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ABSTRACT

The Sgr A-H HII regions are a collection of sources which may represent one of
the most recent sites of star formation in the Galactic center. Examining these
HIT regions provides important information on the prevalence and distribution of
massive stars in the region and may provide clues on the origin of other massive
field stars throughout the Galactic center. In this work, we present infrared
imaging observations of the Sgr A-H HII regions taken with the Faint Object Infrared
Camera for the SOFIA Telescope (FORCAST) at 19.7, 25.2, 31.5, and 37.1 ym. These
data provide high-angular resolution maps (~4") of the sources, which allow us to
study the morphology of spatially extended HII regions in detail. The
wavelength coverage of FORCAST also supplies important constraints on the
dust mass, temperature, and luminosity of the sources. We produce SED
models using DustEM to measure the luminosity and dust mass which range
from ~ 3 x 103 — 6 x 10° Ly, and ~ 6 x 107 — 3 x 10~ M, respectively. Analysis of
dust temperatures in the four spatially extended HII regions (H1, H2, H3, and H5)
shows that three of these objects require multiple heating sources, and we identify
potential stellar candidates. We also compare the size and morphology of the HII
regions and demonstrate that the properties of H2 are consistent with in situ star
formation. Last, we identify 9 additional sources that may be part of the H complex,
and provide initial characterizations of their infrared emission.
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1. INTRODUCTION

The spatial distribution of massive stars in the Galactic center (GC) is highly pecu-
liar. Mauerhan et al. (2010) find that roughly half of the supergiant O and Wolf-Rayet
stars present in the inner ~ 90 pc are isolated from known stellar clusters. N-body
simulations of cluster evolution in the GC environment by Habibi et al. (2014) sug-
gest that many of these isolated stars could be former members of the Arches cluster
(Cotera et al. 1996; Figer et al. 1999) or Quintuplet cluster (Okuda et al. 1990; Na-
gata et al. 1990) that have been tidally stripped or ejected. However, this may not be
the origin of all of the field stars as some fraction of them may have formed in situ.
While it is widely accepted that stars generally form in clusters (McKee & Ostriker
2007), our knowledge of clustered star formation in the GC is limited to only a few
relatively large clusters (Lguster = 107La; Figer 2004). It is reasonable to expect
more modest-sized clusters to be present as well, though finding these sources has
been elusive (e.g., Steinke et al. 2016). Examining the field stars in the region may
reveal the location of new clusters and shed further insights on the process of star
formation in this complex environment.

As a whole, star formation in the GC (SFRgc =~ 0.1 My /yr; Barnes et al. 2017)
is a factor of ~ 10 less efficient than one would expect based on its dense molecular
gas content (Longmore et al. 2013). While star formation in the region is deficient,
there there are still sites of ongoing and recent star formation, such as Sgr B2 (with
more than 60 ultracompact and hypercompact HII regions; Goldsmith et al. 1990;
Gaume et al. 1995; de Pree et al. 1996; De Pree et al. 1998) and the Sgr A East HII
Regions (with 3 compact and 1 ultracompact HII region; Ekers et al. 1983; Yusef-
Zadeh et al. 2010; Mills et al. 2011; Lau et al. 2014). Both of these regions are
believed to be examples of in situ star formation and comprise very different scales
of star formation activity. Detailed examination of these regions and similar
sites may help us better understand the inefficient nature of star formation in
the GC which is thought to be a result of turbulent ISM conditions that are primarily
driven by large-scale instabilities (Kruijssen et al. 2014).

In this work, we have examined a complex of a 13 HII regions, known as the Sgr
A-H HII regions (henceforth the H HIT Regions following the naming convention of
Yusef-Zadeh & Morris 1987). These sources are located ~ 10 — 15 pc in projection
from Sgr A* and were first discovered in radio mapping of Sgr A by Yusef-Zadeh &
Morris (1987). The HII regions are associated with the -30 to 0 km/s molecular cloud
(Serabyn & Guesten 1987; Poglitsch et al. 1991), which is hypothesized to lie on the
far side of the GC (Molinari et al. 2011; Kruijssen et al. 2014), although the origin
of their associated stars is debated. The Hubble Space Telescope (HST) Paschen-a
Survey of the Galactic Center (Wang et al. 2010) identified a handful of emission line
stars in this region and subsequent studies of these sources have revealed a few that
are likely associated with and responsible for ionizing the HII regions (e.g., Dong et al.
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2015, 2017). However, the majority of the HII regions still do not have an identified
candidate ionization source.

Dynamical simulations by Habibi et al. (2014) demonstrate that stripped or evap-
orated stars from the Arches cluster could be found in this location, indicating that
the HII regions may be formed by escaped, massive stars fortuitously passing through
a molecular cloud. However, there is evidence that at least one of the sources (H2) is
associated with a star that likely formed in situ (Dong et al. 2015). Because the origin
of many of these sources is uncertain, it is possible that additional HII regions in
the complex have also formed in this manner. Examining the thermal dust emission
can be an effective way to differentiate these scenarios, especially if the emission is
resolved. However, dust emission associated with these sources are badly saturated at
24 pm in the Spitzer/MIPS observations of the GC (e.g. Hinz et al. 2009), and earlier
observations with the Midcourse Space Experiment (Egan et al. 2003) lack sufficient
angular resolution to cleanly separate many of the infrared sources in this region.

To improve our understanding of the H HII regions and their origin, we have ob-
tained imaging observations of these sources at 19.7, 25.2, 31.5, and 37.1 pm using
the Faint Object Infrared Camera for the SOFIA Telescope (FORCAST; Herter et al.
2012). In this paper, we present an analysis of these observations which trace ther-
mal emission from warm dust (~ 100 K) associated with the HII regions. Details of
these observations are given in Section 2. In Section 3, we outline methods used
to model the dust emission, which allow us to constrain their physical properties,
including dust mass, temperature, and infrared luminosity. Next, we present the
results of this analysis in Section 4, focusing on the four spatially extended HII
regions (H1, H2, H3 and H5). We compare the FORCAST data to archival maps
of the HII regions at near-, mid-, and far-infrared wavelengths to better understand
their morphology. We also examine the spatial distribution of dust temperatures in
these objects to determine whether they are consistent with being heated by a single
star or whether multiple sources are needed to reproduce the observations. In Section
5, we discuss the possible heating sources for each of the HII regions and identify pos-
sible stellar counterparts. Additionally, we consider possible origins for these stars
and examine whether any of the HII regions have infrared luminosities that could be
indicative of a small embedded stellar cluster. Last, we discuss a collection of newly
identified infrared sources which may be associated with the H complex.

2. OBSERVATIONS AND DATA REDUCTION
2.1. SOFIA/FORCAST

We observed the H HII Regions with the 2.5 m telescope aboard the Stratospheric
Observatory for Infrared Astronomy (SOFIA; Young et al. 2012) using the FORCAST
instrument (Herter et al. 2012). FORCAST is a 256 x 256 pixel dual-channel, wide-
field mid-infrared camera with a field of view of 3.4" x 3.2" and a plate scale of 0.768"
per pixel. The two channels consist of a short-wavelength camera (SWC) operating
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at 5 — 25 pm and a long-wavelength camera (LWC) operating at 28 — 40 ym. An
internal dichroic beam-splitter enables simultaneous observation with both cameras
while a series of bandpass filters is used to select specific wavelengths.

The two fields containing the H HII regions were observed during SOFIA cycle 3
on 2015 July 4 during flight number 225 (Program ID: 70_0300; PI: T. Herter). Both
fields were observed with the 19.7, 25.2, 31.5, and 37.1 um filters. A five-point dither
pattern was used to remove bad pixels and mitigate response variations. Parallel
chopping and nodding on the array were used to remove the sky and telescope thermal
backgrounds. The frequency of the chop throw was ~ 4 Hz, and the integration time
at each nod position was ~23 s.

The observations were processed using the pipeline steps described in Herter et al.
(2013). The processed data products were downloaded from the SOFIA Data Cycle
System.! The quality of the co-added images is consistent with near-diffraction-
limited imaging from 19.7 to 37.1 pm. The full width at half maximum (FWHM)
of the point spread function (PSF) was 3.3” at 19.7 pm, 3.2” at 25.2 um, 3.5” at
31.5 pm, and 3.9” at 37.1 um. The RMS noise per pixel was 9.7 mJy at 19.7 um,
18 mJy at 25.2 pm, 21 mJy at 31.5 ym, and 18 mJy at 37.1 um. The estimated 3o
uncertainty in the flux calibration is £20%. Table 1 provides additional details on
the FORCAST observations.

In order to produce a larger image mosaic of the surrounding region, we included
FORCAST observations of the Arched Filaments HII region which cover the location
of the Arches cluster. These data were originally presented in Hankins et al. (2017)
and details of these observations can be found therein. Additional post-processing was
performed on all of the FORCAST data to bring the maps at different wavelengths to
the same angular resolution. The data were deconvolved using the Richardson-Lucy
algorithm (Richardson 1972; Lucy 1974), and the PSF was estimated using a Gaussian
kernel corresponding to the beamsize at the given wavelength. Last, the maps were
convolved back to a uniform beam size of 4.0”. Figure 1 displays a false-color map of
of the HII regions using the 19.7, 25.2, and 37.1 pum data.

