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A B S T R A C T 

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 Surv e y for Fe + (UWIFE). The UWIFE surv e y is the first imaging surv e y of the Milk y 

Way in the [Fe II ] 1.644 μm emission line and co v ers the Galactic plane in the first Galactic quadrant (7 

◦ < l < 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 II ] 1.644 μm line. We present a catalogue 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), H II regions (33), planetary nebulae (17), and luminous blue variables 
(4). The statistical and morphological properties are discussed for each of these. 

Key words: catalogues – surv e ys – circumstellar matter – ISM: kinematics and dynamics – infrared: ISM. 

1

U
s  

a
h
a
m
t
A
j
O  

o  

o
 

o
f  

T
l
b
f  

�

i  

H
M  

c
h
e  

e  

s  

1
t  

2  

o  

2  

t  

u
2

 

a  

Y  

2  

W  

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4657/7591325 by guest on 19 February 2024
 I N T RO D U C T I O N  

nderstanding the role of shocks is essential for comprehensively 
tudying the ecology of the Milky Way, since they transfer mass
nd kinetic energy into the interstellar medium (ISM), provide 
eavy elements for future star formation by destroying dust grains, 
nd regulate star formation. Shock waves are one of the principal 
echanisms of the interaction between stars and the ISM in galaxies, 

hereby playing an important role in the evolution of the Galaxy. 
mong the most powerful shock-driving sources are outflows and 

ets from young stellar objects (YSOs), stellar winds from massive 
B stars, and superno va (SN) e xplosions. To understand the physics
f the interactions as well as the nature of the shock-driving sources,
bservations of emission lines from the shocks are essential. 
The [Fe II ] a 4 D 7/2 → a 4 F 9/2 1.644 μm transition results in one

f the brightest emission lines in near-infrared (NIR). It originates 
rom one of the 16 levels of Fe + that have a low excitation energy.
herefore they are easily excited in shocked gas, resulting in many 

ines, particularly in NIR. This emission line is thought to be 
right in shock-excited gas; one suggested reason is that due to 
ar -ultra violet (FUV) radiation from the shock front, the Fe atom
 E-mail: yskim916@gmail.com 
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ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
s in the form of Fe + o v er e xtended re gions (McK ee, Chernof f &
ollenbach 1984 ; Hollenbach, Chernoff & McKee 1989 ; Oliva, 
oorwood & Danziger 1989 ; Koo, Raymond & Kim 2016 ). In

ontrast, in photoionized regions, Fe atoms are predominantly at 
igher ionization states, except when the ionizing radiation is hard 
nough that it can penetrate further into the interstellar cloud (Koo
t al. 2016 ). Therefore, [Fe II ] emission lines from shocked gas are
tronger than those from photoionized regions; for example, [Fe II ]
.257 μm/Pa β is over 0.1 in supernova remnants (SNRs) compared 
o 0.01–0.03 in Orion (Koo & Lee 2015 ; Mouri, Kawara & Taniguchi
000 ). Furthermore, the Fe abundance can be enhanced by shocks
wing to grain destruction, making the [Fe II ] lines stronger (Koo
014 ; Greenhouse et al. 1991 ; Mouri et al. 2000 , and references
herein). These characteristics of [Fe II ] make its lines extremely
seful for studying interstellar shocks (e.g. Dinerstein 1995 ; Nisini 
008 ). 
F or e xample, the 1.644 μm emission line as a tracer of shocked

tomic gas enables us to study shocked regions in jets/outflows of
SOs (Nisini et al. 2002 ; Caratti o Garatti et al. 2006 ; Takami et al.
006 ; Pyo et al. 2006, 2009 ; Oh et al. 2016 ), planetary nebulae (PNe,
elch et al. 1999 ; Smith, Balick & Gehrz 2005 ), SNRs (Koo et al.

007 ; Lee et al. 2009 , 2013 ), and nebulae of luminous blue variables
LBVs, Smith 2002 ). Since NIR [Fe II ] lines suffer less extinction
han widely used optical emission lines such as H α, [S II ], and [O III ],
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h permits unrestricted reuse, distribution, and reproduction in any medium, 
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he NIR lines can give us information on deeply embedded regions
naccessible by optical lines. 

Lee et al. ( 2014 ) conducted an unbiased [Fe II ] 1.644 μm narrow-
and imaging surv e y, which is called the United Kingdom Infrared
elescope (UKIRT) Wide-field Infrared Surv e y for Fe + (UWIFE).
he surv e y area (7 ◦ < l < 62 ◦; | b| � 1 ◦. 5) is located in the
rst Galactic quadrant. This surv e y is the first unbiased, high-
esolution [Fe II ] surv e y of the Milk y Way. It therefore enables us
o disco v er more [Fe II ]-emitting sources and conduct a statistically
eaningful investigation of Galactic [Fe II ] line sources. Alongside

Fe II ]-emitting Galactic SNR to study similar to [Fe II ] line objects in
earby galaxies, the surv e y is e xpected to systematically detect low-
rightness [Fe II ] line sources from other kinds of [Fe II ] emitters.
herefore, it enables us to assess the level of contribution of each

Fe II ]-emitting population. Further spectroscopic studies of new
Fe II ] sources found in UWIFE can be used to derive critical densities
n the range of ∼10 4 −10 5 cm 

−3 and temperatures up to 10 4 K (Pesenti
t al. 2003 ), filling the gap in density between [S II ] λ6731 ∼ 10 4 cm 

−3 

nd [O I ] λ6300 ∼ 10 6 cm 

−3 (Osterbrock 1989 ). With other [Fe II ]
ines and emission lines such as [Fe II ] 1.533 μm, density diagnostics
f ∼10 2 −10 5 cm 

−3 can be measured and line ratio diagrams with
ther [Fe II ] lines (Pesenti et al. 2003 ) can help us understand the
ew parameter range. 
Shinn et al. ( 2014 ) systematically searched for outflows from

ltracompact H II regions (UCHIIs), inferred [Fe II ] outflow mass-
oss rates, and discussed the traveltime of the [Fe II ] outflows using
he UWIFE data. The statistical [Fe II ] line study of Galactic SNRs in
WIFE and the UKIRT Wide-field Infrared Surv e y for H 2 (UWISH2,
roebrich et al. 2011 ) surv e y rev ealed a detection rate of 24 per cent
or both surv e ys and suggested a relatively higher coincidence with
ixed-morphology and/or radio-bright SNRs (Lee et al. 2019 ). 
A comprehensive catalogue of UWIFE sources will give an

pportunity to compare shocked [Fe II ] line objects with other tracers
n previous large-scale Galactic plane surv e ys (GPSs). P articularly,
he UWIFE surv e y area is fully co v ered with the complementary
urv e y, UWISH2 (Froebrich et al. 2011 ), which was carried out
sing UKIRT and the Wide-Field Camera (WFCAM, Casali et al.
007 ). The catalogue of extended H 2 -emitting sources identified in
WISH2 (Froebrich et al. 2015 ) will be useful for the comparison
f shocked molecular gas with higher excitation atomic gas. Also,
he Isaac Newton Telescope Photometric H α Surv e y of the Northern
alactic Plane (IPHAS, Drew et al. 2005 ) and the UWISH2 surv e y

an provide a chance to compare different outflow/shock tracers.
urv e ys tracing continuum sources in embedded regions such as

he UKIRT Infrared Deep Sky Survey (UKIDSS) GPS (Lucas et al.
008 ) in the NIR, the Galactic Le gac y Infrared Midplane Surv e y
xtraordinaire (GLIMPSE; Churchwell et al. 2009 ), the Multiband

maging Photometer for Spitzer GPS (MIPSGAL; Carey et al. 2009 )
n the mid-infrared (MIR), and the Herschel infrared GPS (Molinari
t al. 2010 ) in the far-infrared (FIR) were published. 

Furthermore, the source catalogue of various kinds of objects,
amely, the catalogue of UCHIIs from the Co-Ordinated Radio
N’ Infrared Surv e y for High-mass star formation (CORNISH,
oare et al. 2012 ) and the catalogue of Extended Green Objects

EGO, Cyganowski et al. 2008 ) can be good candidates to compare
ith [Fe II ] sources, as well as emission-line source catalogues,
iz., catalogues of H α emission-line sources from IPHAS (Witham
t al. 2008 ), and Molecular Hydrogen emission-line Object (MHO,
avis et al. 2010 ). In accordance with these catalogues and aims,
e designate [Fe II ] 1.644 μm emission-line sources as ionized
e objects (IFOs) and compile the first comprehensive catalogue
f Galactic extended IFOs. The catalogue includes basic physical
NRAS 528, 4657–4700 (2024) 
roperties of IFOs, such as coordinates ( l, b ), size, position angle
PA), and flux. Information about possible counterparts and their
istance is also included. 
The organization of the paper is as follows. In Section 2 , we

escribe the data reduction, the source identification, the photometry
f the detected sources, and the procedure for searching for coun-
erparts or exciting sources of IFOs. In Section 3 , we first present
he catalogue of IFOs. The catalogue contains the sizes and fluxes
f IFOs as well as their counterparts. The IFOs are classified by
heir counterpart types. We then explore the statistics of the physical
roperties and the distribution of IFOs. In Section 4 , we discuss the
esults of the individual types of IFOs. In Section 5 , we summarize
ur paper. 

 DATA  A N D  S O U R C E  C ATA L O G U E  

.1 UWIFE sur v ey data 

e have used the UWIFE survey data to search for extended IFOs
n the Galactic plane (GP). The UWIFE surv e y was carried out
sing WFCAM at UKIRT in 2012 and 2013 (Lee et al. 2014 ). The
Fe II ] narrow-band filter was used, having a central wavelength of
.644 μm and an ef fecti ve bandwidth of 0.026 μm. The WFCAM
osts four Rockwell Hawaii-II HgCdTe 2 k × 2 k arrays, each
o v ering 13.65 arcmin × 13.65 arcmin in area at a pixel scale of 0.4
rcsec. Four pointings of the telescope covered a contiguous area of
.75 deg 2 (designated as ‘tile’, following the WFCAM terminology).
ach pointing was composed of a set of dithered and microstepped
bservations, fully sampling the point spread function in good seeing
onditions ( < 0.8 arcsec). The total integration time per pixel was
20 s. The final [Fe II ] images have a nominal 5 σ detection limit of
8.7 mag for point sources, with a median seeing of 0.83 arcsec. For
xtended diffuse sources, the corresponding surface brightness limit
s 8.1 × 10 −20 W m 

−2 arcsec −2 . 
Lee et al. ( 2014 ) also produced continuum-subtracted [Fe II ]

mages (hereafter [Fe II ]-H images) by using the H -band images from
he GPS. The continuum subtraction was carried out in two steps, that
s, point-like continuum sources were first remo v ed in both [Fe II ] and
 -band images, and then the point source remo v ed H -band images
ere subtracted from the point source remo v ed [Fe II ] images to

emo v e e xtended continuum sources. The details of the observation
nd data processing procedure can be found in Lee et al. ( 2014 ). 

All [Fe II ] and [Fe II ]-H images from UWIFE are available at the
WIFE web page. 1 The images consist of 220 tiles, where a single

ile is a square of 54 arcmin × 54 arcmin in equatorial coordinates.
he tiles are arranged as 55 stripes of four consecutive tiles at constant
eclination along the GP, co v ering a re gion within the First Galactic
uadrant of 7 ◦ < l < 62 ◦; | b| � 1 ◦. 5 (see fig. 1 of Lee et al. 2014 ).
n the web page, the UWISH2 H 2 and GPS JHK -band images are

lso available. 

.2 Source identification 

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

http://gems0.kasi.re.kr/uwife/
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We focused on the extended sources in this study. Visual inspec- 
ions were carried out twice for the whole surv e y area. We searched
or all possible emission features and, for each feature, we defined 
n ellipse approximately surrounding the emitting area by eye. Then, 
he central coordinates, radii, and PA of the ellipses are measured 
nd listed in Table 1 . All IFO candidates identified in the [Fe II ]-H
mage were double-checked in both unsubtracted [Fe II ] and GPS 

 -band images to confirm whether they were a real source or not. As
he UWIFE and GPS observations were separated by several years, 
ariable sources were seen as emission or absorption in the [Fe II ]-H
mages. In particular, since artefacts with a ne gativ e digital number
DN) in GPS H -band resemble real sources in the [Fe II ]-H image,
e checked the position of all IFO candidates in the corresponding 
 -band data. 
In addition, there are various kinds of artefacts in the [Fe II ]-
 images. Representative artefacts are: the residuals of bright 

tars, ghosts, crosstalks, cross-stripes after star subtraction, and the 
iffraction pattern of bright stars (see Appendix A1 , e.g.). Residuals
f high proper-motion stars were also left in the [Fe II ]-H images.
e also excluded the features hampered by the artefacts from bright 

tars. The sources that sho w dif fuse structures in both [Fe II ] and
 which are significantly brighter in [Fe II ] compared to the GPS
 band, or the sources with a low probability of being scattered

mission from dust seen in the GPS H band, were selected as real
ources. 

Using the [Fe II ]-H images, we conducted an unbiased automatic 
etection with the code used for identifying MHOs in UWISH2 
Froebrich et al. 2015 ) to benefit from its objectiveness. We adjusted
he code to fit the specifications of UWIFE data: (1) remo v e small-
cale features (residual of star subtraction), determine the large-scale 
ackground level from a 40 arcsec scale median filter, and calculate 
ts noise value. (2) Draw contours at the 1 σ level in ds9 2 and
dentify the isolated contours as ‘regions’. The level was determined 
mpirically to include faint emission of IFOs. The low (1 σ ) level
roduces contours around the remaining point sources and noise 
eaks, but those ‘false’ regions are remo v ed by a minimum size limit
n the next stage. (3) Remove contours that are too small ( < 4 arcsec 2 )
r near the image borders. (4) To a v oid mistakenly identifying star
esidual as IFOs, remo v e contours smaller than 35 arcsec 2 if they are
ocated within 3 arcsec to the Two Micron All-Sk y Surv e y (2MASS)
 -band stars brighter than 15 mag. This procedure was conducted 

or all UWIFE tiles except for tile 003, 080, and 196 due to the late
elease of the H -band data in the GPS surv e y. 

All sources identified by the automatic detection were cross- 
hecked by visual inspection. We first examined whether the identi- 
ed source from the code is an image artefact or not. Appendix A1
hows some examples of the artefacts, including residuals of detector 
rosstalk and diffraction patterns from saturated stars. These non- 
stronomical sources can be easily distinguished by comparing 
hem in the [Fe II ] and H -band images and were remo v ed from the
atalogue. We also rejected point-like sources (e.g. high proper- 
otion stars, variables, [Fe II ]-emitting stars, etc.) that are not 

onsidered in this paper. Note that the visual identification treats 
 group of clumpy structures as a single object (e.g. shells of SNR).
n the other hand, the code identifies the substructures separately. We 
tted each automatically identified IFO with an ellipse and derived 

he geometrical parameters of the semimajor and semiminor axes, 
nd PA. This process added 14 IFOs, and the complete catalogue is
 https:// sites.google.com/ cfa.harvard.edu/ saoimageds9 

i
c  

3

resented in Table 1 , which also provides their coordinates, sizes,
uxes, and counterparts. 

