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ABSTRACT

We present radio observations of 18 MIPSGAL bubbles performed at 5 GHz (6 cm) with the
Karl G. Jansky Very Large Array in configuration B and BnA. The observations were aimed
at understanding what kind of information high-resolution and high-sensitivity radio maps
can supply on the circum-stellar envelopes of different kinds of evolved stars and what their
comparison with infrared images with similar resolution can tell us. We found that the 18
bubbles can be grouped into five categories according to their radio morphology. The three
bubbles presenting a central point source in the radio images all correspond to luminous blue
variable star candidates. 11 bubbles show an elliptical shape and the total lack of a central
object in the radio, and are likely associated with planetary nebulae. Under this assumption,
we derive their distance, their ionized mass and their distribution on the Galactic plane. We
discuss the possibility that the MIPSGAL bubbles catalogue (428 objects) may contain a large
fraction of all Galactic planetary nebulae located at a distance between 1.4 kpc and 6.9 kpc
and lying in the MIPSGAL field of view. Among the remaining bubbles, we identify also an
H 1 region and a proto-planetary nebula candidate.

Key words: stars: evolution —stars: massive — planetary nebulae: general —radio continuum:

stars.

1 INTRODUCTION

The Spitzer Space Telescope is permitting a great improvement of
the knowledge on the celestial objects populating our Galaxy. Dif-
ferent surveys and targeted observations have allowed astronomers
to observe through the Galactic dust, which prevents observations
at shorter wavelengths, and many unknown sources have been un-
veiled. Thanks to the MIPSGAL Legacy Survey' (Carey et al.
2009), conducted with MIPS (The Multiband Imaging Photome-
ter for Spitzer; Rieke et al. 2004), Mizuno et al. (2010) identified
at 24 pum 428 roundish objects presenting diffuse emission. These
small (<1 arcsec) rings, discs or shells (hereafter denoted as ‘bub-
bles’) are pervasive throughout the entire Galactic plane in the mid-
infrared (IR). The main hypothesis about the nature of the bubbles
is that they are different types of evolved stars. In fact, follow-up
studies have found among them planetary nebulae (PNe), supernova
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remnants, Wolf—Rayet (WR) stars, luminous blue-variable (LBV)
stars, asymptotic giant branch (AGB) stars, and so on (see Nowak
etal. 2014, for areview). However, currently, only about 30 per cent
of the bubbles are classified. The discovery potential and the impli-
cations on the Galactic physics are huge both for high- and low-mass
evolved stars.

Massive stars play a pivotal role in the evolution of their host
galaxies. They are among the major contributors to the interstellar
ultraviolet (UV) radiation and, via their strong stellar winds and
final explosion, provide enrichment of processed material (gas and
dust) and mechanical energy to the interstellar medium, strongly
influencing subsequent local star formation. The details of post-
main sequence (MS) evolution of massive stars are still poorly
understood. Increasing the sample of these stars is fundamental to
better constrain evolutionary model parameters. On the other hand,
the bubbles catalogue is the right place where to find new PNe.
Currently, only about 15 per cent of the expected Galactic PNe
have been observed (Sabin et al. 2014). This difference is usually
explained in terms of strong interstellar extinction in the Galactic
plane.
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Table 1. Observation summary. Flux densities are taken from Paper I.

[MGE] o ) Config. Obs. time Flux density Classification
(J2000) (J2000) (min) at 6 cm (mly)

002.2128—01.6131 17:57:03.9 —27°51" 30" BnA 20 1.6 +0.1

005.2641+00.3775 17:56: 13.4 —24°13" 13" BnA 10 9.0£0.2

005.6102—01.1516 18:02: 48.4 —24° 40’ 54" BnA 10 38.1£0.8

008.9409+00.2532 18: 04: 36.3 —21°05" 26" BnA 10 82+04

009.3523+00.4733 18: 04: 38.9 —20°37'27" BnA 10 17.7+0.7 PN

016.2280—00.3680 18:21: 36.9 —14°59 41" B 8 10.3 £0.6 PN?”

027.3839—-00.3031 18:42:22.5 —05°04' 29" B 8.5 18.1+£0.5

028.7440+00.7076 18:41: 16.0 —03°24" 11" B 9 6.4+0.3

030.1503+00.1237 18:45:55.2 —02°25 08" B 8 229+ 1.5 LBV

031.7290+00.6993 18:46:45.2 —00° 45" 06” B 8 123 £0.1 H 11 region?”

032.4982+00.1615 18:50: 04.3 —00° 18" 45" B 8 4.7+09 05-6V?©

034.8961+00.3018 18:53: 56.8 01°53'08” B 9 17.8 £04

042.0787+00.5084 19: 06: 24.6 08°22' 02" B 8 10.5 £ 0.1 LBV?©

042.7665+00.8222 19: 06: 33.6 09° 07" 20" B 8 127 £04 WC5-6°; [WC]?; PN?¢

352.3117-00.9711 17:29:58.3 —35°56" 56" BnA 10 15.5+0.9

356.14474-00.0550 17:35:54.5 —32°10' 35" BnA 10 15.0£0.7

356.7168—01.7246 17: 44:29.6 —32°38'11” BnA 12 58+0.1

356.8155—00.3843 17:39:21.3 —31°50' 44" BnA 10 15.1£04

Notes. References: “Pottasch et al. (1988), ?Anderson et al. (2011), “Flagey et al. (2014), dGvaramadze, Kniazev & Fabrika (2010), ¢Clark, Larionov

& Arkharov (2005).

In general, many kinds of evolved stars are known to be radio
emitters. In the last phases of their life, the stars undergo several
periods of enhanced mass-loss, with their external layers ejected to
form a circum-stellar envelope (CSE). The now-exposed hot inner
part of the star can ionize the CSE and continuum radio emission
originates from it. The radio emission is therefore a helpful probe
to complement IR observations in classifying the bubbles and de-
riving their physical properties, being a powerful tool to investigate
circum-stellar ionized material. Between 2010 and 2012, we car-
ried out radio continuum observations with the Karl G. Jansky Very
Large Array (VLA) at 5GHz (configuration D) and at 1.4 GHz
(configuration C and CnB) of a subset of 55 bubbles (Ingallinera
et al. 20144, hereafter Paper I). We were able to calculate the radio
spectral index (o defined as S o< v*, where S is the flux density and
v the frequency) for 18 of them and to determine an upper limit
for 13. We found that at least 70 per cent of them have spectral
indices compatible with a thermal emission. Since one of the main
goal of Paper I was to accurately calculate the radio flux densi-
ties, we chose VLA-compact configurations to avoid issues from
the lack of short-spacing information. The drawback was a poorer
resolution with respect to IR images, and morphological compar-
isons proved impossible. To overcome this problem, in this paper,
we present new VLA observations at 5 GHz of 18 bubbles, using
the more extended B and BnA configurations. The main goal of
this work is to show how high-resolution and high-sensitivity ra-
dio images are an extremely powerful tool to discriminate low- and
high-mass evolved stars, derive physical properties of PNe, disclose
the mutual interaction of massive star ejecta and, in synergy with
8-um images, immediately recognize possible H 11 regions among
the bubbles.

In Section 2, we supply technical details of observations and
data reduction, grouping the observed bubbles by their radio mor-
phology. In Sections 3-6, we discuss each morphological category
separately. In Section 7, we comment the result obtained on PNe.
Summary and conclusions are reported in Section 8.

MNRAS 463, 723-739 (2016)

2 OBSERVATIONS AND DATA REDUCTION

2.1 Sample selection and observations

In Paper I, we had found that 44 out of 55 bubbles were un-
ambiguously detected at 5 GHz, with sensitivity limits around
~100 pJy beam™'. For 18 of them, we were able to measure
their flux density both at 1.4 and 5GHz. This was the starting
sample for this follow-up work. However, two of them (MGE
040.3704—00.4750 and MGE 031.9075—00.3087) resulted too
much extended to be properly imaged with VLA (being more
extended than the VLA largest angular scale) and were ex-
cluded. Other two bubbles (MGE 034.89614-00.3018 and MGE
027.3839—00.3031), non-detected at 1.4 GHz, were included in the
sample. We selected these 18 bubbles for higher resolution 6-cm
images. The sample was split in two groups, each one contain-
ing nine objects, depending on the source declination. For bubbles
with declination above —20°, we used the VLA in configuration B
(baselines from 210 m to 11.1km), while for the others, we opted
for configuration BnA. Our choice was driven by the better imaging
performance of VLA hybrid configurations when observing low-
declination sources.