2.2. Data from Other Sources

Archival data from several sources were incorporated in our study of the H HII
Regions. Maps from the HST Paschen-a Survey of the Galactic Center (Wang
et al. 2010) were used to examine ionized gas emission and near-infrared contin-
uum sources in the region. Similarly, observations from the GLIMPSE Spitzer /TRAC
survey (Churchwell et al. 2009) were used to examine the morphology of the HII re-
gions and also to expand the wavelength coverage of the SEDs for the sources. We
also reference maps of the HII regions at far-infrared wavelengths that were observed
as a part of the Herschel Hi-GAL survey (Molinari et al. 2010). In addition to the
archival observations, we utilized source catalogs from the HST Paschen-a Survey of

! https://dces.sofia.usra.edu/
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Table 1. Observation Details

Field  Filter 1 (um) Filter2 (um) Integration (s) Aircraft Alt. (ft.)

H North 19.7 31.5 136 ~36,000
H North 25.2 31.5 119 ~36,000
H North 25.2 37.1 345 ~36,000
H South 19.7 31.5 46.3 ~40,000
H South 25.2 31.5 37.8 ~40,000
H South 25.2 37.1 84.1 ~40,000

All observations were obtained during SOFIA cycle 3 during flight 225 on 7/4/15.

the Galactic Center (Dong et al. 2011), 2MASS (Cutri et al. 2003), and the Spitzer
IRAC Survey of the Galactic Center (Ramirez et al. 2008) to examine associations
between sources in each of the datasets.

2.3. Extinction Correction

Objects near the Galactic center suffer significant extinction due to large column
densities of gas and dust along the line of sight (Ay ~ 30; Cardelli et al. 1989). In
this work, we adopt the extinction law of Fritz et al. (2011) with Ag, = 2.58 to
deredden the infrared fluxes of the observed sources. The Fritz law was derived from
hydrogen recombination line observations of Sgr A West and has been adopted in
our previous studies of objects in the GC. A handful of stars associated with the H
HII regions® show a range of near-infrared extinction (Ax ~ 2.0 — 3.2; Dong et al.
2015). While correcting for this range of extinction values is troublesome at near-
infrared wavelengths, the extinction becomes considerably less at longer wavlengths
where FORCAST operates (e.g., Aj9/Ass2 ~10). Therefore, the measured fluxes
from FORCAST are more robust to modest extinction variations, which could be
present across the field.

3. ANALYSIS

In this section, we describe our methodology for studying the infrared sources de-
tected by FORCAST in the H complex. Our primary focus is on the four HII regions
H1, H2, H3, and H5. These objects are spatially extended and sufficiently bright
to study their morphologies and make comparisons with data at other wavelengths.
We also use the FORCAST data to analyze the spatial distribution of dust tem-
peratures in these objects to investigate the heating sources contained within. Last,
we model infrared SEDs of these objects along with other detected HII regions in
the complex, including H4, H6, H7, H10, H11, and H14. Results for each of these

2 Including P35, P114, and P107
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Figure 1. Top: False-color map of the H HII Regions created with SOFTA /FORCAST observations
at 19.7 (blue), 25.2 (green), and 37.1 um (red). Bottom: A second RGB map created with the same
data at a different stretch. Sources within the map are grouped into three categories which are
indicated by the color of their labels. The spatially extended HII regions (H1, H2, H3, and H5) are
shown in white. Additional HII regions in the complex, including H4, H6, H7, H10, H11, H12, and
H14, are shown in yellow. The known sources H9 and H13 are not detected by FORCAST though
their positions are indicated with a ‘+’. A number of additional infrared sources (H15 - H23) were
also identified in the maps and are shown in red. Two of the sources (H22c and H23c) are listed as
candidates because they are only detected in a single FORCAST band. The white cross denotes the
location of the Arches cluster.

sources can be found in Section 4. In addition to the known HII regions, several
other infrared sources were also detected in the complex (H15 - H23c; Figure 1).
These newly identified sources are discussed in Section 5.

3.1. Multiwavelength Morphology

Morphological differences in multiwavelength imaging can help to distinguish be-
tween various emission components in and around the HII regions. For example,
previous work with SOFIA/FORCAST imaging observations have demonstrated the
utility of 19.7 and 37.1 pum emission for differentiating between dust emission asso-
ciated with HII regions and the surrounding photodissociation regions (e.g., Salgado
et al. 2016). Utilizing this information aids in our understanding of the structure of
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the regions, and can help to localize the dust-heating and ionization sources. In this
study, we compare the SOFIA/FORCAST observations to archival maps of the re-
gion from 1.9 to 160 pum (see Section 2.2 for the complete listing). We use these data
to analyze the morphology of individual HII regions at near-, mid-, and far-infrared
wavelengths, while also examining the relationship between the dust emission and
ionized gas emission (via Paschen-a). Multiwavelength maps of the objects H1, H2,
H3, and H5 are presented in Section 4 along with a description of their morphology.

3.2. Color-Temperature € Optical Depth Maps

We produce color-temperature maps of the HII regions using the 19.7 and 37.1 ym
data. This is accomplished by expressing the frequency-dependence of the emission as
F, x 8 B,(Tp), where T is the color temperature and the dust emissivity is taken to
be of the form v” with 3 = 2. For optically thin emission, which is virtually always
the case (see below), T represents an average dust temperature along a line-of-sight
weighted by both temperature and density.

We investigate the source(s) responsible for heating dust in the HII regions by
calculating the expected dust temperature based on the properties of the heating
source and comparing this with the observed color-temperature. For a dust grain in
thermal equilibrium with an incident radiation field, the temperature is determined
by the optical properties of the grain and the local radiation field. If the dust is
heated by a source with luminosity, L, at a distance, d, the equilibrium temperature
of the dust, T}, is given by:

" ( L qu>1/(4+ﬁ) (1)

16mod? Q)

where Quy is the grain absorption cross section averaged over the spectrum of the
incident radiation field, and @); is a temperature-independent dust emission
efficiency of the form Qg = (Qus)(T/K)™? = 1.3x107%(a/0.1 upm) which follows
from the expression for silicate grains from Draine (2011). Writing @, in
this fashion allows us to solve for the grain temperature as it is shown in
equation 1. In this expression, the grain size plays a substantial role in
setting the equilibrium dust temperature, and we adopt a characteristic
grain radius of a = 0.01 ym. This value is smaller than typical ISM dust
grains (a ~ 0.1 ym); however, it is consistent with previous determinations
of dust grain characteristics for HII regions in the GC (e.g., Hankins et al.
2017; Lau et al. 2016).

We calculate temperature profiles for dust in the HII regions according to Eqn. 1, as-
suming that the candidate ionization source (if known) is also the dust-heating source.
To account for projection effects, we assume that the true distance between the heat-
ing source and the dust is approximately /2 times the projected distance. This
procedure provides an estimate of the maximum temperature that can be achieved at
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Table 2. Dereddened Source Fluxes
Source F3.6 (Jy) Fy5 (Jy) Fs.s (Jy) Fs.0 (Jy) Fio7r (Jy)  Fas2 (Jy)  Fsis (Jy)  Fsra (Jy)  Fro (Jy)  Rap (")
HI1 9.27 + 6.50 8.92 +5.35 11.6 + 4.6 36.7+11 14204430 2030 +610 16804500 1560 +470 598 + 167 23
H2 8.16 + 5.61 9.65 + 5.11 18.6 + 6.4 73.4+16.1 1840+ 370 1950390 14204+ 280 1240250 390 4+ 112 20
H3 2.86 + 3.27 2.74 + 2.65 6.35 + 3.49 239476 7794156 1050210 9154183 815+163 360 + 108 21
H4 2.40 + 3.05 1.56 + 2.05 292+263  6.03+4.04 457+9.1 110422 124 + 25 118 £24  39.3428.8 12
H5 9.29 4 6.01 8.26 4+ 4.73 18.8 + 6.4 53.2+£12.8 1270 +£250 19204380 1770 +£350 18404370 792 + 242 25
H6  0.0929+0.0232 0.11940.030  0.266 £0.066 1.42+0.35 22.6+57 289472 258+6.5 247462 4.73" 6
H7 0.20540.051  0.265-+0.066 0.5204+0.130 1.70+0.42 33.9+85 448+112 389+9.7 36.9+09.1 11.8" 6
HI10 0.3534+0.106  0.396-0.119 0.853+0.256 3.18 +0.95 71.7+21.5 828+248 7654229 71.6+21.4 13.2" 8
H1l  0.0451+0.0136 0.0614 +0.0184 0.222+0.067 0.660+£0.198 16.6+3.3 252451 225+45 248+50x 22.7+6.8 6
H14  0.860+£0.0258  0.692+0.207  220-+0.66  8.43+253 60.2+23.6 6624239 502+17.9 3844140 29.1+17.8 11

@The radius of the circular aperture used in the photometric extraction for the sources. For unresolved sources Rqp = 6”.

