same column of diffuse plasma, and
measurement error, we cannot expect the line velocities of the
on-target and off-target RRL parameters to be identical. We
associate a velocity component from an on-target spectrum
with a component from an off-target spectrum if their velocities
are within 10km s~ of each other. Sometimes there are two
components in an off-target spectrum that are both within
10kms ' of a single component in an on-target spectrum. In
such cases, we associate both of these components with the
single on-target component.

We examine six independent criteria to determine the
discrete H nregion velocities.

1. We check if only one line was detected in our on-target
observations of the literature sources. As mentioned
previously, this may be caused by incorrect line
parameters in the literature or by different beam areas
for the two sets of observations. For these sources the
discrete H nregion velocity is unambiguous.

2. We identify HRDS sources that have a negative velocity
for one component. For the longitude range of our
sources, a negative RRL velocity requires the emitting
plasma to be outside the Solar circle. Models of ionized
gas in the Galaxy (e.g., Taylor & Cordes 1993) show a
very low density outside the Solar circle. Our observa-
tions probably lack the sensitivity to detect such low
density ionized gas. Detected negative velocity RRLs in
the first Galactic quadrant are therefore likely to be from
discrete H nregions.



THE ASTROPHYSICAL JOURNAL, 810:42 (14pp), 2015 September 1

ANDERSON ET AL.

Table 1
On-target Hydrogen RRL Parameters of Literature H 1 Regions
Source ¢ b T, oL Visr Ovisr AV OV rms
(deg.) (deg.) (mK) (mK) (kms™h (kms (kms™") (kms™) (mK)
G021.558—-0.112 21.558 —-0.112 24.9 0.3 115.1 0.2 23.0 0.5 2.2
G023.200+0.000 23.200 0.000 134 0.4 89.5 0.5 33.0 1.5 2.3
G023.909+0.066a 23.909 0.066 49.0 0.3 38.4 0.1 24.5 0.3 2.2
G023.909+0.066b 23.909 0.066 33.0 0.6 107.9 0.2 26.6 0.5 2.2
G024.300—0.149a 24.300 —0.149 70.0 0.5 56.8 0.1 17.5 0.1 2.4
G024.300—0.149b 24.300 —0.149 30.1 0.5 95.0 0.1 19.1 0.3 2.4
G024.400—0.190a 24.400 —0.190 45.1 0.6 101.0 0.2 21.8 0.4 2.4
G024.400—0.190b 24.400 —0.190 11.9 0.6 54.7 0.7 27.9 1.7 2.4
G024.507—0.222a 24.507 —0.222 2324 1.6 96.3 0.1 23.7 0.2 8.5
G024.507—0.222b 24.507 —0.222 253 1.8 422 0.6 17.2 14 8.5
G024.680—0.160a 24.680 —0.160 421.1 0.5 110.3 0.1 23.4 0.1 2.1
G024.680—0.160b 24.680 —0.160 449 0.6 43.6 0.1 13.1 0.2 2.1
G024.744—0.206a 24.744 —0.206 162.7 0.8 82.6 0.1 19.5 0.1 29
G024.744—0.206b 24.744 —0.206 24.6 1.0 44.0 0.3 13.5 0.6 2.9
G024.744—0.206¢ 24.744 —0.206 17.1 0.4 122.6 0.2 17.8 0.6 29
G024.909+0.432a 24.909 0.432 28.8 0.7 108.6 0.3 18.2 0.6 2.6
G024.909+0.432b 24.909 0.432 139 0.5 135.1 0.8 274 1.9 2.6
G025.160+0.059a 25.160 0.059 66.3 0.4 45.5 0.1 25.1 0.2 2.4
G025.160+0.059b 25.160 0.059 9.2 0.4 107.7 0.5 24.8 1.5 2.4
G025.460—0.210a 25.460 —0.210 56.6 0.4 117.3 0.1 30.5 0.2 22
G025.460—0.210b 25.460 —0.210 15.4 0.4 62.5 0.4 31.6 0.9 22
G025.700+0.030a 25.700 0.030 1954 0.9 52.7 0.1 21.3 0.1 2.9
G025.700+0.030b 25.700 0.030 49.6 1.2 124.2 0.2 13.2 0.4 2.9
G025.700+0.030c 25.700 0.030 19.8 0.4 83.4 0.4 20.7 1.6 2.9
G026.100—0.071a 26.100 —0.071 77.2 0.6 30.7 0.1 274 0.3 2.3
G026.100—0.071b 26.100 —0.071 25.6 0.6 103.4 0.3 30.0 0.8 2.3
G026.599—-0.019a 26.599 —0.019 333 0.5 19.4 0.2 25.7 0.4 2.1
G026.599—0.019b 26.599 —0.019 10.9 0.4 102.3 0.6 335 14 2.1
G027.189—-0.079a 27.189 —0.079 20.0 0.3 27.8 0.2 22.8 0.5 1.9
G027.189—0.079b 27.189 —0.079 10.6 0.3 86.9 0.4 347 1.1 1.9
G028.303—-0.388 28.303 —0.388 148.7 0.5 76.9 0.1 21.2 0.1 2.9
G028.609+0.021a 28.609 0.021 161.2 0.6 96.6 0.1 20.5 0.1 33
G028.609+0.021b 28.609 0.021 10.0 0.6 40.3 0.5 15.4 1.1 33
G029.981—0.607 29.981 —0.607 45.1 0.4 90.9 0.1 19.6 0.2 1.9
G030.470—0.040a 30.470 —0.040 62.9 0.7 42.7 0.1 22.1 0.3 2.6
G030.470—0.040b 30.470 —0.040 33.8 0.5 101.4 0.3 323 0.6 2.6
G030.698—0.628a 30.698 —0.628 19.0 0.4 87.8 0.3 16.5 0.9 2.0
G030.698—0.628b 30.698 —0.628 8.6 0.4 110.2 0.8 20.1 24 2.0
G031.054+0.088a 31.054 0.088 95.3 0.7 20.1 0.1 28.2 0.2 2.9
G031.054+0.088b 31.054 0.088 33.0 0.6 97.8 0.4 36.1 1.0 2.9
G031.070+0.050a 31.070 0.050 109.5 0.6 35.4 0.1 29.0 0.2 29
G031.070+0.050b 31.070 0.050 39.8 0.5 98.6 0.2 34.6 0.5 2.9
G031.240—0.110a 31.240 —0.110 155.6 0.9 26.5 0.1 29.5 0.2 3.0
G031.240—0.110b 31.240 —0.110 18.1 0.5 90.3 0.5 29.5 1.5 3.0
G031.600—0.232a 31.600 —0.232 35.6 0.4 40.8 0.1 19.6 0.3 2.5
G031.600—0.232b 31.600 —0.232 12.6 0.4 100.9 0.3 20.0 0.7 2.5
G031.607+0.334a 31.607 0.334 449 0.4 244 0.1 24.3 0.2 2.6
G031.607+0.334b 31.607 0.334 6.1 0.4 96.4 0.9 28.8 22 2.6
G031.816—0.121a 31.816 —0.121 38.8 0.5 36.3 0.1 20.8 0.3 2.6
G031.816—0.121b 31.816 —0.121 11.6 0.5 104.3 0.4 21.6 1.1 2.6
G032.379+0.102 32.379 0.102 15.2 0.3 47.3 0.3 25.8 0.7 1.9
G034.750+0.020a 34.750 0.020 36.0 0.5 86.1 0.1 20.2 0.3 2.7
G034.750+0.020b 34.750 0.020 254 0.5 52.0 0.2 21.0 0.5 2.7

3. We examine the difference in intensity between the on-

electron temperature within the range found in previous

and off-target observations for each associated velocity
component. A large decrease in line intensity off-target
for one component is a clear indication that this velocity
is associated with the discrete Huregion (explained in
detail below).