The observations were carried out in 2015 March (config-
uration B) and in 2015 May (configuration BnA). The flux
calibrator was, for both groups, 3C286, while different gain cal-
ibrators were chosen from the standard VLA calibrators list, se-
lected to be as close as possible to targeted sources. The time
on source for the bubbles varied from 8 to 20 min, as reported
in Table 1.

We used the C-band receiver with a total bandwidth of 2 GHz,
namely from 4 to 6 GHz, in order to have approximately the same
central frequency as for the D-configuration observations described
in Paper I. We used the pseudo-continuum observing mode with
1024 2 MHz-wide channels, divided in 16 spectral windows, to
easily identify and flag possible narrow-spectrum radio-frequency
interferences (RFI).

0202 ABN G0 UO 158N AQ GBEESSZ/ETL/L/EIY/IOBISTE-OIOILE/SEIUW/WO0D dNODILUSPEDE//:SANY WOI) POPEOJUMOQ



Table 2. Image data. Radio morphology: ‘C” bubbles with a central object;
‘E’ elliptical; ‘F’ filled elliptical.

[MGE] Diameter Map rms Radio
(arcsec) (1Jy beam™ 1 morph.
002.2128—01.6131 13 9.0 F
005.2641+00.3775 14 12.4 E
005.6102—01.1516 18 15.8 E
008.9409+00.2532 16 11.8 E
009.3523+4-00.4733 14 13.7 E
016.2280—00.3680 17 13.7 E
027.3839—00.3031 68 11.0 C
028.7440+00.7076 33 12.2 (0]
030.1503+00.1237 13 23.7 C
031.7290+00.6993 31 10.1 (0]
032.4982+00.1615 8 20.0 (0]
034.8961+00.3018 24 12.5 E
042.0787+00.5084 20 19.5 C
042.7665+00.8222 13 11.8 F
352.3117-00.9711 22 13.6 E
356.1447+00.0550 30 13.4 F
356.7168—01.7246 17 11.3 B
356.8155—00.3843 20 12.1 F

2.2 Data reduction

A preliminary editing and calibration was applied by the NRAO
staff with the casa calibration pipeline version 1.3.1. After a careful
check of the pipeline output, we found that the calibration pro-
cess was performed perfectly, while a further bad data flagging
was needed. RFI only slightly affected observations and more than
80 per cent of the data were useful.

A first imaging test was performed for all the bubbles that had
not been resolved in Paper I to determine their angular size. The
uv data of bubbles with size greater than the VLA B-configuration
largest angular scale (~15 arcsec) were concatenated to the respec-
tive visibilities in D-configuration from our previous observations,
in order to mitigate flux-loss issues and imaging artefacts. For the
remaining bubbles, such a concatenation was not needed and was
not performed, since we found that, in general, it increases the back-
ground noise. The noise increase is probably due to the higher noise
of the D-configuration data and to the fact that we use the ‘natural’
weighting (inner part of the uv plane weighted more than the outer
part). The final imaging process was performed with casa using
the task cLEaN and the multiscale algorithm (Cornwell 2008). To
take into account wide-band effects, we used the multifrequency
synthesis algorithm considering the first three terms of the Taylor
expansion (Rau & Cornwell 2011). The achieved angular resolution
was about 2 arcsec. This algorithm also returned a spectral index
map. In Table 2, we report the angular size of each bubble and the
rms of the final map.

2.3 Radio morphology

The high-resolution radio maps reveal that the 18 bubbles are char-
acterized by different shapes. From a visual morphological analysis,
we can group them into five categories. The first category consists
of those bubbles with a clear evidence of a central point-like object
(category ‘C’ in Table 2, see Fig. 1). The second gathers all those
bubbles with an elliptical ring shape and the total lack of a compact
central object or diffuse emission towards their centre (category
‘E’ in Table 2, see Fig. 2). A third category, dubbed ‘filled ellipti-
cal’, groups those bubbles whose radio morphology is intermediate

High-resolution VLA observations of MBs 725

between the two previous categories, with diffuse emission towards
the centre but without a clear central object (category ‘F’ in Table 2,
see Fig. 3). The remaining four bubbles show a morphology clearly
different from the three categories introduced above. One of them,
MGE 356.7168—01.7246 (second row in Fig. 4), has a bipolar ap-
pearance (category ‘B’ in Table 2), while the others (first row in
Fig. 4) are somehow peculiar (category ‘O’ in Table 2) and will be
discussed individually in Section 6.

2.4 Optical and IR data

The classification and characterization of the bubbles presented in
this work take advantage of IR and optical archive data. Spitzer
images were retrieved from the InfraRed Science Archive? using
the ‘cutout service’ for the surveys Galactic Legacy Infrared Mid-
Plane Survey Extraordinaire (GLIMPSE) and MIPSGAL. This ser-
vice provides processed FITS images for which no further data
reduction is needed. Optical FITS images (H « and r filters) were
retrieved from the SuperCOSMOS H-alpha Survey (SHS; Parker
et al. 2005; Frew et al. 2014) website.> Optical and IR magnitudes
from 2MASS,* UKIDSS> and IPHAS® catalogues were taken from
the VizieR catalogue access tool.”

3 BUBBLES WITH A CENTRAL OBJECT

The bubbles with a prominent central object at 24 um (~15 per cent
of the total) are by far the most studied. Near- and mid-IR spec-
troscopy of the central object is able to impose strong constraints
on the nature of the source. These bubbles have been found to
be mostly evolved massive stars, mainly LBV candidates, O stars
and WR stars, but also late-type giants (Gvaramadze et al. 2010;
Wachter et al. 2010; Flagey et al. 2014; Nowak et al. 2014). At
shorter wavelengths, the CSE becomes fainter and only seldom is
observed at 8 pm (Mizuno et al. 2010). The central object is instead
usually detected at wavelengths as short as 1 um or less, which
makes near-IR spectroscopy possible.

Among the bubbles observed in this work, three show a well-
detected point-like central object in the radio (Fig. 1). The central
object is also detected at 24 pm and in IRAC bands. In Fig. 5, we
show the superposition between the radio contours and the 24 (top
row) and 8-pum (bottom row) images. The CSE morphology needs
further attention. At 8 um, we are able to detect only the CSE of
MGE 030.1503+00.1237 (bottom centre in Fig. 5), which shows a
ring structure slightly less extended than in the radio. At 24 pum, the
central object dominates the emission of MGE 030.15034-00.1237
(top centre in Fig. 5), while for the other two bubbles, it has ap-
proximately the same brightness of the ring-shaped CSEs. It is in-
teresting to note that while for MGE 042.0787+00.5084 and MGE
030.1503+4-00.1237, the radio is co-spatial with the 24-pm emis-
sion, this is not the case for MGE 027.3839—00.3031, where the
radio nebula seems unrelated to IR.

From near-IR spectroscopy, Flagey et al. (2014) proposed MGE
042.0787+00.5084 and MGE 030.1503+00.1237 as LBV candi-
dates. Ongoing spectroscopic studies on MGE 027.3839—00.3031

2 http://irsa.ipac.caltech.edu

3 http://www-wfau.roe.ac.uk/sss/halpha/

4 The 2-Micron Al-Sky Survey (Skrutskie et al. 2006).

5 UKIDSS-DR6 Galactic Plane Survey (Lucas et al. 2008).

6 The INT Photometric H o Survey of the Northern Galactic Plane (Drew
et al. 2005).

7 http://vizier.u-strasbg.fr/viz-bin/VizieR-4

MNRAS 463, 723-739 (2016)
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Figure 1. 6-cm images of the bubbles with central object (morphology ‘C’ of Table 2). From left to right:
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Figure 2. 6-cm images of the ‘elliptical’ bubbles (morphology ‘E’ of Table 2). From left to right: (row 1) MGE 002.2128—01.6131, MGE 005.6102—01.1516,
MGE 008.94094-00.2532; (row 2) MGE 009.3523+00.4733, MGE 016.2280—00.3680, MGE 034.8961+00.3018; (row 3) MGE 352.3117—00.9711.

seem to support the same hypothesis (Silva et al., submitted). Ra-
dio continuum emission is observed in different classes of massive
evolved stars, not only in hot stars like LBVs and WR stars, but also
in cool red supergiants and yellow hypergiants (when they are in

MNRAS 463, 723-739 (2016)

binary systems with a hot companion; Dougherty et al. 2010). Our
high-resolution radio images show that at 6 cm, these bubbles ap-
pear as a point source surrounded by a circular or a bipolar nebula.
These images are in agreement with the hot massive evolved star
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Figure 3. 6-cm images of the ‘filled elliptical’ bubbles (morphology ‘F’ of Table 2). From left to right: (row 1) MGE 005.2641+00.3775,
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Figure 5. Superposition of 6-cm contours on 24 (top) and 8-um (bottom) images for the bubbles (from left to right) MGE 042.0787+00.5084, MGE

030.1503+00.1237, MGE 027.3839—-00.3031.

scenario. In this case, we expect that the radio emission originates
from both the central object and from its CSE. The emission from
the central object is mainly due to the stellar wind, a peculiar char-
acteristic of the last stages of massive star evolution. The emission
of the CSE derives from the ionization of the gas ejected by the
star in previous moments. The shape of the radio nebula is greatly
variable, with example of LBV showing ring nebulae (Umana et al.
2011; Agliozzo et al. 2014) or bipolar nebulae (Umana et al. 2012).