* Upper limits on the 70 pum flux values.

a given distance from the supposed heating source. Comparing the calculated tem-
peratures with the observed temperatures can reveal locations that are warmer than
expected, which implies some contribution from an additional heating source.?

In addition to temperature information, the FORCAST data can also be used to
infer the optical depth of the dust. If the dust emission is optically thin, then the
optical depth can be expressed as:

F
" O,B,(Ty) 2)

where F) is the flux per pixel, €2, is the solid angle subtended by each pixel, and

A

B, (Ty) is the Planck function at the dust temperature, T,. The calculated opacities
of the regions verify the emission is optically thin, typically 737 < 0.01. Uncertainties
in the color temperature and optical depth values are typically ~ 15% and ~ 25%,
respectively. However, one must be mindful of the fact that line-of-sight
affects can influence both temperature and column density measurements.
In some cases this can lead to artificial minima and maxima in the column
density, which are heavily influenced by minima and maxima in the dust
temperature. Maps of the color temperature and the optical depth for the extended
HIT regions can be found in Section 4.

3.3. SED Models with DustEM

3 Adopting dust grains with a characteristic radius ¢ = 0.01 ym rather than a more
typical value for ISM grains (0.1 pm) increases the expected equilibrium temperature
by ~50% for a given distance. In cases where we claim that additional heating sources
are needed, our grain size assumption does not adversely affect this result because the
larger grain size would require the equilibrium distance of the dust grain be a factor
of ~ 3 smaller in order to achieve the same temperature as the 0.01 ym sized grain.
Thus, larger grains would only strengthen our argument in favor of additional heating
sources.
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SEDs for each of the HII regions were constructed using data from the four
Spitzer /IRAC bands (3.6, 4.5, 5.8, and 8.0 um), the four SOFIA /FORCAST bands
(19.7, 25.2, 31.5, and 37.1 ym), and the Herschel/PACS 70 pum data.® Fluxes for the
sources were extracted using aperture photometry. The extinction corrected FOR-
CAST fluxes are listed in Table 2 along with information on the apertures used for
both extended and point sources. To minimize contamination in the apertures,
we fit and subtract away unrelated stellar sources using a Gaussian PSF
model. This is especially important for extended sources in the shortest
wavelength IRAC bands which would be otherwise dominated by bright
point sources. Aperture photometry extracted from the IRAC data were corrected
for the aperture size in accordance with the instrument handbook.” Fluxes for point-
like sources were also checked against the Spitzer /IRAC Galactic Center catalog from
Ramirez et al. (2008) for consistency. In the few HII regions where a candidate ioniz-
ing source has been previously identified, we also include photometry of the star from
the HST F190 continuum observations.

Dust emission models of the HII regions were generated using DustEM
(Compiegne et al. 2011). DustEM incorporates transient heating of grains and is
therefore able to model the emission from stochastically heated grains, such as poly-
cyclic aromatic hydrocarbons (PAHs). By modeling the dust emission from each
source, we are able to study any differences in their physical properties, such as the
strength of the local radiation field and the abundances of certain types of grains.
The adopted and fitted model parameters are discussed in the next subsection.

3.3.1. Model Parameters

The interstellar radiation field, G, from Mathis et al. (1983) scaled by an
overall intensity factor was used as the input radiation field for the models.
Values for the radiation field in the models range from ~ 103 —10* Gy, which are fairly
typical for HII regions (Tielens & Hollenbach 1985). For dust properties, we adopt
abundances for the diffuse ISM from Compiegne et al. (2011), which consists of four
grain species with the following mass fractions®: PAHs (Ypay = 7.8 x 107%), small
amorphous carbon (SamC; Yg,mc = 1.65 x 107%), large amorphous carbon (LamC;
Yiame = 1.45 x 107%), and astronomical silicates (aSil; Y,gy = 7.8 x 1073). Mid-
infrared emission features from PAHs dominate the Spitzer /IRAC bands,
which permit the PAH component to be fitted separately from the other
dust species whose abundances were left fixed in the models. We denote
the relative change in PAH abundance compared to the diffuse ISM value
as a multiplicative factor Xp,y. Allowing the modeled PAH abundance to
vary improves the quality of the SED fits; however, there are caveats with

4 The 160 um data was not used in the SEDs because it appears to be significantly contaminated
by background molecular clouds

5 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook /27 /

6 The stated mass fractions of the components are expressed relative to the mass of
hydrogen (i.e., Y4 = M4/Mpy) where A is one of the dust species.
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interpreting these models as a true change in PAH abundance because
the emitting regions for the dust components can be different, especially
if they originate from inside the HII region or photodissociation region
(e.g., Salgado et al. 2016). This may introduce a volume filling factor that
complicates the true abundance ratio of the different dust components.

In total, three parameters are fit for each model: the intensity of the input radiation
field, the relative PAH abundance, and the overall scaling of the SED model (which
is related to the infrared luminosity and dust mass). The best-fit model parameters
are determined by constructing a grid of models and calculating the reduced x? for
each set of parameters. Details on the best-fit models for each of the HII regions can
be found in Table 7.

4. RESULTS
4.1. HI1

H1 is located at [ = 359°59'20”, b = 00°00'42”, making it one of the southernmost
sources in the H complex (Figure 1). Its ionizing source is thought to be the known
emission-line star, P114, which is classified as an O4-61 subtype (Dong et al. 2015). In
Figure 2, we present multiwavelength imaging of H1 along with the color-temperature
and optical depth maps of the source. Thermal dust emission from H1 shows a
bright arc-like structure which is indicative of an interaction between the star and the
surrounding ISM. This feature could be generated by a bow shock as the star passes
through intervening material or it could be a pressure-driven ‘blister’ caused by a
large density gradient in the star’s surroundings (Dong et al. 2015). At FORCAST
wavelengths, the arc-like structure is the brightest component of the emission, though
there appears to be a continuation of the feature that completes a nearly circular shape
(with a diameter of ~ 0.9 pc; though P114 is offset from the center). The bubble-like
appearance of H1 provides possible support for the ‘blister’ HII region scenario for
this object. This possibility is discussed further in Section 5.1.

Color-temperature analysis of H1 (Figure 2) shows that P114 is consistent with
being the only heating source for dust in the region. The hottest dust (130420 K) is
coincident with the location of the bright dust arc observed in the infrared continuum
maps. The temperature of this dust suggests that this structure is physically closer
to P114 than other parts of the HII region.

The 37 um optical depth of H1 ranges between 2.2 x 1073 and 7.4 x 1073, There
is evidence for a slight increase in the dust column at the position of the brightest
37 pm emission (shown in contours in Figure 2). The largest opacities found along
the edge of the map toward the north and east are in the direction of the molecular
cloud that P114 is interacting with. Although, these edge features should be viewed
with caution because they are near the signal-to-noise cutoffs for the data.

The SED model of H1 (Figure 6) is best fit by a source with an infrared luminosity
of Lig = 52713 x 10° L, and dust mass My = 1.2753, x 107" M. The dust model
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Figure 2. Top Left: False-color image of H1 with HST Paschen-« (blue), HST F190 (green), &
SOFTA/FORCAST 19.7 um (red). P114, the candidate ionizing source of H1, is visible in
the F190 map and its position is indicated by the white crosshairs. A scale bar and
cardinal directions in equatorial coordinates are shown in the bottom left and right, re-
spectively. Top Right: False-color image of H1 with Spitzer/TRAC 8um (blue), SOFTA/FORCAST
19.7 pm (green) & 37.1 pm (red). The location of P114 is marked by a yellow star in this
panel and the two lower panels. The photometric extraction area is shown with the
dashed circle. Bottom Left: Color-temperature map of H1 with contours (gray dashed)
denoting equilibrium temperatures based on dust heating by P114. The observed dust in
H1 is consistent with being heated by P114. Bottom Right: 37 pum optical depth map of H1 with 37
um contours (ranging from 0.3 to 1.5 Jy/pix in increments of 0.3).

from Compiegne et al. (2011) reliably reproduces the observed emission; however, the
PAH abundance is best fit with Xpag = 0.2t8;}§. The reduced-y? value of the best-fit
model is 1.9. Further information on the SED model can be found in Table 7.