. We use the derived electron temperatures for each RRL
component to determine which on-target line results in an

studies of Galactic Huregions (explained in detail
below).

. We use the association of each on-target RRL component
with molecular gas emission. These molecular data come
from two sources: the spectroscopic and morphological
analysis of Huregions in '>CO data from the Galactic
Ring Survey Jackson et al. (2006) by Anderson et al.



THE ASTROPHYSICAL JOURNAL, 810:42 (14pp), 2015 September 1

ANDERSON ET AL.

Figure 2. Example “off-target” locations for G030.249+-0.243 (left) and G025.305+0.532 (right). The images show emission from Spitzer GLIMPSE 3.6 m (blue),
GLIMPSE 8.0 uum (green), and MIPSGAL 24 um (red), and are 7!5 square. VGPS 21 cm continuum contours are over-plotted in white and the GBT beam at X-band
is in the lower left of each image. The black crosses show the original HRDS positions and the red crosses show the off-target positions. (The infrared source nearly
coincident with the red cross for G30.249+0.243 has no associated radio continuum and therefore did not affect our observations.)

(2009), and the svelocities compiled in the WISE catalog
of Galactic Huregions (Anderson et al. 2014, Version
1.3). Molecular gas is associated with massive star
formation, but not with the WIM. If molecular gas is only
associated with one of the velocity components, this is
most likely the discrete H nregion velocity.

6. We examine whether a carbon RRL is associated with
one of the RRL velocity components. Carbon RRLs are
created in the PDRs of Huregions, and therefore the
carbon RRLs should be strongest near the discrete
H uregion velocity. Observations of the WIM do contain
carbon RRLs (e.g., Roshi et al. 2002), but to date these
have only been detected at low frequencies (<1 GHz).
We use the carbon RRL parameters for the HRDS
sources from Wenger et al. (2013); this analysis is not
possible for the literature sources because there is no
comparable carbon RRL catalog.

The RRL component intensity difference between the on-
and off-target spectra (the third metric above) allows us to
discriminate between the discrete and diffuse velocity compo-
nents. In Figure 3 we show example spectra that have
differences in line intensity between the on- and off-target
positions. The magnitude of the intensity decrease between on-
and off-target RRL spectra must be empirically set. The
brightest diffuse emission detected in our observations is
~50mK (see below). Therefore, any line that decreases in
intensity by 50 mK between on- and off-target positions is
likely to be from the discrete Huregion. We find that our
derminations of the discrete Hnregion velocity based on line
intensity differences of 20 mK agree with those determined
using other criteria. We therefore take decreases of 20 mK to be
a reliable criterion, although we assume that it is less reliable
than decreases of 50 mK. Lines that decrease by 10 mkK,
however, show considerably worse agreement with other
criteria, and therefore we do not use 10 mK as an intensity
difference criterion.

We naively would not expect to detect large decreases in the
diffuse RRL intensity with small changes in position, and
therefore the 50 mK criterion is rather conservative (which is
why we included the 20 mK criterion as well). Our experiment

does show, however, that for some sight lines multiple RRL
component intensities decrease by up to 50 mK. This implies
either that the diffuse ionized gas is quite clumpy, that a single
discrete region is causing both lines, or that there are somehow
two discrete Hiuregions that cannot be separated even in the
high resolution MIR data. Regardless of the reason that both
lines decrease significantly in intensity for some directions, the
50 mK criterion is justifiably conservative. The median line
intensity in the HRDS was ~20 mK, and therefore the 20 mK
criterion is also rather conservative.

Galactic Hnregions have a rather narrow range of electron
temperatures, 7,, ranging from ~5000 to ~10,000K (e.g.,
Quireza et al. 2006). The T,of a discrete Hnregion plasma
should lie within this observed range. We thus can use the
electron temperature (fourth metric above) to assess which on-
target RRL component gives the most reasonable 7, value, and
thus determine the source velocity.

In local thermodynamic equilibrium, the electron tempera-
ture can be derived from observable quantities:

T, = 7103.3(G;Z)]'1[%}

1 1
X[M] lHM] , o
km s!