For MGE 042.0787+00.5084 and MGE 030.1503+-00.1237, the
radio spectral energy distribution (SED) reported in Paper I is ap-
proximately flat, with spectral index values of 0.02 and 0.05, respec-
tively. For MGE 027.3839—00.3031, we have only a lower limit of
0.9. At centimetre and millimetre wavelengths, the presence of a
stellar wind translates into a positive spectral index, typically around
0.6 for steady winds with a spherical electron density distribution
scaling as the inverse of squared distance from the star (Panagia &
Felli 1975). The total radio emission of these sources is therefore
reasonably the sum of different components, each of them charac-
terized by a different value of the spectral index. The rarity of these
stars and the limitation of instruments, both in resolution and in
sensitivity, have prevented the possibility of studying the spectral
index variation within the source, except for very few cases. The
result is that, in general, these sources have been characterized only
by an average spectral index, that could have hidden underlying
poorly studied phenomena. In recent years, it has been pointed out
that many WR stars do show a component of non-thermal emis-
sion. For example, Chapman et al. (1999) found that six out of
nine WR stars exhibit a global spectral index around —0.6, typi-
cal of synchrotron emission. Further studies (see Walder, Folini &
Meynet 2012, for a review) demonstrated that, in many cases, the
non-thermal component arises from the collision of the winds of
the WR star and of a companion massive star. In single WR stars,
the possibility of synchrotron emission arising from the interaction
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between the stellar wind and the CSE has been discussed as possi-
ble, but not observed yet (Cohen et al. 2006). It is disputed whether
this synchrotron emission can be really observed in single WR stars
(Blomme et al. 2010; van Loo 2010). An analogous process was
suggested by Cohen et al. (2006) to explain the non-thermal radio
emission from the very young PN V1018 Sco. In this case, the au-
thors did not detect the central source but only spots of synchrotron
radiation towards the edge of the optical nebula. In another work
(Buemi et al., in preparation), we are showing that the LBV star HR
Car presents a differentiated spectral index too, with synchrotron-
like values towards the edge. Very similar results are also found
for the LBV candidates G26.47+0.02 (Paron et al. 2012), where
a spectral index ~—0.9 is found for the extended emission. In the
next subsections, we exploit the high resolution and sensitivity of
our radio data to study, in detail, the radio emission of these three
bubbles, highlighting possible spectral index variations and their
implications on the physics of these objects.

3.1 MGE 042.0787+00.5084

Spectral analysis of the central object in the near- and mid-IR
showed that it has to be classified as a Be/B[e]/LBV star (Wachter
et al. 2010; Flagey et al. 2014), so the star was proposed as an LBV
candidate. This hypothesis is corroborated by the H o excess (r —
Ha = 1.77 £ 0.03), calculated from the IPHAS DR2 Source Cat-
alogue (Barentsen et al. 2014). At radio wavelengths, this bubble
is characterized by a central source with a flux density at 6 cm of
7.0 £ 0.2mly, calculated with a Gaussian fit. The flux density of
the whole source reported in Paper I was 10.5 £ 0.1 mly, so we
can estimate a total flux density of 3.5 £ 0.1 mJy for the CSE. In
the radio, the CSE shows limb brightening, likely due to a spher-
ical shell nature, and its brightness, especially in the inner part,
is only slightly above the background noise. In order to highlight
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Figure 6. Radial profile at 6cm of MGE 042.0787+00.5084. The solid
line represents the average brightness, while the dashed lines are its error
at, respectively, 1, 3 and 50 level. The black rule on the bottom-left corner
is the half-power beam width (HPBW), reported to highlight that the profile
of the central object is compatible with a point source.

the faintest details of the bubble, we built its radial profile starting
from a map obtained by concatenating the B- and D-configuration
data sets, with an rms of 19.5 pJy beam ™! and an imposed circular
restoring beam of 1.8 arcsec full width at half-maximum. In particu-
lar, we calculated the mean brightness of a series of circular annuli,
centred on the central object, with a constant thick of 0.6 arcsec.
The choice of a circular beam prevented the introduction of sys-
tematic errors deriving from the beam elliptical shape. To take into
account fractional pixels, we stretched the map by a factor of 10
in both directions. The error associated with each computed mean
brightness was estimated dividing the map rms by the square root
of the number of independent beams per each annulus. The radial
profile obtained is reported in Fig. 6. Apart from the central source,
it is possible to clearly distinguish the limb brightening of the CSE,
culminating at a distance r ~ 11 arcsec. Though very faint, the in-
ner part of the nebula is still above the 3o level in this integrated
view. As expected, the spectral index map, returned by casa, was
too noisy towards the CSE. To estimate the spectral index variation
across the bubble, we used the same method of the radial profile
described above, applied to the spectral index map, masked below
30 . The error on spectral index was calculated as

2 1/2
V2

I(r) Vmux
In

Al (r ) Vmin

Aa(r) = + (o) |, (1)

where I(r) and Al(r) are the brightness radial profile and its error as
derived above, v, = 4.2 GHz and v,,,x = 6 GHz are the boundary
frequencies of the net bandwidth (i.e. after flagging operations) and
0,(r) is the standard deviation of the spectral index values inside
the annulus at the distance r. The first term of the equation (1) is
obtained by error propagation, assuming that the signal-to-noise
ratio is constant across the entire bandwidth. In Fig. 7, we show the
spectral index profile. The central object has a spectral index ocop =
0.70 £ 0.03, perfectly compatible with a stellar wind, likely with a
mean electron density decreasing more rapidly than > (Panagia &
Felli 1975). The spectral index of the most statistically significant
part of the CSE (I{(r)/Al(r) > 5), from r ~ 7-12arcsec, varies
between —0.25 and —1.10 with a mean value of —0.65. Despite a
quite large error (Aa ~ 0.6), this is a significant clue of non-thermal
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Figure 7. Radial profile of the spectral index of MGE 042.07874-00.5084.
The solid line represents the average spectral index, while the shaded area
its error. The plot is masked where I(r)/AI(r) < 5.
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Figure 8. SED of MGE 042.07874-00.5084, highlighting the contributions
of the central object and of the CSE. The solid thin line is the SED of the cen-
tral object, extrapolated from the measured flux at 4.959 GHz with a spectral
index of acop = 0.7. The dashed line is the SED of the CSE, considering a
spectral index onep, = —0.65, with the dotted line representing the same SED
but with spectral indices —0.42 and —0.88 (these limits are obtained from
—0.65 £ 0.23, where 0.23 is the error on ape}, as calculated in the text). The
thick line is the sum of the two SEDs, representing therefore the total flux
density of the bubble, with the shaded area representing the uncertainties of
aneb- The two solid circles are the flux density values reported in Paper 1.
The thick line passes through the 4.959 GHz point by construction, while
it is possible to appreciate how the 1.468-GHz point lies inside the shaded
area (best fit with apep, ~ —0.6).

emission, which implies that an electron acceleration mechanism is
taking place in the outer part of the CSE. The error on this mean
value across the entire CSE can be calculated dividing the average
Aua by the square root of the number of points of the CSE for which
I(r)/Al(r) > 5 and it results to be 0.23.

Once the flux densities of the central object and of the CSE were
determined, we extrapolated these values towards low frequencies,
to check if the independent 20-cm flux density value reported in
Paper I is consistent with our model. In Fig. 8, we report the inferred
SED of the bubble, plotting the two components (central object and
CSE) and their sum (i.e. the bubble total flux density). We can
see that the flux density measure at 20 cm is consistent, within the
errors, with our model.

MNRAS 463, 723-739 (2016)
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Figure 9. Radial brightness profile of MGE 030.1503+00.1237. The solid
line represents the average brightness, while the dashed lines are its error at,
respectively, 1, 3 and 5o level.