For completeness, we also include a model of stellar flux of P114 (light-blue dashed).
Based on its measured flux in the F190 filter, we do not expect that P114 contributes
significantly to the total flux beyond the near-infrared bands. As a consistency check,
we compared the stellar luminosity of P114 and the infrared luminosity of the HII
region. If P114 is the only heating source in H1, then the luminosity of star should
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Figure 3. Top Left: False-color image of H2 with HST Paschen-a (blue), HST F190 (green),
& SOFIA/FORCAST 19.7 ym (red). P35, the candidate ionizing source of H2, is visible
in the F190 map and its position is indicated by the white crosshairs. The locations
of the two components H2NE and H2SW are also indicated. A scale bar and cardinal
directions in equatorial coordinates are shown in the bottom left and right, respectively.
Top Right: False-color image of H2 with Spitzer/IRAC 8um (blue), SOFIA/FORCAST 19.7 pm
(green) & 37.1 ym (red). The location of P114 is marked by a yellow star in this panel
and the two lower panels. The location of H2SW (19.7 pm centroid) is marked by the
white ‘4’ and the photometric extraction area is shown by the dashed circle. Bottom
Left: Color-temperature map of H2 with contours (gray dashed) denoting equilibrium temperatures
based on dust heating by P35. Bottom Right: 37 pm optical depth map of H2 with 37 pm contours
(ranging from 0.3 to 1.8 in increments of 0.3 Jy/pix). H2SW is not visible in the 37um contours
because its emission is dominated by an extended dust filament.

be greater than or equal to that of H1. As noted earlier, P114 is classified as a O4-
61 subtype, for which Martins et al. (2005) provide a range of luminosities between
6.0 x 105> — 8.7 x 10° Lo. These values are comparable to the measured infrared
luminosity of H1 (L;z = 5.2%}3 x 10° Ly), which implies a dust covering fraction
(Lrr/Ly) between ~ 0.85 — 0.60.

4.2. H2



SOFIA/FORCAST: H HII REGIONS 13

H2 is located in the southern part of the H complex and is adjacent to H1 (Figure
1). The ionizing source of H2 is thought to be the known emission-line star, P35,
which is classified as type O Ift (Dong et al. 2015). In Figure 3, we present multi-
wavelength imaging of H2 along with the color-temperature and optical depth maps of
this object. The mid-infrared maps of H2 show evidence for two components that we
refer to as H2-Northeast and H2-Southwest (henceforth H2NE and H2SW)”. H2NE
is coincident with the location of P35 while H2SW is located ~20” to the south-
west. H2NE is the highest surface brightness object of any of the sources in the H
complex at FORCAST wavelengths. Its emission is spatially resolved by FORCAST
(FWHMg97 = 7.7 x 6.6”, FWHMj3;; = 12" x 9.8”) though there does not appear to
be significant structure to this object other than the bright, centrally-peaked source
located near P35.

H2SW appears to be located at the end of a filament of ionized gas and dust, which
is visible in the Paschen-a data as well as the four FORCAST bands. Whether these
structures actually are associated is unclear, but their spatial coincidence is somewhat
suggestive. This filamentary structure was noted in previous radio mapping of the
region by Yusef-Zadeh et al. (2004) and appears to run from the top of H1 to its
termination at the location of H2SW.

Color-temperature analysis of H2 shows that P35 is consistent with being the heat-
ing source for H2NE; however, H2SW must be independently heated. We will investi-
gate the heating source of H2SW in greater detail in Section 4.6.1. Near the location
of P35, the peak dust temperature is 210 + 32 K. This is significantly warmer than
any of the other HII regions in the complex.

The 37 pm optical depth of H2 ranges between 3.6 x 1074 - 9.8 x 1073, The cal-
culated optical depth at the location of H2SW is a local minima, which
is somewhat surprising if this is a heavily embedded source. However, as
noted in Section 3.2, line-of-sight effects could influence the measured op-
tical depth because the determination is a strong function of temperature.
A more detailed model of this source is needed to characterize its physical
properties.

The SED model of H2 is best fit by a source having an infrared luminosity of
Lir = 5.0102 x 10° L, and dust mass My = 5.9%12 x 1072 M. Similar to the case
of H1, the adopted dust abundances from Compiegne et al. (2011) reliably reproduce
the observed emission, though the PAH abundance is best fit by Xpayg = O.5f8:§.
The reduced-x? value of the best-fit model is 1.8. We also include a model of the
stellar flux of P35 in the SED (light blue dashed line). Based on its flux in the F190
filter, we do not expect that P35 contributes directly to the total flux beyond the
near-infrared bands.

7 Following the naming scheme of Zhao et al. (1993) who named the components of H5 following
from their relative positions in equatorial coordinates rather than Galactic coordinates.
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If P35 is the primary heating source of H2NE, which dominates the total luminosity
of H2, then we would expect the luminosity of the star to be greater than or equal
to the infrared luminosity of the HII region. Because the subtype of P35 is not well
constrained, the temperature, and therefore the luminosity, of the star could span a
relatively large range of values (3.2 x 10° — 1 x 10% Ly; Martins et al. 2005). The
constraint supplied by the infrared luminosity implies that P35 is an O7 or earlier
subtype.

4.3. H3

H3 is the westernmost source in the H complex and is located at [ = 00°00'32”,b =
00°02'10” (Figure 1). Unlike H1 and H2, H3 does not have an identified candidate
ionizing source. In Figure 4, we present multiwavelength imaging of H3 along with
the color-temperature and optical depth maps of the source. The ionized gas emission
associated with this HII region displays a filamentary structure and is slightly more
extended than the warm dust emission observed by FORCAST. The surrounding
environment of H3 appears to be less complex than H1 & H2, which have ionized gas
extending well beyond the observed dust emission associated with the HII regions.
In the mid-infrared, there are at least two spatially resolved emission peaks within
the region that are separated by ~ 0.5 pc. The brightest source is located to the
south (H3S), with the others being present to the north (H3N). In the Spitzer /IRAC
maps of H3, there appear to be two 8um sources coincident with the location of H3N,
which we refer to as H3N1 and H3N2.

The color-temperature map of H3 was produced using the 19.7 and 37.1 ym FOR-
CAST observations (Figure 4). The maximum temperature in the map (7, = 140421
K) occurs at the location of H3S, and two distinct local maxima (7, = 130 £+ 20 K
& Ty, = 120 + 18 K) are found in the northern portion of H3 corresponding to
H3N1 and H3N2. Interpreting the detailed temperature structure of H3 is some-
what challenging because previous works have not identified a candidate stellar source
associated with this object. In this analysis, we assume that the dust heating source
is close to the maximum temperature peak. If so, the calculated temperature con-
tours show that it cannot be responsible for heating dust in the northern part of H3
to the observed temperatures present in this region. This requires at least one
additional heating source in the north, whose position could be indicated by the local
temperature maxima in H3N. We will return to this point in Section 4.6. The 37
pm optical depth of H3 ranges between 4.5 x 107* and 5.2 x 1073, The location of
the temperature peak associated with H3S appears to correspond to a location of
lesser dust column in the map; however, this may be an artifact of the line-of-sight
temperature distribution, similar to what is observed in H2SE.

The SED model of H3 is best fit by a source having an infrared luminosity of
Lir = 3.0703 x 10° Le and dust mass My = 9.2737 x 1072 M. As in the case of
H1 & H2, the PAH abundance of the model was modified to improve the SED fit
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Figure 4. Top Left: False-color image of H3 with HST Paschen-a (blue), HST F190 (green),
& SOFIA/FORCAST 19.7 pm (red). The ionizing source of H3 has not been identified in previ-
ous works and its heating source is similarly unknown. 7Top Right: False-color image of H3 with
Spitzer/IRAC 8um (blue), SOFIA/FORCAST 19.7 pm (green) & 37.1 um (red). The components
of H3, south (H3S) and north (H3N), are indicated on the map. The photometric extraction area
is shown by the dashed circle. Bottom Left: A color-temperature map of H3. Because a proba-
ble heating source of H3 is unknown, we assume that it is located at the position of the observed
temperature maximum (indicated by the grey ‘+4’) and the radial temperature contours (gray
dashed) have been positioned accordingly. Bottom Right: A 37 pm optical depth map of H3 with
37 pm contours (ranging from 0.3 to 0.9 in increments of 0.3 Jy/pix).

in the mid infrared (Xpay = 0.37032). Overall the dust model does a good job of
reproducing the observed SED (reduced-x? = 0.9).

4.4. Hb

H5 is located in the northern half of the H complex at [ = 00°02'34”,b =
00°01'00” (Figure 1). Its ionizing source is thought to be the emission-line star,
P107, which is classified as a type O4-6 If (Dong et al. 2015). In Figure 5, we
present multiwavelength imaging of H5 along with the color-temperature and optical
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Figure 5. Top Left: False-color image of H5 with HST Paschen-« (blue), HST F190 (green), &
SOFIA/FORCAST 19.7 ym (red). P107, the candidate ionizing source of HS5, is visible
in the F190 image and is indicated by the perpendicular white lines. The locations
of the components HS5E and H5W are also indicated. 7Top Right: False-color image of
H5 with Spitzer/IRAC 8um (blue), SOFTA/FORCAST 19.7 pm (green) & 37.1 um (red). The
location of P114 is marked by a yellow star in this panel and the two lower panels.
The photometric extraction area is shown by the dashed circle. Bottom Left: A color-temperature
map of H5 with contours (gray dashed) denoting equilibrium temperatures based on dust heating
by P107; we suggest that this star is unlikely to be the heating source (see section 4.4).
Bottom Right: A 37 um optical depth map of H5 with 37 ym contours (ranging from 0.2 to 1.4 in
increments of 0.2 Jy/pix).

depth maps of the source. The ionized gas emission in H5 shows a complex structure
that is reminiscent of a bipolar morphology; however, this may only be an effect of
the viewing geometry. The infrared dust emission appears to be concentrated into
two primary sources, which we refer to as H5E and H5W. These components were
originally identified in the radio by Zhao et al. (1993).