.3 Photometry 

e conducted photometry of the IFOs in the [Fe II ]-H images.
ince our targets have an extended structure, we adopted aperture 
hotometry. In the [Fe II ]-H data, artefacts often have higher digital
ounts than IFOs. Therefore, masking artefacts is a crucial process. 
e masked the identified artefacts to prevent large uncertainties in the 

perture photometry. The residuals of point sources (stars) brighter 
han 14th magnitude in the H band (based on the 2MASS point source
atalogue, Skrutskie et al. 2006 ) were also masked. The size of the
asking area was 6 arcsec in diameter, which is large enough to

o v er general residual patterns. When instrumental artefacts such as
lectronic crosstalk or diffraction patterns intruded on the aperture, 
e manually masked them to prevent any contamination. 
In order to derive the total flux ( F tot ) of the identified IFOs in a

cientific unit (W m 

−2 ), we used the following equation: 

 tot = F 0 ·
(

DN 

t exp 

)
· 10 −0 . 4 ·m zpt , 

F 0 is the in-band flux of Vega falling in the [Fe II ] filter
3.27 × 10 −11 W m 

−2 , Lee et al. 2019 ), whereas t exp and m zpt 

re the net exposure time (60 s) and the zero-point magnitude of
ach image, respectively (‘EXPTIME’ and ‘MAGZPT’ in the image 
eader). DN is the total DN falling in the aperture corrected for
he sky background. This local background of each source was 
stimated from a sky annulus with an inner and outer radii of 1.2
nd 1.5 times the aperture. We took the mode of the sky values to
urther a v oid the effect of any possible artefacts. The uncertainty of
he flux is estimated considering the photometric calibration error 
rom the uncertainty of the zero-point magnitude of ∼0.06 mag, 
hich corresponds to ∼6 per cent of the total flux (Lee et al. 2019 ).
he contribution of Poisson noise from aperture photometry and sky 
ubtraction is negligible. The former is less than one-fifth, and the
atter is less than one-tenth of absolute calibration uncertainty. 

.4 Search for associated exciting sources 

e have searched for the possible driving source(s) of IFOs via
ositional cross-matching with pre viously kno wn sources: SNRs, 
 II regions, compact (CHII) and UCHIIs regions, LBVs, PNe, 

nd YSOs. IFOs associated with these sources are classified as 
NR-IFO, HII-IFO, CHII-IFO, LBV-IFO, PN-IFO, and YSO-IFO, 
espectively. The rest of the IFOs are classified as ‘unknown-IFO’. 
n the following, we describe the processes and catalogues employed 
or the search for the individual exciting source types. 

SNRs hav e comple x and filamentary structures often with a large
patial extent. Thus, a careful identification and the separation of 
enuine SNR-origin from mere superposition was required. We first 
elected IFOs located within the boundary of known SNRs, using the
entral positions and sizes of SNRs in the Galactic SNR catalogue of
reen ( 2019 ). We then referred to the references in the catalogue and

lso the SIMBAD Astronomical Database 3 for the multiwavelength 
orphology of SNRs for the confirmation of the association. If an

FO shows a coherent structure occupying a similar extent and/or 
ts morphology implies a spatial correlation with the SNRs, we 
ategorized it as an SNR-IFO. We also checked the area in SIMBAD
MNRAS 528, 4657–4700 (2024) 

 http:// simbad.harvard.edu/ simbad/ 

https://sites.google.com/cfa.harvard.edu/saoimageds9
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Table 1. Catalogue of identified IFOs. 

IFO no. UWIFE designation l b r 1 r 2 PA Area F tot Counterpart 
[deg] [arcsec] [deg] [arcsec 2 ] [10 −17 W m 

−2 ] 

IFO 001 a J180136.927 − 224228.03 7.19190 + 0.06028 9.3 2.9 40 84.7 5.88 −
IFO 002 J180210.565 − 214326.69 8.11119 + 0.43376 2.3 2.0 0 14.4 0.89 –
IFO 003 a J180212.398 − 223720.49 7.33358 −0.01604 2.6 1.8 157 14.7 2.25 YSO 

IFO 004 J180219.380 − 213350.56 8.26721 + 0.48309 5.4 4.2 120 71.2 4.27 YSO 

IFO 005 J180511.698 − 195040.56 10.09481 + 0.74344 18.0 7.2 60 407.1 3.15 PN 

IFO 006 J180514.644 − 195027.77 10.10356 + 0.73511 16.0 7.3 60 366.9 6.04 PN 

IFO 007 b 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 4.2 20 59.3 13.80 PN 

IFO 009 J180640.585 − 220126.95 8.36205 −0.62322 6.1 4.9 25 93.9 6.10 PN 

IFO 010 J180732.633 − 202606.06 9.84849 −0.02588 3.4 3.4 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 H II 

IFO 012 J180925.793 − 201934.10 10.15813 −0.35954 67.3 62.5 0 13214.3 166.00 H II 

IFO 013 J181050.844 − 205738.76 9.76257 −0.95642 4.2 3.4 160 44.8 1.59 YSO 

IFO 014 J181051.015 − 205748.39 9.76056 −0.95829 5.9 3.8 170 70.4 2.81 YSO 

IFO 015 J181129.632 − 192515.52 11.18511 −0.34766 131.4 131.1 0 54118.7 1090.00 SNR 

IFO 016 J181312.424 − 164111.54 13.77907 + 0.60864 3.5 2.8 90 30.7 0.94 YSO 

IFO 017 J181322.096 − 174758.22 12.82064 + 0.04152 1.3 1.3 0 5.3 0.35 –
IFO 018 J181407.762 − 185101.73 11.98433 −0.62012 3.3 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 8.3 7.4 90 192.9 4.79 YSO 

IFO 021 J181415.121 − 175557.61 12.80436 −0.20684 10.7 8.3 120 279.0 1.57 YSO 

IFO 022 J181419.929 − 175616.05 12.80898 −0.22602 67.6 42.7 160 9068.2 69.50 YSO 

IFO 023 J181422.928 − 182508.51 12.39193 −0.46647 3.0 2.7 60 25.4 1.95 YSO 

IFO 024 J181434.822 − 164514.38 13.87718 + 0.28764 8.0 4.0 160 100.3 3.18 UCHII 
IFO 025 b J181436.683 − 164507.70 13.88234 + 0.28200 24.0 20.0 0 1507.9 6.60 UCHII 
IFO 026 b J181437.731 − 164526.78 13.87970 + 0.27580 13.0 8.0 60 326.7 9.40 UCHII 
IFO 027 J181521.196 − 160255.94 14.58529 + 0.46128 4.5 3.9 160 55.1 7.16 PN 

IFO 028 J181627.693 − 183653.67 12.45471 −0.99317 7.6 4.3 50 102.6 0.30 –
IFO 029 J181658.050 − 162710.24 14.41440 −0.07172 3.8 3.5 90 41.7 4.66 YSO 

IFO 030 J181724.551 − 172216.03 13.65638 −0.60071 4.0 3.1 40 38.9 2.01 YSO 

IFO 031 J181750.609 − 120805.80 18.31683 + 1.78972 1.7 1.4 90 7.4 0.43 YSO 

IFO 032 J181750.953 − 120802.39 18.31835 + 1.78895 2.7 2.5 0 21.2 2.11 YSO 

IFO 033 J181758.445 − 120724.48 18.34208 + 1.76705 2.3 2.0 90 14.45 0.98 YSO 

IFO 034 J181828.251 − 165525.05 14.17066 −0.61193 2.0 1.3 0 8.1 0.54 YSO 

IFO 035 J181828.590 − 165523.72 14.17162 −0.61295 3.1 2.4 120 23.3 4.89 YSO 

IFO 036 J181837.058 − 134248.28 17.01527 + 0.87651 6.5 4.1 100 83.7 1.51 YSO 

IFO 037 J181839.539 − 134237.23 17.02271 + 0.86910 2.8 2.5 120 21.9 0.83 YSO 

IFO 038 J181845.167 − 150257.21 15.85388 + 0.21557 6.4 5.1 130 102.5 7.34 SNR ∗
IFO 039 J181847.449 − 135022.70 16.92393 + 0.77973 1.2 1.2 0 4.5 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 6.0 150 188.4 2.65 HH 

IFO 043 J181858.835 − 135252.81 16.90897 + 0.71943 4.0 3.0 140 37.6 0.23 HH 

IFO 044 J181901.895 − 135346.30 16.90173 + 0.70150 15.0 10.0 140 471.2 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 a J181914.708 − 164949.13 14.34049 −0.73101 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 17.06480 + 0.68168 5.4 4.0 0 67.8 1.01 YSO 

IFO 050 J181927.118 − 151211.16 15.79925 −0.00624 3.5 2.3 30 25.2 8.84 PN 

IFO 051 b J182019.871 − 161031.33 15.04081 −0.65134 2.2 2.0 0 13.8 1.33 YSO 

IFO 052 b J182020.767 − 161018.45 15.04566 −0.65282 2.8 2.0 0 17.5 4.05 YSO 

IFO 053 b J182021.725 − 161015.05 15.04831 −0.65575 2.3 1.7 30 12.2 1.05 YSO 

IFO 054 b J182024.436 − 161126.80 15.03583 −0.67472 18.7 9.4 140 552.2 5.11 HCHII 
IFO 055 b J182028.170 − 161245.10 15.02369 −0.69815 250.0 100.0 130 78539.8 1257.00 H II 

IFO 056 J182032.784 − 160124.98 15.19905 −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 H II 

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 92.9 7.82 YSO 

IFO 061 J182036.014 − 140344.82 16.93481 + 0.28754 3.3 3.3 0 34.2 0.54 YSO 

IFO 062 b J182037.224 − 160828.36 15.10369 −0.69649 341.8 197.3 115 211860.0 875.00 H II 

IFO 063 J182049.312 − 140353.86 16.95793 + 0.23896 2.6 2.4 30 19.6 0.60 YSO 
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Table 1 – continued 

IFO no. UWIFE designation l b r 1 r 2 PA Area F tot Counterpart 
[deg] [arcsec] [deg] [arcsec 2 ] [10 −17 W m 

−2 ] 

IFO 064 J182056.997 − 161934.88 14.97762 −0.85347 100.0 50.0 160 15707.9 58.27 H II 

IFO 065 b J182119.587 − 162224.78 14.97848 −0.95541 15.0 13.5 140 636.2 81.16 LBV 

IFO 066 J182121.701 − 160424.16 15.24737 −0.82163 18.2 16.2 0 926.2 8.96 H II 

IFO 067 J182134.867 − 161209.80 15.15799 −0.92897 25.5 8.1 135 648.8 11.40 H II 

IFO 068 J182228.548 − 171548.32 14.32188 −1.61616 3.5 2.3 30 25.2 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 a J182548.520 − 130629.85 18.37107 −0.38288 7.0 4.5 120 98.9 82.00 YSO 

IFO 073 J182619.105 − 101318.67 20.98261 + 0.85302 19.9 7.4 120 462.6 6.64 PN 

IFO 074 J182656.992 − 113210.92 19.89167 + 0.10337 4.2 3.4 60 44.8 4.51 YSO 

IFO 075 J182851.018 − 124415.55 19.04409 −0.86640 67.4 27.4 15 5801.7 14.10 SNR 

IFO 076 J182852.671 − 124311.10 19.06306 −0.86404 16.4 5.5 0 283.3 2.55 SNR 

IFO 077 a J182859.486 − 115026.04 19.85474 −0.48056 6.1 2.3 80 44.0 3.45 YSO 

IFO 078 J182919.659 − 124153.90 19.13295 −0.95127 132.0 89.4 140 37073.3 192.00 SNR 

IFO 079 J182930.563 − 131350.84 18.68160 −1.23735 8.7 3.6 70 98.3 1.89 SNR 

IFO 080 b J183314.281 − 100831.20 21.84283 −0.61852 500.0 200.0 40 314159.2 627.00 SNR 

IFO 081 b J183328.975 − 110726.68 20.99907 −1.12478 11.8 6.4 25 237.2 49.30 PN 

IFO 082 a J183330.115 − 050050.30 26.43603 + 1.69464 6.8 3.5 165 74.7 6.73 UCHII 
IFO 083 a J183330.673 − 050110.94 26.42214 + 1.68483 15.4 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 UCHII 
IFO 087 J183408.045 − 071801.82 24.46632 + 0.49530 12.7 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 0.32 UCHII 
IFO 091 J183541.856 − 072203.61 24.58525 + 0.12015 15.0 8.0 140 376.9 3.06 YSO 

IFO 092 J183648.912 − 071850.94 24.76014 −0.10123 2.3 1.9 20 13.7 2.13 YSO 

IFO 093 J183716.440 − 032958.39 28.20160 + 1.54899 4.0 2.3 10 28.9 0.39 SNR 

IFO 094 J183720.713 − 064200.69 25.36590 + 0.06398 2.0 1.7 30 10.6 1.18 YSO 

IFO 095 J183730.398 − 061412.49 25.79595 + 0.24115 8.0 8.0 0 201.0 3.93 PN/UCHII 
IFO 096 b J183740.829 − 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 25.2 8.0 45 633.3 25.60 UCHII 
IFO 098 b 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 4.0 3.0 0 37.6 2.05 YSO 

IFO 100 J183911.798 − 072019.31 25.00933 −0.63714 3.4 2.8 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 3.3 2.3 80 23.8 3.07 LBV 

IFO 103 J183931.437 − 054414.64 26.46980 + 0.02456 2.4 1.4 0 10.5 1.27 LBV 

IFO 104 J183950.426 − 043037.60 27.59648 + 0.51675 4.5 2.0 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 7.0 3.6 165 79.1 2.70 UCHII 
IFO 108 J184422.810 − 041734.78 28.30748 −0.39003 3.9 2.8 90 34.3 0.57 YSO 

IFO 109 J184501.647 − 001716.48 31.94472 + 1.29493 2.6 2.1 90 17.1 0.37 –
IFO 110 J184515.462 − 031604.01 29.31952 −0.11656 4.3 3.5 120 47.2 0.85 –
IFO 111 J184559.282 − 024502.58 29.86281 −0.04271 7.3 3.7 135 84.8 5.47 YSO 

IFO 112 a J184829.526 − 021003.18 30.81541 −0.25716 2.9 1.5 150 13.6 0.52 PN 

IFO 113 J184927.068 − 005638.37 31.86530 + 0.01156 240.0 210.0 120 158336.2 3423.55 SNR 

IFO 114 a b J184933.121 − 003810.21 32.59821 + 0.35877 8.9 6.3 156 176.1 6.46 PN/H II 

IFO 115 J184955.670 − 010153.39 31.84176 −0.13438 1.9 0.9 130 5.3 0.25 YSO 

IFO 116 a b J185026.138 + 012739.08 33.81379 + 0.73328 5.5 2.1 68 36.2 0.83 –
IFO 117 b J185125.777 − 000930.42 32.78995 −0.07040 740.0 530.0 170 1232132.7 114.00 SNR 

IFO 118 J185128.102 + 002840.15 33.36065 + 0.21110 8.6 8.0 170 216.1 1.02 HH 

IFO 119 J185140.619 + 002850.89 33.38708 + 0.16604 7.0 3.5 5 70.6 34.60 HH 

IFO 120 J185141.136 + 002900.71 33.39049 + 0.16537 1.4 1.2 90 5.2 0.24 HH 

IFO 121 J185144.114 + 002911.43 33.39880 + 0.15568 7.0 4.0 90 87.9 1.64 HH 

IFO 122 J185249.992 + 022802.16 35.28688 + 0.81455 1.4 0.9 90 3.9 0.56 YSO 

IFO 123 J185251.980 + 022804.91 35.29134 + 0.80753 1.2 1.0 90 3.7 0.74 YSO 

IFO 124 J185353.538 + 015714.24 34.95065 + 0.34503 3.9 2.8 60 34.3 1.87 YSO 

IFO 125 J185516.571 + 030512.10 36.11639 + 0.55408 8.0 4.8 160 120.6 9.03 YSO 

IFO 126 J185521.357 + 030154.61 36.07665 + 0.51134 1.5 1.4 0 6.5 0.42 YSO 
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Table 1 – continued 

IFO no. UWIFE designation l b r 1 r 2 PA Area F tot Counterpart 
[deg] [arcsec] [deg] [arcsec 2 ] [10 −17 W m 

−2 ] 

IFO 127 a J185534.205 + 021908.12 35.31833 + 0.06246 6.3 4.2 175 83.1 1.46 UCHII 
IFO 128 J185602.316 + 012139.70 34.66768 −0.40273 1120.0 860.0 150 3025982.1 3942.00 SNR 