All our calculations on this bubble implicitly assumed that the
flux density did not vary significantly between 2010 (6 cm, D con-
figuration), 2012 (20 cm) and 2015 (6 cm, B configuration). Indeed,
we are not able to exclude that such a variation could have occurred,
because we are supposing that this bubble could be an LBV. In fact,
at 6 cm, 2010 data have a poor resolution so we cannot distinguish
between the point-like central object and the CSE, while in 2015
data, the CSE is likely resolved out, so the total flux density would
be underestimated. However, since dramatic variations would in-
validate our model, we are confident that the flux density of this
bubble has not varied significantly in the last years.

3.2 MGE 030.1503400.1237

Despite the huge number of observations in near- and mid-IR, the
nature of this object is controversial. Lumsden et al. (2013) pre-
sented the catalogue of the Red MSX Sources survey searching for
massive young stellar objects (MYSO) in our Galaxy. The authors
excluded that MGE 030.1503+4-00.1237 could be a MYSO from
near-IR selection criteria and from the high radio flux density at
6 cm (Urquhart et al. 2009). They suggested that Galactic sources
with 6-cm flux densities above ~10 mJy are likely to be PN or H 11
regions, since massive stars do not show such flux densities. How-
ever, it has been shown that LBVs do show high radio flux densities
(e.g. Umana et al. 2012). More recently, near-IR spectroscopy of the
central object revealed that it is a Be/B[e]/LBV star (Flagey et al.
2014), but with some uncertainties deriving from its faintness, and
the star was proposed as an LBV candidate.

At radio wavelengths, the central object and the edge of the CSE
are characterized by approximately the same brightness, in contrast
with the previously discussed MGE 042.07874-00.5084 where the
central object is dominant. In Fig. 9, we show the radial profile
of this bubble, calculated as for MGE 042.0787+00.5084. We can
clearly see how the average brightness towards the central object
is roughly the same of the CSE edge brightness. We can also see
how the inner part of the nebula is much brighter than that of MGE
042.0787+00.5084.

The spectral index does not show significant local departures
from the mean value 0.05 % 0.13 reported in Paper I. In Fig. 10,
we report the radial profile calculated as previously described. It is
possible to notice that the spectral index varies between 0 and 0.4
for r < 6 arcsec. The spectral index behaviour does not show a clear
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Figure 10. Radial profile of the spectral index of MGE 030.15034-00.1237.
The solid line represents the average spectral index, while the shaded area
its error. The plot is masked where I(r)/ AI(r) < 5.

evidence of a stellar wind. However, Flagey et al. (2014) estimate
that there is a stellar wind with a terminal velocity of 200kms™!.
From the plotin Fig. 9, extrapolating the CSE brightness towards the
centre of the bubble, we can estimate the flux density of the central
object as ~0.4 mJy, with the nebula brightness at the centre of the
bubble ~0.65 mJybeam™'. This means that a canonical spectral
index of a stellar wind (0.6) would only barely affect what we see
in Fig. 10, where indeed we can see a minimum hint of a rising
spectral index for r — 0. It would have no effect at all to the global
spectral index reported in Paper I, given a total 6-cm flux density of
22.9 + 1.5mly.

3.3 MGE 027.3839—-00.3031

This bubble has received very little attention despite its very pe-
culiar morphology at 24 pm. Gvaramadze et al. (2010) listed this
bubble in their catalogue of massive star candidates unveiled by
Spitzer. They report its ring shape and show that the source is also
detected at 20 cm with a similar morphology. Near-IR spectroscopy
by Silva et al. (submitted) shows that the central star is very likely
an LBV. The star is also detected by 2MASS in H and K band (with
magnitudes 11.101 & 0.036 and 8.684 =+ 0.025, respectively). From
UKIDSS-DR6 Galactic Plane Survey, we found a J magnitude of
14.238 £ 0.003. Both 2MASS and UKIDSS photometries suggest
that the star is highly extincted.

The integrated radio flux density of this bubble, as reported in
Paper I, is 18.1 & 0.5mly at 6 cm. However, the source has a
remarkable angular extension (~1 arcmin in diameter) and then its
brightness temperature is very low. The overall radio morphology
of this bubble is similar to that of MGE 042.0787400.5084, with
a point-like central object and a faint CSE. However, the central
symmetry of its CSE is less evident, and a bipolar shape seems to
emerge. Beside a real enhancement of the emission towards these
two lobes, it is possible that imaging artefacts greatly affect its
appearance. Taking into account this weak symmetry, the radial
profile was calculated limiting the area to £45° from the RA axis,
where most of the CSE emission is located. In Fig. 11, we plot the
obtained profile.

Though very faint, this bubble shows a profile with a brighter
central object and a limb-brightened CSE. For this bubble, it is
not possible to derive a reliable spectral index profile. Even for the
central object, with a flux density ~0.12 mJy (calculated from the
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Figure 11. Radial brightness profile of MGE 027.3839—00.3031. The solid
line represents the average brightness, while the dashed lines are its error at,
respectively, 1, 3 and 5o level.

map using a Gaussian fit), this calculation is difficult. For it, we
obtain o.op = 0.9 & 1.0. This index is still compatible with a stellar
wind, but given the extremely high error, this is no more than a hint.

In Paper I, we were not able to detect the source at 20 cm. Indeed,
the Galactic Plane Survey image from MAGPIS shows the presence
of the nebula at 20 cm, but the bubble is immersed in a very noisy
background and a precise flux density measurement is not possible.
The morphological similarity with the previous bubbles supports
the hypothesis that MGE 027.3839—00.3031 could be an LBV.

4 ELLIPTICAL BUBBLES

As reported in Section 2.2, seven bubbles show an ‘elliptical” shape.
Taking a look at Fig. 2, we can sketch a common morphological
appearance. The basic shape of these bubbles is an elliptical ring,
presenting different elongations. There is the total lack of a cen-
tral object, with the brightness of the bubble centre comparable to
background. The nebula brightness is not uniform along the ring.
Furthermore, the brightness shows a rough bilateral symmetry, the
axis of symmetry being its major axis. The brightness is enhanced
perpendicularly to the axis of symmetry. A partial exception is
represented by MGE 009.3523+00.4733 (Fig. 2, first picture of
the second row) and, to a lesser extent, MGE 005.6102—01.1516,
where, beside the (slightly hidden) bilateral symmetry, a clumpiness
is evident.

The elliptical shape in Galactic objects is a common feature of
PNe (e.g. Zhang & Kwok 1998). It is likely produced by the in-
teraction of a fast wind with the previous slow wind of the AGB
phase. Aaquist & Kwok (1996) and Zhang & Kwok (1998) showed
that radio and optical morphologies could be well reproduced by
the so-called prolate ellipsoidal shell model, where the winds inter-
action is modelled in an environment characterized by a radial and
latitude-dependent density gradient. The PN appears, simply from
projection, as a spherical shell, an ellipsoidal shell or butterfly-
shaped. For spherical and ellipsoidal shells, the brightness towards
one axis can be greater with respect to the orthogonal axis. The
radio and optical emissions can be reproduced by the same model
because they both arise from the circum-stellar gas.

Among the seven elliptical bubbles, MGE 009.35234-00.4733
is classified as a PN (Pottasch et al. 1988) and MGE
016.2280—00.3680 is a proposed PN candidate (Anderson et al.
2011). The remaining five bubbles are not classified yet. At 24 um,
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following the morphological classification scheme proposed by
Mizuno et al. (2010), they all appear as a disc nebula, except MGE
005.6102—01.1516 classified as a ring nebula. Nowak et al. (2014)
pointed out that, among the MIPSGAL bubbles, about 90 per cent
of classified disc nebulae and 60 per cent of ring nebulae are PNe,
and conversely, about 95 per cent of bubbles classified as PN are
disc (65 per cent) or ring (30 per cent) nebulae. As we discussed
in another work (Ingallinera et al. 2015), the difference between
disc and ring nebula may be an artefact of the limited resolution of
MIPSGAL and many disc nebula would appear as rings in higher
resolution images. Taking into account the radio and MIPSGAL
morphology, we propose the five unclassified elliptical bubbles as
PN candidates.