A color-temperature map of H5 was produced using the 19.7 and 37.1 yum FORCAST
data (Figure 5). There are two temperature peaks in the main portion of H5. These
features correspond to the location of the bright infrared sources H5E and H5W.
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Interestingly, the maps do not show a significant temperature increase at the location
of P107 which implies the observed dust at this location must be much farther from
the star than it appears in projection. To examine the dust heating of the region in
more detail, we show radial temperature contours at the location of P107 to determine
whether it can reproduce the observed spatial distribution of temperatures. From this
analysis, it is clear that the two temperature peaks are much warmer than one would
expect if P107 was responsible for heating HSE and H5W. This implies that local
sources of heating are needed to explain the observed dust temperatures at these
locations.

The fact that P107 does not appear to dominate the heating of the two bright
infrared components in H5, or significantly warm dust in its (projected) surroundings,
brings into question the association of this source with H5. Dong et al. (2015) have
already noted a significant radial velocity offset between P107 and the ionized and
molecular gas associated with H5 (Av ~ 60 km/s). Both of these pieces of evidence
suggest that P107 is actually external to the HII region. Given the high density of
sources in this region of the GC, P107 could simply be an chance alignment with
H5. Although if P107 is within 2.5 pc, it could still be responsible for ionizing the
gas in H5.® Such a scenario is not inconsistent with the observed dust temperatures
in H5, though local sources of dust heating would still be required for H5E and
H5W. Alternatively, H5 could be ionized by star(s) local to the HII region. Radio
continuum observations of H5 suggests that the ionization of H5W and H5E could be
accomplished by an 06.5V and O8V star, respectively (Zhao et al. 1993). However,
no massive stars have previously been identified in these regions. We will return to
this analysis and examine possible heating sources for HS5E and H5W in section 4.6.3.

The 37 um optical depth of H5 ranges between 9.8 x 107% and 1.1 x 1072, The
column density near the peak location of H5W is fairly uniform, while there are
more prominent variations near H5E. In the northern part of H5, the column density
increases to 737 ~ 1072 which is consistent with the location of relatively cool dust
temperatures ~75 K and increased 70 pm emission. The column density does not
show any significant variations near the location of P107, which is consistent with the
dust being relatively unaffected by the star.

The SED model of H5 is best fit by a source having an infrared luminosity of
Lip = 57198 x 10° L and dust mass of My = 347075 x 1071 M. The PAH
abundance of the model is best fit by Xpapg = 0.5t8;§§. The model results discussed
in this section and presented in Figure 7 consider emission from the entirety of H5
rather than dividing it into separate components. The sources H5E and H5W are
discussed further in section 4.6.3.

4.5. Faint or Compact HII Regions

8 This is based on calculating the maximum distance at which P107 could supply a sufficient
number of ionizing photons after accounting for the geometric dilution factor. We have assumed
P107 is a O4I star and used the properties of H5 measured by Zhao et al. (1993).
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Figure 6. SED models of the HII regions H1, H2, H3, and H5. Details of the models are described
in the text and the best-fit parameters can be found in Table 7.

Several additional HII regions were also detected in the FORCAST data, including
H4, H6, H7, H10, H11, H12, and H14? (Figure 1). Analysis of these sources, excluding
H12 which is detected a low significance!®, are presented together in this section
because they are more compact than H1, H2, H3, and H5. The sources H6 and
H11 are consistent with the size of the FORCAST beam at 19.7 pym (FW H Mg 7 =
3.2”). H7 and H10 are only marginally resolved with FW HM97 = 4” x 3.8” and
FWHMg7 = 4.8" x 3.9”, respectively. H4 and H14 are both spatially extended,
though these objects are detected at modest significance (~ 3-0 per pixel at 19.7
pum). To study these objects, we produce SED models using DustEM following the
process used for the other HII regions. These models are displayed in Figure 7.

H4 is best fit by a source with an infrared luminosity of L;zp = 3.57%7 x 10* L.
The adopted dust model does a relatively good job of reproducing the observed SED,
and we find that the PAH abundance is consistent with the standard value from
Compiegne et al. (2011). H6 and HT are best fit by sources with infrared luminosities
of Lip = 83715 x103Lg and Lz = 1.3753 x 10* L, respectively. These objects show
a slight depletion in PAHs compared to H4. Both models have difficulty reproducing
the observed fluxes in the IRAC bands (in particular channel 2 which shows an 2 4-o

9 The HII region that we have designated as H14 was incorrectly labeled as H12 by Dong et al.
(2015) in their Figure 1. H12 was originally reported by Lang et al. (2001), and is located to the
Galactic East of H14 (c.f., our Figure 1).

10 Of the remaining known sources in the H complex, only H9 and H13 are clearly non-detections.
HS lies outside of the observed fields.
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Figure 7. SED models for the remaining HII regions: H4, H6, H7, H10, H11, and H14. Details of
the models are described in the text and the best-fit parameters can be found in Table 7.

excess over the model in both sources as well as H10). This discrepancy at
the shortest wavelengths likely comes from the contribution of the stellar
sources associated with H6, H7, and H10.!! For example, the model of
H14, which has a known stellar counterpart, would miss badly on the
shortest IRAC bands if not for the contribution of its star.

H10 and H11 are best fit by sources with infrared luminosities of L;p = 2.2758 x
10* Ly, and L;p = 3.2715 x 103 L, respectively. The PAH abundance of H11 is
consistent with the value of Compiegne et al. (2011), while HI0 may have a slight
depletion in this component (Xpay = 0.77335). Similar to H6 and H7, both mod-
els have difficulty reproducing the observed fluxes in the shortest wavelength IRAC
bands. Other than this, the model does a relatively good job of reproducing the

11 1t is highly unlikely the stellar contamination is caused by an unassociated source
because H6 and H7 are both unresolved by FORCAST while H10 is only marginally
resolved.
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Table 3. Best-Fit DustEM Model Parameters

Region Alternate ID Radiation Field (Go) Xpam Lir (Lg)  Dust Mass (Mg) x?

H1  G359.9904+00.013 3.0110 % 10* 021018 59tll 105 12193 %1071 1.9
H2  G359.985400.027 5.075% x 104 05702 5072 %x10° 59712x1072 1.8
H3  G00.0095+00.036 2.0130 x 104 0370323 3.07503 x10° 9271 x1072 09
H5  G000.042400.017 1.0155 x 10 057032 57108 x10° 34155 x1070 1.2
H4  G000.0214-00.029 6.0759 x 103 10708 35M07 <10t 35795 x 1072 1.0
H6  G000.042400.028 4.0723 x 104 05702 83718 %10 13593 x107% 25
H7  G000.033400.029 40120 x 10* 0.557025  1.3703 x 10*  2.0M03 x 1072 3.2
H10  G000.053+00.030 3.0759 % 104 0.707020 22780 10 44713 x 1073 2.2
H11  G000.055+00.026 3.0739 x 104 107058 3271l <10 62723 x107* 3.2
H14  G000.058+00.013 4.0759 x 104 L6158 20709 x 10t 2.8T07 <1073 1.0

observed emission in H10. In contrast, the dust emission from H11 is well fit at
FORCAST wavelengths, but shows a large far-infrared excess that cannot be repro-
duced by the model. HI11 is the lone source that shows a significant excess at 70
pm. This emission is likely related to a cold dust component that may be associated
with H11 or a spatially coincident background source. Our data cannot differentiate
these scenarios. If the far-infrared emission is associated with H11, the total infrared
luminosity of the source would be boosted to L;z =~ 4.6 x 10* L, which is just outside
the fitted SED model (L;z = 3.2%]} x 10° Lg.)

H14 is best fit by a source having an infrared luminosity of L;z = 2.070% x 10* L,
and the relative PAH abundance that is larger than that of Compiegne
et al. (2011). Unlike the other sources discussed in this section, H14 has an identified
candidate ionizing source. P100 is classified as a type O4-6 If* (Dong et al. 2015)
which is similar in subtype to P114. Even though their stars are similar, H14 is
quite different from H1. H1 has an observed infrared luminosity comparable to the
stellar luminosity of P114 (i.e., L;g/L, ~ 1), while H14 and P100 have L;r/L, ~ 0.1.
This implies that a large fraction of the photons are escaping the local HII region
rather than being absorbed by dust and re-radiated in the infrared. H14 is the only
source in this study which shows evidence for a large escape fraction of photons.
While this could be true of other objects in the region, we lack constraints on
stellar sources which are needed to investigate this further.