IFO 129 b J185737.231 + 020350.02 35.47351 −0.43365 11.0 11.0 0 380.1 6.54 PN 

IFO 130 b J185738.014 + 020332.58 35.47069 −0.43876 11.0 11.0 0 380.1 7.11 PN 

IFO 131 J185808.531 + 010048.26 34.59832 −1.02921 4.5 4.5 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 –
IFO 134 J185910.539 + 014013.31 35.30084 −0.95905 5.0 3.1 130 48.7 1.56 YSO 

IFO 135 J185923.204 + 010413.33 34.79106 −1.27998 2.8 2.8 0 24.6 0.39 –
IFO 136 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 35.0 18.0 100 1979.2 8.31 UCHII 
IFO 138 J190403.633 + 050753.38 38.93638 −0.45909 5.2 4.4 30 71.8 2.74 UCHII 
IFO 139 b J190404.180 + 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 5.4 5.2 90 88.2 12.20 YSO 

IFO 142 J190731.328 + 052333.18 39.56407 −1.10471 5.5 4.4 130 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 1.6 1.4 90 7.0 0.23 YSO 

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 148 a J191327.650 + 105334.62 45.12149 + 0.13279 11.2 8.5 137 299.0 14.80 UCHII 
IFO 149 a J191327.754 + 105413.66 45.13129 + 0.13745 3.2 2.4 105 24.1 0.48 UCHII 
IFO 150 J191530.963 + 132747.36 47.63089 + 0.88215 1.7 1.4 120 7.4 0.29 –
IFO 151 J192026.005 + 111955.24 46.30789 −1.17527 5.6 3.9 120 68.6 2.25 YSO 

IFO 152 J192029.411 + 111942.04 46.31118 −1.18928 1.3 1.1 90 4.5 0.27 YSO 

IFO 153 J192029.485 + 110159.44 46.05061 −1.32806 7.5 5.3 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 4.2 2.8 110 36.9 2.34 HH 

IFO 156 J192127.938 + 154426.63 50.31742 + 0.67543 4.5 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 H II 

IFO 159 b J192255.023 + 140745.93 49.06144 −0.39309 1200.0 1000.0 160 3769911.3 1647.09 H II 

IFO 160 b J192401.145 + 140105.48 49.08966 −0.68118 580.0 430.0 30 783513.2 582.37 SNR 

IFO 161 J192348.822 + 143137.35 49.51449 −0.39670 350.0 210.0 115 230907.0 182.47 H II 

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 1.5 0 7.0 0.24 PN 

IFO 165 J192516.759 + 144625.72 49.89974 −0.59204 2.3 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 a 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 2.5 140 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 0 172.2 1.98 YSO 

IFO 177 J192852.403 + 171458.61 52.48804 −0.17205 3.3 2.8 90 29.0 0.92 YSO 

IFO 178 J192918.342 + 175615.42 53.14142 + 0.06679 15.0 10.0 140 471.2 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 5.0 110 109.9 1.11 YSO 

IFO 182 J192922.491 + 174442.54 52.98034 −0.03983 4.6 3.5 0 50.5 0.57 –
IFO 183 J192931.617 + 175951.30 53.21927 + 0.04934 4.4 3.0 90 41.4 1.08 YSO 

IFO 184 J192931.871 + 180058.11 53.23604 + 0.05734 1.7 1.4 90 7.4 0.25 YSO 

IFO 185 J192932.874 + 180106.35 53.23994 + 0.05495 7.0 4.0 45 87.9 1.06 YSO 

IFO 186 b J193001.921 + 175455.44 53.20473 −0.09547 5.4 3.3 20 55.9 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 + 224021.52 58.41141 + 0.32789 7.0 6.0 40 131.9 3.75 YSO 
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Table 1 – continued 

IFO no. UWIFE designation l b r 1 r 2 PA Area F tot Counterpart 
[deg] [arcsec] [deg] [arcsec 2 ] [10 −17 W m 

−2 ] 

IFO 191 J194014.058 + 232652.51 59.19889 + 0.51050 5.5 4.2 80 72.5 1.57 –
IFO 192 J194103.922 + 220340.80 58.08778 −0.34083 3.2 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 61.2 2.76 YSO 

IFO 195 J194244.693 + 232250.36 59.42558 −0.02322 3.0 3.0 0 28.2 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 7.7 0.52 –
IFO 198 J194310.286 + 234358.03 59.77970 + 0.06707 4.9 2.9 60 44.6 2.83 YSO 

IFO 199 J194310.930 + 234402.64 59.78203 + 0.06557 5.3 2.5 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 2.5 120 55.7 0.96 –
IFO 202 J194620.335 + 243520.73 60.88253 −0.13043 14.0 12.9 80 567.3 17.20 UCHII 
IFO 203 J194621.675 + 243516.78 60.88413 −0.13538 1.3 1.3 0 5.3 0.45 YSO 

IFO 204 J194646.921 + 251241.33 61.47104 + 0.09568 40.5 36.5 140 4644.0 111.00 UCHII/H II 

Notes. a IFOs marked with ‘ a ’ are identified only by an automatic detection method. 
b Note 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 artefacts. IFO 65, 81, 114, 116, 
186: missing flux due to 2MASS-bright star mask. IFO 80, 96, 117: contaminated by an instrumental artefact. The pixels with DN > ±3 σ are masked for the 
flux measurement. IFO 129–130: contaminated by an instrumental artefact. The superposed part is excluded from the flux measurement. IFO 139: contaminated 
by an instrumental artefact. The pixels with DN < −2 σ 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 II ] 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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or a possible superposition of unrelated, superposed sources such 
s PNe along the same line of sight. An IFO without noticeable
orphological correlation but positionally coincident with evident 
NR emission was categorized as an SNR-IFO (e.g. IFO 38). 
Diffuse H II regions also occupy a large spatial area and have

omplex morphology, so that a SIMBAD/VizieR query by IFO 

oordinate with an arcminute radius often returns various kinds of 
ncidental sources such as subfilaments of H II regions, jets/outflows 
rom neighbouring YSOs, and merely superposed sources along 
he line of sight. Therefore, keeping in mind that proximity alone 
oes not necessarily guarantee a true correlation, a morphological 
orrelation was also taken into account for identifying H II regions 
s a exciting source. If needed, a query with a larger angular scale
as conducted to locate the diffuse H II region. We then compared

he morphology of IFOs with that of H II regions obtained from high-
esolution radio images (GPS; White, Becker & Helfand 2005 , New- 
PS; Helfand et al. 2006 , and the H I, OH, recombination line surv e y
f the Milky Way, THOR continuum; Beuther et al. 2016 ) and/or
ata sets from large-scale multiwavelength studies (Povich et al. 
009 ; Roshi, Churchwell & Anderson 2017 ; Fujita et al. 2021 ). We
lso used small-scale surv e ys and targeted studies (see Section 4.3 ).
he IFOs with a positive correlation have been categorized as HII-

FOs. Ho we ver, since the [Fe II ] line emission from an H II region is
nherently faint, morphological correlation with radio is occasionally 
ard to confirm. On the basis of this possibility, a few extended and
aint IFOs have also been regarded as HII-IFOs although they do 
ot have a clear morphological relationship with an H II region (see
omments in Section 4.3 ). 

We further explored whether IFOs are associated with CHII, 
CHII, or HCHII regions by querying VizieR within an arcminute- 

cale radius. Two comprehensive lists of UCHII regions were 
elected for the VizieR positional matching: the CORNISH UCHII 
egion catalogue (Kalche v a et al. 2018 ), which is appropriate for the
omparison with the UWIFE surv e y data in terms of comparable
igh resolution (1 . ′′ 5) and spatial co v erage (10 ◦ < l < 65 ◦, | b| < 1 ◦),
nd the catalogue presented by Bronfman, Nyman & May ( 1996 )
hich is a large-scale compilation of Infrared Astronomical Satellite 

 IRAS ) FIR colour-selected UCHII regions with higher Galactic 
atitude co v erage ( | b| < 2 ◦). The IFO positions were subsequently
earched in SIMBAD to refer to targeted studies. We compared the
Fe II ] line morphologies with available radio continuum images (see
ection 4.2 ). When the IFOs show morphological correlation with 
adio structures or delineate the boundary of radio structures, they 
re classified as CHII-IFOs. IFOs having counterparts supposedly 
arlier or at a lower mass evolutionary stage of an UCHII region (e.g.
CHII region, UCHII precursor , ultracompact embedded cluster , 
CEC, which was suggested as a lower mass class of UCHII) are

lso included in this category (see Section 4.2 ). 
In order to identify IFOs associated with LBVs, the SIMBAD 

uery was conducted with a radius criterion of 10 arcmin. But we
oted that the list of LBVs and LBV candidates (hereafter cLBVs)
as not been fully incorporated in SIMBAD, so we also used the
atalogue of (c)LBVs compiled by Naz ́e, Rauw & Hutsem ́ekers
 2012 ) which lists the coordinates of 68 (c)LBVs. As far as we
now, this is the most comprehensive catalogue of (c)LBVs. For 
xample, Weis & Bomans ( 2020 ), in their re vie w article of LBVs,
resented a catalogue, but it has a smaller number of (c)LBVs than
az ́e et al. ( 2012 ), that is, 47 versus 68. In the catalogue of Naz ́e

t al. ( 2012 ), 22 LBVs (including 19 candidates) are located inside
he UWIFE area. There was also an [Fe II ] surv e y of nine LBVs by
mith ( 2002 ). Among the nine LBVs, only one was located within

he UWIFE surv e y area and it has been identified in our surv e y, too.
For PN-IFOs, the SIMBAD query was used with a radius criterion

f 10 arcmin. We additionally compared the morphology of IFOs 
ith multiwavelength data from references in SIMBAD. In order 

o incorporate recently disco v ered PNe and PN candidates that
MNRAS 528, 4657–4700 (2024) 
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ave not been updated in SIMBAD, we made use of the following
atabases and catalogues. We used the Hong Kong/AAO/Strasbourg
 α (HASH) PN database which lists multiwavelength data of newly

ound ∼3500 PNe and PN candidates (Parker, Boji ̌ci ́c & Frew 2016 ).
he database includes three large-scale catalogues of Galactic PNe;

he Strasbourg-ESO catalogue, the catalogue of Galactic PNe version
000, and the Macquarie/AAO/Strasbourg H α (MASH) catalogues,
ogether with 159 new PNe from the related IPHAS surv e y and

400 from the literature. A large number of unpublished, new PN
andidates are accessible in this database, which are mostly (1) older,
edder, and have lower surface brightness or (2) are more remote and
mall-scaled, faint PNe (Parker et al. 2016 ). When the counterpart is
ot a well-known source and is identified only in the HASH database,
e checked the association using the references provided. There

re PNe only detectable in NIR, so the recent study of PNe based
n the UWISH2 data (Gledhill et al. 2018 ) was also checked for
ossible counterparts. This study complements faint or small-scale
Ne previously undisco v ered. 
For the remaining IFOs, we made use of several large-scale

atalogues of YSOs alongside catalogues for specific regions or
ar gets. The lar ge-scale surv e y of YSOs in four evolutionary stages
i.e. quiescent, YSO, protostellar, and massive star-forming stages,
rquhart et al. 2018 ) was used to find YSO-IFOs, keeping in mind

he surv e y resolution (30 arcsec). The Infrared Array Camera red-
ource catalogue was also used in the same manner (Robitaille et al.
008 ) to locate YSO-candidate counterparts. When there was a
ositive match, we subsequently displayed their positions on the
Fe II ]-H images with H 2 contours of UWISH2 data to confirm their
ssociation. H 2 images are useful since H 2 emission is usually more
asily excited, forming a series of knots between an IFO and the
SO that drives an H 2 outflow. When the positional match and
orphological information could not pinpoint an obvious YSO

ounterpart, we listed up to two YSOs. Also used are small-scale
urv e y catalogues to benefit from a deeper searches for YSOs.
im, Koo & Davis ( 2015 ) conducted a detailed surv e y of YSO

andidates in the infrared dark cloud (IRDC) G53.2 region and
nvestigated their evolutionary stages. Povich & Whitney ( 2010 )
nvestigated the M17 region where we have identified many IFOs,
nd the study provided the evolutionary stages of the YSOs. Ra-
an, Bergin & Gutermuth ( 2009 ) co v ered multiple IRDC re gions
n the UWIFE surv e y area and a YSO class with MIR colour
nd distance information was provided. Other small-scale cata-
ogues of YSOs available in Vizier were also used when available
Section 4.1 ). 

Since Herbig–Haro (HH) objects are often bright in [Fe II ]
mission, we attempted to locate the [Fe II ]-emitting HH objects
eparately from YSO-IFOs. 454 Galactic HH objects have been
ompiled by Reipurth ( 2000 ), who continuously updated the SIM-
AD database to include newly found HH objects. We retrieved
ll HH objects in SIMBAD, up to HH 1213, which includes 3140
ubstructures (e.g. HH 250A and 250B). First, we search for YSO-
FOs and unknown-IFOs within a radius criterion of 10 arcmin
or a given HH object. When there was a match, we looked for
 possible association of the IFO with HH object structures via
ultiwavelength images (mainly H α from IPHAS, Witham et al.

008 ). F or e xample, IFO 195 which is associated with the parsec-
cale HH 803 has a very compact, small-scale structure. It was
riginally categorized as an unknown-IFO since we could not find any
ssociated source just based on positional proximity. Ho we ver, when
e plot the IPHAS H α and UWISH2 molecular hydrogen emission

ontours together, we could associate IFO 195 with the southwestern
ip of the series of aligned structures of HH 803 in H α and H 2 
NRAS 528, 4657–4700 (2024) 
mission. Fig. 1 shows the representative IFOs with respect to each
ounterpart. 

 RESULTS  

.1 Catalogue of IFOs and their statistical properties 

he full catalogue of extended IFOs is presented in Table 1 and the
escription of each column of the catalogue is as follows: 
Column 1. IFO identifier: designations of IFOs by a catalogue

umber in ascending order. When the IFO is identified only by a
ource detection algorithm, we marked them with an ‘a’ after its
esignation. 
Column 2. IFO conventional designation: IFO full-name derived

rom Right Ascension and Declination (J2000) of the source centre.
t follows the 2MASS convention for the naming, that is, 

IFO JHH:MM:SS.SSS ±DD:MM:SS.SS. 
Columns 3 and 4. Galactic longitude ( l ) and latitude ( b): the cen-

re position of the source, in units of degree, in Galactic coordinates.
or automatically identified IFOs, we adopt the geometric centre of

he polygon by two-dimensional Gaussian fitting of an ellipse. 
Columns 5 and 6. Semimajor axis (r 1 ) and semiminor axis (r 2 ):
aximum semimajor and minor angular radius of the IFO in units

f arcseconds. 
Column 7. Position angle (PA): the angle of the semimajor axis

f an ellipse, in a counterclockwise direction, from north to east in
nits of degree. 
Column 8. Area: an area of an ellipse determined by the semimajor

nd semiminor axes (columns 5 and 6), in square arcseconds. 
Column 9. F tot : total flux derived from summing up all flux

nside an ellipse drawn from columns 5 and 6. See the photometry
ection Section 2.3 for details. 

Column 10. Counterpart : classification of the IFO indicating
he most probable known object as follows: YSO-IFO – outflows
r jets from an YSO or YSO candidate, HII-IFO – any outflows
urrounding emission originated from the H II region, subdivided into
CHII, UCHII, CHII, and diffuse H II region, SNR-IFO – emission
riginates in SNR, PN-IFO – emission associated with PN/PN
andidates, further classified into PN, PNc, and post-asymptotic giant
ranch (AGB), LBV-IFO – nebula structure around an LBV or LBV
andidate, and unknown-IFO – multiple corresponding known object
andidates or no possible known source in the vicinity. 

