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ABSTRACT

We explore systematically the shocked gas in the first Galactic quadrant of the Milky Way using ‘the United Kingdom Infrared
Telescope (UKIRT) Wide-field Infrared Survey for Fe™ (UWIFE). The UWIFE survey is the fitst imaging survey of the Milky
Way in the [Fe ] 1.644 um emission line and covers the Galactic plane in the first Galactic quadrant (7° < [ < 62°;|b| < 1°5).
We identify 204 extended ionized Fe objects (IFOs) using a combination of a manual and automatic search. Most of the IFOs
are detected for the first time in the [Fe 1] 1.644 um line. We present a catalog of the measured sizes and fluxes of the IFOs and
searched for their counterparts by performing positional cross-matching with known sources. We found that IFOs are associated
with supernova remnants (25), young stellar objects (100), Hir regions (33), planetary,nebulae (17), and luminous blue variables
(4). The statistical and morphological properties are discussed for each of these.

Key words: circumstellar matter - catalogues - surveys - infrared: ISM - ISM: kinematics and dynamics

1 INTRODUCTION

Understanding the role of shocks is essential for comprehensively
studying the ecology of the Milky Way, since they, transfer, mass
and kinetic energy into the interstellar medium (ISM), provide’heavy
elements for future star formation by destroying=dust.grains, and
regulate star formation. Shock waves are one of.the'principal mech-
anisms of the interaction between stars .and the \ISM in galaxies,
thereby playing an important role in the evolution of the Galaxy.
Among the most powerful shock-driving sources are outflows and
jets from young stellar objects (YSOs)y stellar winds from massive
OB stars, and supernova (SN) explosions. To understand the physics
of the interactions as well as'the nature of the shock-driving sources,
observations of emissionslines from the shocks are essential.

The [Fe ] a4D7 o a4F9 2 1.644 um transition results in one
of the brightest emission, lines in near-infrared (NIR). It originates
from one of the 16 levels of Fe' that have a low excitation energy.
Therefore they. are.easily excited in shocked gas, resulting in many
lines, particularly,in NIR. This emission line is thought to be bright in
shock-exeited gas; one suggested reason is that due to far-ultraviolet
(BUV) radiation from the shock front, the Fe atom is in the form

* E-mail:yskim916 @ gmail.com

of Fet over extended regions (McKee et al. 1984, Hollenbach et al.
1989, Oliva et al. 1989, Koo et al. 2016). In contrast, in photoion-
ized regions, Fe atoms are predominantly at higher ionization states,
except when the ionizing radiation is hard enough that it can pene-
trate further into the interstellar cloud (Koo et al. 2016). Therefore,
[Fe 1] emission lines from shocked gas are stronger than those from
photoionized regions; for example, [Fe1] 1.257 um / Pa § is over
0.1 in supernova remnants (SNRs) compared to 0.01-0.03 in Orion
(Koo & Lee 2015; Mouri et al. 2000). Furthermore, the Fe abundance
can be enhanced by shocks owing to grain destruction, making the
[Fe 11] lines stronger (Koo 2014; Greenhouse et al. 1991; Mouri et al.
2000 and references therein). These characteristics of [Fe 11] make
its lines extremely useful for studying interstellar shocks (e.g., Din-
erstein 1995; Nisini 2008).

For example, the 1.644 um emission line as a tracer of shocked
atomic gas enables us to study shocked regions in jets/outflows of
YSOs (Nisini et al. 2002; Caratti o Garatti et al. 2006; Takami et al.
2006; Pyo et al. 2006; Pyo et al. 2009; Oh et al. 2016), planetary
nebulae (Welch et al. 1999; Smith et al. 2005), supernova remnants
(Koo et al. 2007; Lee et al. 2009; Lee et al. 2013), and nebulae of
luminous blue variables (Smith 2002). Since NIR [Fe 11] lines suffer
less extinction than widely used optical emission lines such as He,
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[S II], and [O III], the NIR lines can give us information on deeply
embedded regions inaccessible by optical lines.

Lee et al. (2014) conducted an unbiased [Fe 1] 1.644 ym narrow-
band imaging survey, which is called the United Kingdom Infrared
Telescope (UKIRT) Wide-field Infrared Survey for Fe* (UWIFE).
The survey area (7° < [ < 62°;|b| < 1°5) is located in the first Galactic
quadrant. This survey is the first unbiased, high-resolution [Fe 11] sur-
vey of the Milky Way. It therefore enables us to discover more [Fe 11]-
emitting sources and conduct a statistically meaningful investigation
of Galactic [Fen] line sources. Alongside [Fe 11]-emitting Galactic
SNR to study similar to [Fe 1] line objects in nearby galaxies, the
survey is expected to systematically detect low-brightness [Fe 11] line
sources from other kinds of [Fe 11] emitters. Therefore it enables us
to assess the level of contribution of each [Fe 11]-emitting population.
Further spectroscopic studies of new [Fe 11] sources found in UWIFE
can be used to derive critical densities in the range of ~10%-10°
em™3 and temperatures up to 10* K (Pesenti et al. 2003), filling the
gap in density between [S 1I] 16731~10* cm =3 and [0 I] 16300~10°
cm™3 (Osterbrock 1989). With other [Fe 11] lines and emission lines
such as [Fe 1] 1.533 um, density diagnostics of ~102-10° cm™3 can
be measured and line ratio diagrams with other [Fe 1] lines (Pesenti
et al. 2003) can help us understand the new parameter range.

Shinn et al. (2014) systematically searched for outflows from
ultra-compact Hir regions (UCHIIs), inferred [Fe 1] outflow mass-
loss rates, and discussed the travel time of the [Fe 1] outflows us-
ing the UWIFE data. The statistical [Fe] line study of Galactic
SNRs in UWIFE and the UKIRT Wide-field Infrared Survey for Hy
(UWISH?2; Froebrich et al. 2011) survey revealed a detection rate of
24 per cent for both surveys and suggested a relatively higher coinci-
dence with mixed-morphology and/or radio-bright SNRs (Lee et al.
2019).

A comprehensive catalog of UWIFE sources will give an oppor-
tunity to compare shocked [Fe 11] line objects with other tracers in
previous large-scale Galactic plane surveys. Particularly, the UWIFE
survey area is fully covered with the complementary survey, UWISH2
(Froebrich et al. 2011), which was carried out using UKIRT and
the Wide-Field Camera (WFCAM, Casali et al. 2007). The catalog
of extended H,-emitting sources identified in UWISH2 (Froebrich
et al. 2015) will be useful for the comparison of shocked molecular
gas with higher excitation atomic gas. Also, the Isaac Newton Tele-
scope (INT) Photometric Hao Survey of the Northern Galaetic Plane
(IPHAS; Drew et al. 2005) and the UWISH2 survey, ¢an provide a
chance to compare different outflow/shock tracers. Surveys tracing
continuum sources in embedded regions such asthe?'WKIRT Infrared
Deep Sky Survey (UKIDSS) Galactic Plane Survey (GPS; Lucas
et al. 2008) in the near-infrared, the Galactic Legacy Infrared Mid-
plane Survey Extraordinaire (GLIMPSE; Chusehwell et al. 2009),
the Multiband Imaging Photometerdor Spitzer Galactic Plane Sur-
vey (MIPSGAL; Carey et al. 2009) in the,mid-infrared (MIR), and the
Herschel infrared Galactic Plane Survey (Hi-GAL) (Molinari et al.
2010) in the far-infrared (FIR) were published.

Furthermore, the sourcecatalog of various kinds of objects,
namely, the catalog‘of UCHIIs from the Co-Ordinated Radio ‘N’
Infrared Survey for High-mass star formation (CORNISH, Hoare
et al. 2012) jand the catalog of Extended Green Objects (EGO,
Cyganowski et aln2008) can be good candidates to compare with
[Fe 1] sources, as-well as emission line source catalogs, viz., cata-
logs.of Ha: emission-line sources from IPHAS (Witham et al. 2008),
and Molecular Hydrogen emission-line Object (MHO, Davis et al.
2010). In accordance with these catalogs and aims, we designate
[Fe ] 1.644 um emission-line sources as ionized Fe objects (IFOs)
and compile the first comprehensive catalog of Galactic extended

IFOs. The catalog includes basic physical properties of IFOs, such
as coordinates (/, b), size, position angle, and flux. Information about
possible counterparts and their distance is also included.

The organization of the paper is as follows. In Section 2, we de-
scribe the data reduction, the source identification, the photometry of
the detected sources, and the procedure for searching for counterparts
or exciting sources of IFOs. In Section 3, we first present the catalog
of IFOs. The catalog contains the sizes and fluxes of IFOs as well
as their counterparts. The IFOs are classified by their counterpart
types. We then explore the statistics of the physical properties and
the distribution of IFOs. In Section 4, we discuss the results of the
individual types of IFOs. In Section 5, we summarize our paper.

2 DATA AND SOURCE CATALOG
2.1 UWIFE Survey Data

We have used the UWIFE survey data to search for extended IFOs
in the Galactic plane. The UWIFE survey was carried out using
WECAM at UKIRT in 2012 and 2013 (Lee et,al. 2014)./ The [Fe 1]
narrow-band filter was used, having a central* wavelength of 1.644
pum and an effective bandwidth of 0.026 (um. The WFCAM hosts
four Rockwell Hawaii-II HgCdTe 2 k"X 2 k.arrays, each covering
13.65 arcmin X 13.65 arcmin in atea at a pixel scale of 0.4 arc-
sec. Four pointings of the telesCope covered a contiguous area of
0.75 deg? (designated as “tile’{following the WECAM terminology).
Each pointing was composed ofa set of dithered and microstepped
observations, fully sampling the point spread function in good see-
ing conditions (<0.8 aresec). The total integration time per pixel was
720s. The final [Fe 1] images have a nominal 5o detection limit of
18.7 mag for point seurces, with a median seeing of 0.83 arcsec. For
extended diffusessources, the corresponding surface brightness limit
is 8.1 x.10720 W.m~2 arcsec™2.

Lee et al. (2014) also produced continuum-subtracted [Fe 11] im-
ages (hereafter [Fe mr]-H images) by using the H-band images from
the/GPS! The continuum subtraction was carried out in two steps,
i.e.;ypoint-like continuum sources were first removed in both [Fe 11]
and H-band images, and then the point source removed H-band im-
ages were subtracted from the point source removed [Fe 11] images to
remove extended continuum sources. The details of the observation
and data processing procedure can be found in Lee et al. (2014).

All [Feu] and [Fe u1]-H images from UWIFE are available at the
UWIFE web page ! The images consist of 220 tiles, where a single
tile is a square of 54’ x 54’ in equatorial coordinates. The tiles are
arranged as 55 stripes of four consecutive tiles at constant declination
along the Galactic plane, covering a region within the First Galactic
Quadrant of 7° < [ < 62°;|b| < 125 (see figure 1 of Lee et al. 2014).
On the web page, the UWISH2 H; and GPS JHK-band images are
also available.

2.2 Source Identification

In this study, we first aimed to identify IFOs in the continuum-
subtracted images (hereafter, [Fe 1]-H). We identified most of the
IFOs through visual inspection and added several faint [FOs by mean
of an automatic source identification, which uses the same algorithm
as UWISH2 (Froebrich et al. 2015).

We focused on the extended sources in this study. Visual inspec-
tions were carried out twice for the whole survey area. We searched

1 http://gems0.kasi.re kr/uwife/
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Extended Ilonized Fe Objects in the UWIFE Survey 3

for all possible emission features and, for each feature, we defined
an ellipse approximately surrounding the emitting area by eye. Then
the central coordinates, radii, and P.A. of the ellipses are measured
and listed in Table 1. All IFO candidates identified in the [Fe n]-H
image were double-checked in both un-subtracted [Fe 1] and GPS
H-band images to confirm whether they were a real source or not. As
the UWIFE and GPS observations were separated by several years,
variable sources were seen as emission or absorption in the [Fe 1]-H
images. In particular, since artifacts with a negative digital number
(DN) in GPS H-band resemble real sources in the [Fe]-H image,
we checked the position of all IFO candidates in the corresponding
H-band data.

In addition, there are various kinds of artifacts in the [Fe 11]-H im-
ages. Representative artifacts are: the residuals of bright stars, ghosts,
cross-talks, cross stripes after star subtraction, and the diffraction pat-
tern of bright stars (see Appendix A.1 for examples). Residuals of
high proper-motion stars were also left in the [Fe ir]-H images. We
also excluded the features hampered by the artifacts from bright stars.
The sources that show diffuse structures in both [Fe 11] and H which
are significantly brighter in [Fe 1] compared to the GPS H-band, or
the sources with a low probability of being scattered emission from
dust seen in the GPS H-band, were selected as real sources.

Using the [Fe1]-H images, we conducted an unbiased automatic
detection with the code used for identifying MHOs in UWISH2
(Froebrich et al. 2015) to benefit from its objectiveness. We adjusted
the code to fit the specifications of UWIFE data: (1) Remove small-
scale features (residual of star subtraction), determine the large-scale
background level from a 40 arcsec scale median filter, and calculate
its noise value. (2) Draw contours at the 1o level in ds9? and identify
the isolated contours as ‘regions’. The level was determined empiri-
cally to include faint emission of IFOs. The low (10) level produces
contours around the remaining point sources and noise peaks, but
those ‘false’ regions are removed by a minimum size limit in the next
stage. (3) Remove contours that are too small (<4 arcsecz) or near
the image borders. (4) To avoid mistakenly identifying star residual
as IFOs, remove contours smaller than 35 arcsec? if they are located
within 3 arcsec to the Two Micron All-Sky Survey (2MASS) H-band
stars brighter than 15 mag. This procedure was conducted for all
UWIEFE tiles except for tile 003, 080, and 196 due to the late release
of the H-band data in the GPS survey.

All sources identified by the automatic detection were ‘eross-
checked by visual inspection. We first examined whether the identi-
fied source from the code is an image artifact or not. Appendix A.1
shows some examples of the artifacts, including residuals-of detector
cross-talk and diffraction patterns from saturated stars. These non-
astronomical sources can be easily distinguished by comparing them
in the [Fen] and H-band images and were removed from the cat-
alog. We also rejected point-like sotrces (e.g., high proper motion
stars, variables, [Fe 11]-emitting stars, ‘etc,)  that are not considered
in this paper. Note that the visualyidentification treats a group of
clumpy structures as a single object (e.g., shells of SNR). On the
other hand, the code identifies the substructures separately. We fitted
each automatically-identified IFO with an ellipse and derived the ge-
ometrical parameters ofithe semi-major axis, semi-minor axis, and
position angle. This proeess added 14 IFOs, and the complete catalog
is presented in Table.1, which also provides their coordinates, sizes,
fluxes, and counterparts.