n(H*)
where v is the observing frequency, Tr/T; is the peak
continuum-to-line intensity ratio, Av is the Hna RRL line
width, and n (*Het)/n (H™) is the helium ionic abundance ratio,
y+. Each multiple-velocity Huregion has a single 7 value,
but multiple 7 and line width values, leading to a different
T,for each RRL. This allows us to determine which lines
produce T, values outside the nominal range. Following Balser
et al. (2015, submitted), who used the same observational
configuration, we use 8.9 GHz for v, and assume y*™ = 0.07
(Quireza et al. 2006). We must assume a value for the helium
ionic abundance ratio here because, for the integration times we
used, “He™ is too weak to measure for these sources. In fact, for
the range of y™ observed in Galactic H mregions the electron
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Table 2
Off-target Hydrogen RRL Parameters for the Full Sample
! b Separation® T orL Vier Ouler AV oAy rms H 1 Region
(deg.) (deg.) (arcminutes) (MK) (mK) (kms™) (kms )  (kms) (kms)H (@mK)
18.695 —0.274 2.5 15.7 0.6 64.8 1.0 234 2.0 35 G018.677—00.236
11.7 0.8 40.5 1.1 194 22 35
19.718 0.178 11.8 8.3 0.4 122.4 0.3 15.1 0.9 2.6 G019.594+4-00.024
19.722  —0.078 2.1 13.5 0.4 116.3 0.4 22.5 1.1 2.4 G019.728—-00.113
11.1 0.5 56.9 0.5 22.5 1.1 24
19.822  —0.030 2.5 11.9 0.5 120.0 0.3 15.5 0.8 23 G019.813+00.010
6.6 0.3 61.9 0.5 21.3 1.3 2.3
21.916 0.064 2.5 5.1 0.3 60.5 1.1 31.0 38 23 G021.933+00.103
21.985 0.137 3.8 4.7 0.3 57.2 1.5 31.9 4.9 22 G021.9334-00.103
22.700  —0.269 2.5 139 0.5 71.2 0.4 20.2 1.0 2.5 G022.730—00.239, G022.755—00.246
59 0.6 111.2 0.7 14.7 1.8 2.5
22.738  —0.189 3.0 14.7 0.4 72.5 0.3 27.4 0.8 2.7 G022.730—00.239, G022.755—00.246
22811  —0.202 43 21.2 0.3 71.3 0.2 23.7 0.5 22 G022.730—00.239, G022.755—00.246
14.6 0.4 112.9 0.2 13.6 0.6 2.2
144 0.5 95.1 0.2 10.8 0.6 22
22930 —0.149 33 10.6 0.2 79.5 0.6 44.1 1.3 1.8 G022.986—00.149
8.5 0.5 101.5 0.2 8.8 0.7 1.8
23.004 —0.194 29 21.4 0.4 71.6 0.3 19.6 0.8 2.1 G022.986—00.149
11.9 0.4 94.4 0.6 19.5 1.3 2.1
23.037 —0.117 3.6 9.1 0.2 81.2 0.7 44.9 1.9 2.1 G022.986—00.149
23.225 —0.344 3.5 17.3 0.3 78.6 04 415 1.0 1.9 G023.265-00.301
23372 —0.110 2.5 19.6 0.3 90.7 0.2 20.6 0.4 2.1 G023.389—-00.148
9.8 0.4 55.1 0.3 15.0 0.7 2.1
23481 —0.216 2.6 19.6 0.4 96.0 0.2 19.0 0.5 2.2 G023.458—-00.179
14.6 0.4 57.1 0.3 18.4 0.7 2.2
23.588 —0.239 2.5 9.3 0.3 95.4 0.9 36.0 2.4 24 G023.604—00.200
5.8 0.4 55.5 1.2 25.1 34 24
23.720  —0.055 22 13.1 0.6 106.1 0.5 21.9 1.2 33 G023.736—00.022
23.845 0.061 2.6 13.7 0.3 106.3 0.6 41.8 1.8 1.9 G023.836+00.104
23.860 0.037 34 20.5 0.5 117.2 0.2 12.6 0.4 2.6 G023.909+4-00.066
114 0.3 98.5 0.5 239 1.7 2.6
24.158 0.242 2.3 22.6 0.8 111.5 0.3 17.1 0.7 2.3 G024.1974-00.245
24346  —0.139 2.9 22.8 0.4 94.0 0.1 19.0 0.3 2.0 G024.300—00.149
16.1 0.4 54.4 0.2 18.0 0.5 2.0
24369 —0.225 2.8 24.8 0.4 96.4 0.2 18.9 0.4 1.8 G024.400—00.190
7.0 0.3 54.4 0.7 29.2 1.8 1.8
24425 —0.177 1.7 28.0 0.4 100.3 0.2 24.8 0.4 2.1 G024.400—00.190
6.4 0.4 54.4 0.7 22.0 1.7 2.1
24476  —0.198 24 28.1 0.4 94.7 0.2 20.4 0.4 22 G024.507—-00.222
9.6 0.4 46.6 0.5 26.9 1.2 2.2
8.7 0.4 123.8 0.5 17.8 1.3 2.2
24498  —0.182 2.5 452 2.5 89.9 0.2 7.8 0.5 7.6 G024.507—-00.222
20.7 22 52.9 0.5 10.0 1.2 7.6
24.512 0.538 32 11.6 0.5 34.2 0.3 11.9 0.7 2.0 G024.5004-00.487
8.8 0.4 100.5 04 17.3 1.0 2.0
24518 —0.152 2.6 23.8 0.4 92.3 0.2 27.1 0.6 2.1 G024.557—-00.132
10.7 0.4 523 0.5 27.9 1.5 2.1
24.634  —0.183 3.1 51.9 0.8 425 0.1 13.1 0.2 2.6 G024.680—00.160
13.1 0.4 109.9 1.1 534 2.8 2.6
24.637 —0.109 4.7 59.9 1.5 104.5 0.3 234 0.7 2.7 G024.713-00.125
21.0 0.9 424 0.2 10.2 0.6 2.7
24.638 —0.183 29 51.8 0.8 425 0.1 13.1 0.2 2.5 G024.680—00.160
12.8 04 109.7 1.1 52.2 2.8 2.5
24.694 0.144 2.6 23.1 0.4 109.6 0.2 233 0.6 2.1 G024.7354-00.159
12.7 04 81.4 0.2 14.1 0.6 2.1
24.784  —0.178 29 229 0.5 40.9 0.1 11.4 0.3 2.5 G024.744—00.206
12.7 0.3 113.8 0.4 29.0 1.0 25
24799  —0.151 54 15.4 0.4 110.4 0.4 30.8 1.0 2.1 G024.713—-00.125
15.1 0.6 40.9 0.3 16.5 0.8 2.1
24902  —0.065 33 134 0.4 99.0 0.5 28.8 1.1 2.0 G024.955-00.048
8.0 0.4 50.9 0.5 16.9 1.4 2.0
24.906 0.039 2.6 14.7 0.4 109.7 0.3 23.6 0.8 2.3 G024.923+00.079
24.965 0.391 4.2 11.9 04 111.1 0.3 18.2 0.7 1.9 G024.909-+00.432
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Table 2