A more meaningful radio-IR comparison can be made using
GLIMPSE images instead of MIPSGAL. At the IRAC wavelengths,
the image resolution is around 3 arcsec, only slightly worse than our
VLA map resolution (around 2 arcsec), and twice as good as MIPS-
GAL. The heavy drawback is that GLIMPSE only seldom detects
the MIPSGAL bubbles. This is mainly due to an intrinsic lower
brightness at IRAC wavelengths and to a higher image noise both
from background and foreground (Galactic diffuse emission, stars).
As a result, only for five elliptical bubbles we were able to de-
tect a counterpart in IRAC bands, while for the other two, namely
MGE 016.2280—00.3680 and MGE 034.8961+00.3018, this was
not possible. Superpositions of the 8-pm images and 6-cm contours
are presented in Fig. 12, except for MGE 352.3117—00.9711 where
4.5-um image is reported instead, since for this bubble, the 8-pm
is characterized by an extremely high background. The comparison
between radio and 8-pum images shows a substantial coincidence
of the two emission, with the 8-pum emission slightly less extended
than radio, except for MGE 008.9409+4-00.2532. As far as we know,
there are not extensive studies on the morphological comparison
between radio and the IR wavelengths covered by IRAC. Zhang &
Kwok (2009) compared GLIMPSE and H o which, tracing the ex-
cited gas, is usually co-spatial with radio emission. They found that
the greatest differences between H « and 8 um mainly character-
ize the bipolar PNe, where the former is much more extended. This
kind of PNe is mostly excluded a priori from the MIPSGAL bubbles,
since the sample was selected based on the roundish morphology
(ellipsoidal discs are included, especially taking into account that
many bubbles are only barely resolved). For the other types of PNe,
some difference still exist. Zhang & Kwok (2009) then show the IR
SED of some nebulae discussing the behaviour at IRAC bands. The
result is that the large bands collect both continuum emission and
lines from silicates, molecules [like polycyclic aromatic hydrocar-
bon (PAH) or H,] and atomic species (e.g. Br «). This makes the
SED of each PN somehow peculiar, with no standard reference. In
IRAC images, our elliptical bubbles, being close to Galactic plane,
are located in fields particularly crowded with stars. Aperture pho-
tometry to derive their IR flux density is extremely hard and prone
to errors. Exploiting the fact that both in radio and in GLIMPSE our
bubbles are resolved, we built their SEDs starting from the bright-
ness. To obtain a significant value for the brightness, we selected
an area of the nebula far from contaminant stars in the image at
the shortest wavelength where the bubble is still detected. We then
calculated the median value of the brightness inside the same area,
both for radio and IR. For GLIMPSE images, we estimated the back-
ground picking the median value of an opportune region close to
the nebula and free of stars. In Fig. 13, we show the SEDs obtained,
overplotting a pure free—free emission extrapolated from the 6-cm
brightness using a spectral index o = —0.1. The 8-um brightness
is usually much higher than the extrapolated free—free value, very
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Figure 12. Superposition of IRAC 8-pm images and 6-cm contours of the ‘elliptical’ bubbles. From left to right: (row 1) MGE 005.2641+4-00.3775, MGE
005.6102—01.1516, MGE 008.9409+00.2532; (row 2) MGE 009.3523+00.4733, MGE 352.3117—00.9711 (for this last bubble, 4.5 pm image is used instead.

likely because at this wavelength, the thermal emission from dust
becomes dominant. The brightness at shorter wavelengths is closer
to the free—free values, a sign that the emission in now dominated by
gas continuum. However, several deviation can be observed, likely
to be ascribed to the line transitions reported above. For example,
the 4.5-pum is higher than 5.8-pm in MGE 008.9409+00.2532 and
MGE 009.3523+4-00.4733 (SEDs in the second row of Fig. 13), a
clear sign that the emission at this wavelength for these bubbles has
a relevant line component.

In this scenario, a rough similarity between IR and radio image is
then remarkable. Indeed, in very young PNe, the dust component,
whose composition is related to the original metallicity of the star,
is prominent and is tightly linked to the evolutionary phase of the
transition of the nebula (see, for example, Stanghellini et al. 2012).
But as the CSE expands and the UV stellar radiation increases, most
of the dust is destroyed and the optical and IR emission becomes
dominated by gas lines from highly excited atomic species (Flagey
et al. 2011). In particular, as the PN evolves, the 24-um emission
begins to be dominated by [O 1v] line at 25.9 um and to a lesser
extent by [Ne v] line at 24.3 pm (Chu et al. 2009). The [O 1v]
line at 25.9 um is a tracer of He 1. In fact, the He 1 14686 line
derives from the recombination of He 11, whose excitation potential
(54.4eV) is close to that of O 1v. The radio emission, arising from
the ionized gas, mostly traces the same ionized and highly excited
gaseous nebula and the PN retains the same overall morphology
in all these parts of the electromagnetic spectrum. An exception is
represented by optically thick evolved PNe where the diameter of
the He 11 zone (and therefore the 24-pm emission) is usually smaller
than the ionized hydrogen zone (i.e. the radio nebula). It is probable
that the component of the IR emission arising from thermal dust
(8 um) is co-spatial with the radio emission because the dust is
heated by the same UV photons responsible for gas ionization. This
morphological similarity is not observed in other kinds of Galactic
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sources, nor in evolved massive star, as discussed in Section 3, nor
in H 1 regions, as we are going to discuss in 6.1.

5 FILLED ELLIPTICAL BUBBLES

Four bubbles, labelled with ‘F’ in Table 2 and dubbed ‘filled ellipti-
cal bubbles’, show a morphology intermediate between the elliptical
bubbles and those with central object. In the radio, these four bub-
bles are characterized by an overall roundish shape and at their
centre, there is not a clear point source but a low-brightness diffuse
emission filling almost all the nebula and clearly above the back-
ground level. Mizuno et al. (2010) classified them as discs, except
MGE 042.7665+00.8222 classified as two-lobed nebula. None of
these bubbles is definitely classified. The most studied of them is
MGE 042.7665+00.8222, proposed by Clark et al. (2005) as a PN
candidate. This interpretation seemed to be confirmed by Gvara-
madze et al. (2010) who spectroscopically found that the central
star is a WC, while Flagey et al. (2014) suggested that it is indeed
a WC5-6 star. To shed light on the nature of these four bubbles, we
search for their counterpart at 8 pm. For MGE 042.7665+-00.8222,
the nebula and a central object are clearly detected (Fig. 14), while
for the others, we found only hints of the nebula and no clear cen-
tral objects. The central object is detect also in IPHAS (IPHAS2
J190633.67+090720.7) with a r magnitude of 20.64 &+ 0.08 (Bar-
entsen et al. 2014).

The striking difference between MGE 042.7665+-00.8222 and
the bubbles with central object is that the 8-pm emission of the
latter is largely dominated by the central object (Fig. 5), while in
MGE 042.7665+4-00.8222, it has approximately the same brightness
as the nebula. Indeed, the radio morphology is still compatible with
a PN, closely resembling NGC 6439 shown by Zhang & Kwok
(1998). And this is the case also for the other three bubbles, show-
ing a strongly asymmetric elliptical shape resembling, for example,
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Figure 13. SED of the ‘elliptical’ bubbles. From left to right: (row 1) MGE 005.2641+00.3775, MGE 005.6102—01.1516; (row 2) MGE 008.9409+00.2532,
MGE 009.35234-00.4733; (row 3) MGE 352.3117—00.9711. The solid line is an extrapolation of the free—free emission from the 6-cm point, considering a
spectral index &« = —0.1. Please notice that for some bubbles, it was not possible to derive their brightness in some bands.
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Figure 14. Superposition of 8-pm image and 6-cm contours of MGE
042.7665+00.8222.
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Figure 15. Average brightness at 8 pum against average brightness at 6 cm
for the “elliptical” bubbles (solid circles) and for the “filled elliptical’” bubbles
(open circles). The solid line represent a pure free—free emission, while the
two dotted lines represent a brightness respectively twice and five times
greater.

the PN Jonckheere 900 (PN VV 28). Bearing in mind what we
discussed in Section 3 and that massive evolved stars are charac-
terized by strong stellar winds, we suspect that these four bubbles
could all be PN candidates. For all of them, we were able to esti-
mate the average brightness at 8 pm as described in Section 4, an
operation not possible for the other IRAC bands because the low
brightness and high background prevent their detection. In Fig. 15,
we plot the 8-pum brightness against the 6-cm brightness for the
four filled elliptical bubbles and for the elliptical bubbles detected
at 8 um. For filled elliptical bubbles, the mean ratio between the
8-um measured brightness and that expected extrapolating from
radio, a pure free—free emission is 2.7 & 1.3, while for the elliptical
bubbles, it is 5.2 £ 2.7. This lower ratio explains the difficulty of
their detection at 8§ um. It is not possible, at least with our data,
to say whether the discrepancy between these two morphological
groups is real or it is just due to the poor statistics. If it were real,
it could be ascribed to a dust deficiency and/or to less dominating
line emission.

MNRAS 463, 723-739 (2016)
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Figure 16. Superposition of 8-pm image and 6-cm contours of MGE
031.7290+00.6993.