2 https://sites.google.com/cfa harvard.edu/saoimageds9

2.3 Photometry

We conducted photometry of the IFOs in the [Fe 1]-H images. Since
our targets have an extended structure, we adopted aperture photome-
try. In the [Fe 11]-H data, artifacts often have higher digital counts than
IFOs. Therefore, masking artifacts is a crucial process. We masked
the identified artifacts to prevent large uncertainties in the aperture
photometry. The residuals of point sources (stars) brighter than 14th
magnitude in the H-band (based on the 2MASS point source catalog,
Cutri et al. 2003) were also masked. The size of the masking area was
6 arcsec in diameter, which is large enough to cover general residual
patterns. When instrumental artifacts such as electronic cross-talk or
diffraction patterns intruded on the aperture, we manually masked
them to prevent any contamination.

In order to derive the total flux (Fio) of the identified IFOs in a
scientific unit (W m~2), we used the following equation :

DN
Fio = Fy - ( ) (10704

Texp

Fy is the in-band flux of Vega falling in the [Fe] filter (3.27 X
10-11w m_z, Lee et al. 2019), whereas texp and myp are the net
exposure time (60 s) and the zero-point“magnitude of each image,
respectively (‘EXPTIME’ and ‘M AGZPT..in the image header). DN
is the total digital number falling,in the aperture corrected for the
sky background. This local background of each source was estimated
from a sky annulus with aninner and outer radius of 1.2 and 1.5 times
the aperture. We tookithe mode of the sky values to further avoid the
effect of any possible artifacts. The uncertainty of the flux is estimated
considering the photometric calibration error from the uncertainty of
the zero-poifitmagnitide of ~0.06 mag, which corresponds to ~6 per
cent of the total flux (Lee et al. 2019). The contribution of Poisson
noise/from)aperture photometry and sky subtraction is negligible.
The former is less than one-fifth, and the latter is less than one-tenth
of absolute calibration uncertainty.

24 Search for Associated Exciting Sources

We have searched for the possible driving source(s) of IFOs via
positional cross-matching with previously known sources: SNRs,
Hu regions, compact and ultra-compact Hir regions, luminous blue
variables (LBVs), planetary nebulae (PNe), and YSOs. IFOs associ-
ated with these sources are classified as SNR-IFO, HII-IFO, CHII-
IFO, LBV-IFO, PN-IFO, and YSO-IFO, respectively. The rest of the
IFOs are classified as ‘unknown-IFO’. In the following, we describe
the processes and catalogs employed for the search for the individual
exciting source types.

SNRs have complex and filamentary structures often with a large
spatial extent. Thus, a careful identification and the separation of
genuine SNR-origin from mere superposition was required. We first
selected IFOs located within the boundary of known SNRs, using
the central positions and sizes of SNRs in the Galactic SNR catalog
of Green (2019). We then referred to the references in the catalog
and also SIMBAD? for the multiwavelength morphology of SNRs
for the confirmation of the association. If an IFO shows a coherent
structure occupying a similar extent and/or its morphology implies a
spatial correlation with the SNRs, we categorised it as an SNR-IFO.
We also checked the area in SIMBAD for a possible superposition

3 http://simbad.harvard.edu/simbad/
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4  Kimetal.

of unrelated, superposed sources such as PNe along the same line
of sight. An IFO without noticeable morphological correlation but
positionally coincident with evident SNR emission was categorised
as an SNR-IFO (e.g., IFO 38).

Diffuse Hi regions also occupy a large spatial area and have com-
plex morphology, so that a SIMBAD/VizieR query by IFO coordi-
nate with an arcmin radius often returns various kinds of inciden-
tal sources such as sub-filaments of Hi regions, jets/outflows from
neighboring YSOs, and merely superposed sources along the line
of sight. Therefore, keeping in mind that proximity alone does not
necessarily guarantee a true correlation, a morphological correlation
was also taken into account for identifying Hir regions as a exciting
source. If needed, a query with a larger angular scale was conducted
to locate the diffuse Hir region. We then compared the morphology
of IFOs with that of Hir regions obtained from high-resolution radio
images (GPS; White et al. 2005, New-GPS; Helfand et al. 2006, and
the H I, OH, recombination line survey of the Milky Way, THOR
continuum; Beuther et al. 2016) and/or datasets from large-scale
multi-wavelength studies (Fujita et al. 2021; Povich et al. 2009; Roshi
et al. 2017). We also used small-scale surveys and targeted studies
(see § 4.3). The IFOs with a positive correlation have been catego-
rized as HII-IFOs. However, since the [Fe 11] line emission from an
Hu region is inherently faint, morphological correlation with radio
is occasionally hard to confirm. On the basis of this possibility, a
few extended and faint IFOs have also been regarded as HII-IFOs
although they do not have a clear morphological relationship with an
Hir region (see comments in § 4.3).

We further explored whether IFOs are associated with compact,
ultra-compact, or hyper-compact Hur regions (CHII, UCHII, and
HCHIIs) by querying VizieR within an arcmin-scale radius. Two
comprehensive lists of UCHII regions were selected for the VizieR
positional matching: the CORNISH UCHII region catalog (Kalcheva
etal. 2018), which is appropriate for the comparison with the UWIFE
survey data in terms of comparable high-resolution (1!’5) and spa-
tial coverage (10° < [ < 65°,|b| < 1°), and the catalog presented
by Bronfman et al. (1996) which is a large-scale compilation of
Infrared Astronomical Satellite (/RAS) FIR color-selected UCHII re-
gions with higher Galactic latitude coverage (|b| < 2°). The IFO po-
sitions were subsequently searched in SIMBAD to refer to targeted
studies. We compared the [Fe1] line morphologies with available
radio continuum images (see § 4.2). When the IFOs show. morpho-
logical correlation with radio structures or delineate the'boundary of
radio structures, they are classified as CHII-IFOs. IFOs.having'coun-
terparts supposedly earlier or at a lower-mass evolutionary stage of
an UCHII region (e.g., hypercompact Hi region, UC Hur precursor,
ultra-compact embedded cluster which was suggested as a lower-
mass class of UCHII) are also included in thisicategory (see § 4.2).

In order to identify IFOs associatéd with luminous blue variables
(LBV-IFOs), the SIMBAD query was cenducted with a radius crite-
rion of 10 arcmin. But we noted thatthe list of LBVs and LBV candi-
dates (hereafter cLBVs) has not been fully incorporated in SIMBAD,
so we also used the catalog.of.(c)LBVs compiled by Nazé et al. (2012)
which lists the coordinates.of 68 (c)LBVs. As far as we know, this is
the most comprehensiveicatalog of (c)LBVs. For example, Weis &
Bomans (2020), in théir review article of LBVs, presented a catalog,
but it has a Smaller.aumber of (c)LBVs than Naz¢ et al. (2012), i.e.,
47 versus 68. In‘the catalog of Nazé et al. (2012), twenty-two LBVs
(including 19 ¢candidates) are located inside the UWIFE area. There
was alsoia [Fe 11] survey of 9 LBVs by Smith (2002). Among the 9
LBYVs, only one was located within the UWIFE survey area and it
has been identified in our survey, too.

For IFOs associated with PNe (PN-IFOs), the SIMBAD query

was used with a radius criterion of 10 arcmin. We additionally com-
pared the morphology of IFOs with multiwavelength data from ref-
erences in SIMBAD. In order to incorporate recently discovered
PNe and PN candidates that have not been updated in SIMBAD,
we made use of the following databases and catalogs. We used the
Hong Kong/AAO/Strasbourg Hoe (HASH) planetary nebula database
which lists multi-wavelength data of newly found ~3500 PNe and PN
candidates (Parker et al. 2016). The database includes three large-
scale catalogs of Galactic PNe; the Strasbourg-ESO catalog, the
catalog of Galactic Planetary Nebulae version 2000, and the Mac-
quarie/AAO/Strasbourg He (MASH) catalogs, together with 159
new PNe from the related IPHAS survey and ~400 from the literature.
A large number of unpublished, new PN candidates are accessible
in this database, which are mostly (1) older, redder, and have lower
surface brightness or (2) are more remote and small-scaled, faint PNe
(Parker et al. 2016). When the counterpart is not a well-knownéource
and is identified only in the HASH database, we checked the associa-
tion using the references provided. There are PNe only“detectable in
NIR, so the recent study of PNe based on the UWISH2\data(Gledhill
et al. 2018) was also checked for possible counterparts: This study
complements faint or small-scale PNe previously:undiscovered.

For the remaining IFOs, we made use of several large-scale cata-
logs of YSOs alongside catalogs for specific regions or targets. The
large-scale survey of YSOs in fourcevelutionary stages (i.e., quies-
cent, YSO, protostellar, and massive ‘star-forming stages, Urquhart
et al. 2018) was used to find YSO=IFOs, keeping in mind the survey
resolution (30 arcsec). The Infrared Array Camera (IRAC) red-source
catalog was also used in the:same manner (Robitaille et al. 2008) to lo-
cate YSO-candidate counterparts. When there was a positive match,
we subsequently.displayed their positions on the [Fei]-H images
with Hy contours,of UWISH2 data to confirm their association. Hp
images are-useful since H, emission is usually more easily excited,
forming a series, of knots between an IFO and the YSO that drives a
Hj; outflow, When the positional match and morphological informa-
tion could not pinpoint an obvious YSO counterpart, we listed up to
two'YSOs. Also used are small-scale survey catalogs to benefit from
a deeper searches for YSOs. Kim et al. (2015) conducted a detailed
survey of YSO candidates in the infrared dark cloud IRDC) G53.2
region and investigated their evolutionary stages. Povich & Whitney
(2010) investigated the M17 region where we have identified many
IFOs, and the study provided the evolutionary stages of the YSOs.
Ragan et al. (2009) covered multiple IRDC regions in the UWIFE
survey area and a YSO Class with MIR color and distance informa-
tion was provided. Other small-scale catalogs of YSOs available in
Vizier were also used when available (§ 4.1).

Since Herbig-Haro (HH) objects are often bright in [Fem]
emission, we attempted to locate the [Fei]-emitting HH objects
separately from YSO-IFOs. 454 Galactic HH objects have been
compiled by Reipurth (2000), who continuously updated the
SIMBAD database to include newly found HH objects. We retrieved
all HH objects in SIMBAD, up to HH 1213, which includes 3140
sub-structures (e.g., HH 250A and 250B). Firstly, we search for
YSO-IFOs and unknown-IFOs within a radius criterion of 10
arcmin for a given HH object. When there was a match, we looked
for a possible association of the IFO with HH object structures
via multi-wavelength images (mainly He from IPHAS, Witham
et al. 2008). For example, IFO 195 which is associated with the
parsec-scale HH 803 has a very compact, small-scale structure.
It was originally categorized as an unknown-IFO since we could
not find any associated source just based on positional proximity.
However, when we plot the IPHAS Ha and UWISH2 molecular
hydrogen emission contours together, we could associate IFO 195

y20z Asenuer ¢ uo 1sanb Aq GZE 116G //S6Z2RIS/SBIUW/SE0L 0 | /I0P/3|o1e-80uBAPE/SRIUW /W02 dNo olwapede//:sdiy Woll papeojumo(]



Extended Ionized Fe Objects in the UWIFE Survey 5

with the south-western tip of the series of aligned structures of HH
803 in Ha and H, emission. Figure 1 shows the representative IFOs
with respect to each counterpart.

3 RESULTS
3.1 Catalog of IFOs and their Statistical Properties

The full catalog of extended IFOs is presented in Table 1 and the
description of each column of the catalog is as follows:

Column 1. IFO identifier : Designations of IFOs by a catalogue
number in ascending order. When the IFO is identified only by a
source detection algorithm, we marked them with an ‘a’ after its
designation.

Column 2. IFO conventional designation : IFO full-name de-
rived from Right Ascension and Declination (J2000) of the source
center. It follows the 2MASS convention for the naming, i.e.:

IFO JHH:MM:SS.SSS+DD:MM:SS.SS.

Column 3, 4. Galactic longitude (/) and latitude (b) : The center
position of the source, in units of degree, in Galactic coordinates.
For automatically identified IFOs, we adopt the geometric centre of
the polygon by 2-dimensional Gaussian fitting of an ellipse.

Column 5, 6. Semi-major axis (r;) and semi-minor axis (r;) :
Maximum semi-major and minor angular radius of the IFO in units
of arcseconds.

Column 7. Position angle (P.A.) : The angle of the semi-major
axis of an ellipse, in a counter-clockwise direction, from North to
East in units of degree.

Column 8. Area : An area of an ellipse determined by the semi-
major axis and semi-minor axis (Column 5, 6), in square arcseconds.

Column 9. Fy : Total flux derived from summing up all flux inside
an ellipse drawn from columns 5, 6. See the photometry section § 2.3
for details.

Column 10. Counterpart : Classification of the IFO indicating
the most probable known object as follows: YSO-IFO - outflows or
jets from an YSO or YSO candidate, HII-IFO - any outflows sut-
rounding emission originated from the Hm region, subdivided.into
HCHII, UCHII, CHII, and diffuse Hir region, SNR-IFO - emission
originates in SNR, PN-IFO - emission associated with PN/PN, can-
didates, further classified into PN, PNc, and post-asymptetic,giant
branch (AGB), LBV-IFO - nebula structure around an\LBV, er LBV
candidate, Unknown-IFO - multiple corresponding=known object
candidates or no possible known source in the vicinity.

Our IFO catalog contains 204 sources“identified from 219 tiles,
which is about 180 deg2 in total. This number’corresponds to an
average surface density of ~1.1 IFOs(per deg? in the first quadrant of
the Galactic Plane (GP). This number should be regarded as a lower
limit since our source identification"methods were conservative. In
general, the results of the manual and automatic search by the source
detection algorithm weresin.good ‘agreement. The 14 sources found
only by the source détection algorithm, are marked with an ‘a’ after
the IFO number jn Tablewl. They were either very faint or resembled
artifacts. The majorityyof catalog sources are new discoveries of
[Fe 11] emission, and-répresent an order of magnitude increase in the
numberOf extended [Fe 11] sources in the first Galactic quadrant.

Table 2:presents basic statistics of IFOs for each counterpart type.
We identified 100 YSO-IFO (87 YSOs, 13 HHs), 33 HII-IFO (22
CHII, 1V HII), 25 SNR-IFO, 17 PN-IFO, 4 LBV-IFO, and 25 IFOs
without counterparts. Note that if a counterpart source has two dis-
tinct [Fe 1] structures, they are counted as two separated IFOs which

share a common counterpart (e.g., [FO 85 and 86 are from SNR
G21.5-0.9 and are counted as 2 SNR-IFOs). Also, one SNR-IFO
(IFO 7) is included in the number statistics in Table 2 but not used
for flux statistics.