(Continued)
¢ b Separation® T oL Visr Colsr AV OAy rms H 1 Region
(deg.) (deg)  (arcminutes) (mK) (mK) (kms") (ms ") (kms") (kms ') (mK)
25.128 0.121 22 15.8 0.5 95.2 0.4 25.7 12 23 G025.150-+00.092
25.155 —0.372 22 62 05 123.9 0.6 15.0 1.4 23 G025.143—00.338
25.205 0.045 2.8 96 03 50.9 0.6 33.8 1.7 2.1 G025.160-+00.059
8.3 0.4 104.5 0.6 29.0 1.6 2.1
25.308 0.494 23 52 03 40.4 0.8 24.3 1.8 2.1 G025.305+00.532
25.387 0.521 25 56 04 43.0 0.6 18.8 15 24 G025.398-+00.562
25492  —0.193 22 16.1 0.4 107.3 0.4 24.8 12 2.1 G025.460—00.210
104 03 62.6 0.5 33.2 1.4 2.1
25493  —0.165 3.0 17.9 0.3 110.8 0.2 27.7 0.7 2.6 G025.469—00.121
73 0.4 68.9 0.9 26.9 2.8 26
25495  —0.001 2.7 12.1 0.4 56.4 0.7 274 15 1.9 G025.477-+00.040
5.8 0.4 100.5 1.7 414 5.1 1.9
25.505  —0.075 35 13.8 0.6 60.8 0.6 29.2 1.5 2.7 G025.469—00.121
10.9 0.6 107.3 0.7 25.9 1.8 2.7
25.659 0.065 32 14.7 0.7 120.0 0.3 11.2 0.6 2.8 G025.700--00.030
8.5 0.4 89.5 0.8 329 23 2.8
7.1 0.5 483 0.6 153 1.4 2.8
26.033 —0.073 4.1 150 03 107.0 0.3 31.8 0.8 2.0 G026.100—00.071
6.1 0.2 24.6 1.3 56.3 3.6 2.0
26.235 0.241 2.8 136 05 108.0 0.7 35.5 1.9 3.0 G026.261-+00.280
26.291 0.242 2.9 9.1 0.3 95.0 0.9 22.7 1.9 22 G026.261+00.280
82 05 117.7 0.9 17.8 1.6 22
26.557 —0.036 2.7 8.1 0.3 103.1 0.9 453 2.1 23 G026.599—00.019
26.560 —0.197 3.1 11.6 04 102.5 0.9 26.2 25 22 G026.610—00.212
94 04 78.3 1.4 415 6.6 2.2
26.678 0.003 23 17.1 0.6 69.2 0.3 15.2 0.7 25 G026.644--00.020
13.7 0.4 101.3 0.6 345 1.5 25
70 05 26.6 0.6 16.5 1.4 25
26.702 0.123 3.0 75 0.5 103.3 1.0 30.3 3.1 2.0 G026.721+00.170
62 03 33.1 0.8 31.1 22 2.0
50 04 69.4 1.8 37.8 73 2.0
27217  —0.064 1.9 11.7 0.3 91.6 0.4 32.1 1.1 24 G027.189—00.079
27221  —0.155 23 12.9 0.5 28.2 0.3 14.2 0.7 3.0 G027.183-00.151
10.3 0.3 86.6 0.6 33.6 15 3.0
27.333 0.131 2.7 140 04 96.7 0.4 26.3 1.2 23 G027.334+00.176
27.369 0.234 3.4 5.1 0.4 84.7 1.7 37.8 4.1 3.0 G027.320-+00.263
27.371  —0.125 23 176 04 94.1 0.9 28.2 1.7 2.1 G027.366—00.164
74 04 73.0 0.6 21.5 1.6 2.1
27.950  —0.005 2.7 40 02 95.3 1.3 44.1 3.8 1.6 G027.906—00.010
29 03 40.6 1.2 21.5 3.0 1.6
27.962 0.198 1.7 100 03 92.6 0.4 26.8 1.1 2.3 G027.934-+-00.206
64 05 38.2 0.4 11.2 1.0 23
28260 —0.027 3.0 18.8 0.4 77.2 0.4 23.1 1.0 2.4 G028.291-+00.012
122 04 103.1 0.6 20.0 13 24
74 06 425 0.4 9.0 0.9 2.4
28.282 0.059 2.9 14.5 0.3 93.4 0.4 413 12 23 G028.291+00.012
28.351 0.085 2.6 29.5 0.4 91.5 0.2 30.7 0.6 23 G028.394-+-00.076
28.382 0.035 2.6 249 0.3 89.0 0.2 28.1 0.4 2.0 G028.394--00.076
62 04 45.7 0.5 16.6 1.2 2.0
28.582 0.105 2.4 72 04 24.6 0.7 26.9 1.7 22 G028.581+00.145
64 03 91.4 0.8 31.6 1.9 22
28.644  —0.045 45 13.9 0.5 97.4 0.4 22.6 1.1 25 G028.609-+00.021
28.648 0.429 3.1 9.7 0.5 94.7 0.5 222 1.2 2.4 G028.638-+00.479
28.737 0.068 2.7 8.8 0.5 98.7 0.6 20.2 1.4 2.5 G028.696--00.048
73 0.4 46.4 0.9 30.4 2.7 2.5
28.798 0.328 35 30.9 0.5 81.8 0.2 22.1 0.5 2.5 G028.764-+00.281
14.3 0.4 101.6 0.5 17.5 13 25
29.180  —0.139 2.8 44 03 58.6 1.7 41.7 6.4 2.0 G029.134—00.145
3.7 0.5 97.9 1.3 19.3 3.1 2.0
29.390 0.300 3.1 50 03 95.3 0.7 20.7 1.6 1.8 G029.433+00.273
4.1 0.3 27.8 1.3 36.5 33 1.8
29401  —0.376 47 4.1 0.3 96.0 1.4 425 3.8 2.4 (G029.344—00.430
29.408 0.240 25 80 03 40.3 0.6 30.3 15 23 G029.433-+00.273
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Table 2
(Continued)
¢ b Separation® T oL Visr Colsr AV OAy rms H 1 Region
(deg.) (deg)  (arcminutes) (mK) (mK) (kms") (ms ") (kms") (kms ') (mK)
7.7 0.4 100.2 0.5 19.5 12 23
29.774 0.175 2.6 54 05 87.9 1.4 29.8 3.7 2.6 G029.770-+00.219
30.260 0.195 2.9 76 04 94.1 1.2 38.9 33 22 G030.249+-00.243
30.293 0.030 2.8 464 08 104.3 0.2 224 0.4 2.6 G030.252-+00.051
30.399 0.056 2.4 220 04 103.3 0.2 26.6 0.7 22 G030.345-+00.092, G030.3744-00.026,
G030.378-+00.106
30.402 0.137 23 25.7 0.5 109.9 0.2 18.3 0.5 2.1 G030.378-+00.106
9.7 0.5 67.4 0.7 21.1 2.1 2.1
8.8 0.6 88.5 0.6 12.6 1.6 2.1
30425 —0.038 2.7 484 12 107.9 0.1 10.0 0.2 2.8 G030.470—00.040
26.7 0.5 90.6 0.4 23.7 13 238
30442 —0.165 2.0 223 0.8 81.3 0.3 17.1 0.9 23 G030.463—00.191
162 03 107.6 0.6 44.1 33 23
30.526 —0.034 3.4 26.5 0.3 98.7 0.3 40.1 0.8 23 G030.470—00.040
8.8 0.4 54.3 0.7 24.0 1.7 23
30.629 0.015 2.1 19.9 0.4 102.3 0.3 33.0 0.9 22 G030.597-+00.030
73 0.4 40.9 0.7 243 1.7 22
30.658 0315 42 126 05 1115 0.3 17.6 0.8 25 G030.696-+-00.256