Our IFO catalogue contains 204 sources identified from 219 tiles,
hich is about 180 deg 2 in total. This number corresponds to an

verage surface density of ∼1.1 IFOs per deg 2 in the first quadrant
f the GP. This number should be regarded as a lower limit since
ur source identification methods were conserv ati ve. In general, the
esults of the manual and automatic search by the source detection
lgorithm were in good agreement. The 14 sources found only by
he source detection algorithm, are marked with an ‘a’ after the
FO number in Table 1 . They were either very faint or resembled
rtefacts. The majority of catalogue sources are new disco v eries of
Fe II ] emission, and represent an order of magnitude increase in the
umber of extended [Fe II ] sources in the first Galactic quadrant. 
Table 2 presents basic statistics of IFOs for each counterpart type.
e identified 100 YSO-IFO (87 YSOs and 13 HHs), 33 HII-IFO

22 CHII and 11 HII), 25 SNR-IFO, 17 PN-IFO, 4 LBV-IFO, and
5 IFOs without counterparts. Note that if a counterpart source has
wo distinct [Fe II ] structures, they are counted as two separated IFOs
hich share a common counterpart (e.g. IFO 85 and 86 are from SNR
21.5 −0.9 and are counted as 2 SNR-IFOs). Also, one SNR-IFO
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Figure 1. Continuum-subtracted [Fe II ] and NIR three-colour images of IFOs with various origins: (a) YSO outflow: IRAS 18177 − 1405; (b) CHII region: 
G35.2S; (c) diffuse H II 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 II ]-H images; Colour-composite images in the lo wer ro ws are R/G/B = KHJ -band images from the UKIDSS GPS surv e y. The 
units of the UWIFE [Fe II ]-H images are DNs, with the darker colour 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 artefacts: 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 disc at the 
south; (e) IRAS 19234 + 1627: dead pixels on the north and southwestern part at the boundary of the source; and (f) W49B: masked bright stars. 
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IFO 7) is included in the number statistics in Table 2 but not used
or 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
ssociated with evolved objects with 12 per cent of IFOs remaining 
s of unknown origin. Among them, YSO-IFO is the most frequent 
opulation showing [Fe II ] emission. Howev er, the y account for only
.6 per cent of the total [Fe II ] flux. On the contrary, SNR-IFOs
ontribute 76 per cent of the total [Fe II ] flux, though represent only
2 per cent of the IFOs by number. On average, the SNR-IFOs are
91 times brighter than the YSO-IFOs. The total flux of PN and
BV-type IFOs is similar, contributing 1 per cent of the total [Fe II ]
ux, albeit the number of PN-IFOs is four times larger. In order to
nderstand the surface brightness of each type, the size and structure
f the [Fe II ] sources should be taken into account. In the next section,
e will compare each counterpart’s characteristics in more detail. 

.2 Flux and size distribution 

n Fig. 2 (a), we present the flux distribution of the IFOs. The flux
istributions of the individual IFO types are shown in different 
olours. As mentioned abo v e, some of the IFOs share the same
MNRAS 528, 4657–4700 (2024) 
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M

Table 2. Statistics of IFOs. 

N Flux total Flux min Flux max Flux mean F 

sb 
mean 

YSO 100 4.3 ( −15) 2.0 ( −18) 8.2 ( −16) 4.3 ( −17) 6.6 ( −19) 
CHII 22 5.2 ( −15) 3.2 ( −18) 1.5 ( −15) 2.4 ( −16) 4.0 ( −19) 
H II 11 4.8 ( −14) 8.9 ( −17) 1.6 ( −14) 4.3 ( −15) 0.7 ( −19) 
PN 17 1.4 ( −15) 2.4 ( −18) 4.9 ( −16) 8.5 ( −17) 7.6 ( −19) 
SNR 25 2.0 ( −13) 3.9 ( −18) 4.7 ( −14) 8.2 ( −15) 1.3 ( −19) 
LBV 4 1.3 ( −15) 1.3 ( −17) 8.1 ( −16) 3.3 ( −16) 9.7 ( −19) 
Unknown 25 2.4 ( −15) 1.3 ( −18) 2.2 ( −15) 9.7 ( −17) 5.0 ( −19) 
Total/mean 204 2.6 ( −13) 1.6 ( −17) 4.7 ( −14) 1.3 ( −15) 5.3 ( −19) 

Notes. N : number of IFOs in each type. Flux units are in W m 

−2 . F 

sb 
mean : 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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xciting/driving source (e.g. 8 of 25 SNR-IFOs and 6 of 17 PN-
FOs). Bearing this in mind, we see that SNR-IFOs and HII-IFOs
re bright with F tot as large as ∼10 −14 W m 

−2 , while YSO, PN,
nd LBV-IFOs are much fainter, with a two-orders of magnitude
maller maximum F tot . YSO and PN-IFOs appear in a similar flux
ange, but the majority of PN-IFOs are brighter than YSO-IFOs. The
nknown-IFOs are generally much fainter than the other types of
FOs. 

Fig. 2 (b) shows the semimajor axis distribution of IFOs. IFOs
ppear in a wide range of sizes, from very compact, arcsecond-scale
nots to large-scale objects up to ∼47 arcmin in size. The distribution
ith respect to types is similar to that of the flux distribution, for

xample, SNR-IFOs and HII-IFOs are large and bright, while YSO-
FOs and PN-IFOs are small and faint. The radius range ( < 10 arcsec)
f unknown-IFOs is similar to that of YSO-IFOs except for a few
utliers. Although there are some exceptions and scatter, the o v erall
uxes and sizes seem to be proportional to each other. Especially for
II-IFO, the correlation coefficient of flux and size is 0.87. When
ivided into CHII and H II region subtypes, it is 0.52 and 0.83,
especti vely. The correlation coef ficient of unkno wn IFOs is 0.99.
n contrast, the coefficient for SNR-IFOs is only 0.39. 

Fig. 2 (c) presents the surface brightness distribution of IFOs. Un-
ike the flux and size distributions, the surface brightness distribution
f each type shows slightly stratified distributions. Small IFOs appear
o have a higher surface brightness in general, that is, YSO-IFOs,
N-IFOs, and unknown-IFOs have higher surface brightness than
II-IFOs and SNR-IFOs. The reason for this might be due to the low

urf ace filling f actor of [Fe II ]-emitting regions in the latter sources.
 or e xample, the IFO with the lowest surface brightness is SNR-IFO
17 (Kes 78). This SNR has a large size and the [Fe II ] emission is
atchy, apparent only around the northern and southern caps with
 marginally detectable limb. For such sources, the true surface
rightness of the [Fe II ]-emitting regions could be much greater. In
able 1 , we made a note for IFOs with small surface filling factors. 

.3 Spatial distribution 

ig. 3 shows the distribution of IFOs in Galactic longitude and lati-
ude. One can notice the Galactic longitude distribution is clustered
lbeit the sky coverage is more or less homogeneous. The most
utstanding o v erdensities are seen at l ∼ 16 ◦ and ∼ 51 ◦. At l ∼ 16 ◦,
he dominant populations are YSO- and HII-IFOs, while at l ∼ 51 ◦,
hey are unknown- and YSO-IFOs. Including other clustered IFOs
n longitude, the dominant populations responsible for these peak
istributions are YSO-IFOs, followed by HII- and unknown-IFOs. A
etailed description of the individual peak regions will be presented
NRAS 528, 4657–4700 (2024) 
ater in this section. Note that there are also voids free of IFOs at 40 ◦

 l � 50 ◦. 
The distribution of the whole population of IFOs in Galactic

atitude shows a Gaussian-like distribution. The distribution yields
n average latitude at b = −0 ◦. 12 and standard deviation σ = 0 ◦. 65.
ome concentrations of YSO-IFOs are found at b ∼ −0 ◦. 7, 0 ◦, and
 

◦
. 8. The average latitude of YSO-IFOs is −0 ◦. 08 ± 0 ◦. 67. The
entroids of the HII- and SNR-IFO distributions are also below
he GP with an average latitude of b = −0 ◦. 09 ± 0 ◦. 63 and

0 ◦. 27 ± 0 ◦. 58, respectiv ely. The av erage latitude of unknown-IFOs
s also less than zero, that is, b = −0 ◦. 25 ± 0 ◦. 73. For comparison,
he average latitude of PN-IFOs is b = 0 ◦. 05 ± 0 ◦. 57. A similar trend
as been observed in the UWISH2 survey; the average latitude of the
ets 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
he Galactic mid-plane (Froebrich et al. 2015 ). The distribution of
FOs (excluding PN-IFOs) being slightly shifted to the ne gativ e
atitude might be related to the ‘bone’ structure in the first Galactic
uadrant. The bone structure refers to highly elongated, dense giant
olecular filaments that are the most probable tracer of spiral arm

tructure (Zucker, Battersby & Goodman 2018 ). It is also worth
oting the scarcity of IFOs at 0 ◦. 9 < b < 1 ◦. 5. The number of
BV-IFOs is too small for their distribution to have any statistical
eaning. 
Fig. 4 shows the two-dimensional distribution of IFOs in Galactic

ongitude and latitude along with their flux distributions. Several
FOs in the same system (e.g. jet and counter-jet of an HH object)
re shown as concentric circles, as in many cases they are only
 few arcsecionds away from each other. On average, all popula-
ions show clustered distributions with some differences from each
ther, though the surv e y co v erage is homogeneous. As well as the
nhomogeneous distribution of IFOs, all populations except LBV-
nd unknown-IFOs have more sources toward the Galactic centre
 l � 30 ◦). About half of unknown-IFOs are located close to those
f YSOs. In addition to the similar physical properties of YSO-
nd unkno wn-IFO sho wn in Fig. 2 , we suggest that at least half
f the unknown-IFOs might originate from activities involved in
SOs. 
The region relatively devoid of IFOs in the one-dimensional

ongitude and latitude distribution (Fig. 3 ) turned out to form a
arge-scale two-dimensional region; IFOs hardly exist toward l �
0 ◦, b � 0 ◦. 9, and 35 ◦ � l � 50 ◦ near the Galactic mid-plane. This
ight reflect spiral arm structures and the sightline toward them,
here we are seeing a shorter sightline toward the Galactic bar at

 � 30 ◦. Abo v e this Galactic longitude we are seeing the local arm
ranching from Perseus Arm and Sagittarius-Scutum Arm (line of
ight tangential to l ∼ 45 ◦) at a greater distance. 



Extended IFOs in the UWIFE survey 4667 

Figure 2. (a) F tot distribution of IFOs. Note that the flux of a large-scale IFO 7 is excluded in this figure. (b) Semimajor axis r 1 distribution of IFOs. 
The semimajor axis of automatically identified IFOs is the best estimate of the coordinate, semimajor, and minor axes from the best-fitting ellipse from IDL 

procedure 2dgaussfit. (c) Surface brightness distribution of IFOs. IFOs are shown in accordance with their counterparts: YSO, H II region, PN, SNR, LBV, and 
unknown-IFOs. 
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We have identified some areas rich in IFOs (upper panel 
f Fig. 4 ), where in particular YSO and HII-IFO are ma-
or causes of o v erdensity. The respectiv e re gions are as
MNRAS 528, 4657–4700 (2024) 
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Figure 3. The spatial distribution of IFOs in Galactic longitude and latitude. The top panel shows the distribution of IFOs in Galactic longitude. The bottom panel 
shows the distribution of IFOs in Galactic latitude. IFOs are shown in accordance with their counterparts: YSO, H II region, PN, SNR, LBV, and unknown-IFOs. 
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(i) l ∼ 10 ◦. 2, b ∼ −0 ◦. 3: this region is coincident with the H II region
10.2 − 0.3, one of the three H II regions in the giant star-forming

egion W 31. The H II region is known to be very young ( ∼0.6 Myr).
t least four O stars are residing in it, where the brightest star W
1–1 showed permitted Fe II at 1.6878 μm and brackett lines in the
IR spectrum. In the H - and K -band spectra ( λ/ �λ ≈ 3000) the

Fe II ] 1.644 μm emission line was not detected (Blum, Damineli &
onti 2001 ). 
(ii) l ∼ 12 ◦. 8, b ∼ −0 ◦. 2: this region matches with [MDF2011b]

l1, which encircles the O4-6 (super-)giant no. 23 (Messineo et al.
015 ). This region is immediately east of the embedded protocluster
 33 Main which is located inside the massive star-forming complex
 33. The K s -band spectroscopy of no. 23 showed that the extinction

f the region is A K = 1.20 ± 0.03 mag and the luminosity class is
II-I. The Oe star no. 22 is located between W 33 Main and no. 23,
ith line identifications of Fe II 2.0895 μm and H 2 , an extinction of
 K = 2.87 ± 0.07 mag. 
(iii) l ∼ 15 ◦. 1, b ∼ −0 ◦. 7: this o v erdensity is coincident with one

f the most massive star-forming regions, M 17. About a hundred O-
nd B-type stars are responsible for the emission and the system is
uite young ( < 1 Myr, Hanson, Howarth & Conti 1997 ). Bautista &
NRAS 528, 4657–4700 (2024) 
radhan ( 1998 ) reported the detection of multiple iron species,
ncluding at 1.644 μm. 

(iv) l ∼ 16 ◦. 9, b ∼ + 0 ◦. 8: multiple compact IFOs are connected to
he apex of pillars of creation located in M 16, an active star-forming
egion. At the tip of the apex, there are protostars in the pillar’s EGGs
‘Evaporating Gaseous Globules’), which are not yet hot enough to
mit X-rays. Therefore, the IFOs in M 16 might be tracing some of
he youngest protostars. 

(v) l ∼ 25 ◦. 4, b ∼ −0 ◦. 2: the region corresponds to W 42, an
bscured giant H II region. The closest nearby source is [BCD2000]
 42 1, an O5.5 star (Blum, Conti & Damineli 2000 ). There are

everal point-like sources that might be true [Fe II ] sources or mere
ariables. 

(vi) l ∼ 30 ◦. 7, b ∼ −0 ◦. 0: the IFO is close to one of the closest
tarburst regions, W 43. This giant H II region has a central open
luster with massive stars. 

(vii) l ∼ 49 ◦. 1, b ∼ −0 ◦. 6: multiple HII- and YSO-IFOs are
ocated in the vicinity of W 51, which is one of the most massive
iant molecular clouds that is optically obscured. All large-scale
epresentative structures, namely W 51 Main, IRS 1, and IRS 2, are
right in the [Fe II ] 1.644 μm line. Each structure shows a distinct
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Figure 4. Two-dimensional distribution of IFOs. The top panel shows the spatial distribution of IFOs having counterparts in the H II region, YSO, and unknown 
categories. Each circle represents an IFO, and the size of each circle is proportional to its logarithmic F tot (in order of 10 −17 , 10 −16 , and 10 −15 W m 

−2 ). 
Star-forming regions whose positions match 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, SNRs, and LBVs. Note that the flux of IFO 7 (i.e. SNR G8.7 −0.1) is not provided, therefore excluded 
here. 
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tar-forming phase as follows: W 51 Main – several UCHIIs are 
ocated. IRS 1 –evolved H II region with a size of ∼1 pc. IRS 2 – went
hrough recent star formation, and an ∼O3 star and a massive YSO
ere found (Barbosa et al. 2008 ). An LBV-IFO is also coincident with

he region, which is a high-mass evolved star (P Cygni supergiant) 
ith evidence for chemical enrichment (Clark et al. 2009 ). 
(viii) l ∼ 53 ◦. 2, b ∼ + 0 ◦. 0: multiple YSO-IFOs coincide 

ith an IRDC G53.2, which was formerly catalogued as three 
RDCs in the Midcourse Space Experiment ( MSX ) dark cloud 
MSXDC) catalogue (Simon et al. 2006 ). The three IRDCs, viz. 

SXDC G053.11 + 00.05, MSXDC G053.25 + 00.04, and MSXDC 

053.31 + 00.00 harbour hundreds of YSO and YSO candidates, 
ome of them in the vicinity of IFOs. 

(ix) l ∼ 59 ◦. 4, b ∼ −0 ◦. 2: the IFOs are located in the central
art of SH 2–87, a comple x massiv e star-forming re gion. The three
ubmillimetre clumps, SMM 1, SMM 2, and SMM 3 constitute this
 II nebula. These three clumps are at separate evolutionary stages

Xue & Wu 2008 ), and two HII-IFOs were found in the vicinity of
he hottest and most massive star-forming clump, SMM 1. 