In total, 65 per cent of identified IFOs are related to star formation
(49 per cent YSO- and 16 per cent HII-IFO), and 22 per cent are
associated with evolved objects with 12 per cent of IFOs remaining
as of unknown origin. Among them, YSO-IFO is the most frequent
population showing [Fe 11] emission. However, they account for only
1.6 per cent of the total [Fer] flux. On the contrary, SNR-IFOs
contribute 76 per cent of the total [Fe 11] flux, though represent only
12 per cent of the IFOs by number. On average, the SNR-IFOs are
191 times brighter than the YSO-IFOs. The total flux of PN and
LBV-type IFOs is similar, contributing 1 per cent of the total [Fe 11]
flux, albeit the number of PN-IFOs is 4 times larger. In order to
understand the surface brightness of each type, the size and stfucture
of the [Fe 11] sources should be taken into account. In the next section,
we will compare each counterpart’s characteristics in more detail.

3.2 Flux and Size Distribution

In Figure 2a, we present the flux distribution of the TFOs. The flux
distributions of the individual IFO types-are ,shown in different col-
ors. As mentioned above, some of«the JFOs share the same excit-
ing/driving source (e.g., 8 of 25 SNR-IFOs and 6 of 17 PN-IFOs).
Bearing this in mind, we see that SNR-IFOs and HII-IFOs are bright
with Fior as large as ~10~14 W m_Z, While YSO, PN, and LBV-IFOs
are much fainter, with a two-orders of magnitude smaller maximum
Fiot. YSO and PN-IFOs,appearin a similar flux range but the major-
ity of PN-IFOs are brighter'than YSO-IFOs. The unknown-IFOs are
generally much fainter than the other types of IFOs.

Figure 2b'shews the semi-major axis distribution of IFOs. IFOs
appear in a wide range of sizes, from very compact, arcsecond-scale
knots’to latge-scale objects up to ~47 arcmin in size. The distribu-
tion with respect to types is similar to that of the flux distribution,
e.2.»SNR-IFOs and HII-IFOs are large and bright while YSO-IFOs
and, PN-IFOs are small and faint. The radius range (<10 arcsec)
of unknown-IFOs is similar to that of YSO-IFOs except for a few
outliers. Although there are some exceptions and scatter, the overall
fluxes and sizes seem to be proportional to each other. Especially for
HII-IFO, the correlation coefficient of flux and size is 0.87. When
divided into CHII and Hir region sub-types, it is 0.52 and 0.83, re-
spectively. The correlation coefficient of unknown IFOs is 0.99. In
contrast the coefficient for SNR-IFOs is only 0.39.

Figure 2c presents the surface brightness distribution of IFOs. Un-
like the flux and size distributions, the surface brightness distribution
of each type shows slightly stratified distributions. Small IFOs ap-
pear to have a higher surface brightness in general, i.e., YSO-IFOs,
PN-IFOs, and unknown-IFOs have higher surface brightness than
HII-IFOs and SNR-IFOs. The reason for this might be due to the low
surface filling factor of [Fe ]-emitting regions in the latter sources.
For example, the IFO with the lowest surface brightness is SNR-IFO
117 (Kes 78). This SNR has a large size and the [Fe 11] emission is
patchy, apparent only around the northern and southern caps with a
marginally detectable limb. For such sources, the true surface bright-
ness of the [Fell]-emitting regions could be much greater. In Table
1, we made a note for IFOs with small surface filling factors.

3.3 Spatial Distribution

Figure 3 shows the distribution of IFOs in Galactic longitude and
latitude. One can notice the Galactic longitude distribution is clus-
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tered albeit the sky coverage is more or less homogeneous. The most
outstanding overdensities are seen at / ~ 16° and [ ~ 51°. At ~ 16°,
the dominant populations are YSO- and HII-IFOs, while at / ~ 51°,
they are unknown- and YSO-IFOs. Including other clustered IFOs
in longitude, the dominant populations responsible for these peak
distributions are YSO-IFOs, followed by HII- and unknown-IFOs. A
detailed description of the individual peak regions will be presented
later in this section. Note that there are also voids free of IFOs at 40°
<S1<500.

The distribution of the whole population of IFOs in Galactic lat-
itude shows a Gaussian-like distribution. The distribution yields an
average latitude at b =—0712 and standard deviation o = 0°65. Some
concentrations of YSO-IFOs are found at b ~ —0°7, 0° and 0°8.
The average latitude of YSO-IFOs is —0°08 + 0°67. The centroids
of the HII- and SNR-IFO distributions are also below the Galactic
plane with an average latitude of b = -0°09 + 0°63 and b = -0°27
+ 0758, respectively. The average latitude of unknown-IFOs is also
less than zero, i.e., b = =025 + 0°73. For comparison, the average
latitude of PN-IFOs is b = 0°05 + 0°57. A similar trend has been
observed in the UWISH2 survey; the average latitude of the jets
and photodissociation regions (PDRs) was —0°18 + 0°01 and -0 17
+ 0°01 while that of the PN group was —0°01 + 0°01 toward the
Galactic mid-plane (Froebrich et al. 2015). The distribution of IFOs
(excluding PN-IFOs) being slightly shifted to the negative latitude
might be related to the ‘bone’ structure in the first Galactic quadrant.
The bone structure refers to highly elongated, dense giant molecu-
lar filaments (GMF) that are the most probable tracer of spiral arm
structure (Zucker et al. 2018). It is also worth noting the scarcity of
IFOs at 0°9 < b < 1?5. The number of LBV-IFOs is too small for
their distribution to have any statistical meaning.

Figure 4 shows the two-dimensional distribution of IFOs in Galac-
tic longitude and latitude along with their flux distributions. Several
IFOs in the same system (e.g., jet and counter-jet of an HH object)
are shown as concentric circles, as in many cases they are only a
few arcsec away from each other. On average, all populations show
clustered distributions with some differences from each other, though
the survey coverage is homogeneous. As well as the inhomogeneous
distribution of IFOs, all populations except LBV- and unknown-IEQs
have more sources toward the Galactic center (I < 30°). Abouthalf
of unknown-IFOs are located close to those of YSOs. In“addition
to the similar physical properties of YSO- and unknown<IFO shown
in Fig 2, we suggest that at least half of the unknown-IFOs might
originate from activities involved in YSOs.

The region relatively devoid of IFOs in the one-dimensional longi-
tude and latitude distribution (Fig 3) turned-out to.form a large-scale
2-dimensional region; IFOs hardly exist toward / 2 30°, b = 0°9
and 35° < 1 < 50° near the Galactie mid-plane. This might reflect
spiral arm structures and the sightline toward them, where we are
seeing a shorter sightline toward'the Galactic bar at [ < 30°. Above
this Galactic longitude we are seeing-the local arm branching from
Perseus Arm and Sagittarius-Scutum Arm (line of sight tangential to
[ ~ 45°) at a greater distance.

We have identified somé areas rich in IFOs (upper panel of
Fig 4), where in particular YSO and HII-IFO are major causes of
overdensity-The respective regions are as follows.

()L~ 10725~ —0°3: This region is coincident with the Hir region
G10.2-0.3, 0ne of the three Hur regions in the giant star-forming
region W 31. The Hi region is known to be very young (~0.6 Myr).
At least four O stars are residing in it, where the brightest star W 31-1
showed permitted Fe II at 1.6878 um and brackett lines in the NIR

spectrum. In the H- and K-band spectra (1/AAd ~ 3000) the [Fe]
1.644 um emission line was not detected (Blum et al. 2001).

(i) I ~ 12°8, b ~ —0°2: This region matches with [MDF2011b] cl1,
which encircles the O4-6 (super-)giant #23 (Messineo et al. 2015).
This region is immediately east of the embedded protocluster W 33
Main which is located inside the massive star-forming complex W
33. The Ks-band spectroscopy of #23 showed that the extinction of
the region is Ag = 1.20 + 0.03 mag and the luminosity class is III-I.
The Oe star #22 is located between W 33 Main and #23, with line
identifications of Fe II 2.0895 ym and Hj, an extinction of Ag =
2.87 £ 0.07 mag.

(iii) I ~ 1521, b ~ =0°7: This over-density is coincident with one
of the most massive star-forming regions, M 17. About a hundred
O- and B-type stars are responsible for the emission and the system
is quite young (<1 Myrs, Hanson et al. 1997). Bautista & Pradhan
(1998) reported the detection of multiple iron species, including at
1.644 um.

@iv) I ~ 1629, b ~ +0°8: Multiple compact IFOs are“connected to
the apex of pillars of creation located in M 16, an active stat-forming
region. At the tip of the apex, there are protostars.n the pillar’s EGGs
(‘Evaporating Gaseous Globules’), which aresnotiyet'hot enough to
emit X-rays. Therefore, the IFOs in M 16 might be tracing some of
the youngest protostars.

(V) I ~ 25%4, b ~ —0°2: The region’corresponds to W 42, an
obscured giant Hir region. The closest.nearby source is [BCD2000]
W42 1, an O5.5 star (Blum etral."2000). There are several point-like
sources that might be true [Fe 1}\sources or mere variables.

(vi) I ~ 30°7, b ~ —0°0; The TFO is close to one of the closest
starburst regions, W43. This-giant Hir region has a central open
cluster with massive stars.

(vii) [ ~ 4921, b's —026: Multiple HII- and YSO-IFOs are located
in the vicinityrof W, 51, which is one of the most massive giant molec-
ular clouds that.is optically obscured. All large-scale representative
structares, namely W 51 Main, IRS 1, and IRS 2, are bright in the
[Ee1]y1.644 um line. Each structure shows a distinct star-forming
phase as/follows: W 51 Main - several UCHIIs are located. IRS 1 -
evolved Hi region with a size of ~1 pc. IRS 2 - went through recent
starformation, and an ~O3 star and a massive YSO were found (Bar-
bosa et al. 2008). An LBV-IFO is also coincident with the region,
which is a high-mass evolved star (P Cygni supergiant) with evidence
for chemical enrichment (Clark et al. 2009).

(viii) I ~ 53°2, b ~ +0°0: Multiple YSO-IFOs coincide with an
IRDC G53.2, which was formerly catalogued as three IRDCs in the
Midcourse Space Experiment (MSX) dark cloud (MSXDC) catalog
(Simon et al. 2006). The three IRDCs, viz. MSXDC G053.11+00.05,
MSXDC G053.25+00.04, and MSXDC G053.31+00.00 harbor hun-
dreds of YSO and YSO candidates, some of them in the vicinity of
IFOs.

(ix) I ~ 5924, b ~ —0°2: The IFOs are located in the central part
of SH 2-87, a complex massive star-forming region. The three sub-
millimeter clumps, SMM 1, SMM 2, and SMM 3 constitute this
Hir nebula. These three clumps are at separate evolutionary stages
(Xue & Wu 2008), and two HII-IFOs were found in the vicinity of
the hottest and most massive star-forming clump, SMM 1.

4 DISCUSSION
4.1 Outflows/Jets from Young Stellar Objects

Outflows/jets of YSO are composed of ejected and circumstellar
swept-up material, and are recognized as an important signpost of
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recent star-forming activity. This phenomenon plays a key role in
conventional disc accretion-outflow theories, the outflow being re-
sponsible for the removal of angular momentum and kinetic energy
of accreting material that enables accreting material to overcome
the centrifugal force and collapses to form a star (see theories of
disk-wind; Pudritz & Norman 1983, X-wind; Shu et al. 1994, and
observational studies; Ellerbroek et al. 2013 for reference).

Thanks to the development of IR instruments, previously undis-
covered, highly obscured outflows have begun to be found in the
near-infrared. The optical HH objects and their IR counterparts basi-
cally refer to the same phenomena, and only the conditions of jet and
circumstellar matter differ. So far, molecular emission (e.g., MHO)
has drawn attention in the NIR, alongside atomic/ionic lines in the
optical, yet less attention has been brought to the [Fe 11] lines in the
NIR. The [Fe] 1.644 um line, the brightest iron line in the H-K
band, is reported to unveil a shocked region that is denser and/or more
ionized than regions where optical lines are generated (Nisini et al.
2002). In this aspect, previous studies using frequently used molecu-
lar tracers, namely SiO, CO, and HCO™" in the sub-mm to mm, only
revealed secondary outflows, tracing masses of low-density, distant
(up to a few pc) outflows. Whereas the [Fet] 1.644 um line from
the jet is found to extend a few AUs to parsec-scales in the form of a
dense irradiated jet (Reiter et al. 2015).

Most previous [Fe 11] outflow studies are confined to certain types
of objects or regions: specific star-forming regions (Orion; Takami
et al. 2002, Carina; Reiter et al. 2016, Shinn et al. 2013) or a cer-
tain mass range of YSOs (Caratti o Garatti et al. 2006; Caratti o
Garatti et al. 2015). Recently, outflow studies toward external galax-
ies, namely the Large Magellanic Cloud (LMC) and the Small Mag-
ellanic Cloud (SMC), became feasible (Reiter et al. 2019). These
studies showed that the [Fe 11] emission tends to be observed at the
tip of the bipolar outflow and is rather collimated, compared to H;
and Ha which predominantly show the morphology of a ‘wake’
enclosing the [Fe 1] emission (Reiter et al. 2015).

We have detected 100 YSO-IFOs (Table 3). Our result provides
a large and comprehensive sample for the study of [Fe 1] emission
associated with YSOs. Figure 5 shows the example of identified YSO-
IFOs, displaying UKIDSS KHJ-band RGB images to show how the
YSO-IFOs reveal unique structures in comparison to hot dust con-
tinuum structures. YSO-IFOs show diverse morphologies,/diverse
compared to traditionally observed/expected [Fe 11] features that are
located at the tip of bipolar outflows and/or are highly, cellimated
toward the driving sources (Caratti o Garatti et al. 2006; Reitet et al.
2016).