10.9 0.4 71.7 0.5 28.2 13 2.5
30.720 0.225 2.7 25.8 0.4 98.5 0.2 28.6 0.5 1.9 G030.760-+-00.206
7.7 0.5 38.5 0.5 17.8 1.2 1.9
30720 —0.210 3.1 134 04 95.4 0.4 26.6 1.1 3.5 G030.771-00.223
30734 —0.605 2.6 102 03 94.5 0.5 39.6 1.4 1.9 G030.698—00.628
30.759 0.175 1.9 11.6 04 88.7 0.5 17.4 12 24 G030.760-+00.206
66 06 112.6 25 17.4 6.5 2.4
47 0.3 34.2 0.9 27.8 22 24
30.777 0.247 2.7 222 04 35.6 0.2 20.2 0.5 23 G030.760-+00.206, G030.797400.165,
G030.838+00.114, G030.852-+00.149
8.3 0.4 104.1 1.0 415 3.1 23
30.823 —0.282 47 227 0.5 92.4 0.3 253 0.7 3.4 G030.771—00.223
30.903 0.127 22 414 06 103.9 0.2 34.2 0.6 1.8 G030.902-+-00.164
6.7 0.3 36.4 0.6 30.2 1.6 1.8
30915 0.054 2.2 53.1 0.6 99.2 0.2 30.9 0.4 2.6 G030.883-+00.071
162 08 38.1 0.5 19.5 1.1 26
30.921 0.572 2.6 59 03 94.1 0.9 33.2 24 2.2 G030.951+00.541, G030.956+00.599
31.020 0.117 2.7 425 0.6 102.7 0.4 20.9 0.7 23 G031.054--00.088
21.0 1.1 84.0 0.5 15.1 0.9 23
18.1 0.4 38.6 0.4 32.8 1.0 23
31.078 0.175 3.4 25.5 0.4 108.2 0.2 19.5 0.5 2.1 G031.104+00.125
226 04 84.0 0.2 18.1 0.6 2.1
112 03 43.2 0.4 24.2 0.9 2.1
31.093 0.000 33 36.9 0.5 114.2 0.3 21.2 0.6 27 G031.070-+00.050
33.7 0.6 90.5 0.3 18.7 0.5 2.7
20.1 0.4 34.1 0.3 35.5 0.8 2.7
31.109  —0.151 2.9 64.1 0.5 43.7 0.1 18.1 0.2 33 G031.157—00.148
70 06 20.1 0.8 15.1 22 3.3
31.110 0.055 2.4 29.1 0.3 34.7 0.2 31.3 0.4 2.4 G031.070-+00.050
264 08 84.1 0.1 7.6 0.3 24
26.1 0.3 99.4 0.3 32.7 0.6 2.4
31.128 0.084 23 264 04 104.3 0.4 25.5 0.9 2.9 G031.104-+00.125, G031.1404-00.121,
G031.159-+00.048
19.9 0.9 83.9 0.3 13.1 0.6 29
126 04 40.9 0.6 21.3 1.4 29
31.129 0.168 3.0 153 0.4 100.5 1.0 235 1.9 2.0 G031.104+00.125
10.9 15 83.3 0.6 13.9 13 2.0
6.7 0.3 45.4 0.8 35.1 2.7 2.0
31.167  —0.177 1.9 10.9 0.4 44.2 0.3 18.7 0.8 22 G031.157—00.148
9.7 0.3 94.2 0.5 29.6 1.2 22
31.172 0.097 2.1 216 0.6 101.2 0.3 26.5 0.9 25 G031.207-+00.098
14.1 0.6 43.1 0.4 16.6 1.0 2.5
31.198 0.133 22 16.7 0.4 100.8 0.4 30.9 12 2.0 G031.207-+00.098
80 04 43.0 0.9 35.1 2.4 2.0
31.207 0.061 22 200 05 100.8 0.2 224 0.5 2.8 G031.207-+00.098
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Table 2
(Continued)
¢ b Separation® T oL Visr Colsr AV OAy rms H 1 Region
(deg.) (deg)  (arcminutes) (mK) (mK) (kms") (ms ") (kms") (kms ') (mK)
8.7 0.4 43.0 0.4 18.8 1.0 2.8
31.232  —0.065 2.8 16.6 0.4 99.3 0.4 21.9 1.0 22 G031.240—-00.110
16.2 0.3 344 0.4 425 1.2 2.2
7.5 0.6 77.2 0.6 12.8 1.5 22
31.233  —0.070 2.4 17.0 0.3 33.7 0.4 45.8 1.3 3.0 G031.240—00.110
15.2 0.5 98.7 0.4 214 1.1 3.0
9.2 0.8 79.8 0.4 9.9 1.1 3.0
31.416  —0.106 22 18.2 0.6 97.1 0.3 18.8 0.8 2.3 G031.425-00.141
6.2 0.4 80.0 39 43.7 8.4 2.3
31.517  —0.068 29 7.3 0.6 98.3 0.7 15.7 1.6 2.5 G031.535—-00.113
31.566 0.270 4.5 5.7 0.4 116.1 0.5 12.8 1.3 2.1 G031.607+00.334
5.1 0.3 87.4 1.0 27.0 34 2.1
31.631  —0.291 4.0 9.8 0.3 96.6 0.4 232 1.0 23 G031.600—00.232
31.760  —0.112 34 35.1 0.6 94.8 0.1 12.7 0.3 2.1 G031.816—00.121
10.3 0.6 422 0.4 16.1 1.0 2.1
9.5 0.8 110.1 0.4 8.5 1.0 2.1
32.057 0.007 4.0 6.4 0.5 914 0.8 20.7 2.0 2.9 G032.108+00.050
32.155 0.011 3.7 237 0.6 41.8 0.2 13.6 0.4 1.9 G032.108+00.050
10.5 0.6 95.1 0.3 11.6 0.8 1.9
32552 —0.048 2.4 72 0.6 27.8 0.6 13.6 1.4 2.4 G032.581-00.077
5.0 0.5 101.4 1.0 17.8 2.3 24
33790 —0.088 2.7 6.0 0.4 48.4 1.4 47.8 4.1 22 G033.753—-00.063
5.6 0.5 102.0 1.1 225 3.0 22
33.965 0.025 25 5.6 0.3 43.6 1.0 34.4 2.1 2.0 G033.994—00.006
34.065 —0.092 29 10.6 0.3 40.0 0.3 212 0.7 22 G034.031—-00.059
34.587 0.203 25 10.0 0.5 55.6 0.4 22.8 1.0 22 G034.591+00.244
34750  —0.041 3.7 7.9 0.3 52.8 0.5 28.6 1.3 2.1 G034.750+00.020
34.765 0.074 34 17.9 0.5 83.1 0.2 13.8 0.5 22 G034.750+00.020
14.6 0.4 53.2 0.3 19.5 0.7 22
34.822 0.024 4.3 9.5 0.3 50.6 0.5 27.1 1.7 22 G034.750+00.020
8.2 0.4 83.5 0.5 17.5 1.2 22
35.220 0.093 3.0 39 0.3 56.2 22 38.7 6.5 1.8 G035.260+00.122
35.305 0.104 29 6.2 0.5 46.3 0.5 14.3 1.3 1.8 G035.260+00.122
36.953 0.102 4.6 4.1 0.2 39.2 0.8 354 1.9 1.5 G037.027+00.123
37459  —0.409 4.6 6.0 0.4 47.7 0.3 9.5 0.8 2.1 G037.432—-00.337
37.546 0.543 3.0 5.9 0.2 45.8 0.5 24.7 1.5 1.9 G037.485+00.513, G037.498+00.530
38.110  —0.200 1.7 18.4 0.6 53.9 0.2 12.0 0.5 2.5 G038.120—00.227
8.1 0.6 71.9 0.5 11.7 1.2 2.5
50.057 —0.143 3.7 6.4 0.3 64.7 0.3 11.9 0.7 1.9 G049.998—00.125
Note.