 DI SCUSSI ON  

.1 Outflows/jets from young stellar objects 

utflows/jets of YSO are composed of ejected and circumstellar 
wept-up material, and are recognized as an important signpost 
f recent star-forming activity. This phenomenon plays a key role 
n conventional disc accretion-outflow theories, the outflow being 
esponsible for the removal of angular momentum and kinetic energy 
MNRAS 528, 4657–4700 (2024) 
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f accreting material that enables accreting material to o v ercome
he centrifugal force and collapses to form a star (see theories of
isc–wind; Pudritz & Norman 1983 , X-wind; Shu et al. 1994 , and
bservational studies; Ellerbroek et al. 2013 for reference). 
Thanks to the development of IR instruments, previously undis-

o v ered, highly obscured outflows hav e be gun to be found in the
IR. The optical HH objects and their IR counterparts basically

efer to the same phenomena, and only the conditions of jet and
ircumstellar matter differ. So far, molecular emission (e.g. MHO)
as drawn attention in the NIR, alongside atomic/ionic lines in
he optical, yet less attention has been brought to the [Fe II ] lines
n the NIR. The [Fe II ] 1.644 μm line, the brightest iron line
n the H –K band, is reported to unveil a shocked region that is
enser and/or more ionized than regions where optical lines are
enerated (Nisini et al. 2002 ). In this aspect, previous studies using
requently used molecular tracers, namely SiO, CO, and HCO 

+ 

n the sub-mm to mm, only revealed secondary outflows, tracing
asses of low-density, distant (up to a few pc) outflows. Whereas

he [Fe II ] 1.644 μm line from the jet is found to extend a few aus
o parsec-scales in the form of a dense irradiated jet (Reiter et al.
015 ). 
Most previous [Fe II ] outflow studies are confined to certain types

f objects or regions: specific star-forming regions (Orion; Takami
t al. 2002 , Carina; Reiter, Smith & Bally 2016 , Shinn et al. 2013 )
r a certain mass range of YSOs (Caratti o Garatti et al. 2006,
015 ). Recently, outflo w studies to ward external galaxies, namely
he Large Magellanic Cloud (LMC) and the Small Magellanic Cloud
SMC), became feasible (Reiter et al. 2019 ). These studies showed
hat the [Fe II ] emission tends to be observed at the tip of the bipolar
utflow and is rather collimated, compared to H 2 and H α which
redominantly show the morphology of a ‘w ak e’ enclosing the [Fe II ]
mission (Reiter et al. 2015 ). 

We have detected 100 YSO-IFOs (Table 3 ). Our result provides a
arge and comprehensive sample for the study of [Fe II ] emission
ssociated with YSOs. Fig. 5 shows the example of identified
SO-IFOs, displaying UKIDSS KHJ -band RGB images to show
ow the YSO-IFOs reveal unique structures in comparison to hot
ust continuum structures. YSO-IFOs sho w di verse morphologies,
iverse compared to traditionally observed/expected [Fe II ] features
hat are located at the tip of bipolar outflows and/or are highly
ollimated toward the driving sources (Caratti o Garatti et al. 2006 ;
eiter et al. 2016 ). 
We classified YSO-IFOs into four morphological categories;

ipolar, cometary, knot-like, and amorphous. A representative case
f each category would be IFO 13–14, 125, 122, and 4 in Fig.
1 , respectively. Bipolar YSO-IFOs are a textbook case of star

ormation, consistent with the accretion-jet theory with the aid of
 magnetic field (Konigl 1982 ; Shang et al. 2020 ; Frank 1999 ).
hey typically show two lobes located on opposite sides of a central
ource, but some show two wakes, tips, and collimated bow-shock
hapes, distributed laterally from the apparent YSO jet axis. The
rototypical bipolar YSO-IFOs are IFO 13 and 14. The [Fe II ]
.644 μm emission with bipolar morphology usually represents
ither the ‘cap’ of bow shock where an outflow collides with the
mbient medium or dense, collimated jets. Cometary YSO-IFOs
esemble a comet with a bright head around the driving source
nd a narrow faint tail-like structure. The prototypical cometary
SO-IFOs are IFO 125 and 131, both having well-defined conical

tructures. They are located at quite different distances, that is, 4.7
nd 1.1 kpc, and the extent of the associated conical structures has
ery different linear scales, that is, ∼45 000 au (10 arcsec) and 5000
u (5 arcsec). For the wide-angle tails of cometary morphology,
NRAS 528, 4657–4700 (2024) 
t is possible that either (1) the jet is bending and/or precessing
P aron, F ari ̃ na & Orte ga 2016 ), (2) a cavity structure is revealed
Hsieh, Lai & Belloche 2017 ), and (3) a multiple systems presence is
mplied (Fuente et al. 1998 ). Knot-like YSO-IFOs appear as knots,
ometimes located symmetrically from a driving source along a
ertain axis. The representative knot-like YSO-IFOs, 122 and 123,
re showing well-isolated compact features. These knot-like features
ight imply that the ejection of accreted material in the system is

ccompanied by sporadic bursts of accretion (Caratti o Garatti et al.
015 ). Amorphous YSO-IFOs represent the remaining YSO-IFOs
hat are diffuse and do not have a definitive structure. The nature of the
morphous YSO is uncertain. The number of YSO-IFOs classified
s bipolar, cometary, knot-like, and amorphous is 16, 18, 19, and 47,
espectively. 

The morphologies of YSO-IFOs are closely related to the nature
f YSOs and their mass-loss histories (Caratti o Garatti et al. 2015 ;
aron et al. 2016 ). For example, the collimated and continuous jet
orphology indicates a continuous ejection of accreting material

rom the accretion disc system (Reiter et al. 2016 , 2017 ). The
 v erabundance of amorphous morphologies might suggest highly
arying environments or multiple systems are affecting the outflow
tructure. But the morphology of YSO-IFOs might depend on
nvironments as well as foreground extinction, so detailed studies
re needed of the individual objects to confirm their nature. Thirteen
SO-IFOs are associated with HH objects (Table 4 ). Fig. 6 shows a

omparison of their [Fe II ] and H α images. 
YSO-IFOs constitute half the number of our catalogued sources,
aking YSO the most common IFO in the inner Galaxy. The number

ensity of YSO-IFOs is 0.55 de g −2 . F or comparison, the H 2 number
ensity probed by UWISH2, which co v ered an almost identical area
ith a comparable surface brightness limit, is 2.15 deg −2 (Froebrich

t al. 2015 ). The flux density of YSO-IFOs ranges (2 − 820) ×
0 −18 W m 

−2 with a mean of 4.3 × 10 −17 W m 

−2 . This range can
e compared with the results of other surv e ys. Caratti o Garatti et al.
 2006 ) targeted H 2 -emitting low-intermediate luminosity Class 0/I
SOs and reported that among 23, 74 per cent were also detected in

Fe II ]. For the newly observed nine [Fe II ] line jets in the reference,
he flux range is (2.8 − 27.0) × 10 −18 W m 

−2 . Caratti o Garatti et al.
 2015 ) observed 18 intermediate to massive YSOs having H 2 and
GO counterparts, and the flux range is (2.5 − 61.9) × 10 −18 W
 

−2 . Note that these fluxes are obtained from spectroscopic studies
sing a slit of width 1 arcsec. The majority of YSO-IFOs have flux
ensities comparable to those of previous studies. But a few sources
re exceptionally bright. The number of YSO-IFOs brighter than
utflows observed in Caratti o Garatti et al. ( 2015 ) is 10 per cent of
he YSO-IFOs. Since these bright YSO-IFOs do not share certain

orphologies and 40 per cent of them hav e RMS counterparts, the y
ight be preferentially massive YSO outflows, which have simply

ot yet been identified due to the limited sky coverage of past [Fe II ]
bservations. One possible speculation is that [Fe II ] brightness does
ot strictly scale with driving source brightness or other outflow
racers, based on the target of previous studies, which tend to be bright
RAS sources accompanying outflows discovered in other tracers.
his illustrates the importance of an unbiased study to correct our
nderstanding of the characteristics of [Fe II ] emitters. 
The YSO-IFOs and jet-group MHOs of the UWISH2 surv e y

an be compared one-to-one since the UWIFE surv e y area was
ully co v ered by UWISH2. The spatial distribution of YSO-IFOs
n Fig. 4 shows a highly clustered distribution, accompanied by
he high-latitude sources in l ∼ 15 ◦–30 ◦ and the absence of YSO-
FOs in the Galactic mid-plane at l ∼ 40 ◦–50 ◦. This character-
stic distribution is also shared in jet-group MHOs (see fig. 8 in
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Table 3. IFOs associated with YSO or YSO candidates. 

IFO no. YSO/YSOc name Morphology d Reference 
[kpc] YSO counterpart Dist 

IFO 003 YSO AGAL G007.333 − 00.016 k 2.96 ro8/u18 u18 
IFO 004 YSO candidate ALLWISE J180219.38 − 213351.9 a – ro8 –
IFO 010 Class I YSO [RBG2009] G009.86 − 0.04 4 k 2.36 + 0 . 78 

−0 . 88 ro8/r09 r09 
IFO 013 Northern lobe of YSO candidate SSTGLMC G009.7612 − 00.9575 b – ro8 –
IFO 014 Southern lobe of YSO candidate SSTGLMC G009.7612 − 00.9575 b – ro8 –
IFO 016 YSO AGAL G013.779 + 00.609 a 2.90 ro8/u18 u18 
IFO 018 YSO candidate 2MASS J18140816 − 1850560 a – ro8 –
IFO 019 YSO candidate 2MASS J18140816 − 1850560 a – ro8 –
IFO 020 W 33, IRS 3 having an O6.5 star a 2.40 + 0 . 17 

−0 . 15 b98 i13 
IFO 021 W 33, IRS 1 having an O6.5 + an O7.5 or O8 star a 2.40 + 0 . 17 

−0 . 15 b98 i13 
IFO 022 W 33, [MDF2011b] cl1 which encircles O6-7 star no. 23 a 2.40 + 0 . 17 

−0 . 15 m15 i13 
IFO 023 1. IRAS 18114 − 1825: Class I, 2. J181421.71 − 182459.0: Class I/IIc c 2.41 ro8/yu12/m16 yu12 
IFO 029 YSO AGAL G014.414 − 00.069 c 3.1 u18 u18 
IFO 030 IRAS 18144 − 1723, Class I/II binary k 4.33 c13/v18 v18 
IFO 031 1. YSO IRAS 18151 − 1208 2, 2. 2MASS J18175094 − 1208028, Class I/II 

YSO 

a 3.00 m16 m13 

IFO 032 1. 2MASS J18175094 − 1208028: Class I/II, 2. ALLWISE 

J181749.45 − 120751.1 
a 3.00 m16 m13 

IFO 033 YSO IRAS 18151 − 1208 a 3.00 v10 m13 
IFO 034 [PW2010] 236, Class 0/I a 2.10 ro8/c13/p10 p10 
IFO 035 [PW2010] 236, Class 0/I a 2.10 ro8/c13/p10 p10 
IFO 036 In the middle of multiple YSOs in M 16 c 2.14 c13 b99 
IFO 037 In the middle of multiple YSOs in M 16 k 2.14 c13 b99 
IFO 039 Tip of column 3 of M 16, either T-Tauri star [TSH2002] S-1 or S-2 k 2.14 t02 b99 
IFO 040 Edge of column 2 of M 16 k 2.14 t02 b99 
IFO 045 Near the edge of M 16 Pillar V, RMS massive YSO G017.0332 + 00.7476A a 2.14 ro8/c13 b99 
IFO 046 Proximity of Class 0/I YSO [PW2010] 378 a 2.10 ro8/p10 p10 
IFO 047 Feature connected to Class 0/I YSO [PW2010] 411 c 2.10 c13/p10 p10 
IFO 048 In the vicinity of YSOs in M 16 a 2.14 g07 b99 
IFO 049 Spatially connected to massive YSO G017.0666 + 0.6826 c 2.14 c13 b99 
IFO 051 Compact feature in the crowded region of YSOs in M 17 k 1.60 ± 0.30 si n01 
IFO 052 Ditto k 1.60 ± 0.30 si n01 
IFO 053 Ditto k 1.60 ± 0.30 si n01 
IFO 056 Multiple YSO candidates in the northern region of M17, EB (extended bubble) c 1.98 ro8/p09 c16 
IFO 057 Ditto a 1.98 ro8/p09 c16 
IFO 059 Southern jet of IFO 060 b 1.85 ± 0.2 ro8/c13 x19 
IFO 060 IRAS 18177–1405 aligned with IFO 059, 061, in M 16 b 1.85 ± 0.2 ro8/c13 x19 
IFO 061 Northern jet of IFO 060 b 1.85 ± 0.2 ro8/c13 x19 
IFO 063 Located at the edge of IRDC HEC G016.93 + 00.24 a 2.40 si r10 
IFO 072 Class I/II YSO IRAS 18229 − 1308 c 3.40 ro8/c13/m16 u22 
IFO 074 Massive YSO IRAS 18241 − 1134. [Fe II ] 1.64 μm detected c 12.60 c13 c13 
IFO 077 Class I YSO candidate J182859.53 − 115009.6 a – k21 –
IFO 091 Biconical structure coincident with FIR clumps, new PN in Froebrich et al. 

( 2015 ) 
b 3.42 e17 t15 

IFO 092 Located in IRDC 24.764 − 0.12. Proto-stellar clumps in the vicinity k 3.57 si t15 
IFO 094 Coincident with UKIDSS source UGPS J183720.81 − 064158.4. Multiple 

nearby YSOs 
c – si –

IFO 099 North-western jet, aligned with IFO 100 and 101 b 3.50 ro8/k21 t15 
IFO 100 Class I YSO candidate, previously reported as AGB candidate b 3.50 ro8/k21 t15 
IFO 101 South-eastern jet, aligned with IFO 99 and 100 b 3.50 ro8/k21 t15 
IFO 104 In the middle of ALLWISE J183951.16 − 043113.8 Class III or more evolved 

YSO 

a ro8/m16/j18 

and semiregular variable ASASSN-V J183948.07 − 043015.9 2.20 j18 
IFO 108 Proximity of pre-main-sequence star candidate GaiaDR2 

4 258 232 818 679 065 216 
a 2.01 v20 b18 

IFO 111 Massive protostellar object [VEN2013] G029.8623 − 0.0437, [Fe II ] detection 
reported 

c 6.21 c13/a20 l16 

IFO 115 Spatially coincident with H 2 , which is connected to MSX6C 

G031.8380 − 00.1284, 
a – ro8/e03 –

YSO candidate SSTGLMC G031.8361 − 00.1408 in the vicinity 
IFO 122 Shares a similar compact structure with IFO 123, aligned east to west k 4.80 ro8/k21 u18 
IFO 123 Coincident with flat-spectrum YSO candidate SSTGLMC 

G035.2913 + 00.8076 
k 4.80 ro8/k21 u18 
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Table 3 – continued 

IFO no. YSO/YSOc name Morphology d Reference 
[kpc] YSO counterpart Dist 

IFO 124 Matches to proto-stellar clump 34.93 + 0.338 1 a 2.90 t15 t15 
IFO 125 Cometary structure coincident with massive YSO IRAS 18527 + 0301 c 4.70 m96 u18 
IFO 126 Ultrawide binary Gaia2 4 280 756 726 686 953 984 is the closest, a – t20/m16 –