We classified YSO-IFOs into four morphological categories; bipo-
lar, cometary, knot-like, and amorphous:“A representative case of
each category would be IFO 13-14, 125, 122%and 4 in Figure B.1,
respectively. Bipolar YSO-IFOs are.a textbook case of star formation,
consistent with the accretion-jet theory,with the aid of a magnetic
field (Konigl 1982; Shang et al.\2020; Frank 1999). They typically
show two lobes located on epposite sides of a central source, but
some show two wakestipss-and collimated bow-shock shapes, dis-
tributed laterally from, thesapparent YSO jet axis. The prototypical
bipolar YSO-IFQs are IEO“13 and 14. The [Fe] 1.644 pm emis-
sion with bipolar motrphology usually represents either the ‘cap’ of
bow shock whereran-Outflow collides with the ambient medium or
dense, collimatedjets. Cometary YSO-IFOs resemble a comet with
a bright head around the driving source and a narrow faint tail-like
structure; The prototypical cometary YSO-IFOs are IFO 125 and
131, both having well-defined conical structures. They are located
at quite different distances, i.e., 4.7 and 1.1 kpc, and the extent of
the associated conical structures has very different linear scales, i.e.,

~45000 AU (10 arcsec) and 5000 AU (5 arcsec). For the wide-angle
tails of cometary morphology, it is possible that either (1) the jet is
bending and/or precessing (Paron et al. 2016) (2) a cavity structure is
revealed (Hsieh et al. 2017) (3) a multiple systems presence is implied
(Fuente et al. 1998). Knot-like YSO-IFOs appear as knots, sometimes
located symmetrically from a driving source along a certain axis. The
representative knot-like YSO-IFOs, 122 and 123, are showing well-
isolated compact features. These knot-like features might imply that
the ejection of accreted material in the system is accompanied by spo-
radic bursts of accretion (Caratti o Garatti et al. 2015). Amorphous
YSO-IFOs represent the remaining YSO-IFOs that are diffuse and do
not have a definitive structure. The nature of the amorphous YSO is
uncertain. The number of YSO-IFOs classified as bipolar, cometary,
knot-like, and amorphous is 16, 18, 19, and 47, respectively.

The morphologies of YSO-IFOs are closely related to the na-
ture of YSOs and their mass-loss histories (Caratti o Garatti,et al.
2015; Paron et al. 2016). For example, the collimated and eontinuous
jet morphology indicates a continuous ejection of accreting mate-
rial from the accretion disc system (Reiter et al. 2016; Reiter et al.
2017). The overabundance of amorphous morphologies'might sug-
gest highly varying environments or multiple.systems-are affecting
the outflow structure. But the morphology of YSO-IFOs might de-
pend on environments as well as foreground extinction, so detailed
studies are needed of the individual objeCtsito confirm their nature.
Thirteen YSO-IFOs are associated with HH objects (Table 4). Fig-
ure 6 shows a comparison of theiry[Fe 11] and Ha images.

YSO-IFOs constitute half the.number of our cataloged sources,
making YSO the most common IFO in the inner Galaxy. The num-
ber density of YSO-IFOs is0.55 deg_z. For comparison, the Hy
number density probed by UWISH2, which covered an almost iden-
tical area with a comparable surface brightness limit, is 2.15 deg’2
(Froebrich etals2015). The flux density of YSO-IFOs ranges (2—-820)
x 10718 W m™2 with a mean of 4.3 x 10717 W m~2. This range can
be compared with the results of other surveys. Caratti o Garatti et al.
(20006),targeted Hp-emitting low-intermediate luminosity Class 0/1
YSOs and reported that among 23, 74 per cent were also detected
in [Fe1i]. For the newly observed 9 [Fe 1] line jets in the reference,
the flux range is (2.8-27.0) x 10718 W m™2. Caratti o Garatti et al.
(2015) observed 18 intermediate- to massive-YSOs having H, and
EGO counterparts, and the flux range is (2.5-61.9) x 10718 W m~2.
Note that these fluxes are obtained from spectroscopic studies using
a slit of width 1 arcsec. The majority of YSO-IFOs have flux densi-
ties comparable to those of previous studies. But a few sources are
exceptionally bright. The number of YSO-IFOs brighter than out-
flows observed in Caratti o Garatti et al. (2015) is 10 per cent of
the YSO-IFOs. Since these bright YSO-IFOs do not share certain
morphologies and 40 per cent of them have RMS counterparts, they
might be preferentially massive YSO outflows, which have simply
not yet been identified due to the limited sky coverage of past [Fe 1]
observations. One possible speculation is that [Fe 11] brightness does
not strictly scale with driving source brightness or other outflow trac-
ers, based on the target of previous studies, which tend to be bright
IRAS sources accompanying outflows discovered in other tracers.
This illustrates the importance of an unbiased study to correct our
understanding of the characteristics of [Fe 11] emitters.

The YSO-IFOs and jet-group MHOs of the UWISH2 survey can
be compared one-to-one since the UWIFE survey area was fully
covered by UWISH2. The spatial distribution of YSO-IFOs in Fig-
ure 4 shows a highly clustered distribution, accompanied by the
high-latitude sources in / ~ 15-30° and the absence of YSO-IFOs in
the Galactic mid-plane at [ ~ 40-50°. This characteristic distribution
is also shared in jet-group MHOs (see Figure 8 in Froebrich et al.
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2015). As seen in Figure 5, about 85 per cent of YSO-IFOs accom-
pany jet/PDR-group MHOs in the vicinity. For example, in the M
16 (Eagle nebula), 6 YSO-IFOs were identified, and a few hundreds
of jet/PDR-group MHOs are also present. A detailed comparison of
YSO-IFOs with jet/PDR-group MHOs discovered in the subsequent
UWISH2 studies will be helpful for the comparison of different shock
tracers (Ioannidis & Froebrich 2012a; Ioannidis & Froebrich 2012b;
Froebrich & Makin 2016; Makin & Froebrich 2018; Samal et al.
2018).

We can compare our results with the results of the RMS survey
where NIR spectra of YSO candidates have been obtained. In the
common survey area (10° < I < 62°,|b| < 1.5°), there are 182
RMS sources, and among the 72 sources from which spectra have
been obtained, 58 have [Fe] line emission, though some of the
detections could be confused with the Br 12 line. For comparison,
only 17 of 182 RMS objects have been identified as YSO-IFO in
our study (for some RMS sources, 2-3 IFOs correspond to one RMS
source.) Among these 17 sources, the NIR spectra have been obtained
for 8 sources, and [Fe 11] lines were detected in 6 sources, i.e., [Fe 11]
lines were reported as non-detection for two sources in the RMS
survey. We note that the non-detection for the two is based on a
comparison of Br 11 and Br 12/[Fe 11] line strengths (Br 11 x 0.788
> Br 12/[Feu]) and it might be possible that a weak [Fe 11] line is
in fact present but missed by low spectral resolution, as the authors
noted (Cooper et al. 2013). To assess this possibility, we checked
the slit configuration (central position, position angle) in Cooper
et al. (2013) and compared it with YSO-IFO morphology. For both
IFO 72 and 141, the RMS slit intersects the driving source but does
not include the bright part of extended YSO-IFO structures. Indeed,
the authors tried to include extended structures inside the slit in
imaging mode prior to spectroscopy mode, yet even narrow-band
[Fe 1] images of UWIFE without continuum subtraction turned out
to severely hinder extended emission. Therefore, most YSO-IFOs
apparently do not have RMS source counterparts, which is claimed
to be a 90 per cent complete list of massive protostellar populations
(Lumsden et al. 2013). This seems to suggest that most of YSO-IFOs
are associated with low-mass star formation. It is also worthwhile to
note that the majority of YSO-IFOs (87 per cent) are not associated
with HHs, which suggests that the [Fe 11] emission is tracing optically:
hidden star-forming regions.

4.2 Compact Hir Regions

Compact and ultra-compact Hii regions are the earlierstages of ‘clas-
sical” Hir regions. An UCHII region is a photoionized region with
a diameter < 0.1 pc and an electron density ne > 10* cm™3, em-
bedded in a molecular cloud (Wood & Churehwell 1989). In this
evolutionary stage, mass accretion of the central star is thought to be
insignificant (Churchwell 2002; Zinneeker’'& Yorke 2007). A CHIL
region is a Hi1 region in the intermediate phase between UCHII and
classical Hu regions, havirigha radius < 0.1 pc and ne > 10% cm™3.
The lifetime of UCHILand-CHII is ~2 — 4 x 103 yr (Davies et al.
2011, Mottram et al<201 1.

In UCHII and/CHII regions, [Fe 11] emission can be enhanced by
the interaction of stellar wind with the ambient medium. Bloomer
et al. (1998) detectedenhanced shell-like [Fe 11] emission along the
periphery of the €HII region NGC 7538 IRS 2. The observed [Fe 1]
1.644_um,/ Bry ratio was 0.15, which is an order of magnitude
greater than that of Hir regions, and it implies that the [Fe ] line
emission’ emanates from shocked stellar wind material. Shinn et al.
(2014) searched for [Fe 11] 1.644 um emission associated with UCHII
regions employing the CORNISH UCHII catalog and the UWIFE

survey data. Among the 237 UCHII regions in the survey area, five
and one candidate were found to have associated [Fe11] emission
features, which were suggested to be shock-excited by outflows from
central YSOs. Kim et al. (2017) also reported the detection of [Fe 11]
emission from UCHII Monoceros R2. Hereafter, we refer to IFOs
associated with CHII/UCHII regions or with Hir regions in even
earlier evolutionary stages as CHII-IFOs.

We have detected 22 IFOs associated with 16 UCHII/CHIIs (Ta-
ble 5). Six IFOs (IFO 24, 25, 26, 97, 107, and 156) had been pre-
viously reported by Shinn et al. (2014). We have discovered IFOs
associated with an UCHII precursor (IFO 137) and an ultra-compact
embedded cluster (IFO 138), which are thought to be earlier progen-
itor or less massive populations (Molinari et al. 1998; Alexander &
Kobulnicky 2012). Among the 16 UCHII/CHII regions with [Fe 1]
emission features, 10 are catalogued in CORNISH, which corre-
sponds to 4 per cent of the 237 UCHII regions in the CORNISH
catalog in the survey area. The detectability might be partly ‘due
to the large extinction in UCHII/CHII regions, whichiis typically
Ay~30-50 or Agx~3-5 (Hanson et al. 2002). Indeed, the Ay of
three UCHIIs with associated IFOs had been found to have relatively
low extinction (Ay~9-20, Shinn et al. 2014).

Figure 7 shows the 22 CHII-IFOs. CHII-IFOs have diverse mor-
phologies, e.g., jet-like, shell-like, and-amorphous morphologies. A
representative IFO with jet morphologyis\IFO 97, which appears
as a collimated beam from the center'to the’boundary of the Hir re-
gion. The jet appears to extend:beyond the radio continuum boundary
(see Figure 7), which might reflect a possible correlation with the
boundary of the ionization, front (Goddi et al. 2020). The represen-
tative IFO with a shell-like morphology is IFO 132. An exemplary
CHII-IFO of amorphous'morphology would be the IFO 138, having
a diffuse structure‘either outside or inside of the Hir region in the
radio. The properties’of a compact Hir region have been rarely in-
vestigated in [Fe 11] emission. Shinn et al. (2014) proposed that some
IFOs/identified in the vicinity of ultra-compact Hit (UCHII) regions
(IFOsy24-26, 97, 107, 156) are the 'footprint’ outflow features of
UCHIIs, i'e., the features produced by outflowing material ejected
during”an earlier, active accretion phase of massive young stellar
objects, based on the morphological relation between the [Fe 11] and
5 GHz radio features, the outflow mass-loss rate, the travel time of
the [Fe 11] features, and the existence of several YSO candidates near
the UCHIIs. The newly discovered CHII-IFOs in this study might
serve as a chance to investigate the origin of the [Fe 1] emission in
the vicinity of CHIIs.

4.3 Hiu Regions

Hir regions are not expected to be bright in the [Fe ] lines, since
in their photoionized regions, Fe atoms are predominantly in higher
ionization states, and Fe atoms are thought to be mostly locked in dust
grains (Koo et al. 2016). According to theoretical models of photoion-
ized regions, the [Fe 11] emission from an Hir region is mainly emitted
in the high-density partially ionized zones near ionization fronts, pre-
dominantly excited by electron collisions (Oliva et al. 1989; Bautista
& Pradhan 1998). In the Orion nebula, for example, [Fe 1] images
exhibit filamentary structures and diffuse emission that might be as-
sociated with ionization fronts, together with some knotty features
(Takami et al. 2002). Expanding Hu regions can drive shocks, but
the shock velocity is low (~10 km s_l) so [Fe 11] line emission is not
expected to be enhanced (e.g., Mouri et al. 2000). The [Fe ] 1.644
pm/Pa « ratio of the Orion is 0.013, which is more than two orders
of magnitude smaller than those of SNRs (Oliva et al. 1989; Mouri
et al. 2000). So Galactic Hir regions have not been a popular target
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of deep and high-resolution [Fe 11] imaging (Kraus et al. 2006; Bally
et al. 2022). The depletion of Fe atoms in the Hi region, however, is
uncertain. In the Orion nebula, it has been estimated that 90 per cent
of Fe is locked onto dust grains (Baldwin et al. 1991; Baldwin et al.
1996; Osterbrock et al. 1992; Rodriguez 2002). But there are studies
which showed that, in many Hir and star-forming regions, Fe is not
depleted as heavily as in the Orion nebula (Osterbrock et al. 1992;
Peimbert 1993; Rodriguez 2002; Okada et al. 2008; Peimbert & Pe-
imbert 2010). It has been suggested that some populations of dust
grains might be easily destroyed by UV radiation from OB stars and
Fe atoms are released into the gas phase (Okada et al. 2008; Peif3ker
et al. 2020). For external galaxies, Alonso-Herrero et al. (2003) did
an imaging study of the starburst galaxies M 82 and NGC 253 in
[Feu] 1.644 ym and Pa @ (1.87 um) lines, and, by comparing their
intensity ratios, concluded that 6-8 per cent of [Fe 1] line fluxes are
due to Hi regions. Mouri et al. (2000), Riffel et al. (2016), Hennig
etal. (2018), and Fazeli et al. (2019) suggested that some of the [Fe 11]
emission from external galaxies could be due to Hir regions based
on their low [Fe ] 1.257um / Pa S ratios.

We have identified 11 IFOs associated with 4 Hi1 regions (Table 6).

All HII-IFOs are located in the well-known star-forming com-
plexes W 31, M 17, and W 51. Figure 8 shows the 11 HII-IFOs. We
can see that some IFOs appear as thin filaments elongated along the
radio structure (e.g., IFO 55, IFO 62) or as diffuse amorphous emis-
sion structures within the radio structure (e.g., IFO 11 and 12), so the
association of IFOs with Hi regions is very likely. The filamentary
structures might correspond to ionization fronts and/or boundaries
of PDRs as in the Orion nebula. On the other hand, some IFOs are
faint and diffuse, and they extend beyond the radio boundary of the
Hi regions, e.g., IFO 159 and 161, so their association is uncertain
and needs to be confirmed.