 From the nominal centroid position of the nearest multiple-velocity H 1 region.

temperature does not depend strongly on this quantity (Balser
et al. 2011).

As for the line intensity metric, we must empirically
determine a reasonable range of T, values. We define this
range using the single-velocity H nregion data from Anderson
et al. (2011). We further divide the single-velocity population
into “high quality” and “low quality” to investigate the effects
of data quality on the derived values of 7,. These high quality
sources have a simple radio continuum profile (complex flag
equal to zero in Anderson et al. 2011) and a continuum
intensity of more than 100 mK. We compare the single-velocity
T.values with that of the multiple-velocity H mregions,
computed using the on-target RRL parameters from the
present work and the measurements of T from Anderson
et al. (2011).

We show in the top panel of Figure 4 the electron
temperature distribution for all HRDS sources. The spread in
electron temperature values for multiple-velocity H nregions is

clearly greater than that of the single-velocity H uregions. We
expect the derived electron temperature for the diffuse RRL
components to be overestimated in general since T, < T¢/T}
and the diffuse line intensity is low. No single-velocity HRDS
source has a T, value greater than 2 x 10* K. The derived
electron temperatures for multiple-velocity H uregions are on
average over twice as large as those of the single-velocity
Huregions. The averages for the high-quality single-velocity,
low-quality single-velocity, and multiple-velocity samples are
6700 £2100K, 5300 =+ 2600K, and 14000 =+ 16000 K,
respectively.

Because metals are the main coolants of the Huregion
plasma, the electron temperature gradient is a proxy for the
metallicity radial gradient (Shaver et al. 1983). The electron
temperature is the lowest toward the Galactic center, where the
ISM has been enriched by multiple generations of stars (high
metallicity), and is highest in the outer reaches of the Milky
Way, where there have been fewer stellar generations (low
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Figure 3. RRL component intensity comparison for on- and off-target spectra. Shown is the intensity comparison for the Figure 2 H 1 region targets. The black curves
are Gaussian fits to the line components found in the on-target positions of the original HRDS (from black crosses in Figure 2). The spectra are those of the off-target
positions (red crosses in Figure 2) and the red curves are Gaussian fits to these data. In both cases, the line components near 0 km s~ " are not detected at the off-target

locations. These components are therefore from the discrete H 1 regions.
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Figure 4. Electron temperatures for single- and multiple-velocity H 1 regions.
Top: the electron temperature distributions for all HRDS H uregions. The
single- and multiple-velocity sources have different distributions. No single-
velocity HRDS source has an electron temperature greater than 2 x 10* K. The
vast majority of HRDS sources with electron temperatures greater than 10* K
have multiple velocity components. Bottom: the electron temperature
distribution for HRDS sources within 18° < ¢ < 65°, as a function of
Galactocentric radius. The zones outside of the dashed lines are unreasonable
for high-quality sources, as is the zone above the dotted line for low-quality
sources (see text). The line components in these zones are unlikely to be from
discrete H 11 regions.

N

metallicity). The electron temperature Galactocentric radial
gradient is apparent in the bottom panel of Figure 4, which
shows the electron temperature of HRDS sources within
18° < ¢ < 65° as a function of Galactocentric radius. The solid
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curve is a fit to the high-quality single-velocity H nregions
(filled black points) of the form 7, = a + b Rgy, where
a = 2800 4 340 K and b = 560 =+ 60 K kpc ™', It is important
to note that this fit characterizes the sample well enough for our
purposes, but is unreliable for the study of electron temperature
gradients themselves because we have not accounted for the
relatively poor data quality of some sources. A complete
treatment of the electron temperature distribution of HRDS
sources is given by Balser et al. (2015) and T.V. Wenger et al.
(2015, in preparation).

We define two zones of acceptable T, values that contain at
least 90% of all single-velocity H nregions: one zone for high-
quality sources and one for low-quality. Within the area defined
by changes to the y-intercept of 60 (dashed curves in bottom
panel of Figure 4; a = 760 and 4840 K.) lie 91% of all high-
quality single-velocity sources. This area defines acceptable
electron temperatures for high-quality sources. Within an area
below a change to the y-intercept of +10c (dotted curve;
a = 6200 K) are 95% of all low-quality single-velocity sources.
This area defines acceptable electron temperatures for low-
quality sources. We do not use a change of —100 to the y-
intercept to define the area. The large number of low-quality
single-velocity H 1 regions with very low T, values (apparent in
both panels of Figure 4) indicates that this would not lead to a
reliable criterion. For multiple-velocity H uregions, lines that
imply 7T, values within these acceptable zones are likely from
discrete H nregions, while those outside of the zones are more
likely to be from diffuse gas.

Using the above analyses, we refine the 6 metrics to develop
the criteria used for the determination of the discrete H i region
velocities: (1) only one on-target velocity component was
detected (literature sources only); (2) one on-target velocity
component has a negative LSR velocity; (3a) the intensity of
one off-target line component is at least 50 mK less than that of
the on-target position; (3b) the intensity of one off-target
line component is between 20 and 50 mK less than that of the
on-target position (the former being the more reliable
criterion); (4a) the electron temperature derived from only
one line component is within the reasonable range, for high
quality sources; (4b) the electron temperature derived from
only one line component is within the reasonable range, for
low quality sources; (5a) Anderson et al. (2009) find CO
emission matching the source morphology at only at one
velocity (their quality factors of “A” or “B”); (5b) dense
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Table 3
Efficacy of Criteria

Criterion Number Percentage Comments

of Sources  of Sources
1 5 4 Single velocity on-target
2 5 4 One component negative

velocity

3a 31 26 > 50 mK decrease
3b 33 28 20 to 50 mK decrease
4a 37 32 High-quality 7,
4b 17 14 Low-quality 7,
Sa 9 8 CO morphology
5b 33 28 Other molecular lines
6 6 5 Carbon RRL
1 Criterion 47 40
2 Criteria 39 33
>2 Criteria 17 15
Total Resolved 103 88

molecular gas, compiled in the WISE catalog of Galactic
Huregions (Anderson et al. 2014), is only found at one
velocity; (6) a carbon RRL is found at only one of the RRL
velocities.

These criteria allow us to identify the discrete H uregion
velocity component for 103 of the 117 multiple-velocity
H nregions (88%). If two criteria give conflicting results, we do
not assign any velocity; this applies to only 2 sources. For the
sources for which we observed multiple off-target positions, we
require that most positions give the same answer (i.e., both if
there are two off-target position or two if there are three). We
summarize the efficacy of our criteria in Table 3, which lists the
number of sources that the criterion applies to, and the
percentage of all sources that this represents. Since multiple
criteria can be used for a given source, the percentages do not
add to 100%. Table 3 shows that the most useful criteria are
from the off-target observations (54% of all sources), and the
next most useful are from the electron temperature analysis
(46% of all sources). We use multiple criteria for 48% of all
H uregions, and 58% of all determinations. Because we require
that all criteria be in agreement in order to determine the source
velocity, and because we have no objective measure of
reliability, we cannot evaluate the accuracy of the individual
criteria.

In Figure 5 we show that the discrete Huregion RRL
intensities are greater on average than those of the more diffuse
gas. The average peak line intensity for the discrete H n regions
is 59.7 mK (with a large dispersion), whereas it is 14.9 mK for
the more diffuse gas. For 91 of the 103 regions (88%), the
discrete H nregion velocity is the brightest of the multiple lines
detected. As expected, the distributions of on- and off-target
diffuse line parameter intensities are similar. The vertical lines
in Figure 5 show the intensity criteria of 20 and 50 mK. The
fact that the diffuse line intensities are generally lower than
these values lends some support to these choices of intensity
criteria. More than 98% of the diffuse line intensities are less
than 50 mK, and 80% are less than 20 mK.

3.2. Kinematic Distances

Using the derived Huregion velocities, we can compute
kinematic distances using a Galactic rotation curve model.
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Figure 5. Peak RRL intensity distribution for diffuse gas and discrete
H nregions. The on- and off-target diffuse component intensities share a
similar distribution, whereas the H 1 regions are significantly brighter. Vertical
dashed lines show the 20 and 50 mK criteria we use when determining the
source velocities. The dotted line is the low-intensity portion of the dark gray
discrete H 11 region distribution.