Class III or more evolved YSO ALLWISE J185522.49 + 030130.3 in 30’ 
distance 

IFO 131 Class I/II massive YSO IRAS 18555 + 0056, [Fe II ] reported by p16 c 1.10 c13/p16 l13 
IFO 134 Close to YSO candidate SSTGLMC G035.2868 − 00.9528, proto-stellar 

clump is coincident 
a 2.48 ro8 t15 

IFO 136 Flat spectrum YSO SSTGLMC G039.2199 + 00.8638. G039.2060 + 00.8818 
in west 

a – ro8/k21 –

IFO 141 Compact component matches to massive YSO IRAS 19045 + 0518 c 3.60 c13 c13 
IFO 144 Aligned with YSO AGAL G039.708 − 01.237 and IFO 145 b 0.60 u18 u18 
IFO 145 Elongated and pointing toward YSO AGAL G039.708 − 01.237 and IFO 144 b 0.60 u18 u18 
IFO 146 H α PN candidate, yet aligned with IFO 144, 145, H 2 knots a 0.60 s14 u18 
IFO 151 Coincident with Class I and flat-SED YSOs, [TBP2010] L673 10 and 13 a 0.60 t10 u18 
IFO 152 Close to HH 1186, 42 arcsec away from [TBP2010] L673 YSO 15 and IFO 

151 
k 0.60 t10 u18 

IFO 154 Class III/photosphere YSO SSTOERC G049.1662 + 0.2159 at W 51 (or 
foreground, see k09) 

k 5.40 s17 s17 

IFO 163 Surrounding YSOs, for example, Class III/photosphere SSTOERC 

G049.5851 − 0.3814 
a 5.40 s17 l13 

IFO 165 Connected to Class I YSO SSTOERC G049.9010 − 00.5922, c 5.40 s17 l13 
spectral index of flat (FS) according to k21 

IFO 174 Emerges from Class I YSO [RML2017] MC2 M105 c 3.09 r17 t15 
IFO 175 A southern compact jet of massive YSO IRAS 19236 + 1456 k 3.39 c13 t15 
IFO 176 Southern diffuse emission from massive YSO IRAS 19236 + 1456 a 3.39 c13 t15 
IFO 177 Diffuse structure in contact with YSO AGAL G052.488 − 00.172 c 1.60 u18 u18 
IFO 178 Class I YSO 1 ( ∼10 M �) or 2 ( ∼5 M �) in k18 a 1.60 ro8/c13/k18 u18 
IFO 179 In the proximity of Class I YSO SSTGLMC G053.1570 + 00.0735 a 1.60 ro8/k15 u18 
IFO 180 Close to Class I YSO SSTGLMC G053.1612 + 00.0668 and multiple YSOs a 1.60 ro8/k15 u18 
IFO 181 Surrounding Class I YSO SSTGLMC G053.1266 + 00.0499 k 1.60 ro8/k15 u18 
IFO 183 Coincident with MSXDC G053.25 + 00.04 MM6 and ISOGAL-P 

J192931.1 + 175954 (Class I) 
a 1.60 k15 u18 

IFO 184 Flat-spectrum YSO 2MASS J19293167 + 1800581 k 1.60 ro8/k15 u18 
IFO 185 SSTGLMC G053.2389 + 00.0552 (Class I), 2MASS J19293167 + 1800581 

(FS) 
a 1.60 ro8/k15 u18 

IFO 186 2MASS J19300219 + 1755001 (FS) c – k15 –
IFO 189 Multiple compact structures surrounding ES-NW of Massive YSO MSX6C 

G056.3694 − 00.6333 
a 6.40 c13 c13 

IFO 190 Diffuse structure on South of Class II YSO SSTGLMC G058.4098 + 00.3279 a 2.80 ro8/k21 v13 
IFO 192 The head of the cometary structure matches EGO G058.09 − 0.34, one of the 

low-mass EGOs 
k 0.74 ro8/cy13 cy13 

IFO 193 Two biconical structures, tails toward SE and W, Class I YSO SSTGLMC 

G058.4801 − 00.2205 at the centre 
b 6.15 ro8/k21 m21 

IFO 194 The head of cometary structure corresponds to YSO candidate SSTGLMC 

G059.0069 − 00.2481 
c – ro8 –

IFO 198 Aligned with star-forming region IRAS 19410 + 2336 and IFO 199 a 2.20 c13 l13 
IFO 199 Amorphous IFO points toward star-forming region IRAS 19410 + 2336 a 2.20 c13 l13 
IFO 203 Compact IFO at the east of biconical outflow S87, emerging from ∼20 M �

pre-main-sequence object 
a 2.20 b89 l13 

Notes. ∗Column 3: morphology categories: b – bipolar, c – cometary, k – knot-like, and a – amorphous. Column 4: distance of counterpart in kpc. Column 5: 
references of counterpart classification and distance. 
∗References: a20 – Areal et al. ( 2020 ), b18 – Bailer-Jones et al. ( 2018 ), b89 – Barsony ( 1989 ), b98 – Beck, Kelly & Lacy ( 1998 ), b99 – Belikov et al. ( 1999 ), 
c13 – Cooper et al. ( 2013 ), c16 – Csengeri et al. ( 2016 ), cy13 – Cyganowski et al. ( 2013 ), e03 – Egan et al. ( 2003 ), e17 – Elia et al. ( 2017 ), g07 – Guarcello 
et al. ( 2007 ), i13 – Immer et al. ( 2013 ), j18 – Jayasinghe et al. ( 2018 ), k09 – Kang et al. ( 2009 ), k15 – Kim et al. ( 2015 ), k18 – Kim et al. ( 2018 ), k21 – Kuhn 
et al. ( 2021 ), l13 – Lumsden et al. ( 2013 ), l16 – Li et al. ( 2016 ), m13 – S ́anchez-Monge et al. ( 2013 ), m15 – Messineo et al. ( 2015 ), m16 – Marton et al. ( 2016 ), 
m21 – M ̀ege et al. ( 2021 ), m96 – Molinari et al. ( 1996 ), n01 – Nielbock et al. ( 2001 ), p09 – Povich et al. ( 2009 ), p10 – Povich & Whitney ( 2010 ), p16 – Paron 
et al. ( 2016 ), r09 – Ragan et al. ( 2009 ), r10 – Rygl et al. ( 2010 ), r17 – Retes-Romero et al. ( 2017 ), ro8 – Robitaille et al. ( 2008 ), s14 – Sabin et al. ( 2014 ), si –
SIMBAD, s17 – Saral et al. ( 2017 ), t02 – Thompson, Smith & Hester ( 2002 ), t10 – Tsitali et al. ( 2010 ), t15 – Traficante et al. ( 2015 ), t20 – Tian et al. ( 2020 ), 
u18 – Urquhart et al. ( 2018 ), u22 – Urquhart et al. ( 2022 ), v13 – Veneziani et al. ( 2013 ), v18 – Varricatt et al. ( 2018 ), v20 -Vioque et al. ( 2020 ), x19 – Xu et al. 
( 2019 ), yu12 – Yuan et al. ( 2012 ) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/3/4657/7591325 by guest on 19 February 2024
NRAS 528, 4657–4700 (2024) 



Extended IFOs in the UWIFE survey 4673 

IFO 22

IFO 21

IFO 20

1’

Figure 5. IFOs with YSO counterpart candidates in continuum-subtracted [Fe II ] images as in Fig. 1 . Only six representative IFOs are shown. The crosses 
denote adjacent YSOs in the field of view, while the contours are H 2 2.12 μm emission contours adopted from UWISH2. The right frames are three-colour KHJ 
UKIDSS images of the same field of view. This figure is available in its entirety in Appendix B1 . 
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roebrich et al. 2015 ). As seen in Fig. 5 , about 85 per cent of YSO-
FOs accompany jet/PDR-group MHOs in the vicinity. For example, 
n the M 16 (Eagle nebula), 6 YSO-IFOs were identified, and a
ew hundreds of jet/PDR-group MHOs are also present. A detailed 
omparison of YSO-IFOs with jet/PDR-group MHOs disco v ered in 
he subsequent UWISH2 studies will be helpful for the comparison of
ifferent shock tracers (Ioannidis & Froebrich 2012a , b ; Froebrich &
akin 2016 ; Makin & Froebrich 2018 ; Samal et al. 2018 ). 
We can compare our results with the results of the RMS surv e y

here NIR spectra of YSO candidates have been obtained. In the 
ommon surv e y area (10 ◦ � l � 62 ◦, | b| � 1.5 ◦), there are 182
MS sources, and among the 72 sources from which spectra have 
een obtained, 58 have [Fe II ] line emission, though some of the
etections could be confused with the Br 12 line. For comparison, 
nly 17 of 182 RMS objects have been identified as YSO-IFO in
ur study (for some RMS sources, 2–3 IFOs correspond to one RMS
ource.) Among these 17 sources, the NIR spectra have been obtained 
or eight sources, and [Fe II ] lines were detected in six sources, that
s,[Fe II ] lines were reported as non-detection for two sources in the
MS surv e y. We note that the non-detection for the two is based on a
omparison of Br 11 and Br 12/[Fe II ] line strengths (Br 11 × 0.788
 Br 12/[Fe II ]) and it might be possible that a weak [Fe II ] line is

n fact present but missed by low spectral resolution, as the authors
oted (Cooper et al. 2013 ). To assess this possibility, we checked the
lit configuration (central position and PA) in Cooper et al. ( 2013 )
nd compared it with YSO-IFO morphology. For both IFO 72 and
41, the RMS slit intersects the driving source but does not include
he bright part of extended YSO-IFO structures. Indeed, the authors 
ried to include extended structures inside the slit in imaging mode
rior to spectroscopy mode, yet e ven narro w-band [Fe II ] images of
WIFE without continuum subtraction turned out to severely hinder 

xtended emission. Therefore, most YSO-IFOs apparently do not 
ave RMS source counterparts, which is claimed to be a 90 per cent
omplete list of massive protostellar populations (Lumsden et al. 
013 ). This seems to suggest that most of YSO-IFOs are associated
ith low-mass star formation. It is also worthwhile to note that the
ajority of YSO-IFOs (87 per cent) are not associated with HHs,
hich suggests that the [Fe II ] emission is tracing optically hidden

tar-forming regions. 

.2 Compact H II regions 

HII and UCHII regions are the earlier stages of ‘classical’ H II

e gions. An UCHII re gion is a photoionized re gion with a diameter
 0.1 pc and an electron density n e � 10 4 cm 

−3 , embedded in a
olecular cloud (Wood & Churchwell 1989 ). In this evolutionary 

tage, mass accretion of the central star is thought to be insignificant
Churchwell 2002 ; Zinnecker & Yorke 2007 ). A CHII region is an
 II region in the intermediate phase between UCHII and classical
 II regions, having a radius � 0.1 pc and n e � 10 3 cm 

−3 . The lifetime
MNRAS 528, 4657–4700 (2024) 
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f UCHII and CHII is ∼2–4 × 10 5 yr (Davies et al. 2011 , Mottram
t al. 2011 ). 

In UCHII and CHII regions, [Fe II ] emission can be enhanced by
he interaction of stellar wind with the ambient medium. Bloomer
t al. ( 1998 ) detected enhanced shell-like [Fe II ] emission along the
eriphery of the CHII region NGC 7538 IRS 2. The observed [Fe II ]
.644 μm/Br γ ratio was 0.15, which is an order of magnitude
reater than that of H II regions, and it implies that the [Fe II ] line
mission emanates from shocked stellar wind material. Shinn et al.
 2014 ) searched for [Fe II ] 1.644 μm emission associated with UCHII
egions employing the CORNISH UCHII catalogue and the UWIFE
urv e y data. Among the 237 UCHII regions in the surv e y area, fiv e
nd one candidate were found to have associated [Fe II ] emission
eatures, which were suggested to be shock-excited by outflows from
entral YSOs. Kim, Lacy & Jaffe ( 2017 ) also reported the detection
f [Fe II ] emission from UCHII Monoceros R2. Hereafter, we refer
o IFOs associated with CHII/UCHII regions or with H II regions in
ven earlier evolutionary stages as CHII-IFOs. 

We have detected 22 IFOs associated with 16 UCHII/CHIIs
Table 5 ). Six IFOs (IFO 24, 25, 26, 97, 107, and 156) had been
reviously reported by Shinn et al. ( 2014 ). We have discovered IFOs
ssociated with an UCHII precursor (IFO 137) and an UCEC (IFO
38), which are thought to be earlier progenitor or less massive
opulations (Molinari et al. 1998 ; Alexander & Kobulnicky 2012 ).
mong the 16 UCHII/CHII regions with [Fe II ] emission features,
0 are catalogued in CORNISH, which corresponds to 4 per cent of
he 237 UCHII regions in the CORNISH catalogue in the surv e y
rea. The detectability might be partly due to the large extinction
n UCHII/CHII regions, which is typically A V ∼ 30–50 or A K ∼ 3–5
Hanson, Luhman & Rieke 2002 ). Indeed, the A V of three UCHIIs
ith associated IFOs had been found to have relati vely lo w extinction

 A V ∼ 9–20, Shinn et al. 2014 ). 
Fig. 7 shows the 22 CHII-IFOs. CHII-IFOs have diverse morpholo-

ies, for example, jet-like, shell-like, and amorphous morphologies.
 representative IFO with jet morphology is IFO 97, which appears as
 collimated beam from the centre to the boundary of the H II region.
he jet appears to extend beyond the radio continuum boundary (see
ig. 7 ), which might reflect a possible correlation with the boundary
f the ionization front (Goddi et al. 2020 ). The representative IFO
ith a shell-like morphology is IFO 132. An e x emplary CHII-IFO
f amorphous morphology would be the IFO 138, having a diffuse
tructure either outside or inside of the H II region in the radio. The
roperties of a CHII region have been rarely investigated in [Fe II ]
mission. Shinn et al. ( 2014 ) proposed that some IFOs identified in
he vicinity of UCHII regions (IFOs 24–26, 97, 107, and 156) are the
footprint’ outflow features of UCHIIs, that is, the features produced
y outflowing material ejected during an earlier, active accretion
hase of massive YSOs, based on the morphological relation between
he [Fe II ] and 5 GHz radio features, the outflow mass-loss rate, the
raveltime of the [Fe II ] features, and the existence of several YSO
andidates near the UCHIIs. The newly disco v ered CHII-IFOs in this
tudy might serve as a chance to investigate the origin of the [Fe II ]
mission in the vicinity of CHIIs. 

.3 H II regions 

 II regions are not expected to be bright in the [Fe II ] lines, since
n their photoionized regions, Fe atoms are predominantly in higher
onization states, and Fe atoms are thought to be mostly locked
n dust grains (Koo et al. 2016 ). According to theoretical models
f photoionized regions, the [Fe II ] emission from an H II region



Extended IFOs in the UWIFE survey 4675 

IFO 153

10"

IFO 200

10"

Figure 6. IFOs with HH counterpart candidates. The left panels show continuum-subtracted [Fe II ] images as in Fig. 1 . The right panels show H α in the same 
field of view. IPHAS images were used except for IFO 41–44 where the Hubble Space Telescope F657N image was used. Inset on the IFO 119–121 is a 
magnified [Fe II ]-H image of the saturated star (west of IFO 120 and north in the inset) and bright part of IFO 119 (south in the inset). Contours are H 2 2.12 μm 

emission adopted from UWISH2. The arrow points to the driving source of the HH object. When the driving source is out of the image field of view, the arrow 

points from the driving source to the IFO. 
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s mainly emitted in the high-density partially ionized zones near 
onization fronts, predominantly excited by electron collisions (Oli v a 
t al. 1989 ; Bautista & Pradhan 1998 ). In the Orion nebula, for
xample, [Fe II ] images exhibit filamentary structures and diffuse 
mission that might be associated with ionization fronts, together 
ith some knotty features (Takami et al. 2002 ). Expanding H II

egions can drive shocks, but the shock velocity is low ( ∼10 km s −1 ),
o [Fe II ] line emission is not expected to be enhanced (e.g. Mouri et
l. 2000 ). The [Fe II ] 1.644 μm/Pa α ratio of the Orion is 0.013, which
s more than two orders of magnitude smaller than those of SNRs
Oli v a et al. 1989 ; Mouri et al. 2000 ). So Galactic H II regions have
ot been a popular target of deep and high-resolution [Fe II ] imaging
Kraus et al. 2006 ; Bally et al. 2022 ). The depletion of Fe atoms in
he H II region, ho we ver, is uncertain. In the Orion nebula, it has been
stimated that 90 per cent of Fe is locked onto dust grains (Baldwin
t al. 1991 , 1996 ; Osterbrock, Tran & Veilleux 1992 ; Rodr ́ıguez
002 ). But there are studies which showed that, in many H II and star-
orming regions, Fe is not depleted as heavily as in the Orion nebula
Osterbrock et al. 1992 ; Peimbert 1993 ; Rodr ́ıguez 2002 ; Okada et al.
008 ; Peimbert & Peimbert 2010 ). It has been suggested that some
opulations of dust grains might be easily destroyed by UV radiation
rom OB stars and Fe atoms are released into the gas phase (Okada
t al. 2008 ; Peißker et al. 2020 ). F or e xternal galaxies, Alonso-
errero et al. ( 2003 ) did an imaging study of the starburst galaxies M
2 and NGC 253 in [Fe II ] 1.644 μm and Pa α (1.87 μm) lines, and, by
omparing their intensity ratios, concluded that 6 per cent–8 per cent
f [Fe II ] line fluxes are due to H II regions. Mouri et al. ( 2000 ),
iffel et al. ( 2016 ), Hennig et al. ( 2018 ), and Fazeli et al. ( 2019 )

uggested that some of the [Fe II ] emission from external galaxies
ould be due to H II regions based on their low [Fe II ] 1.257 μm/Pa β
atios. 