4.6. Identifying Candidate Heating Sources

In this section, we attempt to identify candidate heating sources associated with
H2, H3 and H5. First, we use color-temperature maps of the HII regions to constrain
the location of possible heating sources. Next, we search near-infrared source catalogs
to find stars coincident with these locations that might be associated with the HII
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regions. We use both the HST Paschen-a Survey of the Galactic Center (Dong
et al. 2011) and 2MASS (Cutri et al. 2003) catalogs to examine potential stellar
sources. While the HST data offers superior angular resolution (~ 0.2”) compared
to 2MASS (~ 27), the Paschen-a survey only provides a single continuum filter.
In contrast, 2MASS provides multiple near-infrared colors (J, H, and K;), which are
useful for determining if the source is consistent with the reddening toward the GC.
Although, there are significant limitations with the 2MASS data because
of source confusion in crowded fields. In addition to near-infrared sources,
We also provide mid-infrared counterparts for the FORCAST sources from
the Spitzer IRAC Survey of the Galactic Center (Ramirez et al. 2008).
Discussion pertaining to H2, H3, and H5 can be found in the following subsections
and a summary of the results can be found in Table 4.
4.6.1. H2

Examining the morphology of H2 reveals two distinct components- H2NE and H2SW
(Figure 3). Our analysis shows that H2NE is consistent with being heated by its
candidate ionizing source, P35; however, H2SW appears to be heated independently.
To study H2SW in more detail, we estimate its luminosity by fitting an emissivity
modified blackbody to the SED. We extract photometry of the source!? and use the
observed 19/37 color-temperature for the fit. This results in an infrared luminosity
of 8.773% x 10% L, and is consistent with a B1.5V star (Pecaut & Mamajek 2013).
If the central source in H2SW is a B-type star, it may explain the lack of ionized
gas emission associated with this source. The discovery of H2SW demonstrates that
the combination of SOFIA/FORCAST sensitivity and spatial resolution is capable
of identifying relatively luminous (~ 10% Ly) stars that may not produce ionizing
radiation.

To search for a near-infrared counterpart to H2SW, we use Eqn 1. to estimate the
maximum distance at which the heating source can be present from the observed
temperature peak (7, = 110+ 17 K). If the infrared luminosity of H2SW is the same
as the stellar luminosity of its heating source (L, ~ L;gr), it would require the source
be within 1.375¢ arcseconds of the observed temperature peak. We identify near-
infrared sources in this region using the continuum source catalog from the HST GC
Paschen-a survey (Dong et al. 2011). A total of 9 sources are contained within the
search area for H2SW and none are candidate Paschen-a emission line sources. Only
one source has a crossmatched 2MASS catalog entry (2MASS J17452794-2856230)
and it is identified as the counterpart to the sole IRAC source in the search radius
(SSTGC 0492222). Interestingly, an earlier study of infrared sources in the
GC by An et al. (2011) has ruled out this IRAC source as a massive YSO
based on its mid-infrared spectra.

12 For other sources, we determine the aperture based on the 37um size; however, the extended
emission in the surrounding region of H2SW dominates the point source at this wavelength. Instead
we use an aperture consistent with its 25 um size (r = 4.27).



22 HANKINS ET AL.

Sources consistent with being at the distance of the GC are highly red-
dened because of interstellar extinction. 2MASS J17452794-2856230 is
not detected in either 2MASS J- or H-band; however, based on the H-
band upper limit the color of the source is H-K; >1.4. Prior work on
near-infrared sources in the H complex by Dong et al. (2015) indicate that
sources in this region have a range of H-K values from 1.3 to 2.4 with
a mean value of 1.7. A more recent study of near-infrared sources over
a larger portion of the GC by Nogueras-Lara et al. (2018) find a mean
H-K, value of ~ 2; however, they also find evidence for a low extinction
population with H-K, ~1.5. Considering the limited near-infrared color
information for this source, it is difficult to positively place it at the GC
but it remains a promising potential counterpart to H2SW.

4.6.2. H3

Presently, the identity of the ionization and heating source(s) of H3 are unknown.
Based on the total Lyman continuum flux of H3, the ionization source is consistent
with an O7.5V star (Zhao et al. 1993). Our analysis of the color-temperature map
of H3 indicates three distinct temperature peaks in the region, which matches the
number of observed 8 pym sources. The maximum dust temperature in the region
occurs at the location of H3S (T; = 140 £ 21 K). To study H3S in more detail, we
extracted photometry using an aperture centered on the source with radius, r = 8”7,
which is sufficiently large to capture the extended emission in the southernmost part
of H3. The source luminosity was determined by using the observed 19/37 color-
temperature of and fitting an emissivity-modified blackbody to the SED. This results
in an infrared luminosity of 9.5755 x 10*L, which is consistent with an O7.5V star.
Similar to our analysis of H2SW, we estimate the maximum distance at which the
heating source can be present in order to produce the observed temperature maxi-
mum. If the infrared luminosity of H3S is the same as the luminosity of the heating
source (i.e., L, ~ L;g), it would require the star to be within 2.6} arcseconds of
the observed temperature peak.

A search of the HST GC catalog results in 32 near-infrared continuum sources that
are contained to the relevant search area. As in the case of H2SW, there is limited
near-infrared color information for the majority of these sources (only 2 2MASS cat-
alog entries). There is one identified IRAC source inside the search radius, SSTGC
0498297, which appears to be the mid-infrared counterpart to H3S. The IRAC GC
catalog matches this source with the near-infrared counterpart 2MASS J17453016-
2854387. The 2MASS source is detected at J-band but not H- or K-band. Given
this information, it seems unlikely that the 2MASS source is consistent with the red-
dening toward the GC. Because of the high number density of sources in the region,
2MASS has significant issues with confusion. In this case, the near-infrared source
association is likely problematic.
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Potential heating sources were also examined in the northern part of H3. There
are two local temperature maxima in the region which are separated by only 2.
Given that their projected distance is relatively small and their peak temperatures
are comparable (130 + 20 K & 120 + 18 K), both maxima could be produced by a
single source. If the source is similar in luminosity to H3S (L, ~ Lz ~ 1 x 10°Ly,),
its proximity to the observed temperature peaks can be estimated using Eqn. 1. For
the 130 K and 120 K temperature peaks, the heating source should be within 3.37%
and 4.2727 arcseconds of these locations.

A search of the HST GC catalog for sources common to both regions results in 17
objects. Interestingly, one of the sources is identified as a candidate Pachen-a emission
line source by Dong et al. (2011) (secondary candidate source ID 152). Because
emission line stars are typically luminous O-type or Wolf-Rayet stars (Mauerhan
et al. 2010), this source is a promising candidate to ionize and heat dust in the
region, though spectral classification is needed to confirm its exact stellar type to
better assess this scenario. We crossmatch the Paschen-a source location with the
2MASS catalog and find a possible counterpart (2MASS J17452987-2854289). The
near-infrared colors of the 2MASS source (H-K; =1.5) are consistent with
the value of other stars in the region studied by Dong et al. (2015), which
makes this a promising association.

4.6.3. H5

As noted in our prior discussion of H5, the ionization and heating sources may not
be the same for this HII region, which makes it one of the more complex regions
studied in this work. Analysis of the distribution of dust temperatures clearly shows
that P107 cannot be responsible for creating the observed temperature peaks (Figure
5). Instead, local heating sources are required for each of these regions. We extract
photometry for both infrared sources (H5E and H5W) using an aperture centered on
the source with radius, » = 10”. The luminosities of the sources are estimated using
the observed 19/37 color-temperatures and fitting an emissivity-modified blackbody
to the source SEDs. This process results in infrared luminosities of 1.710% x 10°Lg,
for HSW and 8.8732 x 10*L,, for H5E.

Using Eqn. 1, we determine that the heating sources in H5 need to be within a
radius of 4.97%3 arcseconds for H5W and 3.117 arcseconds for H5E. Searching the
HST GC catalog in the relevant areas returns 75 near-infrared continuum sources for
H5W and 27 sources for HSE. The vast majority of the [F190] sources lack 2MASS
counterparts which makes it difficult to assess their near-infrared color and possible
association with the HII region. The apparent mid-infrared counterparts to HSE and
H5W (SSTGC 0525666 and SSTGC 0520760) have crossmatched 2MASS sources in
the IRAC GC catalog (2MASS J17453839-2853265 and 2MASS J17454020-2853280).
However, neither 2MASS source is detected in J- or H-band, which makes their asso-
ciation difficult to assess based on this information.
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H1 F190 Map (mJy/pix) H2 F190 Map (mJy/pix)
»

H5W F190 Map (m)y/pix) H5E F190 Map (m])y/pix)

Figure 8. Cutouts of the HST F190 continuum observations for H1, H2, H5W, H5E, and
H10. Each of these sources shows extended emission, which is likely generated from very
hot dust (~1200 K) or a reflection nebula. The arrows in the cutouts point to extended
emission and the near-infrared continuum sources that appear to be associated with these
structures are also indicated. The extended emission associated with H1, HSE and HHW
have clear arc-like morphologies. A scale bar of 0.1 pc is indicated in the upper right corner
of each of the panels.