Here, we use the Brand & Blitz (1993) rotation curve. In the
inner Galaxy there are two possible kinematic distances for
each positive velocity, a problem known as the kinematic
distance ambiguity (KDA). We make a kinematic distance
ambiguity resolution (KDAR) using H 1 absorption, in the same
manner as Anderson & Bania (2009) and Anderson et al.
(2012). To resolve the KDA we examine H 1 on- and off-source
spectra. The difference of these two spectra shows absorption
of background 21 cm radio continuum emission from the
Huregion by foreground H1. If absorption only occurs up to
the H nregion velocity, the source must lie at the near distance.
If absorption is detected between the Huregion velocity and
the tangent point velocity, the source must lie at the far
distance. If a source velocity is within 10 km s~ 'of the tangent
point velocity, we use the tangent point distance. As in
previous work, the off-target spectrum was taken at a position
as close to the source as possible so we can sample a similar
column of hydrogen. We assign each KDAR a quality factor
based on our qualitative assessment of our confidence in the
KDAR: “A” is very certain, “B” is less certain, and “C” means
we cannot resolve the KDAR. Of the 86 inner Galaxy
Huregions for which we know the source velocity, and that
do not lie at the tangent point, we derive a KDAR for 47 (55%).
This percentage is lower than that of the HRDS (67% if
tangent-point sources are excluded; Anderson et al. 2012).

We give the results of our analysis of the discrete H 11 regions
in Table 4, which lists the source LSR velocity, the near, far,
and tangent point kinematic distances, the KDAR, the quality
factor for the KDAR, the Galactocentric radius, the heliocentric
distance, the height above the plane, and the criteria used to
determine the H nregion velocity.

4. SUMMARY

We identify the discrete H nregion velocity for 103 (88%)
Huregions whose RRL spectra show multiple velocity
components. We do this by using new GBT observations,
analyzing the derived electron temperature for each velocity
component, and searching for the molecular emission or carbon
recombination lines associated with one RRL component.
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Table 4
H 1 Region Velocities and Distances
Source Vier Dy Dr Dop KDAR QF Roal Dy z Criterion®
(kms ") (kpc) (kpc) (kpc) (kpe) (kpc) (pc)

G018.677—00.236 42.6 35 12.6 8.1 F A 53 12.6 =51 3b, 4a, S5a
G019.594+00.024 353 3.0 13.0 8.0 C 5.7 4b
G019.728—-00.113 57.3 4.2 11.8 8.0 C 4.8 Sa
G019.813+00.010 60.4 43 11.7 8.0 C 4.7 4a
G021.558—00.112 115.1 6.5 9.3 7.9 C 34 1
G021.744—00.032 20.0 1.8 14.0 79 C 6.9 3b, 5a
G021.933+00.103 82.2 5.1 10.6 7.9 C 4.2 4b, 5a
G022.730—00.239 71.1 4.6 11.0 7.8 C 4.6 3b, 4a
G022.755-00.246 106.7 6.1 9.6 7.8 N B 3.7 6.1 —26 Sa
G023.200+00.000 89.5 5.4 10.2 7.8 C 4.1 1
G023.265-00.301 73.1 4.7 10.9 7.8 N A 4.6 4.7 —24 3a
G023.389—-00.148 98.5 5.8 9.8 7.8 N A 3.9 5.8 —14 3a, 4a
G023.458—00.179 97.4 5.7 9.9 7.8 N A 4.0 5.7 -17 3a, 4b, S5a
G023.513—-00.244 81.4 5.1 10.5 7.8 C 44 3b
G023.604—00.200 82.7 5.1 10.5 7.8 C 4.3 - 3b, 4b
G023.736—00.022 3.0 0.2 154 7.8 F B 8.3 15.4 =5 4a, Sa
G023.836+00.104 41.9 3.1 12.4 7.8 F A 5.8 12.4 22 3b
G023.909+00.066 384 29 12.6 7.8 F A 5.9 12.6 14 3b, 5b
G024.300—00.149 56.8 39 11.6 7.7 C 52 3a
G024.400—00.190 54.7 3.8 11.7 7.7 C 5.3 5b, 5a
G024.500+00.487 98.9 5.8 9.7 7.7 N B 4.0 5.8 49 3a, 4b
G024.507—00.222 96.3 5.7 9.8 7.7 N A 4.1 5.7 -22 3a, 5b
G024.557—00.132 91.1 5.4 10.0 7.7 C 4.2 3b, 4a, Sa
G024.680—00.160 110.3 6.4 9.1 7.7 N B 3.8 6.4 —17 3a, 5b, Sa
G024.713—-00.125 1123 6.5 9.0 7.7 N B 3.8 6.5 —14 3a, 4b, 5a
G024.735+00.159 109.3 6.3 9.1 7.7 C 3.8 3a, S5a
G024.744—00.206 82.6 5.1 10.4 7.7 F A 4.4 104 -37 3a
G024.923+00.079 424 3.1 12.3 7.7 F A 5.8 12.3 16 3b, 4a, Sa
G024.955—-00.048 49.8 35 11.9 7.7 F B 5.5 11.9 -9 4a
G025.150+00.092 46.5 33 12.1 7.7 F B 5.7 12.1 19 3a, 4a, S5a
G025.160+00.059 45.5 33 12.1 7.7 F B 5.7 12.1 12 3a, 5b
G025.305+00.532 7.0 0.6 14.8 7.7 C 8.0 3b, 4a
G025.398+00.562 12.9 1.1 14.3 7.7 F B 7.6 14.3 140 3b, Sa
G025.460—00.210 117.3 6.9 8.4 7.7 T 3.7 7.7 —28 3b, 5b
G025.469—-00.121 96.9 5.7 9.6 7.7 C 4.1 3a, 4a
G025.4774-00.040 —14.6 17.3 7.7 F A 10.3 17.3 12 2
G025.700+00.030 52.7 3.6 11.7 7.7 C 5.5 3a
G026.100—00.071 30.7 2.3 12.9 7.6 F A 6.5 12.9 —15 3a
G026.261+00.280 88.6 5.3 9.9 7.6 C 44 4a
G026.599—-00.019 19.4 1.5 13.7 7.6 C 7.2 3b
G026.610—00.212 —-35.7 20.8 7.6 F A 13.8 20.8 -77 3b, 2, 4a
G026.644+00.020 108.7 6.4 8.8 7.6 T 4.0 7.6 2 4a, 5a
G026.721+00.170 31.0 23 12.9 7.6 F A 6.5 12.9 38 3b, 4a, Sa
G027.183—-00.151 27.2 2.1 13.1 7.6 F B 6.7 13.1 —34 4a
G027.189—-00.079 27.8 2.1 13.0 7.6 F B 6.7 13.0 —17 5a
G027.320+00.263 28.5 22 13.0 7.6 C 6.7 3b
G027.334+00.176 80.4 49 10.2 7.6 F B 4.7 10.2 31 3b, 4a
G027.906—00.010 96.4 5.8 9.2 7.5 C 4.3 4a
G027.934+00.206 50.6 34 11.6 7.5 C 5.7 4a, 5a
G028.291+00.012 44.4 3.1 11.9 7.5 C 6.0 5a
G028.303—00.388 76.9 4.8 10.2 7.5 C 49 1
G028.394+00.076 86.2 5.2 9.7 7.5 C 4.6 4a
G028.581+00.145 —13.0 16.5 75 F A 9.9 16.5 41 2, 4a
G028.609+00.021 96.6 5.8 9.1 7.5 F A 4.4 9.1 3 3a
G028.638+00.479 28.4 2.1 12.8 75 F A 6.7 12.8 107 3b, 4a
G028.696+00.048 100.7 6.1 8.8 7.5 F B 43 8.8 7 3a, 4a
G028.764+00.281 104.5 6.4 8.5 74 T 42 7.4 36 3b
G029.134—-00.145 48.6 33 11.6 7.4 C 5.8 4b
G029.344—00.430 91.6 5.6 9.2 7.4 C 4.6 4a
G029.770+00.219 -31.3 18.9 7.4 F A 12.3 18.9 72 2, 4a
G029.981—-00.607 90.9 5.6 9.2 7.4 F B 4.6 9.2 —97 1
G030.249+00.243 8.9 0.6 14.1 7.3 F A 8.0 14.1 59 3b, 4a, 6
G030.252+00.051 65.2 42 10.5 7.3 F B 5.3 10.5 9 3b, 4a, Sa