4.4 Planetary Nebulae

Planetary nebulae represent a short-lived phase near the endpoint
of low- to intermediate-mass star (1-8 M) evolution which is pre-
ceded by the AGB, post-AGB, and pre-PN phases. The circumstellar
envelope of the AGB carbon star is considered highly Fe-depleted
(Mauron & Huggins 2010), though Fe becomes abundant with.time
(Fe abundance is negatively correlated with the C/O ratio, Delgado-
Inglada & Rodriguez 2014). In turn, PNe are not expeCted to be
strong [Fe 1] emitters, also having a Fe-deficit nature‘with”<10"per
cent existing in gas and the remaining probably enshrouded.in dust
grains (Delgado-Inglada & Rodriguez 2014). Meanwhile;in the con-
text of environmental factors, PNe could be a [Fe irj.emitter since it
has a partially ionized zone where Fe™ is apt.to exist, and at a certain
point of its evolution, a low-velocity shock is‘expected to occur. In
short, suitable ionization conditions‘and energy to excite Fe (Green-
house et al. 1991) can be established in, PNe, and its iron-depleted
nature is a key factor to determine the,existence of [Fe 11] emission.
Besides the theoretical expectation, previous studies reported the
detection of [Fe 1] emission.towards stellar objects in a variety of
evolutionary stages:post-AGB (IRAS 16594-4656; Van de Steene &
van Hoof 2003), pre-PN(M1-92; Davis et al. 2005), and PN (Hubble
12; Welch et al. 1999, M 2-9; Smith et al. 2005, NGC 2440; Hora
et al. 1999). Some-atthors suggested a circumstellar origin (e.g.,
Clark et’al. 2014y-Smith et al. 2005), especially Baan et al. (2021)
reported the detection of [Fe 11] emission revealing the interaction of
an’accretion inflow, which is composed of material ejected in earlier
post-AGB and pre-PN circumstellar material, and stellar outflow.
Table 7 shows PN-IFOs. They are IFOs spatially coincident with
PNe, PN candidates, and sources in earlier evolutionary stages such as

post-AGBs. Seventeen PN-IFOs are associated with 14 PNe; 5 PNe,
8 PN candidates, and one post-AGB candidate. For comparison, in
a previous study, Lee et al. (2014) reported the detection of [Fe ]
emission in six PNe among 29 known PNe. In the survey area, there
are 296 HASH ‘true’ (131), likely (40), and possible (125) PNe, so
that the detection rate is 4.7 per cent. If we limit the sample to the
‘true’ PN, the detection rate slightly drops to 3.8 per cent (i.e., 5 out
of 131). This very low detection rate of PNe in [Fe 11] emission (4.7
and 3.8 per cent) contrasts with the results in Hp, where detection
rates are 30 and 21 per cent, respectively (for 10° < [ < 66°, |b| <
1?5, Gledhill et al. 2018). It is interesting that even with an order of
magnitude larger sample of PNe in this study, our result is somewhat
consistent with the former [Fe 1] and H, detection rates of 7 and 39
per cent derived from 41 PNe (Hora et al. 1999). The slightly higher
detection rate of Hora et al. (1999) could be because their samples
are either moderately sized or optically bright.

The number density of PN-IFOs is 0.07 deg™2 within=l80 deg?
whereas it is 1.25 deg™2 within 209 deg? in UWISH2, (Froebrich
et al. 2015). However, unlike the previous argument (Kastner et al.
1996), not all [Fe 11]-emitting PNe are seen in Hy/€mission;we found
3 of our 14 PNe in Table 7 were absent from.the list of PNe with Hy
emission. Also, the median flux of PN-IFOs is greater than that of
the Hy-emitting PNe, i.e., 6.46 x10™1 W' m~2 vérsus 4.53 x10~17
W m~2. Therefore, our result shows that.the Hj;-emitting PNe are not
necessarily brighter than the non-Hy*emitting PNe in [Fe 11] emis-
sion.

Figure 9 presents [Fe 11]-H images of PN-IFOs. Note that there are
three bipolar PNe, each of which possesses two associated IFOs (IFO
5 and IFO 6, IFO 8 and.lFO 9yand IFO 129 and IFO 130). We classi-
fied the morphologies of PN-IFOs using the basic ‘ERBIAS’ classi-
fier following Parker etjal. (2006), where ‘E’=elliptical, ‘R’=round,
‘B’=bipolar; “‘F=itregular, ‘A’=asymmetric, and ‘S’=quasi-stellar.
Their sub-classifiers ‘amprs’ are also adopted to describe de-
tailed” morphology; the main object has a one-sided enhance-
ment/asymmetry ‘a’, has multiple shells or external structure ‘m’,
exhibits point symmetry ‘p’, has a well-defined ring structure or an-
nulus/1’, or resolved internal structure ‘s’. An IFO can have several
‘amprs’ sub-classifications. The results are summarized in Table 7,
where their morphologies in Ha and H; are also listed (Parker et al.
2016; Gledhill et al. 2018). The He morphologies are from the HASH
survey, while the H, morphologies are from the UWISH2 survey. For
the PN-IFOs without a counterpart in the UWISH2 PN catalog (IFO
50,95, 188), we inspected the UWISH2 data and classified their mor-
phology in the same format (see Table 7). Some PNe have different
morphologies in the [Fe 1], Hy, and Ha emission, which implies a
complex surrounding environment and/or complex mass-loss history.

The physical sizes of PN-IFOs have been derived for 10 PNe that
have previously estimated distances (Table 7). The sizes of 4 IFOs
associated with ‘true’ PNe range from 0.13 pc to 0.92 pc, and three of
the PN-IFOs are larger than 0.9 pc. This contrasts with the majority
of PNe in Ha being <0.2 pc (Gonzdlez-Santamaria et al. 2020). This
seems to suggest that the [Fe 11] emission preferentially traces large,
bright PNe.

For example, in PNG 050.4+00.7, the size of the associated IFO
(IFO 157) substantially exceeds the previously known size of the
counterparts (2 arcmin and 19 arcsec, respectively).

The IFO has a partial ‘S’ shape elongated along the east-west
direction, with IRAS 19194+1548 superposed at the western part.
The structure becomes gradually fainter toward the west, therefore
the angular size of the partial ‘S’ shape should be considered as
lower limit. The implied physical scale of 3.1 pc largely surpasses
the generally accepted size of PNe (one of the oldest and largest PNe,
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the Helix nebula has an outermost size of 1.76 pc). The driving source
is suspected to be in a symbiotic star system (Akras et al. 2019) and
the updated size is compatible with the sizes of large shells/nebulae
around symbiotic stars (McCollum et al. 2008).

4.5 Nebulae of Luminous Blue Variables

Infrared [Fe ] 1.644 um emission around prominent nebulosity of
LBVs is thought to be ubiquitous. Smith (2002) (henceforth, S02)
searched for [Fe 1] 1.644 ym emission in nine well-known LBV's and
found the emission in 7 of them, resulting in a detection rate of 77
per cent. This high detection rate surpasses that of SNRs (i.e., 24
per cent, Lee et al. 2019), the population that is thought to provide
the most adequate environment for the existence of [Fe 1] 1.644 ym
emission. SO02 could not pinpoint the essential condition needed for
strong [Fe 1] emission to exist. Shock heating and radiative heating
as possible excitation mechanism of [Fe 11] emission were suggested
by the author.

Shock-excited [Fe 11] emission can arise when the LBV’s environ-
ment meets requirements such as (i) a large difference in the outflow
speed between the stellar wind and pre-existing LBV nebula and (ii) a
difference of velocities between the stellar wind and ejected shell cre-
ated during S Doradus outbursts or giant eruption phases. This veloc-
ity difference of 50-150 km s~1 (S02) is ascribed to weaker gravity
in an active phase. When LBV evolves toward a cooler temperature
(to a local temperature lower than 30,000 K), Hydrogen atoms and
opacity-enhancing ions start to emerge on the surface, which is known
as the ‘modified’ Eddington limit (Humphreys & Davidson 1994).
The elevated opacity makes the outward radiation pressure stronger
and overpowers the inward gravity force. The resultant lower effec-
tive gravity helps LBVs easily induce the aforementioned mass loss.
In these S Doradus outbursts and giant eruption phases, the weaker
gravity results in an ejected shell having a lower expansion velocity
than normal stellar winds. The following post-eruption wind has a
velocity higher than that of the aforementioned high mass-loss phase
and eventually overtakes the ejected shell. Meanwhile, photoionized
[Fe 1] emission was reported from two hot (30,000 K) LBVs (AG
Car and R 127, S02) which was attributed to their stronger UV flux.

We detected [Fe 11] emission features associated with 3 LBVs.(Ta-
ble 8). So the [Fe 11] detection rate of LBV nebula in our study is 14
per cent. If we include the 9 LBV samples of S02, the detéction rate
would be 29 per cent, i.e., 9 out of 30 LBV nebulae”(HD 168625
duplicated in both studies). This new detection rate with a thrée-fold
sample is lower than the previous study, making-the"general physical
conditions of LBVs not particularly suitable for'the {Fe 1] 1.644 um
line to arise but comparable to those of SNRs. The discrepancy in de-
tection rates between this study and S02 might:be due to the biased
sample SO2 used, which includes.confirmed LBVs and candidate
LBVs showing nebulosity in the Galaxy and the two most famous
LBVs in LMC.

The [Fen]-H images of identified LBV-IFOs are shown in Fig-
ure 10. Brief informationrabout them is listed in Table 8. In the [Fe 11]
emission, all identified LBV-IFOs share an elliptical/circular mor-
phology. This is similar te their morphologies at 8 um but the extent
appears smallet. We note that for G26.47+0.02 (IFO 102, 103) the
south-easterndiffusestructure was noticed in the [Fe 11]-H image. But
the possibility ofit being an artifact prevented us from assigning it as
an IFO. The morphological coincidence of this South-East structure,
IEO 102 and 103 with respect to the prominent part of the 8§ um
nebula (Paron et al. 2012) implies the possibility of more extended,
diffuse [Fe 1] emission than seemingly identified. There are some
new features revealed by [Fe 11] emission: (1) IFO 65 - HD 168625 is

located at the center of optical/IR elliptical structures that are broken
toward the north-east. In the [Fe 11] emission, we see a complete cir-
cular structure, the center of which is offset toward the northeast. (2)
IFO 162 - [KW97] 37-17 shows multiple shells in [Fe 11] emission,
forming together a much brighter elliptical structure than those in 8
pm or optical. This possibly indicates that the LBV had several active
erupting phases that manufactured bright [Fe 11]-emitting shells one
by one.

We found that all [Fe 1]-detected LBVs in the UWIFE survey also
accompany nebulosities at 8 ym, but not vice versa. For example, we
could not detect [Fe 11] emission in three LBVs with 8 um nebulosity
(HD 168607, AFGL 2298, and GAL 024.73+00.69). Thus, the ques-
tion of whether the LBV nebula, on account of the preceding giant
eruption, is a prerequisite for the [Fe 11] emission remains unanswered
(S02). More comprehensive LBV samples and constrained physical
properties of LBVs are needed to understand the possible relation-
ship between the existence of the [Fe 11] 1.644 ym line in LBV nebula
and their past eruption histories.

4.6 Supernova Remnants

SNRs are the brightest objects in [Fe 11] emission. In SNRs this line is
mostly emitted from cooling gas behind radiativeshocks. [Fe 11] lines
are strong in shocked gas because Fe abundance could be enhanced
by shocks owing to grain destruetion (Dinerstein 1995; Nisini 2008;
Koo et al. 2016 and references therein). Before the UWIFE survey,
a dozen Galactic and LMC SNRs had been observed in the NIR
[Fe 1] lines. The SNRs that are bright in [Fe 11] emission lines may
be divided into two groups: (1) middle-aged SNRs interacting with
dense molecular (or atomic) clouds such as W 44 (Reach et al. 2005),
3C 391 (Reach et'aly,2002), and (2) young SNRs interacting with the
dense circumstellar medium (CSM) such as Cas A (Koo et al. 2018),
G11.2-0.3 (Moen et al. 2009), RCW 103 (Burton & Spyromilio
1993y, and W49B (Lee et al. 2019). Then Lee et al. (2019) (hereafter,
L19) searched for [Fe 11] emission at the positions of the SNRs in the
catalog of Green (2014) using the UWIFE survey data and detected
[Feur})’emission features toward 19 SNRs, more than half of which
were new detections. In external galaxies, [Fe 1] emission is used
as a tracer of SNRs (Blair et al. 2014; Bruursema et al. 2014; Long
et al. 2020), although strong [Fe 1] lines may originate from sources
ionized by X-rays, e.g., in active galactic nuclei (Mouri et al. 2000;
Morel et al. 2002).

We detected 25 IFOs associated with SNRs. All these SNR-IFOs
belong to the 19 SNRs in Lee et al. (2019) except one (Table 9).
It is worthwhile to point out that Lee et al. (2019) searched [Fe11]
emission at 79 SNRs of the Green’s catalog that are fully covered by
the UWIFE survey. Four SNRs partially observed in the survey (i.e.,
G7.0-0.1,G13.3-1.3,G28.8+1.5,G38.7—1.3) were not investigated,
and our unbiased search resulted in the identification of a small
[Fe 11]-emitting patch inside the region of G28.8+1.5. Meanwhile, the
Green’s catalog of Galactic SNRs has been updated (Green 2019),
adding a new SNR G53.4+0.0 (partially covered in the UWIFE) and
rejecting four (G20.4+0.1, G21.5-0.1, G23.6+0.3, G59.8+1.2 that
were reclassified as Hir regions) in the survey area. None of the
new or rejected SNRs showed [Fe 11] emission features. So the new
detection rate for fully covered SNRs is 25 per cent (19/75).

We note that Lee et al. (2019) compensated the [Fe 1] line flux
for the flux subtracted from the H-band by multiplying with 1.15,
whereas the fluxes in Table 9 are observed fluxes. As presented in
Lee et al. (2019), IFO 147 that matches W49B is the brightest SNR-
IFO. The detailed results for the 19 SNRs can be found in Lee et al.
(2019).
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5 SUMMARY

We have presented the first comprehensive catalog of Galactic
IFOs discovered in the UKIRT Widefield Infrared Survey for [Fe 11]
(UWIFE). It is the first Galactic catalog of extended [Fe] line
emission sources using an unbiased, large-scale survey. We have dis-
covered many previously unreported [Fe ] 1.644 um line sources.
Therefore, this catalog provides an opportunity to broaden the hori-
zons of the study of the shocked regions of our Galaxy, especially
with the synergy of the UWISH2 survey.