We have identified 11 IFOs associated with 4 H II regions (Table 6 ).
All HII-IFOs are located in the well-known star-forming com- 

le x es W 31, M 17, and W 51. Fig. 8 shows the 11 HII-IFOs. We can
MNRAS 528, 4657–4700 (2024) 
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Extended IFOs in the UWIFE survey 4677 

Figure 7. IFOs with CHII counterpart candidates. The left panels show continuum-subtracted [Fe II ] images as in Fig. 1 . The right panels show a radio continuum 

in the same field of view. Contours on both images are the boundaries of CHII 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, 107, 127, 138, 148–149, 156, and 202–203 are from CORNISH 5 GHz, and IFO 82–83 are from the National Radio Astronomy 
Observatory Very Large Array (VLA) Sky Survey. 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 view. The yellow crosses in both panels are the same as in Fig. 5 . The red cross shows the central position of the UWISH2 H 2 emission. 
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ee that some IFOs appear as thin filaments elongated along the radio
tructure (e.g. IFO 55 and IFO 62) or as diffuse amorphous emission
tructures within the radio structure (e.g. IFO 11 and 12), so the
ssociation of IFOs with H II regions is very likely. The filamentary
tructures might correspond to ionization fronts and/or boundaries 
f PDRs as in the Orion nebula. On the other hand, some IFOs are
aint and diffuse, and the y e xtend be yond the radio boundary of the
 II regions, for example, IFO 159 and 161, so their association is
ncertain and needs to be confirmed. 
[  
.4 Planetary nebulae 

Ne represent a short-lived phase near the endpoint of low- to
ntermediate-mass star (1–8 M �) evolution which is preceded by 
he AGB, post-AGB, and pre-PN phases. The circumstellar en- 
elope of the AGB carbon star is considered highly Fe-depleted 
Mauron & Huggins 2010 ), though Fe becomes abundant with time
Fe abundance is ne gativ ely correlated with the C/O ratio, Delgado-
nglada & Rodr ́ıguez 2014 ). In turn, PNe are not expected to be strong
Fe II ] emitters, also having a Fe-deficit nature with < 10 per cent
MNRAS 528, 4657–4700 (2024) 
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xisting in gas and the remaining probably enshrouded in dust grains
Delgado-Inglada & Rodr ́ıguez 2014 ). Meanwhile, in the context
f environmental factors, PNe could be an [Fe II ] emitter, since it
as a partially ionized zone where Fe + is apt to exist, and at a
ertain point of its evolution, a low-velocity shock is expected to
ccur. In short, suitable ionization conditions and energy to excite
e (Greenhouse et al. 1991 ) can be established in PNe, and its iron-
epleted nature is a key factor to determine the existence of [Fe II ]
mission. 

Besides the theoretical expectation, previous studies reported the
etection of [Fe II ] emission towards stellar objects in a variety
f evolutionary stages: post-AGB (IRAS 16594 − 4656; Van de
teene & van Hoof 2003 ), pre-PN (M 1–92; Davis et al. 2005 ),
nd PN (Hubble 12; Welch et al. 1999 , M 2–9; Smith et al. 2005 ,
GC 2440; Hora, Latter & Deutsch 1999 ). Some authors suggested
 circumstellar origin (e.g. Smith et al. 2005 ; Clark et al. 2014 ),
specially Baan, Imai & Orosz ( 2021 ) reported the detection of
Fe II ] emission revealing the interaction of an accretion inflow, which
s composed of material ejected in earlier post-AGB and pre-PN
ircumstellar material, and stellar outflow. 

Table 7 shows PN-IFOs. They are IFOs spatially coincident with
Ne, PN candidates, and sources in earlier evolutionary stages such
s post-AGBs. Seventeen PN-IFOs are associated with 14 PNe; 5
Ne, 8 PN candidates, and one post-AGB candidate. For comparison,

n a previous study, Lee et al. ( 2014 ) reported the detection of [Fe II ]
mission in six PNe among 29 known PNe. In the surv e y area, there
re 296 HASH ‘true’ (131), likely (40), and possible (125) PNe,
o that the detection rate is 4.7 per cent. If we limit the sample to
he ‘true’ PN, the detection rate slightly drops to 3.8 per cent (i.e. 5
ut of 131). This very low detection rate of PNe in [Fe II ] emission
4.7 per cent and 3.8 per cent) contrasts with the results in H 2 , where
etection rates are 30 and 21 per cent, respectively (for 10 ◦ < l
 66 ◦, | b| < 1 ◦. 5, Gledhill et al. 2018 ). It is interesting that even
ith an order of magnitude larger sample of PNe in this study, our

esult is somewhat consistent with the former [Fe II ] and H 2 detection
ates of 7 per cent and 39 per cent derived from 41 PNe (Hora et al.
999 ). The slightly higher detection rate of Hora et al. ( 1999 ) could
e because their samples are either moderately sized or optically
right. 
The number density of PN-IFOs is 0.07 deg −2 within 180 deg 2 

hereas it is 1.25 deg −2 within 209 deg 2 in UWISH2 (Froebrich
t al. 2015 ). Ho we ver, unlike the pre vious argument (Kastner et al.
996 ), not all [Fe II ]-emitting PNe are seen in H 2 emission; we found
 of our 14 PNe in Table 7 were absent from the list of PNe with
 2 emission. Also, the median flux of PN-IFOs is greater than that
f the H 2 -emitting PNe, that is, 6.46 × 10 −17 versus 4.53 × 10 −17 

 m 

−2 . Therefore, our result shows that the H 2 -emitting PNe are
ot necessarily brighter than the non-H 2 -emitting PNe in [Fe II ]
mission. 

Fig. 9 presents [Fe II ]-H images of PN-IFOs. Note that there are
hree bipolar PNe, each of which possesses two associated IFOs (IFO
 and IFO 6, IFO 8 and IFO 9, and IFO 129 and IFO 130). We classi-
ed the morphologies of PN-IFOs using the basic ‘ERBIAS’ classi-
er following Parker et al. ( 2006 ), where ‘E’ = elliptical, ‘R’ = round,
B’ = bipolar, ‘I’ = irregular, ‘A’ = asymmetric, and ‘S’ = quasi-
tellar. Their subclassifiers ‘amprs’ are also adopted to describe
etailed morphology; the main object has a one-sided enhance-
ent/asymmetry ‘a’, has multiple shells or external structure ‘m’, ex-

ibits point symmetry ‘p’, has a well-defined ring structure or annulus
r’, or resolved internal structure ‘s’. An IFO can hav e sev eral ‘amprs’
ubclassifications. The results are summarized in Table 7 , where
heir morphologies in H α and H 2 are also listed (Parker et al. 2016 ;
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20"
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IFO 159

Figure 8. IFOs with H II region counterpart candidates in continuum-subtracted [Fe II ] images as in Fig. 1 . Contours are boundaries of H II regions in the radio 
continuum: IFO 11, 12, 55, and 62 with New-GPS 20 cm data; IFO 58, 64, 66, and 67 with GPS 90 cm data; 158, 159, and 161 with THOR 1420 MHz continuum 

+ VLA GPS (VGPS) H I data. 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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IFO 6

IFO 5

10" IFO 8

IFO 9

5"

Figure 9. Continuum-subtracted [Fe II ] images of IFOs with PN counterpart candidates. Only six representative IFOs are shown. The units on the UWIFE 

[Fe II ]-H are DNs, with the darker colour denoting a higher DN. The right frames are three-colour KHJ UKIDSS images of the same field of view. The 
corresponding source names for each IFO are shown. The cross marks the central position of the counterpart. 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 on the left side. This figure is available in its entirety in Appendix B2 . 
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ledhill et al. 2018 ). The H α morphologies are from the HASH
urv e y, while the H 2 morphologies are from the UWISH2 surv e y.
or the PN-IFOs without a counterpart in the UWISH2 PN catalogue 
IFO 50, 95, and 188), we inspected the UWISH2 data and classified
heir morphology in the same format (see Table 7 ). Some PNe have
ifferent morphologies in the [Fe II ], H 2 , and H α emission, which
mplies a complex surrounding environment and/or complex mass- 
oss history. 

The physical sizes of PN-IFOs have been derived for 10 PNe that
ave previously estimated distances (Table 7 ). The sizes of 4 IFOs
ssociated with ‘true’ PNe range from 0.13 to 0.92 pc, and three of
he PN-IFOs are larger than 0.9 pc. This contrasts with the majority
f PNe in H α being ≤0.2 pc (Gonz ́alez-Santamar ́ıa et al. 2020 ). This
eems to suggest that the [Fe II ] emission preferentially traces large,
right PNe. 
F or e xample, in PNG 050.4 + 00.7, the size of the associated IFO

IFO 157) substantially exceeds the previously known size of the 
ounterparts (2 arcmin and 19 arcsec, respectively). 

The IFO has a partial ‘S’ shape elongated along the east–west 
irection, with IRAS 19194 + 1548 superposed at the western part. 
he structure becomes gradually f ainter tow ard the west, therefore 

he angular size of the partial ‘S’ shape should be considered as
ower limit. The implied physical scale of 3.1 pc largely surpasses
he generally accepted size of PNe (one of the oldest and largest PNe,
 l  
he Helix nebula has an outermost size of 1.76 pc). The driving source
s suspected to be in a symbiotic star system (Akras et al. 2019 ) and
he updated size is compatible with the sizes of large shells/nebulae
round symbiotic stars (McCollum et al. 2008 ). 

.5 Nebulae of luminous blue variables 

nfrared [Fe II ] 1.644 μm emission around prominent nebulosity of
BVs is thought to be ubiquitous. Smith ( 2002 , henceforth, S02 )
earched for [Fe II ] 1.644 μm emission in nine well-known LBVs
nd found the emission in 7 of them, resulting in a detection rate
f 77 per cent. This high detection rate surpasses that of SNRs (i.e.
4 per cent, Lee et al. 2019 ), the population that is thought to provide
he most adequate environment for the existence of [Fe II ] 1.644 μm
mission. S02 could not pinpoint the essential condition needed for 
trong [Fe II ] emission to exist. Shock heating and radiative heating
s possible excitation mechanism of [Fe II ] emission were suggested
y the author. 
Shock-excited [Fe II ] emission can arise when the LBV’s environ-
ent meets requirements such as (i) a large difference in the outflow

peed between the stellar wind and pre-existing LBV nebula and (ii)
 difference of velocities between the stellar wind and ejected shell
reated during S Doradus outbursts or giant eruption phases. This ve-
ocity difference of 50–150 km s −1 ( S02 ) is ascribed to weaker gravity
MNRAS 528, 4657–4700 (2024) 
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Table 8. IFOs associated with LBV nebula or LBV nebula candidates. 

IFO no. LBV/LBVc name d Reference 
[kpc] Type d 

IFO 065 HD 168 625 1.55 5 4 
IFO 102 26.47 + 0.02 ≤6.5 1 1 
IFO 103 26.47 + 0.02 ≤6.5 1 1 
IFO 162 [KW97] 37–17 ( = LS1) 6.0, 2.5 + 2 . 4 −1 . 3 2 3,4 

Notes. ∗Column 3: distance of counterpart in kpc. Column 4: references of counterpart 
classification and distance: 1 – Clark et al. ( 2003 ): assuming 1.8 mag kpc −1 , 2 –
Okumura et al. ( 2000 ), 3 – Clark et al. ( 2009 ): observational and theoretical constraints 
+ W51 membership + parallax, 4 – Bailer-Jones et al. ( 2018 ): Gaia DR2 parallax, 
and 5 – Hutsemekers et al. ( 1994 ) 

10"

IFO 65

IFO 103

IFO 102

10"

Figure 10. Continuum-subtracted [Fe II ] images of IFOs having LBV counterparts. The right frames are three-colour KHJ UKIDSS images of the same field 
of view. Note that there is a spike pattern around a bright star, coincident with IFO 65. The format for these images is the same as that of Fig. 1 . 
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n an active phase. When LBV evolves toward a cooler temperature
to a local temperature lower than 30 000 K), Hydrogen atoms and
pacity-enhancing ions start to emerge on the surface, which is
nown as the ‘modified’ Eddington limit (Humphreys & Davidson
NRAS 528, 4657–4700 (2024) 
994 ). The ele v ated opacity makes the outward radiation pressure
tronger and o v erpowers the inward gravity force. The resultant lower
f fecti ve gravity helps LBVs easily induce the aforementioned mass
oss. In these S Doradus outbursts and giant eruption phases, the
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5"

IFO 2

Figure 11. IFOs with counterpart candidates unknown in continuum-subtracted [Fe II ] images as in Fig. 1 . Only six representative IFOs are presented. The 
right frames are three-colour 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 B3 . 
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eaker gravity results in an ejected shell having a lower expansion 
elocity than normal stellar winds. The following post-eruption wind 
as a velocity higher than that of the aforementioned high mass-
oss phase and eventually overtakes the ejected shell. Meanwhile, 
hotoionized [Fe II ] emission was reported from two hot (30 000 K)
BVs (AG Car and R 127, S02 ) which was attributed to their stronger
V flux. 
We detected [Fe II ] emission features associated with 3 LBVs

Table 8 ). So the [Fe II ] detection rate of LBV nebula in our study is
4 per cent. If we include the 9 LBV samples of S02 , the detection
ate would be 29 per cent, that is, 9 out of 30 LBV nebulae (HD
68 625 duplicated in both studies). This new detection rate with 
 threefold sample is lower than the previous study, making the 
eneral physical conditions of LBVs not particularly suitable for the 
Fe II ] 1.644 μm line to arise but comparable to those of SNRs. The
iscrepancy in detection rates between this study and S02 might be 
ue to the biased sample S02 used, which includes confirmed LBVs
nd candidate LBVs showing nebulosity in the Galaxy and the two 
ost famous LBVs in LMC. 
The [Fe II ]-H images of identified LBV-IFOs are shown in Fig.

0 . Brief information about them is listed in Table 8 . In the
Fe II ] emission, all identified LBV-IFOs share an elliptical/circular 
orphology. This is similar to their morphologies at 8 μm, but the

xtent appears smaller. We note that for G26.47 + 0.02 (IFO 102 and
03) the south-eastern diffuse structure was noticed in the [Fe II ]-H
mage. But the possibility of it being an artefact prevented us from
ssigning it as an IFO. The morphological coincidence of this South-
ast structure, IFO 102 and 103 with respect to the prominent part of

he 8 μm nebula (Paron et al. 2012 ) implies the possibility of more
xtended, diffuse [Fe II ] emission than seemingly identified. There 
re some new features revealed by [Fe II ] emission: (1) IFO 65 – HD
68 625 is located at the centre of optical/IR elliptical structures that
re brok en tow ard the north-east. In the [Fe II ] emission, we see a
omplete circular structure, the centre of which is of fset to ward the
ortheast. (2) IFO 162 – [KW97] 37–17 shows multiple shells in 
Fe II ] emission, forming together a much brighter elliptical structure
han those in 8 μm or optical. This possibly indicates that the LBV
ad several active erupting phases that manufactured bright [Fe II ]-
mitting shells one by one. 