6 OTHER BUBBLES

6.1 The H 11 region candidate MGE 031.7290+00.6993

It is possible that a fraction of the MIPSGAL bubbles is not repre-
sented by evolved star CSEs but is related to young massive stars.
These stars are usually embedded in clouds of pre-existing material
(gas and dust) that becomes heated and excited. If the star is hot
enough (spectral types O and early B), the circum-stellar gas is
ionized and can be observed in radio as an H 1 region.

The mechanism of radio emission from H 1 region is the same
of PNe (i.e. thermal free—free), characterized by a flat SED («¢ =
—0.1 if optically thin). As previously said, massive evolved stars
show a flat SED, at least globally. There is then a degeneracy be-
tween H 11 region and evolved stars in radio, and therefore it is not
possible to discriminate between these kinds of sources from their
SED. IR colours are sometimes used, since H 1 regions and PNe
have different dust temperature and different IR emission mech-
anism. In Paper I, we showed that one of the most important IR
band for this goal is the 8 pum. The comparison between radio
and 8 um, for example, effectively discriminates between H 1 re-
gions and PNe. The peculiar element in H 1 regions is that the
emission at 8§ pm traces the PAH outside the ionized nebula (Dehar-
veng et al. 2010). This explains the 8-pm excess in the comparison
with radio with respect to PNe. However, since radio is a tracer
of the ionized region, provided enough resolution, the reciprocal
distribution of radio and 8-pum emission is an immediate tool to
spot H 11 regions.

In our sample, the bubble MGE 031.72904-00.6993 was proposed
as an H 1 region by Anderson et al. (2011) on the basis of radio
recombination lines studies. In Fig. 16, we report a superposition
of the 8-um and radio emission. It is possible to note how the 8-
pwm emission is clearly placed outside the ionized gas nebula traced
by radio. Anderson et al. (2011) note that 208 (over 603) of their
H uregion candidates were associated with the ‘GLIMPSE bubbles’
found by (Churchwell et al. 2006; not to be confused with the MIPS-
GAL bubbles discussed in this work), objects that present a bubble
structure at 8 pm very similar to MGE 031.7290+4-00.6993. Our
conclusion is therefore that MGE 031.7290+00.6993 is very likely
an H 1 region. The most promising candidate for its ionizing star is
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Figure 17. Superposition of 24-pum image and 6-cm contours of MGE
028.7440+00.7076.

probably the point source GLIMPSE G031.7269+00.6988. It is lo-
cated at the position of the 24-pum maximum and at the geometrical
centre of the radio emission. This star is likely detected in UKIDSS
and IPHAS.

6.2 MGE 028.74404-00.7076

This bubble has a very peculiar radio morphology, being com-
posed of two different ring-like structures and an overall ‘8’
shape. The nebula is not detected in any IRAC band, also be-
cause the field is particularly crowded with stars and diffuse emis-
sion. However, the relatively large extension of the radio neb-
ula (33 arcsec) allows a significant comparison with the 24-pum
image (Fig. 17). From the superposition, it emerges that the 24-pm
emission is less extended than radio, and radio itself seems to wrap
the former. In Paper I, we had reported a positive spectral index
(¢ = 0.39 £ 0.26) between 1.4 and 5 GHz, suggesting a thermal
emission. This bubble is barely detected in H o images from the
SHS, appearing slightly more extended than the radio nebula. It is
possible that this bubble is a ionization-stratified PN (with a cen-
tral [O 1v]/He 11 Stromgren zone). The PN nature is supported by
the lack of central star candidates in IRAC images and at shorter
wavelengths, excluding therefore the presence of a massive star.
The peculiar morphology makes this source an interesting target for
future studies.

6.3 MGE 032.4982+4-00.1615

This bubble is somehow puzzling. In Paper I we had reported
that it was probably characterized by a non-thermal spectral index
a = —0.30 £ 0.19 calculated between 1.4 and 5 GHz. The high-
resolution radio image reveals that it is a compact source approxi-
mately 10 x 7 arcsec?. Flagey et al. (2014) suggested that its central
star could be an O5-6V, based on near-IR spectroscopy, but they,
however, warned that this classification is uncertain. They estimate
a distance of 11 kpc based on near-IR colours.

From these new data at 5 GHz, we found that the spectral index of
the nebula is « = —0.8, even steeper than the one reported in Paper
I. For the same source, Bihr et al. (2016) found a spectral index «
= —1.04 £ 0.39 between 1 and 2 GHz. Searching for flux density

High-resolution VLA observations of MBs 735
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Figure 18. Superposition of 8-um image and 6-cm contours of MGE
032.4982+00.1615.

variability, we found that the flux density at 5 GHz of the 2015 data is
5.5 = 0.3 mJy, in comparison with the 2010 value of 4.7 £ 0.9 mJy.
Though still within the error, the two measurements suggest that an
increase in flux density may have taken place. The time variability
over year-scale as well as a non-thermal radio spectrum have been
recently associated with proto-PNe (e.g. Bains et al. 2009; Sudrez
et al. 2015; Cerrigone et al. submitted). In this scenario, the post-
AGB star at the centre of the nebula is evolving from cool spectral
types (T ~ 5000 K) towards hotter temperature (Te > 30 000 K).
During its evolution, the star can therefore appear as spectral type O
(Davis etal. 2005). The distance calculated by Flagey et al. (2014) s,
however, too large to be compatible with this hypothesis. We suggest
that the distance may have been overestimated in the hypothesis of
a post-AGB star. In fact, the distance would be considerably less
in this case, because post-AGB OB stars have similar 7 and log g
to MS OB stars, but are less luminous. In IRAC images, in fact,
the nebula appear extremely compact and co-spatial with radio
(Fig. 18). Therefore, our hypothesis of a proto-PN cannot be ruled
out and further investigation is needed.

6.4 MGE 356.7168—01.7246

The radio morphology of this bubble is strongly bipolar. A hint of
bipolarity is observed also at 24 pum, while at 8 pm, the source,
though partially outshined by a field star, has roughly the same
morphology as in radio. The source is not unambiguously visible
in any other of IRAC bands. In Paper I, we proposed this bubble as
a PN candidate, based on IRAS colours. A spectral index analysis
confirms the value reported in Paper I (compatible with a free—free
emission) and shows no variation within the nebula. Collimated
bipolar outflows are sometimes observed in young PNe (Redman
et al. 2000) as well as in forming stars (Gusdorf et al. 2015). If the
IRAS colour analysis is correct, the latter option should be dropped
in favour of the first. The nebula is likely detected in the H «
images from the SHS, where it shows an elliptical shape with the
same orientation of the radio nebula. The H « nebula is too faint to
identify a bipolar structure similar to the radio nebula. Doubts on the
classification of this bubble remains and apart from having revealed
the radio bipolar morphology, the present observations cannot give
us further hints on its nature.

MNRAS 463, 723-739 (2016)
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Table 3. Physical parameters of PNe and PN candidates.

[MGE] Distance Diam. (ne) Mion
(kpc) (pe) (em™) Mp)
005.2641+400.3775 6.0 +2.7 0.41 52 0.04
005.6102—01.1516 33+14 0.29 110 0.03
008.9409+00.2532 59+26 0.46 31 0.07
009.35234-00.4733 47 +2.1 0.32 74 0.05
016.2280—00.3680 54+24 0.45 60 0.12
034.8961+4-00.3018 40+ 1.7 0.47 27 0.06
352.3117—-00.9711 43+£1.8 0.46 56 0.12

7 DISCUSSION ON PNE

7.1 Physical properties

As stated in Section 4, the morphological analysis of the elliptical
bubbles suggests that, along with the known PN and the PN can-
didate, they can be proposed as PN candidates. In this section, we
assume this hypothesis valid and we derive some of their physical
properties. In a previous work (Ingallinera et al. 2014b), we showed
that the 6-cm map alone is a gold mine for deriving important phys-
ical characteristics of a PN, provided that the nebula is resolved
(since the method we are using is based on the nebula brightness).
As a first step, we need to estimate the distance of these bubbles,
since no values are available in literature. A possible distance esti-
mation is the statistical distance, calculated following the method
by van de Steene & Zijlstra (1995) which assumes that the nebula
is optically thin. The distance is derived from the flux density and
angular extension of the nebula. This method, though very easy,
is affected by large uncertainties (van de Steene & Zijlstra 1995
declare an accuracy of 40 per cent) and supplies a reasonable value
only if the nebula is truly a PN.