We have searched for extended IFOs in the inner Galactic plane
(7° < 1 < 62°|b] < 1°5). In order for the search to be efficient,
we removed point-like continuum sources from the [Fe 1] 1.644 ym
images using H-band images taken as part of the UKIDSS GPS
survey. We identified most of the IFOs by visual inspection and added
several faint IFOs with an automatic source identification which
uses the same source detection algorithm as in UWISH2 (Froebrich
et al. 2015). In total, 204 IFOs were identified. We measured the
sizes and fluxes of these 204 IFOs and presented their properties.
We have searched for the counterparts of the IFOs via positional
cross-matching with previously known sources and found that the
majority of IFOs are associated with supernova remnants, young
stellar objects, Hir regions, planetary nebulae, and luminous blue
variables. We group IFOs by their counterpart types and discuss
their statistical and morphological properties. The main results are
summarized as follows.

(1) In the 180 deg? Galactic plane area of the 1st Galactic quad-
rant covered by the UWIFE survey (7° < [ < 62°; |b| < 1°5), we
identified 204 IFOs. The identified IFOs are classified according to
their counterparts: IFOs associated with young stellar objects (YSO-
IFOs), Hu regions (HII-IFOs), compact Hir regions (CHII-IFOs),
planetary nebulae (PN-IFOs), luminous blue variables (LBV-IFOs),
and supernova remnants (SNR-IFOs). There are 100 YSO-IFOs, 11
HII-IFOs, 22 CHII-IFOs, 17 PN-IFOs, 4 LBV-IFOs, and 25 SNR-
IFOs. We could not identify counterparts for 25 IFOs, and they are
classified as ‘unknown-IFOs’. The majority of IFOs are new discov-
eries that have never been revealed in previous [Fe 11] line studies.

(2) The SNR-IFOs and HII-IFOs are the brightest IFOs, and theéy
dominate the [Fe ] 1.644 um line flux in the Galactic plane./They
contribute 96 per cent of the total [Fei] 1.644 pm line flux of the
IFOs (2.6 x 10713 W m~2); 76 per cent by SNR-IFOs/and 20, per
cent by HII/CHII-IFOs. The YSO-IFOs, PN-IFOs, andEBV:IFOs
are generally orders of magnitude fainter, while the unknown-IFOs
are the faintest.

(3) The average number density of IFOs is ~1:1 deg_z. The num-
ber density is highly variable spatially, espeeially for the IFOs asso-
ciated with objects in the early-evolutionary phase, e.g., IFOs asso-
ciated with Hu regions and YSOs: In Galactic longitude, there are
prominent peaks at / ~ 16° and,51°, while there is a ‘void’ at [ ~
40°-50° where the number,of IFOs is very small. The spatial dis-
tribution in Galactic latitude is centered at b=—0712 with a standard
deviation of 0°65.

(4) The results on the individual types of IFOs are summarized
below.

(i) YSO-IFOs

We'detectedy 100 YSO-IFOs, which constitutes half of the IFOs
in.our catalog. Only seventeen of those are associated with the
RMS ‘sources, which represent massive YSOs. The YSO-IFOs
mightbe preferentially tracing low-mass YSOs. On the other hand,
the majority (87 per cent) of YSO-IFOs are not associated with
HH objects, suggesting that the YSO-IFOs are revealing previously

hidden, optically obscured outflows in star-forming regions. YSO-
IFOs have diverse morphologies, and we have classified them into
four categories; bipolar, cometary, knot-like, and amorphous.

(ii) HII-IFOs and CHII-IFOs

We have identified 11 IFOs associated with 4 Hi regions (Ta-
ble 6). Almost all HII-IFOs are located in the well-known star-
forming complexes, W 31,M 17, and W 51. Some HII-IFOs appear
as either thin filaments or diffuse amorphous emission structures
within the radio structure, so their association with the Hi regions
is very likely. But some are faint and diffuse and extend beyond the
radio boundary of the Hi1 regions, so their association is uncertain
and needs to be confirmed. We also detected 22 [FOs associated
with 16 CHIIs, including 6 previously reported (Table 5). Among
the 16 CHII regions, ten are catalogued in CORNISH, which cor-
responds to 4 per cent of the 237 CHII regions in the CORNISH
catalog in the survey area. CHII-IFOs have diverse morphelogies:
jet-like, shell-like, and amorphous.

(iii) PN-IFOs

We detected 17 PN-IFOs. They are associated with 14 PNe (i.e.,
5 PNe, 8 PN candidates, and one post-AGB candidate; Table 7),
which correspond to about 4.7 per cent of-the'PNevin the survey
area. We have classified the morphologies of PN-IFOs following
Parker et al. (2006) and compared them with those in He and Hj.
Some PNe have [Fe 1] morphologies diffetent from the He and Hy
morphologies, which implies that the [Fe'l] line reveals new sub-
structures, possibly probing additional mass-loss histories. The
physical sizes of some PN-IFQs are larger than 0.9 pc.

(iv) LBV-IFOs

We detected 4 LBV-IFOs. They are associated with 3 LBV's out
of 22 LBVs and their‘candidates in the survey area (Table 8), so
the detection rate of [Fe 11] emission associated with LBVs in this
study is 14uper cent. All LBV-IFOs share an elliptical or circular
morphology~Some show multiple shells. We found that all [Fe 11]-
detécted LBVs in the UWIFE survey also accompany nebulosity
at 8,um, but not vice versa.

(v) )SNR-IFOs

We detected 25 SNR-IFOs. They are associated with 20 SNRs,
which corresponds to 25 per cent of the 75 known SNRs in the
survey area. The SNR-IFOs occupy 76 per cent of the total [Fe 1]
flux of IFOs, and the four brightest IFOs are SNR-IFOs. On the
other hand, the lowest surface brightness IFOs are also SNR-IFOs,
showing the patchy [Fe 11] emission in SNRs. All SNRs with [Fe 11]
emission features except one (G28.8+1.5) have been previously
reported by Lee et al. (2019). The detailed results on the [Fe11]
emission on the 19 SNRs can be found in Lee et al. (2019).
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Figure 1. Continuum-subtracted [Fe 1] and NIR three<colorimages of IFOs with various origins: (a) YSO outflow: IRAS 18177-1405; (b) compact Hi region:
G35.28; (c) diffuse Hir region: GAL 10.2-0.3; (d) LBV, nebula: [KW 97] 37-17; (e) PN: IRAS 19234+1627; and (f) SNR: W49B. Grey-scale images in the upper
rows are UWIFE [Fe 1]-H images; Colour-composite images in the lower rows are R/G/B = KHJ-band images from the UKIDSS GPS survey. The units of the
UWIEFE [Fe 11]-H images are DNs, with the darker colout denoting a higher DN. The UWIFE images of the panels (a) IRAS 18177-1405 and (d) [KW97] 37-17
are smoothed with a two-pixel Gaussian.In all images, North is at the top, and east to the left side. Note the following artifacts: panel (a) IRAS 18177-1405:
diffraction spike from southwest to northeast; (b) G35.2S: crosstalk on the northwest edge of the source; diffraction spikes and an airy disk at the south; (e)
IRAS 19234+1627: dead pixels on the north and southwestern part at the boundary of the source; (f) W49B: masked bright stars.
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Figure 2. (a) Fy, distrix of IFOs. Note that the flux of a large-scale IFO 7 is excluded in this figure. (b) Semi-major axis r; distribution of IFOs. The
semi-major automatically-identified IFOs is the best estimate of the coordinate, semi-major, and minor axes from the best-fitting ellipse from IDL
procedure 2dgai . (¢) Surface brightness distribution of IFOs. The counterparts of IFOs are presented in different colors.
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Figure 3. The spatial distribution of IFOs in Galactic longitude 1 he top panel shows the distribution of IFOs in Galactic longitude. The bottom panel
shows the distribution of IFOs in Galactic latitude. IFOs are ccordance with their counterparts: YSO, Hu region, PN, SNR, LBV, and unknown-IFOs.
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Figure 4. Two-dimensional distribution of IFOs. T! p panel shows the spatial distribution of IFOs having counterparts in the Hi1 region (orange), YSO (blue),
and unknown (gray) categories. Each circle représents , and the size of each circle is proportional to its logarithmic Fyo (in order of 10717, 10716, 10715
W m~2). Star-forming regions whose positions h those of IFOs in the distribution are labelled. Due to clustered IFOs, many circles overlap. The bottom
panel shows the spatial distribution of IFOs with counterparts of PNe (gray), SNRs (green), and LBVs (red). Note that the flux of IFO 7 (i.e., SNR G8.7-0.1) is
not provided, therefore excluded here. &)
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16 Kimetal.

Figure 5. IFOs with YSO counterpart candidates in continuum-subtracted [Fe 11] images as‘in Fig. 1. Only six representative IFOs are shown. The yellow crosses
denote adjacent YSOs in the field of view, while the red contours are Hy 2.12 pm emission contours adopted from UWISH2. The right frames are three-color
KHJ UKIDSS images of the same field of view. This figure is available in its entirety in the;yAppendix B.1.
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pm emission adopted from UWISH2. The black arrow points
the arrow points from the driving source to the IFO.

Extended Ionized Fe Objects in the UWIFE Survey 17

ubtracted [Fe 1] images as in Fig. 1. The right panels show He in the same
Space Telescope (HST) F657N image was used. Inset on the IFO 119-121 is a
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Figure 7. IFOs with CHII counterpart candidates. t panels show continuum-subtracted [Fe 11] images as in Fig. 1. The right panels show a radio continuum
in the same field of view. Cyan contours.on both images are the boundaries of CHIIs in the radio. The contours of IFO 24-26, 54, 71, 86-87, 97, 132, and 137
are from New-GPS 20 cm, IFO 89—90@ 138, 148-149, 156, and 202-203 are from CORNISH 5 GHz, and IFO 82-83 are from the National Radio
Astronomy Observatory (NRAO) arge Array (VLA) Sky Survey (NVSS). Only the radio image and contour of IFO 204 are from the old-GPS 20 cm. IFO
203 is a YSO-IFO inside the field of .The yellow crosses in both panels are the same as in Fig. 5. The red cross shows the central position of the UWISH2

H; emission.
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Figure 8. IFOs with Hu'region counterpart candidates in continuum-subtracted [Fe 11] images as in Fig. 1. Cyan contours are boundaries of Hi regions in the
radio continuum: TFO 11412, 55, 62 with New-GPS 20 cm data; IFO 58, 64, 66, 67 with GPS 90 cm data; 158, 159, 161 with THOR 1420 MHz continuum +
VLA Galactic Plane Survey (VGPS) H I data. Black arrows point to the boundaries of IFO structures. The format for these images is the same as that of Fig. 1.
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Figure 9. Continuum-subtracted [Fe 11] images of IFOs with PN counterpart candidates. Only six representative IFOs are shown. The units on the UWIFE [Fe 11]-
H are DNs, with the darker colour denoting a higher DN. The right frames are three-color KHJ UKIDSS images of the same field of view. The corresponding
source names for each IFO are shown. The yellow cross marks the central position’of, the ecounterpart. The images of IFO 73, 95, 112, 129, 157, and 164 are
smoothed with a two-pixel Gaussian. In all images, North is at the top and east is.onthe left side. This figure is available in its entirety in Appendix B.2.

y20z Asenuer ¢ uo 1sanb Aq GZE 116G //S6Z2RIS/SBIUW/SE0L 0 | /I0P/3|o1e-80uBAPE/SRIUW /W02 dNo olwapede//:sdiy Woll papeojumo(]



Extended Ionized Fe Objects in the UWIFE Survey 21

Figure 10. Continuum-subtracted [Fe 1] images of IFOs having LBV counterparts. The right frames are three-color KHJ UKIDSS images of the same field of
view. Note that there is a spike pattern around a bright star, coincidentywith IFO 65. The format for these images is the same as that of Fig. 1.
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Figure 11. IFOs with counterpart candidates unknown in continuum-subtracted [Fe 11] images‘as in Fig. 1. Only six representative IFOs are presented. The right
frames are three-color KHJ UKIDSS images of the same field of view. The format for'these images is the same as that of Fig. 1. This figure is available in its
entirety in Appendix B.3.
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Table 1. Catalog of identified IFOs
IFO # UWIFE designation ! b ry iy PA Area Ftot Counterpart
[deg] [arcsec] [deg] [arcsec?] [10717 Wm™2]