We found that all [Fe II ]-detected LBVs in the UWIFE surv e y also
ccompany nebulosities at 8 μm, but not vice v ersa. F or e xample,
e could not detect [Fe II ] emission in three LBVs with 8 μm
ebulosity (HD 168607, AFGL 2298, and GAL 024.73 + 00.69). 
hus, the question of whether the LBV nebula, on account of the
receding giant eruption, is a prerequisite for the [Fe II ] emission
emains unanswered ( S02 ). More comprehensive LBV samples and 
onstrained physical properties of LBVs are needed to understand 
he possible relationship between the existence of the [Fe II ] 1.644
m line in LBV nebula and their past eruption histories. 
MNRAS 528, 4657–4700 (2024) 
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Table 9. IFOs associated with SNRs. 

IFO no. SNR name d F tot 

G-name Other name(s) [kpc] [10 −17 W m 

−2 ] 

IFO 007 G8.7 − 0.1 W 30 4.5 −a 

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 W 41 4.2 584.00 
IFO 093 b G28.8 + 1.5 − c 3.4 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 6.0 582.37 

Notes. ∗Distances are from Lee et al. ( 2019 ). See Lee et al. ( 2019 ) for original references. 
a Due to significant background errors, flux was not derived and not included in the 
statistics of fluxes. 
b Distance from Shan et al. ( 2018 ). 
c P artially co v ered in the UWIFE surv e y. 
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.6 Superno v a remnants 

NRs are the brightest objects in [Fe II ] emission. In SNRs, this line is
ostly emitted from cooling gas behind radiative shocks. [Fe II ] lines

re strong in shocked gas because Fe abundance could be enhanced
y shocks owing to grain destruction (Dinerstein 1995 ; Nisini 2008 ;
oo et al. 2016 , and references therein). Before the UWIFE surv e y,
 dozen Galactic and LMC SNRs had been observed in the NIR
Fe II ] lines. The SNRs that are bright in [Fe II ] emission lines may
e divided into two groups: (1) middle-aged SNRs interacting with
ense molecular (or atomic) clouds such as W 44 (Reach, Rho &
arrett 2005 ), 3C 391 (Reach et al. 2002 ), and (2) young SNRs
nteracting with the dense circumstellar medium, such as Cas A (Koo
t al. 2018 ), G11.2 −0.3 (Moon et al. 2009 ), RCW 103 (Burton &
pyromilio 1993 ), and W49B (Lee et al. 2019 ). Then, Lee et al.
 2019 , hereafter, L19 ) searched for [Fe II ] emission at the positions of
he SNRs in the catalogue of Green ( 2014 ) using the UWIFE surv e y
ata and detected [Fe II ] emission features toward 19 SNRs, more
han half of which were new detections. In external galaxies, [Fe II ]
mission is used as a tracer of SNRs (Blair et al. 2014 ; Bruursema
t al. 2014 ; Long et al. 2020 ), although strong [Fe II ] lines may
riginate from sources ionized by X-rays, for example, in active
alactic nuclei (Mouri et al. 2000 ; Morel, Doyon & St-Louis 2002 ). 

We detected 25 IFOs associated with SNRs. All these SNR-IFOs
elong to the 19 SNRs in Lee et al. ( 2019 ) except one (Table 9 ).
t is worthwhile to point out that Lee et al. ( 2019 ) searched [Fe II ]
mission at 79 SNRs of the Green’s catalogue that are fully co v ered
y the UWIFE surv e y. F our SNRs partially observed in the survey
i.e. G7.0 − 0.1, G13.3 − 1.3, G28.8 + 1.5, and G38.7 − 1.3)
ere not investigated, and our unbiased search resulted in the

dentification of a small [Fe II ]-emitting patch inside the region of
28.8 + 1.5. Meanwhile, the Green’s catalogue of Galactic SNRs
NRAS 528, 4657–4700 (2024) 
as been updated (Green 2019 ), adding a new SNR G53.4 + 0.0
partially co v ered in the UWIFE) and rejecting four (G20.4 + 0.1,
21.5 − 0.1, G23.6 + 0.3, and G59.8 + 1.2 that were reclassified as
 II regions) in the survey area. None of the new or rejected SNRs

howed [Fe II ] emission features. So the new detection rate for fully
o v ered SNRs is 25 per cent (19/75). 

We note that Lee et al. ( 2019 ) compensated the [Fe II ] line flux
or the flux subtracted from the H band by multiplying with 1.15,
hereas the fluxes in Table 9 are observed fluxes. As presented in
ee et al. ( 2019 ), IFO 147 that matches W49B is the brightest SNR-

FO. The detailed results for the 19 SNRs can be found in Lee et al.
 2019 ). 

 SUMMARY  

e have presented the first comprehensive catalogue of Galactic
FOs disco v ered in the UKIRT Widefield Infrared Surv e y for [Fe II ]
UWIFE). It is the first Galactic catalogue of extended [Fe II ] line
mission sources using an unbiased, large-scale surv e y. We hav e
isco v ered man y previously unreported [Fe II ] 1.644 μm line sources.
herefore, this catalogue provides an opportunity to broaden the
orizons of the study of the shocked regions of our Galaxy, especially
ith the synergy of the UWISH2 surv e y. 
We have searched for extended IFOs in the inner GP (7 ◦ < l < 62 ◦;

 b| � 1 ◦. 5). In order for the search to be efficient, we remo v ed point-
ike continuum sources from the [Fe II ] 1.644 μm images using H -
and images taken as part of the UKIDSS GPS surv e y. We identified
ost of the IFOs by visual inspection and added several faint IFOs
ith an automatic source identification which uses the same source
etection algorithm as in UWISH2 (Froebrich et al. 2015 ). In total,
04 IFOs were identified. We measured the sizes and fluxes of
hese 204 IFOs and presented their properties. We have searched
or the counterparts of the IFOs via positional cross-matching with
re viously kno wn sources and found that the majority of IFOs are
ssociated with SNRs, YSOs, HII regions, PNe, and LBVs. We
roup IFOs by their counterpart types and discuss their statistical
nd morphological properties. The main results are summarized as
ollows. 

(1) In the 180 deg 2 GP area of the first Galactic quadrant co v ered
y the UWIFE surv e y (7 ◦ < l < 62 ◦; | b| � 1 ◦. 5), we identified
04 IFOs. The identified IFOs are classified according to their
ounterparts: YSO-IFOs, HII-IFOs, CHII-IFOs, PN-IFOs, LBV-
FOs, and SNR-IFOs. There are 100 YSO-IFOs, 11 HII-IFOs, 22
HII-IFOs, 17 PN-IFOs, 4 LBV-IFOs, and 25 SNR-IFOs. We could
ot identify counterparts for 25 IFOs, and they are classified as
unknown-IFOs’ (Fig. 11 , Table 10 ). The majority of IFOs are new
isco v eries that have never been revealed in previous [Fe II ] line
tudies. 

(2) The SNR-IFOs and HII-IFOs are the brightest IFOs, and they
ominate the [Fe II ] 1.644 μm line flux in the GP. They contribute
6 per cent of the total [Fe II ] 1.644 μm line flux of the IFOs
2.6 × 10 −13 W m 

−2 ); 76 per cent by SNR-IFOs and 20 per cent
y HII/CHII-IFOs. The YSO-IFOs, PN-IFOs, and LBV-IFOs are
enerally orders of magnitude fainter, while the unknown-IFOs are
he faintest. 

(3) The average number density of IFOs is ∼1.1 deg −2 . The
umber density is highly variable spatially, especially for the IFOs
ssociated with objects in the early-evolutionary phase, for example,
FOs associated with H II regions and YSOs. In Galactic longitude,
here are prominent peaks at l ∼ 16 ◦ and 51 ◦, while there is a ‘void’
t l ∼ 40 ◦−50 ◦ where the number of IFOs is very small. The spatial
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Table 10. IFOs associated with unknown-type. 

IFO no. Comment Reference 

IFO 001 Amorphous structure elongated from NE to SW. The bright star 15 arcsec east to the IFO s19 
is ALLWISE J180138.06 − 224227.8, a luminosity class of giant 

IFO 002 Compact IFO, H ii region in the vicinity, H 2 at south is slightly more extended –
IFO 017 Located in between late-type star [MHS2002] 196 and dark cloud SDC G12.804 + 0.055 –
IFO 028 Biconical structure in the north-east of IRAS 18134 − 1838, ho we ver, relation is uncertain –
IFO 068 An amorphous source in the middle of a possible evolved star J182227.66 − 171556.6 and m19 

the two stars having a high proper motion at south r10 
IFO 096 Spatially coincident with large-scale radio shell G25.8 + 0.2 c18 
IFO 109 IFO at the border of AllWISE J184501.48 − 001716.3, H 2 emission at north –
IFO 110 Amorphous IFO, possibly surrounding MIR source AllWISE J184515.66 − 031606.9 –
IFO 116 Amorphous IFO, no well-known sources in the vicinity –
IFO 133 Cometary IFO elongated north to south, AllWISE J185905.19 + 004837.9 at the north –
IFO 135 Amorphous IFO adjoining K -band source UGPS J185923.30 + 010415.0 which was not detected in J and H bands –
IFO 142 Bow-shock morphology with apex on NW side, in between possible giant star at south and s19 

evolved/Class III YSO candidate at north m16 
IFO 150 Compact structure coincident with H 2 , ALLWISE J191530.41 + 132737.2 showing MIR photometric anomaly is located in 

the vicinity 
s17 

IFO 166 Knot-like small-scale IFO –
IFO 167 Coincident with extended H 2 , but with the shifted peak position –
IFO 168 A compact, faint knot in between IFO 167 and 169 –
IFO 169 Knot-like diffuse IFO –
IFO 170 Knot-like IFO in the middle of IFO 166 − 169 and IFO 172 –
IFO 171 Knot-like IFO in the middle of IFO 166 − 169 and IFO 172 –
IFO 172 Compact IFO, small-scale H 2 in the vicinity –
IFO 182 Amorphous IFO with the bright northern component coincident with MIR source GLIMPSE G052.9805 − 00.0394 –
IFO 187 Knot-like IFO. Possible evolved star WISE J193120.72 + 192006.1 and m19 

dwarf star Gaia DR2 1 825 442 262 813 750 912 in south s19 
IFO 191 Diffuse elongated IFO from east to west. MIPSGAL source MG059.1989 + 00.5106 at north, MIR source ALLWISE 

J194013.97 + 232657.5 
–

superposed to the IFO, red giant star 2MASS J19401620 + 2326577 at east 
IFO 197 Slightly elongated compact IFO, the centre of NGC 6823 is located at east –
IFO 201 Cometary IFO with its south-eastern head part coincident with ALLWISE J194611.21 + 221554.3, s19 

which is a luminosity class of dwarf candidate 

Notes. ∗Column 3: references of counterpart candidates: c18 – Cichowolski et al. ( 2018 ), m16 – Marton et al. ( 2016 ), m19 – Marton et al. ( 2019 ), r10 – Roeser, 
Demleitner & Schilbach ( 2010 ), s17 – Solarz et al. ( 2017 ), and s19 – Stassun et al. ( 2019 ). 
∗Counterpart candidates around IFO 166–172: 1: YSO candidate SSTGLMC G050.3746 − 00.4149, 2: AGB candidate SSTGLMC G050.3756 − 00.4214, 
3: MHO 2624, 4: EGO G050.36 – 0.42, 5: YSO candidate SSTGLMC G050.3666 − 00.3944, 6: YSO candidate SSTGLMC G050.3647 − 00.3979, 7: YSO 

candidate SSTGLMC G050.3587 − 00.4123, 8: YSO candidate SSTGLMC G050.3675 − 00.4089, 9: YSO candidate SSTGLMC G050.3691 − 00.4096, 10: 
YSO candidate SSTGLMC G050.3704 − 00.4095, 11: YSO candidate SSTGLMC G050.3741 − 00.4083, 12: YSO AGAL G050.376 − 00.421, 13: YSO 

candidate SSTGLMC G050.3762 − 00.4205, and 14: YSO candidate SSTGLMC G050.3575 − 00.4182. 
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istribution in Galactic latitude is centred at b = −0 ◦. 12 with a
tandard deviation of 0 ◦. 65. 

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

(i) YSO-IFOs 
We detected 100 YSO-IFOs, which constitutes half of the IFOs 
in our catalogue. Only 17 of those are associated with the 
RMS sources, which represent massive YSOs. The YSO-IFOs 
might be 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 
re gions. YSO-IFOs hav e div erse morphologies, and we hav e
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 H II regions 
(Table 6 ). Almost all HII-IFOs are located in the well-known 
star-forming comple x es, 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 H II regions is very likely. But some are faint and diffuse
and e xtend be yond the radio boundary of the H II regions, so
their association is uncertain and needs to be confirmed. We 
also detected 22 IFOs associated with 16 CHIIs, including 6 
previously reported (Table 5 ). Among the 16 CHII regions, 10
are catalogued in CORNISH, which corresponds to 4 per cent of
the 237 CHII regions in the CORNISH catalogue in the surv e y
area. CHII-IFOs hav e div erse morphologies: jet-lik e, shell-lik e,
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 PNe in the surv e y
area. We have classified the morphologies of PN-IFOs following 
Parker et al. ( 2006 ) and compared them with those in H α and
H 2 . Some PNe have [Fe II ] morphologies different from the H α

and H 2 morphologies, which implies that the [Fe II ] line re-
veals new substructures, possibly probing additional mass-loss 
histories. The physical sizes of some PN-IFOs are larger than 
0.9 pc. 
MNRAS 528, 4657–4700 (2024) 
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(iv) LBV-IFOs 
We detected 4 LBV-IFOs. They are associated with 3 LBVs out
of 22 LBVs and their candidates in the surv e y area (Table 8 ),
so the detection rate of [Fe II ] emission associated with LBVs
in this study is 14 per cent. All LBV-IFOs share an elliptical or
circular morphology. Some show multiple shells. We found that
all [Fe II ]-detected LBVs in the UWIFE surv e y also accompany
nebulosity at 8 μm, 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 surv e y area. The SNR-IFOs occupy 76 per cent of the total
[Fe II ] 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 II ] emission in SNRs. All
SNRs with [Fe II ] emission features except one (G28.8 + 1.5)
have been previously reported by Lee et al. ( 2019 ). The detailed
results on the [Fe II ] emission on the 19 SNRs can be found in
Lee et al. ( 2019 ). 
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Figure A1. Example of artefacts in the [Fe II ]-H image. (1) The residual of star subtraction shown as cross-stripes.(2) A variable and saturated star with a 
diffraction pattern. (3) Arc-shape ghosts near a very bright star. The diffraction pattern of a bright star is superposed. (4) Electronic crosstalk near a bright star. 
(5) Diffraction pattern of a bright star. (6) High proper-motion star. (Black: bright and white: dark.) 
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Figure B1. IFOs with YSO counterpart candidates in continuum-subtracted [Fe II ] and three-colour KHJ UKIDSS images in the same field of view. The format 
for these images is the same as that of Fig. 1 . Crosses denote adjacent YSOs in the field of view. Contours are H 2 2.12 μm emission adopted from UWISH2. 
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Figure B1. Continued . 
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Figure B1. Continued . 
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Figure B1. Continued . 
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Figure B1. Continued . 
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Figure B2. Continuum-subtracted [Fe II ] images of IFOs with PN counterpart candidates. The units on the UWIFE [Fe II ]-H are DNs, with the darker colour 
denoting a higher DN. The corresponding source names for each IFO are shown. The cross marks the central position of the counterpart. The images of IFO 73, 
095, 112, 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 B3. IFOs with counterpart candidates unknown in continuum-subtracted [Fe II ] 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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