12
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Table 4
(Continued)
Source Vier Dy Dy Dyp KDAR QF Rga D z Criterion®
(kms™") (kpe) (kpc) (kpc) (kpc) (kpe) (po)
G030.345+400.092 106.7 7.3 7.3 7.3 T 43 7.3 11 4b
G030.3744-00.026 44.4 3.0 11.6 7.3 F A 6.1 11.6 5 3a, 4a, 5a
G030.378+4-00.106 102.0 6.5 8.2 7.3 T 44 7.3 13 Sa
G030.470—00.040 42.7 2.9 11.7 7.3 F A 6.2 11.7 -8 3a
G030.597+400.030 449 3.0 11.6 7.3 C 6.1 3b, 4b
G030.644+00.053 99.5 6.3 8.4 7.3 T 4.5 7.3 6 3b, 4a
G030.696+00.256 102.1 6.6 8.1 7.3 T 4.4 7.3 32 3a, 4b
G030.760+00.206 98.5 6.2 8.4 7.3 T 4.5 7.3 26 3b, 5a
G030.771-00.223 103.6 6.8 7.8 7.3 T 44 7.3 -28 3a, 4a
G030.797+400.165 40.4 2.8 11.8 7.3 F A 6.3 11.8 34 3a, 4a
G030.838+-00.114 35.8 2.5 12.1 73 F A 6.5 12.1 24 3a, 4b, 6
G030.852+00.149 39.6 2.7 11.9 7.3 F A 6.3 11.9 30 3a, 4b
G030.883-+00.071 96.5 6.0 8.6 7.3 T 4.5 7.3 9 3b, 6
G030.9024-00.164 99.3 6.3 8.3 7.3 T 4.5 7.3 20 S5a
G030.951+00.541 24.5 1.8 12.8 7.3 F A 7.0 12.8 120 3a, 4a
G030.956+00.599 23.4 1.7 12.9 7.3 F A 7.1 12.9 134 3a, 6
G031.054+00.088 20.1 1.5 13.1 7.3 F A 7.3 13.1 20 3a, 5b
G031.0704-00.050 354 2.5 12.1 7.3 F A 6.5 12.1 10 3a
G031.140+00.121 455 3.1 11.5 7.3 C 6.1 3b
G031.157—-00.148 43.6 3.0 11.6 7.3 F A 6.2 11.6 —29 3a, 4a, 5a, 6
G031.159+00.048 35.6 2.5 12.1 7.3 F B 6.5 12.1 10 4a, S5a
G031.240—00.110 26.5 1.9 12.6 7.3 F A 6.9 12.6 —24 3a, 5b
G031.425-00.141 28.8 2.0 12.5 7.3 C 6.8 3b, 5a
G031.600—00.232 40.8 2.8 11.7 7.2 C 6.3 - 3b, 5b
G031.607+00.334 24.4 1.8 12.7 7.2 F A 7.1 12.7 74 3b
G031.816—00.121 36.3 2.5 11.9 7.2 F A 6.5 11.9 -25 3b
G032.108+00.050 94.4 6.0 8.4 7.2 T 4.7 7.2 6 3b, 4a
G032.379+4-00.102 47.3 3.2 11.2 7.2 C 6.1 1
G032.581—-00.077 30.0 2.1 12.2 7.2 C 6.8 4b
G033.753—00.063 101.7 7.1 7.1 7.1 T 4.7 7.1 -7 4a
G034.031—-00.059 56.3 3.7 10.4 7.0 C 5.8 3a, 4b, 6
G034.197—00.592 524 34 10.6 7.0 C 6.0 Sa
G034.591+00.244 —19.4 16.1 7.0 F A 10.3 16.1 68 2
G034.750+00.020 86.1 5.7 8.3 7.0 T 5.0 7.0 2 3b, 5a
G035.260+00.122 38.1 2.6 11.3 6.9 C 6.6 4b
G037.432—-00.337 44.1 2.9 10.6 6.8 C 6.4 4b
G037.485+00.513 4.1 0.2 13.3 6.7 F B 8.4 13.3 119 4b
G037.498+00.530 11.6 0.8 12.7 6.7 C 7.9 e Sa
G038.120—00.227 83.8 6.7 6.7 6.7 T 52 6.7 —26 Sa
G049.998—-00.125 38.5 3.0 7.9 5.5 F B 7.0 7.9 -17 3b, 4a, 5a
Note.
 See text.

Our sample contains all multiple-velocity H 1 regions in the
zone 18° < ¢ < 65°. The multiple-velocity regions are con-
centrated in the zone 22° < ¢ < 32°, spatially coincident with
some of the largest regions of massive star formation in the
Milky Way. This suggests that the additional velocity
components along these sight lines may be due to leaked
photons from large massive star formation complexes. We thus
interpret these additional components as stemming from diffuse
gas ionized by photons from these energetic regions.

Prior to our analyses, it was not possible to derive distances
to these regions, or to derive their physical properties. We
derive kinematic distances for 62 H nregions, 15 at the tangent
point distance and 47 for which we resolved the KDA. This
population of Huregions can now be used for large-scale
Galactic studies involving Hnregions, including studies of
Galactic structure (T.M. Bania et al. 2015, in preparation),
metallicity (Balser et al. 2015; T.V. Wenger et al. 2015, in
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preparation), and the star formation rate (L.D. Anderson et al.
2015, in preparation).

Finally, our analysis leads naturally to the creation of a large
database of diffuse RRL line parameters. Unlike most previous
low angular resolution radio investigations of the diffuse RRL
emission in our Galaxy, these data sample only the diffuse RRL
component, and are uncontaminated by discrete H nregions.
We will investigate this rich database in a future paper.

The National Radio Astronomy Observatory is a facility of
the National Science Foundation operated under cooperative
agreement by Associated Universities, Inc. We thank the staff
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NNX12AI59G to LDA.
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