IFO 001¢ J180136.927-224228.03  7.19190 +0.06028 9.3 29 40 84.7 5.88 -
IFO 002 J180210.565-214326.69 8.11119 +0.43376 2.3 2.0 0 144 0.89 -
IFO 003¢ J180212.398-223720.49  7.33358 -0.01604 2.6 1.8 157 14.7 225 YSO
IFO 004  J180219.380-213350.56 8.26721 +0.48309 54 42 120 712 4.27 YSO
IFO 005 J180511.698-195040.56 10.09481 +0.74344  18.0 72 60 407.1 3.15 PN
IFO 006  J180514.644-195027.77 10.10356 +0.73511 16.0 73 60 366.9 6.04 PN
IFO 007 J180627.378-213227.20 8.75903 -0.34293 1400.0 1400.0 0 6157521.8 - SNR
IFO 008  J180640.397-220136.63  8.35934 -0.62390 4.5 42 20 593 13.80 PN
IFO 009  J180640.585-220126.95 8.36205 -0.62322 6.1 49 25 93.9 6.10 PN
IFO 010 J180732.633-202606.06 9.84849 -0.02588 34 34 0 36.3 0.91 YSO
IFO 011 J180916.373-201852.96 10.15033 -0.32179  68.0  39.0 150 8331.5 72.10 HII
IFO 012 J180925.793-201934.10 10.15813 -0.35954 673  62.5 0 132143 166.00 HII
IFO 013  J181050.844-205738.76  9.76257 —0.95642 42 34 160 44.8 1.59 YSO
IFO 014 J181051.015-205748.39  9.76056 -0.95829 59 3.8 170 70.4 2.81 YSO
IFO 015 J181129.632-192515.52 11.18511 -0.34766 131.4 131.1 0 541187 1090.00 SNR
IFO 016 J181312.424-164111.54 13.77907 +0.60864 35 2.8 90 30.7 0.94 YSO
IFO 017  J181322.096-174758.22 12.82064 +0.04152 1.3 1.3 0 53 0.35 -
IFO 018 J181407.762-185101.73 11.98433 -0.62012 33 2.1 110 21.7 0.64 YSO
IFO 019 J181408.073-185058.01 11.98582 -0.62071 1.7 1.5 60 8.0 0.44 YSO
IFO 020 J181413.148-175528.03 12.80784 -0.19604 83 74 90 1929 4.79 YSO
IFO 021 J181415.121-175557.61 12.80436 -0.20684  10.7 83 120 279.0 1.57 YSO
IFO 022  J181419.929-175616.05 12.80898 -0.22602  67.6 427 160 9068.2 69.50 YSO
IFO 023  J181422.928-182508.51 12.39193 -0.46647 3.0 2.7 60 254 1.95 YSO
IFO 024  J181434.822-164514.38 13.87718 +0.28764 8.0 4.0 160 100.3 3.18 UCHI
TFO 025° J181436.683-164507.70 13.88234 +0.28200 240  20.0 0 1507.9 6.60  UCHII
IFO 0267 J181437.731-164526.78 13.87970 +0.27580  13.0 8.0 60 326.7 9.40  UCHI
IFO 027  J181521.196-160255.94 14.58529 +0.46128 4.5 39 160 55.1 7.16 PN
IFO 028  J181627.693-183653.67 12.45471 -0.99317 7.6 43 50 102.6 0.30 -
IFO 029 J181658.050-162710.24 14.41440 -0.07172 3.8 35 90 41.7 4.66 YSO
IFO 030  J181724.551-172216.03 13.65638 —0.60071 4.0 3.1 40 389 2:01 YSo
IFO 031  J181750.609-120805.80 18.31683 +1.78972 1.7 1.4 90 74 0.43 YSO
IFO 032  J181750.953-120802.39 18.31835 +1.78895 2.7 2.5 0 21.2 2.11 YSoO
IFO 033  J181758.445-120724.48 18.34208 +1.76705 2.3 2.0 90 14.45 098 YSO
IFO 034 J181828.251-165525.05 14.17066 -0.61193 2.0 13 0 8.1 0.54 YSO
IFO 035  J181828.590-165523.72 14.17162 -0.61295 3.1 24 120 23.3 4.89 YSO
IFO 036  J181837.058-134248.28 17.01527 +0.87651 6.5 4.1 100 837 1.51 YSO
IFO 037  J181839.539-134237.23 17.02271 +0.86910 2.8 25 120 21.9 0.83 YSO
IFO 038  J181845.167-150257.21 15.85388 +0.21557 6.4 51 130 102.5 7.34 SNR*
IFO 039  J181847.449-135022.70 16.92393 +0.77973 1.2 1.2 0 45 0.23 YSO
IFO 040 J181849.365-134952.55 16.93498 +0.77687 2.0 1.5 120 9.4 0.49 YSO
IFO 041 J181855.428-135145.51 16.91893 +0.74041 10.2 5.6 30 179.4 16.80 HH
IFO 042 J181858.301-135236.39 16.91199 +0.72350  10.0 6.0 1150 188.4 2.65 HH
IFO 043  J181858.835-135252.81 16.90897 +0.71943 4.0, 30 140 37.6 0.23 HH
IFO 044  J181901.895-135346.30 16.90173 +0.70150 150 “10.0 1140 471.2 2.52 HH
IFO 045 J181905.871-134522.91 17.03256 +0.75343 /25.1  19.0 90 1498.2 4.14 YSO
IFO 046 J181914.708-164949.13 14.34049 -0.7310F 1.6 1.3 30 6.5 0.33 YSO
IFO 047 J181917.916-164355.78 14.43321 -0.69611 4.0 3.0 90 37.6 2.24 YSO
IFO 048  J181922.591-134114.45 17.12557 +0:72624 7.1 3.0 30 66.9 0.70 YSO
IFO 049  J181925.259-134542.71 17.06480440.68168 54 4.0 0 67.8 1.01 YSO
IFO 050  J181927.118-151211.16 15.79925 —0.00624, 3.5 2.3 30 252 8.84 PN
IFO 051° J182019.871-161031.33 1504081y, —0.65134 2.2 2.0 0 13.8 1.33 YSO
IFO 052° 1182020.767-161018.45 415.04566 —0)65282 2.8 2.0 0 17.5 4.05 YSO
IFO 0537 J182021.725-161015.05 15:04831),£0.65575 2.3 1.7 30 12.2 1.05 YSO
IFO 054% 7182024.436-16112680m15:03583 —0.67472 187 94 140 5522 5.11 HCHII
IFO 0557 1182028.170-161245.10 15.02369 -0.69815 250.0 1000 130  78539.8 1257.00 HII
IFO 056  J182032.784-160124.98 1’5.19905 -0.62538 7.6 3.9 0 93.1 0.63 YSO
IFO 057  J182034.306=160158.97 15.19359 -0.63521 8.0 2.0 120 50.2 1.12 YSO
IFO 058  J182035.196-161942.63 14.93464 -0.77759 330.0 120.0 160 124407.0 473.00 HII
IFO 059 J182035.224-140436.84 16.92057 +0.28355 1.9 1.8 90 10.7 0.85 YSO
IFO 060 J182035.656-140409.72 16.92803 +0.28556 5.8 5.1 30 929 7.82 YSO
IFO 061 J182036.014-140344.82 16.93481 +0.28754 33 33 0 342 0.54 YSO
IFO 062P"4182037.224-160828.36 15.10369 —0.69649 341.8 1973 115 211860.0 875.00 HII
IFO 063,/ 7182049.312-140353.86 16.95793 +0.23896 2.6 2.4 30 19.6 0.60 YSO
IFO,064 | J182056.997-161934.88 14.97762 -0.85347 100.0  50.0 160  15707.9 58.27 HII
IFO.065” 1182119.587-162224.78 14.97848 —-0.95541 150 135 140 636.2 81.16 LBV
IFO 066 J182121.701-160424.16 15.24737 -0.82163  18.2  16.2 0 926.2 8.96 HII
TFO 067  J182134.867-161209.80 15.15799 -0.92897  25.5 81 135 648.8 11.40 HII
IFO 068  J182228.548-171548.32 14.32188 -1.61616 35 23 30 252 1.07 -
IFO 069  J182432.827-130950.81 18.17823 -0.13740 101.0  56.0 70 17768.8 21.50 SNR
IFO 070  J182448.037-131345.15 18.14955 -0.22238 6.0 5.0 90 94.2 1.38 SNR
IFO 071 J182459.449-131552.08 18.14002 -0.27977 130.0  90.0 60  36756.6 110.10  UCHII
IFO 072¢ J182548.520-130629.85 18.37107 -0.38288 7.0 45 120 98.9 82.00 YSO

23

y20z Asenuer ¢ uo 1sanb Aq GZE 116G //S6Z2RIS/SBIUW/SE0L 0 | /I0P/3|o1e-80uBAPE/SRIUW /W02 dNo olwapede//:sdiy Woll papeojumo(]



24  Kim et al.

Table 1 (cont’d)

IFO # UWIEE designation 1 b r ) PA Area Fiot Counterpart
[deg] [arcsec] [deg] [arcseczj [10717 w m72J

IFO 073  J182619.105-101318.67 20.98261 +0.85302 199 74 120 462.6 6.64 PN
IFO 074  J182656.992-113210.92 19.89167 +0.10337 42 34 60 44.8 4.51 YSO
IFO 075  J182851.018-124415.55 19.04409 -0.86640 67.4 274 15 5801.7 14.10 SNR
IFO 076 ~ J182852.671-124311.10 19.06306 -0.86404 164 5.5 0 283.3 2.55 SNR
IFO 077%  J182859.486-115026.04 19.85474 —-0.48056 6.1 23 80 44.0 345 YSO
IFO 078  J182919.659-124153.90 19.13295 -0.95127 132.0 89.4 140 370733 192.00 SNR
IFO 079  J182930.563-131350.84 18.68160 -1.23735 87 3.6 70 98.3 1.89 SNR
IFO 0807  J183314.281-100831.20 21.84283 —0.61852 500.0 200.0 40 3141592 627.00 SNR
IFO 0817  J183328.975-110726.68 20.99907 —1.12478 11.8 6.4 25 237.2 49.30 PN
IFO 0824  J183330.115-050050.30 26.43603 +1.69464 68 35 165 74.7 6.73 UCHII
IFO 083%  J183330.673-050110.94 26.42214 +1.68483 154 12.0 114 580.5 150.00  UCHII
IFO 084  J183331.327-103257.93 21.51352 -0.86841  35.0 17.0 50 1869.2 6.59 SNR
IFO 085  J183333.430-103402.86 21.50149 -0.88437  44.8 42.1 90 5925.2 59.70 SNR
IFO 086  J183404.384-071820.28 24.45479 +0.50637  60.0 30.0 160 5654.8 9.42  UCHI
IFO 087  J183408.045-071801.82 24.46632 +0.49530 127 7.6 30 303.2 1.72 UCHII
IFO 088  J183420.390-084722.27 23.16829 -0.23606 600.0 400.0 10 753982.2 584.00 SNR
IFO 089  J183425.284-075448.33 23.95514 +0.14969  11.0 9.3 20 321.3 11.20  UCHII
IFO 090  J183426.772-075428.56 23.96285 +0.14677 1.1 1.1 0 3.8 032 UCHII
IFO 091  J183541.856-072203.61 24.58525 +0.12015 150 8.0 140 376.9 3.06 YSO
IFO 092  J183648.912-071850.94 24.76014 -0.10123 23 19 20 13.7 2.13 YSO
IFO 093  J183716.440-032958.39 28.20160 +1.54899 40 23 10 28.9 0.39 SNR
IFO 094 J183720.713-064200.69 25.36590 +0.06398 20 1.7 30 10.6 1.18 YSO
IFO 095  J183730.398-061412.49 25.79595 +0.24115 80 8.0 0 201.0 3.93 PN/UCHII
IFO 096  1183740.829-061452.41 25.80594 +0.19768 180.0 180.0 0 101787.6 221.00 -
IFO 097  J183813.600-064815.32 25.37390 -0.17819 252 8.0 45 633.3 25.60  UCHII
IFO 0987  J183907.168-043230.84 27.48618 +0.66204 500.0 400.0 20 628318.5 167.00 SNR
IFO 099  J183909.562-071927.89 25.01779 -0.62238 40 3.0 0 37.6 2.05 YSO
IFO 100  J183911.798-072019.31 25.00933 -0.63714 34 28 90 29.9 2.56 YSO.
IFO 101 J183913.302-072057.12 25.00284 —-0.64748 1.8 1.5 130 8.4 1.12 YSO
IFO 102 J183931.338-054409.74 26.47082 +0.02555 33 23 80 23.8 3.07, LBV
IFO 103 J183931.437-054414.64 26.46980 +0.02456 24 14 0 10.5 1.27 LBV
IFO 104 J183950.426-043037.60 27.59648 +0.51675 45 20 0 28.2 0.20 YSO
IFO 105  J184120.333-045606.47 27.38989 —0.00960 150.0 120.0 70 56548.6 274,00 SNR
IFO 106 J184358.299-035306.11 28.62385 -0.11304 216.2 170.1 0 115534.0 197.00 SNR
IFO 107 J184414.391-041754.32 28.28667 -0.36139 70 36 165 79.1 2770  UCHII
TIFO 108 J184422.810-041734.78 28.30748 -0.39003 39 28 90 343 0.57 YSO
IFO 109  J184501.647-001716.48 31.94472 +1.29493 26 21 90 17.1 0.37 -
IFO 110 J184515.462-031604.01 29.31952 -0.11656 43 35 120 47.2 0.85 -
IFO 111 J184559.282-024502.58 29.86281 -0.04271 73 37 135 84.8 5.47 YSO
IFO 1124 J184829.526-021003.18 30.81541 -0.25716 29 1.5 150 13:6 0.52 PN
IFO 113 J184927.068-005638.37 31.86530 +0.01156 240.0 210.00 120 158336.2 3423.55 SNR
IFO 11497 J184933.121-003810.21 32.59821 +0.35877 8.9 6.3 156 176.1 6.46  PN/HII
IFO 115 J184955.670-010153.39 31.84176 -0.13438 .90 09 130 53 0.25 YSO
IFO 11697 1185026.138+012739.08 33.81379 +0.73328 5.5 21 68 36.2 0.83 -
IFO 1177 J185125.777-000930.42 32.78995 —-0.07040 /740.0 5300/ 170 1232132.7 114.00 SNR
IFO 118 J185128.102+002840.15 33.36065 +0.21110 86 80 170 216.1 1.02 HH
IFO 119 J185140.619+002850.89 33.38708 +0.16604: 707 35 5 70.6 34.60 HH
IFO 120 J185141.136+002900.71 33.39049 +0.16537 14 12 90 52 0.24 HH
IFO 121 J185144.114+002911.43 33.39880" +0.15568 7.0 40 90 87.9 1.64 HH
IFO 122 J185249.992+022802.16 35.28688 +0.81455 14 09 90 39 0.56 YSO
IFO 123 J185251.980+022804.91 3529134 +0.80753 1.2 1.0 90 3.7 0.74 YSO
IFO 124 J185353.538+015714.24¢ 34.95065 +0.34503 39 28 60 34.3 1.87 YSO
IFO 125 J185516.571+030512.10 36.11639./40.55408 80 48 160 120.6 9.03 YSO
IFO 126 J185521.357+0301454:61..36.07665 +0.51134 1.5 14 0 6.5 0.42 YSO
IFO 127%  J185534.205+021908,12 35.31833 +0.06246 63 42 175 83.1 146  UCHII
IFO 128 J185602.316+012139.70, 34.66768 -0.40273 1120.0 860.0 150 3025982.1 3942.00 SNR
IFO 129”  J185737/231+020350.02 3547351 -0.43365 11.0 11.0 0 380.1 6.54 PN
IFO 130°  J185738.0144020332.58 3547069 -0.43876  11.0 11.0 0 380.1 7.11 PN
IFO 131 J185808.531+010048.26 34.59832 -1.02921 45 45 0 63.6 3.22 YSO
IFO 132 ~J185810.531+013656.88 35.13815 -0.76162  17.5 14.7 0 808.1 24.60 CHII
IFO 133 J185905.114+004833.51 34.52432 -1.33211 2.1 1.4 0 9.2 1.60 -
TFO 1347, J185910.539+014013.31 35.30084 -0.95905 50 31 130 48.7 1.56 YSO
IFO 135,/ J185923.204+010413.33 34.79106 -1.27998 28 28 0 24.6 0.39 -
IFQ 1367, J190003.046+055926.63 39.24352 +0.82130  26.6 13.0 170 1086.3 3.29 YSO
IFO 137 © J190347.070+050946.79 38.93288 -0.38355 350 18.0 100 1979.2 8.31 UCHII
IFO 138 J190403.633+050753.38 38.93638 —0.45909 52 44 30 71.8 274  UCHII
IFO 1397 1190404.180+052703.51 39.22135 —-0.31459 197.3 150.1 0 93037.4 618.00 SNR
IFO 140 J190540.231+074634.49 41.46973 +0.39939 550.0 450.0 100 777544.2 1421.45 SNR
IFO 141 J190659.919+052253.12  39.49429 -0.99412 54 52 90 88.2 12.20 YSO
IFO 142 J190731.328+052333.18 39.56407 -1.10471 55 44 130 76.0 1.17 -
IFO 143 J190734.278+070829.06 41.12259 -0.31090 170.0 120.0 115  64088.4 1691.00 SNR