To derive the mean electron density and the ionized mass, we
followed the same procedure reported in Ingallinera et al. (2014b).
For each bubble, we first create an optical depth map according to

B = By(To)t0, @

where B is the brightness, T, is the electron temperature, By,(7e)
is the brightness of a blackbody at a temperature T, and 7, is the
optical depth at the frequency v. Since for these bubbles 7, is not
known, we assumed for it a typical value of 10*K (Ingallinera
et al. 2014b). From the brightness map, it is then possible to derive
an optical-depth map. The optical depth is related to the emission
measure, EM, through the relation

A EM
T, = 8.235 x 10T, (—) : 3)
GHz pc x cm~6

hence, we can derive the electron density 7. from the relation
s
EM = / nlds, @)
0

where s is the line-of-sight coordinate. It is finally possible to derive
the PN ionized mass as a volume integral:

Moy ~ / nmpdV, 5
\4

where m;, is the proton mass. For the actual calculation, we assumed
that the bubble is simply a uniform sphere. This assumption has no
effect on the total ionized mass but we warn the reader that the
electron density is just an average value over the entire volume.

In Table 3, we report the distance, diameter, mean electron density
and ionized mass, derived as discussed above, for the seven elliptical
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Figure 19. Calculated position of the elliptical bubbles (solid circles and
error bars) and filled elliptical bubbles (open circles and error bars) on to
the Galactic plane. The Sun is represented with a yellow circle, the Galactic
Centre with a cross and the Galaxy outer limit is assumed to be 16kpc
from the centre (solid circumference). The entire shaded area represents
the portion of the Galactic plane covered by MIPSGAL. Its darker part
satisfies § > —40°, the lower declination limit of VLA. The two dashed
circumferences represent the distance from the Sun at which a nebula with
a diameter of 0.4 pc is seen under an angle of 12 (outer circumference) and
60 arcsec (inner).

bubbles. Please note that since Mi,, o< D32, D being the distance,
the error on the ionized mass is of the order of 100 per cent and those
values must be regarded as indicative just of the order of magnitude.
Though the statistical distance method is intrinsically affected by
relevant errors, it is possible to note how all these bubbles have a
similar distance. This can be ascribed to the homogeneity of the
original 24-pm sample, consisting of objects with a similar angular
extension and shape. We recall that Nowak et al. (2014) pointed
out that almost all bubbles classified as PNe show a disc or ring
morphology. PNe with very different 24-pm shape were excluded
a priori by Mizuno et al. (2010). Furthermore, more distant PNe
are likely not resolved at 24 pum, and so even in this case, they
would have been excluded from the bubble catalogue. In Fig. 19,
we report a sketch of the Galactic plane and we locate on to it the
seven elliptical bubbles, highlighting the uncertainties associated
with their distances.

The morphological uniformity of the MIPSGAL bubbles trans-
lates also into a homogeneity of the physical characteristics of these
objects. Kwok (1985) presented a plot showing the relationship
between brightness temperature of a PN and the mean electron den-
sity. For our bubbles, we have mean brightness temperature ranging
from about 2K to about 10K, which, according to that relation-
ship, would translate to mean electron densities of the order of
10'-10% cm—3, in perfect agreement with the values we derived.
Therefore, the relative homogeneity in the mean electron density
can be ascribed to a uniformity in the bubble dimension (original
sample selection bias) and in the radio flux densities (limited by the
sensitivity of present instruments). van de Steene & Zijlstra (1995)
report that the PNe with those values of brightness temperature
and diameter are usually evolved PNe, with an age after post-AGB
phase end much greater than 10° yr. As shown by Volk & Kwok
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Table 4. Physical parameters for filled elliptical bubbles if they are consid-
ered PNe.

[MGE] Distance Diam. (ne) Mion

(kpe) (pe) (em™) M@)
042.7665+-00.8222 45+19 0.44 52 0.10
356.1447+00.0550 40+£1.7 0.58 36 0.16
356.8155—00.3843 54+24 0.34 70 0.06

(1985), at these ages, the central star of the PN starts its contrac-
tion towards the white dwarf phase. The contraction implies that
the total flux of UV (ionizing) photons decreases. The PN enters
a phase of recombination where the radius of the ionized nebula
is approximately constant, but its ionized mass decreases because
of the gas dispersion (considering also the neutral gas, the nebula
is still expanding). This can justify why five bubbles show ionized
mass values significantly below 0.1 M, in the sense that this could
be a hint of aged PNe. Indeed, young PNe are characterized by
these values of ionized mass, however, their mean electron density
is higher and their radius is smaller (Cerrigone et al. 2008). We
are aware that for young PNe, the statistical distance method may
not be applied if the nebula is still optically thick at 5 GHz, but
the spectral indices reported in Paper I and the spectral index maps
obtained from these new data confirm that these seven bubbles are
all optically thin at 5 GHz. The ionized masses found for these PNe
are smaller than the median value found by Frew & Parker (2010),
namely 0.5,/€ M, where € is the filling factor. It is possible that
the MIPSGAL sample is biased towards low-mass, high-excitation
PNe (with the 24-pm emission dominated by [O 1v] line; e.g. Frew,
servable with MIPS as the nebular excitation (and consequently the
[O 1v]-integrated flux) decreases when the central star becomes a
white dwarf (Chu et al. 2009).

In Section 5, we discussed the possibility that also the filled el-
liptical bubbles could be PNe. Now we apply to them the same
procedure described above for elliptical bubbles to derive their dis-
tance and then the other related physical parameters. We collect the
result in Table 4. The distance calculation is not performed on MGE
002.2128—01.6131 since, as reported in Paper L, it is not optically
thin at 5 GHz. Again, we underline that the values reported in Ta-
ble 4 are meaningful only if the sources are truly PNe and, even if
those values are in agreement to what should be expected from PNe,
they cannot be used to demonstrate the PN nature of these bubbles.
However, if the PN hypothesis is true, we can note how the values
in Table 4 are very similar to those in Table 3. We report the filled
elliptical bubbles in Fig. 19 as open circles.

In Ingallinera et al. (2014b), we found that the distance of the
four PNe studied in that work ranged between 1.6 and 3.2 kpc.
Those bubbles were selected because they were resolved also in
D-configuration observations. From their angular extension, we es-
timate diameter values between 0.28 and 0.41 pc, in accordance
to those derived in this paper. The different angular dimension
of the bubbles in Ingallinera et al. (2014b) should then been as-
cribed mostly to their smaller distance rather than to physical
differences.

7.2 Completeness of the bubbles catalogue with respect to PNe

One of the most promising aspect of the bubbles catalogue was that
it appeared as the perfect place where to search for ‘missing PNe’.

High-resolution VLA observations of MBs 737

Itis expected that the number of Galactic PNe is around 20 000 (e.g.
Zijlstra & Pottasch 1991), but only about 3300 of them are known
(Sabin etal. 2014). When Mizuno et al. (2010) published the bubbles
catalogue, about 15 per cent of them were associated with already
classified object, and 90 per cent of them were PNe. The idea was
that the PNe represented the dominant kind of object among the
MIPSGAL bubbles and, in turn, the catalogue could contain a large
quantity of previously unknown PNe. Mizuno et al. (2010) divided
the bubbles into six categories, based on their morphology. The
categories most populated are ‘ring’ and ‘disc’ nebulae, accounting
for 339 objects out of 428.8 As previously discussed, Nowak et al.
(2014) found that more than 80 per cent of classified ‘ring’ and
‘disc’ bubbles are PNe, and that few other PNe are found in other
categories. It is possible to estimate that the entire bubbles sample
should contain about 300 PNe.