Returning to the F190 data, we note two peculiar sources with extended arc-like
circumstellar emission (Figure 8). The near-infrared arcs could be indicative of reflec-
tion nebulae associated with the sources or very hot dust emission. Of the HII regions
studied in this work, only H1, H2, and H10 display a similar extended morphology in
the [F'190] maps. The spatial coincidence of the mid-infrared sources (H5E and H5W)
and the near-infrared nebulae is suggestive that they are associated; however, further
study is needed to confirm this hypothesis. Spectral classification of the near-infrared
sources is needed to examine whether they are sufficiently luminous to power the
observed dust emission in the region.

5. DISCUSSION
5.1. Origin of the HII Regions

There are many massive field stars in the GC whose origins are uncertain
(e.g., Mauerhan et al. 2010), including the sources associated with the H
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Table 4. Summary of Heating Source Properties

Region Tpear (K) Location (I,b)?* d (")P Noource® Candidate Source
H1  130+£20 (359.9912, 0.0132) 7.6753 238 P114
H2NE 210432 (359.9848, 0.0271)  1.8%%3 10 P35
H2SW 110417 (359.9791, 0.0264)  1.37%¢ 9 2MASS J17452794-2856230

H3S 140 £ 21
H3N1 130+£20

(0.0083, 0.0345)  2.6%17 32 2MASS J17453016-2854387"
(0.0109, 0.0371)  3.3+21* 33 2MASS J17452987-2854289
H3N2 120418  (0.0114, 0.0382)  4.2F27* 47 2MASS J17452987-2854289
H5E  130+£20  (0.0440, 0.0139)  3.1725 27 2MASS J17454020-2853280
H5W  130+20  (0.0412,0.0192)  4.9%22 75 2MASS J17453839-2853265

@The location of the observed 19 /37 color-temperature maximum in Galactic coordinates. Typical errors in the
position are $1.5”.

quuilibrium heating distance determined from Eqn. 1, where Lsource = L1g has been adopted

€ The number of near-infrared continuum sources listed in the HST Paschen-a catalog within d.

*The sources near-infrared colors in 2MASS are inconsistent with the reddening toward the GC. The association
of the F190 source and the 2MASS source may be problematic. Please see the discussion in Section 4.6

**Req for H3N was calculated assuming a source luminosity L = 10° Lg
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Figure 9. Line cuts through H1 & H2NE. H1 appears to have a bubble-like morphology at 37 pm.
The apparent continuation of the bright arc-like feature into a larger bubble suggests that the shape
of H1 may be generated by a density gradient in the surrounding medium. The line cuts through H1
are centered on the apparent bubble, and the location of P114 is indicated with a red star. H2NE is
resolved by FORCAST, although there isn’t any detailed structure is present outside of the bright
central peak, which corresponds to the location of P35.

HII regions. A promising theory to explain the observed spatial distribution of
the field stars is that they are former members of clusters that have either been
dynamically ejected or stripped away via tidal forces (Habibi et al. 2014). For the
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stars in and near the H complex, there is a reasonable argument that many of them
are part of the tidal tail of the Arches cluster given their respective positions and the
expected dispersion of sources along galactic longitude due to tidal forces acting on
the cluster (see Figure 3 of Habibi et al. 2014). However, there are reasons to doubt
this hypothesis for all of the stars associated with the H complex. In particular,
Dong et al. (2015) show that the velocity distribution of the ionized gas near P35 is
consistent with being driven by the pressure gradient caused by the ionization of the
star (commonly referred to as the ‘champagne flow’), suggesting that it formed
m Situ.

Examining warm dust emission associated with the HII regions can be used to
provide evidence for or against in situ formation for their associated stars. In spatially
resolved objects, we consider the morphology of the HII region as evidence
of the origin of the associated stellar source.We also measure the observed
19.7 ym emission as a proxy for the HII region size, and compare these
values with models of HII regions with different physical conditions. We
calculate both the idealized Stromgren radius (Stromgren 1939) for a static
HII region and the bowshock size produced by a star traversing through
the ISM (following from Wilkin 1996). The Stromgren radius, Rsiomgren, 1S
given by:

R = (1ot ) 3)

2
dmogn?

where Np,c is the number of ionizing photons produced by the star, ay is the hy-
drogen recombination rate (~ 3 x 10713 ¢m3/s; Draine 2011), and n, is the electron
number density. Physically, Rguomeren Tepresents the radius at which all ionizing pho-
tons produce by a star are absorbed by the surrounding ISM. It assumes that the
HII region is static and sufficient time has passed for the HII region to reach an
equilibrium configuration. In contrast, a star traveling through the ISM will also act
to shape its surroundings via its motion and winds. Momentum balance between
the star’s winds and intervening material is achieved at the standoff radius, Rsiandofr,
which is given by:

wauw >1/2 (4)

Rstandoft = ( Trngu?
where Mw and v,, are the mass-loss rate and velocity of the stellar wind, v, is the
velocity of the star through the ambient medium, and n, is the density of the
medium. For these calculations, we adopt M, ~ 4 x 1075Mg /yr and v, =~
2300 km/s, which are typical of OI stars (Lamers & Leitherer 1993).

FORCAST observations of H2NE show a somewhat compact morphology
(Figure 9). Its deconvolved size at 19.7 pm corresponds to 0.26+0.07 pc x 0.21+0.07
pc. Zhao et al. (1993) measured properties of H2 including the electron density
(ne = 3x10% cm™?) and number of ionizing photons (Log(Np,c[s™!]) = 48.6). Based
on these parameters, we find Rgysmgren = 0.2 pc. The agreement between Rgusmgren
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and the measured size of the source are consistent with the in situ formation scenario
supported by earlier works. For comparison, we also calculate Rgtangog using an
average of the ionized gas components detected near the star from Dong et al. (2015),
relative to the stellar velocity. This results in Rgangor ~ 0.1 pc. While this value
is smaller than the observed size of H2NE, there are ionized gas components near
P35 with relative velocity which could make up for this discrepancy. Therefore, this
analysis cannot completely rule out the escapee scenario for this source.

The origin of the star P114 is uncertain. The apparent cometary morphology
of H1 might suggest that P114 is an interloper; however, Dong et al. (2015) show
that the star has a similar velocity to its surrounding ionized and molecular gas. This
evidence may point to in situ formation, although the spectroscopic measurements
could not completely distinguish between these scenarios. FORCAST observations of
H1 reveal a nearly circular morphology for the HII region (Figure 9). This suggests
that H1 is not an escapee, given that the corresponding bow shock would produce a
thin parabolic shell rather than a circular ‘bubble’” around the source.

To examine the origin of P114 further, we calculate Rgusmgren for the HII region
based on physical parameters of the star. Zhao et al. (1993) measured properties of
H1, including the electron density (n. =5 x 10> cm™2) and number of ionizing pho-
tons (Log(Np,c[s™']) = 49.0). Based on these parameters, we find Rsusmgren = 1.1
pc. While H1 is one of the largest HII regions in the H complex (with a diameter
of 0.9 + 0.08 pc, or alternatively, R,,.. = 0.75 + 0.08 pc and R,,;, = 0.15 + 0.08
pc measured from the location of P114), its radius is a factor of ~ 2 smaller than
Rstrémgren- The smaller observed size could indicate that the HII region is still ex-
panding to its equilibrium configuration but this is scenario far from certain.
As an alternative, we calculate the standoff radius for the HII region following the
same procedure as H2NE, and find Rgangor =~ 0.5 pc. P114 is offset from the center
of the circular structure, making the minimum apparent distance between the star
and the edge of the HII region much smaller (R,,;, = 0.15 £ 0.08 pc), this difference
could be caused by a density gradient across the region. The adopted density for
this calculation, may be more valid as an average over the entire source, which
could explain the agreement between the apparent diameter of the HII region and
the value of Rgiangor. Considering both the calculated size and morphology of
HI support different origins for the star, its difficult to determine if the source
has formed in situ or if it is an escapee.

In addition to H1 and H2, we also consider the origins of stars associated with H3
and H5. The observed 19.7 um FWHM for each of these sources is 1.2 £ 0.07 pc
x 0.6 4 0.07 pc for H3'3, 0.4240.07 pc x 0.2740.07 pc for H5SW, and 0.39 £ 0.07 pc
x 0.3940.07 pc for HS5E. While we have identified candidate stellar sources associated
with each of these objects, relatively little is known about the stars. Fortunately,

13 Here we consider the entirety of H3 rather than breaking it into a northern and
southern component



28 HANKINS ET AL.

Zhao et al. (1993) provide measurements for n, and Ny o for the HII regions. We
calculate Rgyomgren for each object based on these values and find 0.7 pc for H3,
1.0 pc for H5W, and 0.8 pc for H5E. For comparison, we also calculate Rgiandofr for
each object, assuming stellar velocities between 0 and —20 km /s, which are consistent
with Arches cluster escapees from Habibi et al. (2014). This results in Rgtandoff ranging
between ~ 0.6 — 1.8 pc for H3, ~ 0.7 — 2.0 pc for HSW and ~ 0.7 — 2.0 pc for H5E.
Because the span of Rgandofr values overlaps with the calculated Rgirsmgren Values, we
cannot differentiate between these scenarios using this method. Although, it is
worth noting that the observed and calculated sizes of the HII regions do not agree
in either case. Each of these objects has peculiarities which makes its interpretation
difficult. For example, H3 has a highly elongated shape, whose minor axis is close
to calculated values. The elongation could point to multiple sources in the region
(which we have already inferred from the dust heating). Additionally, H5 may be
externally ionized by P107. If this is true, then our calculation of Rgusmgren 15 nOt
valid because of the different geometry of the HII region. However, the
inference of an external ionization source would certainly imply that the star was not
formed in situ.

