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Diagnostics of a nuclear starburst: water and methanol masers
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ABSTRACT

doi:10.1093/mnras/sty3077

We test models of starburst driven outflows using observations of the 22.2 GHz H,O and
36.2 GHz class I CH3OH maser lines. We have observed the starburst galaxy NGC 253 using
the Karl G. Jansky Very Large Array. We present evidence for entrainment of star-forming
dense-molecular gas in the outflow of NGC 253. We also show that H, O masers are associated
with forming super star clusters and not with supernova remnants. We detect four new 36 GHz
CH3;O0H masers in the central kpc and show possible evidence for a star-formation origin of
two class I CH3OH masers. Such high resolution observations are essential for understanding
the origin of these masers.
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radio lines: ISM.

1 INTRODUCTION

Feedback from stars is critical to galaxy evolution in order to slow
down star formation and remove baryons from the galactic disc
(e.g. Hopkins, Quataert & Murray 2012). Galactic winds are one
particular mechanism thought to slow the formation of stars over
cosmic time. They potentially do this by removing large amounts of
molecular gas from the disc of star-forming galaxies, i.e., ejective
feedback (e.g. Somerville & Davé 2015). Starburst driven winds
are a result of feedback in the form of supernovae and stellar winds
(e.g. Veilleux, Cecil & Bland-Hawthorn 2005; Li, Bryan & Ostriker
2017). In this paper we explore the nuclear starburst of the nearby
galaxy NGC 253 using astrophysical H,O and CH;OH masers.

NGC 253 lies at a distance of 3.5 Mpc measured from the plane-
tary nebulae luminosity function (Rekola et al. 2005). It has a total
star-formation rate of 4.2Mc yr~' of which ~50 per cent is con-
centrated in the nuclear starburst (Leroy et al. 2015). The nuclear
region is ~1 kpc in diameter and contains about 90 per cent of the
CO luminosity of the galaxy (Young et al. 1995). The intense star
formation at the centre drives a molecular outflow of ~30 Mg yr!
(Bolatto et al. 2013).

The molecular gas in the central kpc is also highly turbulent as
shown by large line widths of molecular clouds in the central kpc
(Leroy et al. 2015). The clouds are located in an ~1 kpc long molec-
ular bar. The central kpc also hosts a rich spectrum of molecular
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lines at mm and cm wavelengths (e.g. Martin et al. 2006; Meier
et al. 2015; Gorski et al. 2017). These molecular lines are useful
tracers of physical conditions in the molecular interstellar medium
(ISM). Utilizing the ALMA 3 mm band, Meier et al. (2015) de-
tect 50 different spectral lines towards the central kpc of NGC 253
that are used to identify different conditions from photon domi-
nated regions (PDRs), strong and weak shocks, and gas densities
and opacities. NGC 253 is the prototypical starburst used for high-
redshift studies. The proximity of NGC 253 makes detailed studies
of its galactic wind and nuclear starburst possible. Westmoquette
etal. (2011) model the approaching (southern) side of the bi-conical
H o emitting outflow with a frustum (truncated cone) aligned along
the minor axis of the galaxy and with an opening angle of 60°. They
determine that at its greatest height above the disc the H « cone has
a diameter of ~1 kpc and a recessional velocity of a few 100 kms~!
relative to the systemic velocity for NGC 253 (234 km s~!; Whiting
1999). Strickland et al. (2000, 2002) studied the X-ray and H & emis-
sion from the nuclear starburst of NGC 253. From their analysis,
they propose four models that can give rise to the outflow mor-
phology seen in X-ray and H« emission (see fig. 11 in Strickland
et al. 2002). They predict various degrees of entrainment of mate-
rial from the disc. Model (a) shows an interaction of hot outflowing
gas with cool ambient halo clouds. These cool clouds come from
accretion of primordial material or gas ejected as galactic fountains
(Norman & Ikeuchi 1989). Models (b) and (c) imply entrainment
of dense gas from the disc with differences in the properties of
the X-ray emitting gas. (b) shows sheaths of X-ray emitting mate-
rial around dense cloud cores, whereas (c) shows a shell of X-ray
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emitting gas encompassing the entire outflow. In the last model, (d),
the hot outflow interacts with the galactic disc and generates a shell
of cooler shocked material around the hot ionized outflow. If there
is entrained star-forming gas it may be traced by maser emission
as tentatively shown by H,O masers extended along the axis of the
outflow as reported by Gorski et al. (2017). This would support
models (b) and (c) of Strickland et al. (2002) indicating entrained
gas from the disc. Sites where the hot ionized outflow is collimated
out of the disc may be traced by CH3;OH masers (Ellingsen et al.
2014) supporting model (d) of Strickland et al. (2002).