It is important now to establish whether the bubbles catalogue is
complete with respect to round and elliptical PNe, that is, we are
going to check if MIPSGAL successfully detected all the round and
elliptical PNe resolved as bubbles lying in its field of view. A round
or elliptical PN is listed in the bubbles catalogue only if it is a re-
solved object. Since MIPSGAL resolution is 6 arcsec, we can state
that the minimum angular extension for a PN in the bubbles sample
must be at least around 12 arcsec. In fact, this is also the lower limit
of the angular extension for bubbles (except only for two). In the
previous section, we found out that a typical value for an elliptical
bubble diameter is around 0.4 pc, a value in accordance with many
other estimates of the dimensions of PNe. A comparable mean value
is derived for filled elliptical bubbles, in the hypothesis that they are
PNe, and for PNe in Ingallinera et al. (2014b). Similar values are
26 PNe from the Macquarie/AAO/Strasbourg H « catalogue (Parker
et al. 2006). A PN with a diameter of 0.4 pc is seen under an angle
of 12 arcsec if it is located at about 6.9 kpc from the observer. In
Fig. 19, we represent this limit with the outer dashed circumference.
Beyond this distance, MIPSGAL is not able to fully resolve an ob-
ject extended less than 0.4 pc, therefore any other PN beyond this
limit unlikely is part of the bubbles sample. On the other hand, the
largest ring bubble is 63 arcsec wide (and only 18 other bubbles are
larger than it), the largest bubble classified as PN is 50 arcsec and
the largest disc bubble is 42 arcsec. We can set then the approximate
upper limit of 60 arcsec for the PNe in the bubbles sample. A PN
with a diameter of 0.4 pc appears 60-arcsec wide when it is located
at a distance of about 1.4 kpc. This distance (from the observer) is
represented in Fig. 19 with the inner dashed circumference. These
two distances and the MIPSGAL field of view (shaded region in
Fig. 19) encompass an area of 49.8kpc>. Now the outer limit of
the Milky Way is somehow arbitrary, here we assume a radius of
16 kpc, a boundary beyond which the star density drops rapidly (for
a discussion on the Galactic dimensions and outer rings, see Xu
etal. 2015). This radius encompasses a total area of about 800 kpc?.
Taking into account an exponential radial distribution with a scale-
length of 3.5kpc (Zijlstra & Pottasch 1991), we found that about
3000 PNe fall in the area where they can be observed as MIPSGAL
bubbles. Morphological studies of PNe show that about two-third
of them are elliptical or round, with the remaining showing bipolar
or irregular shapes (Sabin et al. 2014). As previously said, in some
bipolar PNe, the emission at 8§ wm, mainly tracing dust, is concen-
trated at their centre. The 24-pum emission is due to both thermal

8 The complete catalogue with the morphology types is available at:
http://vizier.u-strasbg.fr/viz-bin/VizieR ?-source=J/AJ/139/1542.
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dust continuum and gas lines, with the former decreasing as the PN
ages and expands. The morphologies at 8 and 24 um and radio can
therefore be very different, depending on the evolutionary age of the
PN (Parker et al. 2012). We can therefore safely state that the num-
ber of PNe that can be seen as a bubble by MIPS is approximately
around 2000.

The distribution of the PNe heights from the Galactic disc was
investigated by Zijlstra & Pottasch (1991), who found a height scale
value of 250 pc for an exponential disc model. Limiting our search
between Dy, = 1.4kpe and Dy,x = 6.9 kpc, the average distance
of an object in this area is

2 D2
(D) =/ % = 5.0 kp. (6)

At this distance, 250 pc correspond to an angle of 2°9. The MIPS-
GAL latitude coverage is |b| < 1°, except for —5° < [ < 7° where
|b| < 3°. This means that the MIPSGAL latitude coverage allows
us to observe only about the 30 per cent of PNe. This percentage
gives us a total of about 600 PNe that should appear as a bubble in
MIPSGAL. The fact that we likely observe only about 300 PNe as
MIPSGAL bubbles can then be ascribed to their aging, as discussed
in previous section. This, in turn, means that the bubbles catalogue
should contain approximately half of the elliptical and round PNe
located between 1.4 and 6.9 kpc from us falling into the MIPSGAL
field of view.

If future studies on the bubbles will confirm our estimation, then
this result will have two important implications on the search for
Galactic PNe. First, going backwards through what discussed above,
it will pose a constraint on the total number of Galactic PNe. Since
this constraint is mainly derived from a statistical base, it could be
used as an independent test for the estimates derived from stellar
evolution models. Secondly, it will turn out that the IR band around
24 pm is probably the best band where next-generation IR telescope
shall search for PNe. In particular, the James Webb Space Telescope,
improving seven-fold the Spitzer resolution, should be able to ob-
serve and resolve all the Galactic PNe as bubbles (possibly with the
only exception of most evolved ones), even if we assume that its
sensitivity with respect to Spitzer will just scale up as the ratio of
their areas.

8 SUMMARY AND CONCLUSIONS

In this paper, we reported radio observations at 5 GHz of 18 MIPS-
GAL bubbles, performed with the VLA in configuration B and BnA.
The images show that the bubbles can be grouped in five different
categories according to their radio morphology. Three bubbles show
a clear evidence of a central point-like object; seven are character-
ized by an elliptical ring shape and the total lack of a compact central
object or diffuse emission towards their centre; for four bubbles, the
radio morphology is intermediate between the two previous cate-
gories, with diffuse emission towards the centre but without a clear
central object; one has a bipolar appearance; the remaining three
bubbles have a peculiar shape.

The bubbles with a central object in radio images
(MGE 027.3839—00.3031, MGE 030.15034-00.1237, MGE
042.0787+00.5084) were associated with massive evolved stars,
in particular, LBVs. This classification is compatible with the
spectroscopic identification of the central star of two of them as
B/B[e]/LBV stars. The radio emission from the central object is
likely due to stellar winds. The CSE of MGE 042.07874-00.5084
shows relevant variations of spectral index, on the contrary, the CSE
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of MGE 030.15034-00.1237 has a more homogeneous spectral in-
dex. The 24-um images of these bubbles show a morphological
similarity with radio only in two cases, while at IRAC wavelengths,
only the central object is detected.

The elliptical bubbles were associated with PNe. One of them is
already classified as PN in literature. For the others, morphological
considerations suggest that can be all proposed as PN candidates. If
this hypothesis holds, we derive for them the distance, the diameter,
the mean electron density and the ionized mass. We found that the
elliptical bubbles are very similar also from the physical point of
view. We ascribe this similarity to the selection bias of the bubbles
catalogue.

Four bubbles presented a morphology intermediate between the
first two, with the lack of a central object but with diffuse emission
towards their centre. On average, they appear fainter at 8 pm with
respect to elliptical bubbles. Nevertheless, the radio and the 24-
pm morphology suggest that they can also be proposed as PN
candidates.

The remaining bubbles show different radio morphologies. One
of them, MGE 356.7168—01.7246, has a clear bipolar shape.
The 8-pm emission of MGE 031.72904-00.6993 is located out-
side the radio nebula and is proposed as an H 1 region. MGE
032.4982+00.1615 is only barely resolved in our radio images.
Its flux density probably has varied with respect to 2010 data and
its radio spectral index suggests that its radio emission is non-
thermal. We propose that it could be a proto-PN. Finally, MGE
028.7440+4-00.7076 is a very peculiar object with the radio emis-
sion placed outside the 24 pum.

As discussed in Section 7.2, the knowledge achieved so far in
the discovery of PNe among the MIPSGAL bubbles allows us to
outline some general assertions about Galactic PNe. The number
of known Galactic PNe is about the 15 per cent of what expected.
The explanation is that, lying in proximity of the Galactic disc,
many of them are heavily obscured in visible light. IR surveys,
like MIPSGAL, are able to observe through the Galactic clouds and
potentially discover a large quantity of previously unknown PNe. In
this sense, preliminary results indicated that the bubbles catalogue
could harbour many PNe. Given the typical diameter of a PN, the
field of view and the resolution of MIPSGAL, we infer that the
bubbles catalogue may contain about half of the Galactic PNe that
would be resolved in MIPSGAL. It is likely that the most evolved
PNe are not detected in MIPSGAL, since as the central star becomes
white dwarf, the nebular excitation decreases and consequently their
flux at 24 pm. If this hypothesis will be confirmed, beside the
discovery of 250 unknown PNe, it will pose an important constraint
on the actual total number of Galactic PNe, being a significant
statistical search on a relevant portion of our Galaxy. Furthermore, it
will give the precise indication that the 24 pum is the best band where
to search for the remaining Galactic PNe when next-generation IR
telescopes will provide better resolution and sensitivity than Spitzer.

The main goal of this work was to show the great potential of high-
resolution high-sensitivity radio images. We showed that different
kinds of evolved stars have strikingly different radio morphologies.
We showed also how to use radio images to infer several physical
properties of these Galactic objects. Even for the bubbles that we
were not able to classify, the discovery of their peculiar radio mor-
phology could lead to further investigations and to the discovery
of new shape prototypes. We want to remark that the imaging per-
formance achieved in these targeted observations are about to be
achieved also by several ongoing Galactic surveys used as pathfind-
ers for next generation radio telescopes (e.g. Bihr et al. 2016 with
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VLA or Umana et al. 2015 with the ATCA® and ASKAP'?). This
work shows therefore what kind of information we can expect to
derive on Galactic sources from future radio observations. Recall-
ing the fundamental help of comparing radio maps with IR images,
we highlight also the importance of the synergy with future IR tele-
scopes, above all the James Webb Space Telescope, that will provide
us with images of unprecedented sensitivity and angular resolution
comparable to radio interferometers.
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