IFO 144 J190813.552+052757.00 39.70977 -1.22650 16 14 90 7.0 0.23 YSO
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Extended Ionized Fe Objects in the UWIFE Survey

Table 1 (cont’d)

IFO # UWIFE designation 1 b r ) PA Area Fiot Counterpart
[deg] [arcsec] [deg] [arcseczj [107]7 w m72J
IFO 145  J190816.446+052726.79 39.70784 -1.24102 3.7 1.6 125 18.5 0.40 YSO
IFO 146  J190816.782+052506.10 39.67378 —-1.26024 3.9 3.6 0 44.1 1.69 YSO
IFO 147 J191106.846+090604.55 43.26595 —0.18486 160.0 150.0 120  75398.2 4739.00 SNR
IFO 1487 J191327.650+105334.62 45.12149 +0.13279  11.2 85 137 299.0 14.80 UCHII
IFO 149 J191327.754+105413.66 45.13129 +0.13745 32 24 105 24.1 0.48 UCHII
IFO 150  J191530.963+132747.36 47.63089 +0.88215 1.7 1.4 120 74 0.29 -
IFO 151 J192026.005+111955.24 46.30789 -1.17527 5.6 39 120 68.6 2.25 YSO
IFO 152 J192029.411+111942.04 46.31118 -1.18928 1.3 1.1 90 45 0.27 YSO
IFO 153 J192029.485+110159.44 46.05061 -1.32806 75 53 90 124.8 8.71 HH
IFO 154 J192054.201+143031.29 49.16624 +0.21581 1.6 1.6 0 8.0 0.75 YSO
IFO 155 J192113.714+105232.92 45.99659 -1.56168 42 28 110 36.9 2.34 HH
IFO 156  J192127.938+154426.63 50.31742 +0.67543 45 2.6 30 36.7 1.58 UCHII
IFO 157  J192142.900+155351.18 50.48401 +0.69629  60.0  20.0 90 3769.9 1.55 PN
IFO 158  J192309.835+142912.63 49.40475 -0.27709  40.0  15.0 10 1884.9 8.92 HIT
IFO 1597 J192255.023+140745.93 49.06144 -0.39309 1200.0 1000.0 160 3769911.3 1647.09 HII
IFO 160 J192401.145+140105.48 49.08966 —0.68118 580.0 430.0 30 7835132 582.37 SNR
IFO 161  J192348.822+143137.35 49.51449 -0.39670 350.0 210.0 115 230907.0 182.47 HIT
IFO 162 J192348.169+143641.50 49.58771 -0.35441  50.0  30.0 25 4712.3 45.50 LBV
IFO 163 J192354.032+143548.00 49.58825 -0.38096  45.0  35.0 0 4948.0 5.76 YSO
IFO 164 J192451.838+155729.06 50.89493 +0.05763 1.5 15 0 7.0 0.24 PN
IFO 165  J192516.759+144625.72 49.89974 -0.59204 23 1.9 0 13.7 0.72 YSO
IFO 166  J192529.675+151646.36 50.36959 -0.39785 1.1 0.9 0 3.1 0.20 -
IFO 167  J192531.202+151603.90 50.36214 —-0.40884 2.1 1.3 0 8.5 0.79 -
IFO 168  J192531.399+151556.79 50.36075 —-0.41049 0.8 0.8 0 2.0 0.13 -
IFO 169  J192532.882+151538.18 50.35903 -0.41819 1.5 1.3 40 6.1 0.50 -
IFO 170  J192533.417+151616.62 50.36947 -0.41501 1.1 1.1 0 3.8 0.26 -
IFO 171  J192534.199+151612.08 50.36983 -0.41838 1.2 0.8 90 3.0 0.23 -
IFO 172 J192534.538+151632.38 50.37544 -0.41690 1.6 1.4 90 7.0 0.59 -
IFO 173 J192540.546+163305.18 51.50973 +0.16761 7.0 5.8 16 127.5 11.50 PN
IFO 174 J192547.157+145145.84 50.03612 —-0.65762 4.0 25 140 31.4 4.22 YSO
IFO 175  J192557.625+150231.65 50.21401 -0.60951 1.8 1.6 90 9.0 0.36 YSO
IFO 176  J192557.848+150243.23 50.21727 -0.60877  10.0 5.5 0 1722 1.98 YSO
IFO 177  J192852.403+171458.61 52.48804 -0.17205 33 2.8 90 29.0 0.92, YSO
IFO 178  J192918.342+175615.42 53.14142 +0.06679 150 10.0 140 4712 4.95 YSO
IFO 179  J192918.796+175723.68 53.15891 +0.07429 3.7 1.9 130 22.0 0.31 YSO
IFO 180  J192920.127+175716.54 53.15971 +0.06871  25.0 8.0 80 628.3 4.41 YSO
IFO 181  J192920.506+175458.14 53.12668 +0.04898 7.0 50 110 109.9 1.11 YSO
IFO 182  J192922.491+174442.54 52.98034 -0.03983 4.6 35 0 50.5 0.57 -
IFO 183  J192931.617+175951.30 53.21927 +0.04934 44 3.0 90 414 1.08 YSO
IFO 184  J192931.871+180058.11 53.23604 +0.05734 1.7 1.4 90 74 0.25 YSO
IFO 185  J192932.874+180106.35 53.23994 +0.05495 7.0 4.0 45 87.9 1.06 YSO
IFO 1867 J193001.921+175455.44 53.20473 —0.09547 54 33 20 559 3.15 YSO
IFO 187  J193120.744+192014.92 54.60141 +0.31496 1.5 1.3 90 6.1 0.35 -
IFO 188  J193323.546+195647.07 55.36730 +0.18676  20.0 . 18.0 40 1130.9 5.22 post-AGBc/YSO
IFO 189  J193831.665+202519.19 56.36978 -0.63373 7.0 4.3, 150 94.5 10.50 YSO
IFO 190  J193914.355+4224021.52 58.41141 +0.32789 7.0 6.0 40 1319 3.75 YSO
IFO 191  J194014.058+232652.51 59.19889 +0.51050 55 4.2 80 725 1.57 -
IFO 192 J194103.922+220340.80 58.08778 —0.34083: 32 1.7 0 17.1 0.62 YSO
IFO 193 J194127.149+222739.58 58.47940 -0.22095 14.2 6.8 130 303.3 14.70 YSO
IFO 194 J194241.016+225417.72 59.00574 —0.24738 6.5 3.0 60 612 2.76 YSO
TIFO 195  J194244.693+232250.36 59.42558 —0.02322 3.0 3.0 0 282 0.65 HH
IFO 196  J194256.665+232435.17 59.47362, #0.04848  29.0  18.5 40 1685.4 5.20 HH
IFO 197  J194306.295+231810.63 59.39926 =0.13356 1.9 1.3 90 77 0.52 -
IFO 198  J194310.286+234358.03_59.77970, +0.06707 49 2.9 60 44.6 2.83 YSO
IFO 199  J194310.930+234402.64,,59.78203" +0.06557 53 25 90 41.6 2.23 YSO
IFO 200 J194320.930+232952:89 59.59633 -0.08502  10.5 8.0 150 263.9 1.34 HH
IFO 201  J194610.902+221559.08%,58.85575 —1.26581 7.1 25 120 55.7 0.96 -
IFO 202 J194620.335+243520.73 /60.88253 —0.13043 140 129 80 567.3 17.20 UCHII
IFO 203  J194621.675+243516.78 60.88413 -0.13538 1.3 1.3 0 53 0.45 YSO
TIFO 204  J194646.9214251241.33 61.47104 +0.09568  40.5  36.5 140 4644.0 111.00  UCHII/ HIT

AIFOs marked with ‘a’ are identified only by an automatic detection method.

bNote on the individual sources. IFO 7: Due to the complexity of the region, flux is not provided. IFO 25-26: The flux of the superposed
part is allocated only to IFO 26. IFO 51-55: IFO 51-54 are located inside IFO 55. IFO 62, 98: The flux is derived for a partial region
free from'severe artifacts. IFO 65, 81, 114, 116, 186: missing flux due to 2MASS-bright star mask. IFO 80, 96, 117: Contaminated by an
instrumental artifact. The pixels with DN > +30 are masked for the flux measurement. IFO 129-130: Contaminated by an instrumental

artifact. The superposed part is excluded from the flux measurement. IFO 139: Contaminated by an instrumental artifact. The pixels with
DN < 20 are masked for the flux measurement. IFO 159-160: The flux of the superposed part is allocated only to IFO 160. Note
that there is an astrometry problem with certain continuum-subtracted [Fe 11] images, where IFO 4, 8, 9, 73, 114, 155, 165, and 186 are
located. Therefore, we determined the central positions of the IFOs based on the UKIDSS NIR image.

*IFO 38 is located within the SNR G15.9+0.2 domain but highly confined to a southwestern region (see fig. 1 of Sasaki et al. 2018 for
an X-ray image of the SNR). Since there is no other possible counterpart in the SIMBAD query and the X-ray emission is coincident, we
concluded that the SNR origin cannot be ruled out.
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Table 2. Statistics of IFOs

N Fluxpta FluXmin ~ FluXmax ~ FluXmean I:Sbmean

YSO 100 4.3 (-15) 2.0(-18) 82(-16) 4.3 (-17) 6.6(-19)
CHII 22 52(-15) 32(-18) 1.5(-15) 24(-16) 4.0(-19)
HII 11 48(-14) 89(-17) 1.6(-14) 43(-15) 0.7(-19)
PN 17 14(-15) 24(-18) 49(-16) 8.5(-17) 7.6(-19)
SNR 25 2.0(-13) 3.9(-18) 47(-14) 82(-15) 1.3(-19)
LBV 4 13(-15) 13(-17) 8.1(-16) 3.3(-16) 9.7(-19)
Unknown 25 2.4(-15) 1.3(-18) 22(-15) 9.7(-17) 5.0(-19)
total/mean 204 2.6 (-13) 1.6 (-17) 4.7 (-14) 13(-15) 5.3(-19)

Note. — N: Number of IFOs in each type. Flux units are in W m2.
F 1 can: Mean surface brightness of each type (flux divided by area) in W
m~2 arcsec™2. Note that one SNR-type (IFO 7) was not used for statistics

of fluxes.
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Extended Ionized Fe Objects in the UWIFE Survey

Table 9. IFOs Associated with SNRs
IFO # SNR Name d Fiot
G-Name Other Name(s) [kpe] [10717 W m™2]

IFO 007 G8.7-0.1 W 30 4.5 -4
IFO 015 G11.2-0.3 - 4.4 1090.00
IFO 038 G15.9+0.2 - 10.0 7.34
IFO 069 G18.1-0.1 - 5.6 21.50
IFO 070 G18.1-0.1 - 5.6 1.38
IFO 075 G18.9-1.1 - 2.0 14.10
IFO 076 G18.9-1.1 - 2.0 2.55
IFO 078 G18.9-1.1 - 2.0 192.00
IFO 079 G18.9-1.1 - 2.0 1.89
IFO 080 G21.8-0.6 Kes 69 5.2 627.00
IFO 084 G21.5-0.9 - 4.6 6.59
IFO 085 G21.5-0.9 - 4.6 59.70
IFO 088 G23.3-0.3 W41 4.2 584.00
IFO 093? G28.8+1.5 - €34 0.39
IFO 098 G27.8+0.6 - 2.0 167.00
IFO 105 G27.4+0.0 Kes 73 8.5 274.00
IFO 106 G28.6-0.1 - 9.6 197.00
IFO 113 G31.9+0.0 3C 391 7.1 3423.55
IFO 117 G32.8-0.1 Kes 78 4.8 114.00
IFO 128 G34.7-0.4 W 44 2.8 3942.00
IFO 139 G39.2-0.3 3C 396 8.5 618.00
IFO 140 G41.5+0.4 - 4.1 1421.45
IFO 143 G41.1-0.3 3C 397 10.0 1691.00
IFO 147 G43.3-0.2 W49B 10.0 4739.00
IFO 160 G49.2-0.7 W51C 6.0 58237

*Distances are from Lee et al. (2019). See Leeet al.\(2019) for

original references.

4Due to significant background errors, flux was not derived and
not included in the statistics of fluxes.

Distance from Shan et al. (2018).

CPartially covered in the' UWIFE survey.
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Figure A.1. Example of artifacts in the [Fe 11]-H image. 1) The residual of star subtraction shown as cross stripes 2) A variable and saturate;
pattern 3) Arc-shape ghosts near a very bright star. The diffraction pattern of a bright star is superposed. 4) Electronic cross-talk near a.br
pattern of a bright star 6) High proper-motion star. (Black: bright, white: dark.)

APPENDIX A: EXAMPLES OF ARTIFACTS

APPENDIX B: THE UWIFE [FEII]-H AND GPS 3-COLOR IMAGES OF IFOS ;Q
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Extended Ionized Fe Objects in the UWIFE Survey 43

Figure B.1. IFOs/with YSO‘counterpart candidates in continuum-subtracted [Fe 11] and three-color KHJ UKIDSS images in the same field of view. The format
for these images is'the same as that of Fig. 1. Yellow crosses denote adjacent YSOs in the field of view. Red contours are H 2.12 um emission adopted from
UWISH2.
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Figure B.2. Continuum<subtracted [Fe 11] images of IFOs with PN counterpart candidates. The units on the UWIFE [Fe 11]-H are DNs, with the darker colour
denoting a higher DN. The corresponding source names for each IFO are shown. The yellow cross marks the central position of the counterpart. The images of
IFO 73, 0953112;,129, 157, and 164 are smoothed with a two-pixel Gaussian. In all images, North is at the top and east is on the left side.
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Figure B.3. IFOs with counterpart candidates unknown in continuum-subtracted [Fe 11] images as in Fig. 1. IFO 95 is a PN-IFO inside the field of view. The
format for these images is the same as that of Fig. 1.
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