While this discussion has largely focused on the spatially extended HII regions, the
origin of the compact and non-detected HII regions are also worth examining. The
observed infrared emission of these objects can be used as an indicator of dust in
the stars’ local surroundings, which would be expected for the natal environment of
a young star. Both H4 and H9 are interesting in this respect because they do not
show strong emission in the FORCAST data, yet they are strong radio continuum
and Paschen-a sources. This suggests that the ionizing source for these HII regions
have little dust in their immediate surroundings and are likely cluster escapees.
Additionally, the near-infrared morphology of H10 also suggests it is likely
an interloper (Figure 8).

Overall, our study of the H HII regions suggest that they do not have a
uniform origin. Based on their kinematics and morphology, we favor H2 forming
in situ. However H4, H9, and H10 (and possibly the ionization source of H5) appear
better explained by as cluster escapees. The origin of H1 and the remaining
sources in the complex are ambiguous and further study is needed to
understand these objects.

5.2. Small Clusters in the HII Regions?

Recently, Dong et al. (2017) examined an apparent overdensity of stars near the
location of P35 which may be associated with H2. A number of these stars have
similar near-infrared color to P35, which suggests that they are indeed associated and
may be members of a stellar cluster. If true, this result is significant because little is
known about clusters in the GC outside of Arches, Quintuplet, and Central clusters.
If H2 is P35’s natal environment it is reasonable to expect there to be other members
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of a cluster that have formed nearby. In principle, these stars should contribute to the
observed luminosity of the HII region and their presence may be inferred via excess
infrared luminosity. Similarly, we can search for luminous stellar clusters associated
with the other HII regions in this complex.

The SED models of the H1, H2, H3, and H5 have infrared luminosities
ranging from ~ 3 x 10° — 6 x 10° L., which are consistent with individual
massive stars. However, we cannot easily exclude the presence of a relatively small
cluster (with total luminosity ~ 10° Lg). Such a cluster could reasonably exist,
given that the total luminosity is dominated by the hottest (in this case O-type)
stars.!* If any of the HII regions have a high escape fraction of photons
(similar to H14), it may be possible to hide an even more luminous cluster
(~ 10° — 107 Ly); however, a small escape fraction would not allow for such
a scenario. Unfortunately, our measurements cannot distinguish between
these possibilities, but the prospect of stellar clusters associated with these
HII regions merits further study.

5.3. Additional Infrared Sources

The infrared sources H15 - H23c (Figure 1) are very interesting because they could
be compact HII regions or another type of luminous dust enshrouded star. Differen-
tiating between these scenarios is difficult with the data presently in hand, though
we are planning a more complete analysis of these sources for a future paper. In this
work, we provide locations of the sources and an estimate of their infrared luminos-
ity, determined by integrating over the observed source photometry from 3.6 to 37.1
pm. Because of heavy backgrounds in the region at far-infrared wavelengths, it is
unclear whether any of the sources have a 70 um counterpart. We calculate the color
temperatures for the few sources that are detected at both 19.7 and 37.1 ym. We
also provide likely counterparts for the identified FORCAST sources in the IRAC GC
catalog (Ramirez et al. 2008). A summary of these sources can be found in Table 5.
Of the nine sources we identify, five were included in An et al. (2011)’s
earlier study of infrared sources in the GC. All five were determined not
to be massive YSOs, but further work is needed to classify each sources
and the remaining four not included in the An et al. (2011) sample.

6. CONCLUSIONS

In this work, we examine the H HII Regions in the Galactic center using observa-
tions from SOFIA/FORCAST and other data from the literature. We create color-
temperature maps of H1, H2, H3, and H5 to analyze their heating structure. We
show that H1 and H2NE are likely heated by their candidate ionizing sources, P114
and P35. This analysis also indicates that P107 is not the primary heating source

14 One can easily show that for a population of stars containing a single late O-type star and
following a Salpeter IMF (Salpeter 1955), the corresponding B-type stars have a combined luminosity
that is similar to the O-type star.
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Table 5. Newly Identified Infrared Sources

Source ID  Location (1,b)> Fig97 (Jy) Fase (Jy) Fzis (Jy) Fsza1 (Jy) Tp (K) Lir (Le) IRAC Counterpart?

H15 (00.054, 00.034) 10.9+4.9 180478 187+71 229477 120 52x10®  SSTGC 516435
H16 (00.033, 00.019)  72.5422.2  71.0 4+ 20.0 — 291489 310 2.6 x 104  SSTGC 517724"
H17 (00.028, 00.016)  11.4+6.3 11.0+5.7 5.67+3.35 — — 3.8 x 108 SSTGC 517943
H18 (00.015, 00.025)  5.37+4.60 10.5+5.6 9.04+£4.50 11.8-+£4.9 120 2.8 x 1038 SSTGC 507261"
H19 (359.999, 00.029) 31.3+12.4 40.24+13.0 31.1+£9.8 29.6+9.0 160 1.2 x 10% SSTGC 498604
H20 (00.003, 00.016) ~ 11.8+6.9 17.8+7.7 121+54 109+47 160 4.9 x 103 SSTGC 508015
H21 (359.990, 00.030)  4.16+3.87 3.61 £ 3.10 — — — 4.6 x 103  SSTGC 0494496
H22c (00.039, 00.013)  7.1845.00 — — — — 1.7x 103  SSTGC 524419
H23c (00.022, 00.015)  5.67+4.2 — — — — 1.3x 108  SSTGC 516756

@The location of the observed 19.7 um source Galactic coordinates. Typical errors in the position are <1.5”.

bIRAC photometry of these sources were taken from the Spitzer/IRAC Survey of the Galactic Center point source catalog (Ramirez
et al. 2008).

* These IRAC sources have been ruled out as massive YSOs in an earlier spectroscopic study by An et al. (2011)

**At 31.5 um the location of H16 fell on the edge of two FORCAST fields and its flux could not be reliably recovered.

of H5. We identify candidate heating sources for the infrared components of the HII
regions including H2SW, H3S, H3N, H5E, and H5W.

In addition to our study of dust temperatures, we also fit SEDs for each of the
HIT regions to constrain their physical properties. We show that most of the objects
appear depleted in PAHs, while H4 and H11 are consistent with a typical ISM PAH
abundance and H14 appears to have an enhanced abundance of PAHs. The
infrared luminosity of the HII regions range from L;p ~ 3 x 10> — 6 x 10°L,. The
sources H4, H6, H7, H10, H11, and H14 have luminosities which are characteristically
smaller than H1, H2, H3, and H5. These variations may indicate differences in the
intrinsic luminosity of the heating sources or differences in the amount of radiation
that is absorbed by dust and re-emitted in the infrared. It is possible that one or
more of these sources could contain a stellar cluster as suggested by Dong
et al. (2017); however, it is difficult to test this hypothesis with our data
because the HII regions could have a large escape fraction photons which
would not contribute to their observed infrared luminosities.

We also examine possible origins of massive stars associated with the
HII regions. The calculated Stromgren radius of H2 indicates that H2NE
is consistent with an in situ formation scenario for P35. In contrast,
the weak infrared emission associated with H4 and H9 imply that these
sources are likely produced by interlopers. The near-infrared morphology
of H1 and H10 suggest a similar origin for these objects; however, the
morphology of sources can be challenging to interpret as there is evidence
provided by the FORCAST data that H1 is not a simple bow shock. The
complex structure of these and other sources in the complex makes their
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interpretation difficult, and could explain some discrepancies with the cal-
culated HII region sizes as in the case of H3 and H5. In any case, the
inhomogeneous origin of sources in this complex highlights the need for
careful study of other GC field stars.

Ultimately, the FORCAST data have helped to reveal a number of interesting fea-
tures associated with the H HII regions including several newly identified
infrared sources that may be part of this complex Future studies of these
sources would benefit from more complete near-infrared data for stars in the region,
although our constraints on the heating sources and suggested candidates should
prove useful. Our observations also show the utility of FORCAST for finding dusty,
luminous non-ionizing sources in the GC (similar to H2SW). In the future, a survey
for these types of sources in the GC could significantly bolster our understanding
of the distribution of luminous infrared sources and provide clues on the origin of
additional massive field stars in the region.
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