In this paper we focus on H,O and CH3OH masers as diagnostic
tools for studying the nuclear starburst and outflow in NGC 253.
Gorski et al. (2017) detect 17 spectral lines of which they focus on
three species: HyO 616 — 523 (22.2 GHz), the metastable NH3(J = K)
lines (23.6945—27.4779 GHz), and CH;0H 4, — 3, E (36.2 GHz).
H,O0 6,4 — 5,3 and CH3;0H 4, — 3 E are well-known maser lines.
Masers provide a unique opportunity to probe star-forming envi-
ronments. Gorski et al. (2017) showed evidence for H,O maser
emission along the axis of the hot ionized outflow. They also re-
solved the first extra galactic 36 GHz CH3OH masers from Ellingsen
et al. (2014) into five, unusually luminous sources at the edges of
the molecular bar.

The 22 GHz H,0 line requires dense gas >107 cm~2 and kinetic
temperatures > 300K to mase if it is collisionally pumped. The
line can also be radiatively pumped with background infrared radi-
ation with temperatures of ~1000K (Gray et al. 2016). 22 GHz
water masers are classified into three groups: the stellar class
(L < 0.1L@), kilomasers (0.1Le < L < 1L), and megamasers
(L > 20L¢) (see Hagiwara et al. 2001 for a description of this
nomenclature). The stellar and kilomaser classes are mostly asso-
ciated with star formation (e.g. Hagiwara et al. 2001; Walsh et al.
2011; Tarchi 2012). Walsh et al. (2011) estimate that 90 per cent of
these stellar class water masers are associated with high-mass star
formation (Young Stellar Objects, YSOs) and the other 10 per cent
associated with either low-mass star formation or evolved stars.
Their survey is sensitivity limited with 50 per cent completeness at
a flux limit of 5.5 Jy. We will use the 22 GHz H,O maser as a sign
of intense star formation and hot shocked gas in our analysis of
NGC 253’s nuclear starburst and outflow.

CH3;OH masers are divided into two classes defined by their
pumping schemes. Class I is collisionally pumped, such as the
36 GHz transition, and class Il is radiatively pumped (Menten 1991).
These masers trace shocks and dense gas >10* cm™ (Pratap et al.
2008). The first detection of 36 GHz CH3OH masers in the extra-
galactic context was by Ellingsen et al. (2014) in NGC 253. To date
there have been detections in five galaxies other than the Milky
Way: NGC 253 (Ellingsen et al. 2014), Arp220 (Chen et al. 2015),
NGC 4945 (McCarthy et al. 2017), IC 342, and NGC 6946 (Gorski
et al. 2018). The morphology of the 36 GHz CH3OH emission in
NGC 253 and IC 342 is similar to that of the HNCO molecule a
weak shock tracer (Gorski et al. 2017, 2018). Ellingsen et al. (2017)
and McCarthy et al. (2017) interpret the emission as coming from
large-scale flows resulting in cloud—cloud collisions in NGC 253
and NGC 4945. Here we use the 36 GHz CH30OH maser as a tracer
of shocks where the molecular outflow meets the disc in NGC 253.

In Section 2, we describe our observations and methods for de-
tecting masers. Section 3, we report the measurements of H,O and
CH;OH masers in the nuclear region and outflow of NGC 253. In
Section 4, we discuss the detected maser luminosities, positions,
and velocities as relevant to models by Strickland et al. (2002) and
forming super star clusters (SSCs) from Leroy et al. (2018). Lastly,
in Section 5 we summarize our findings.

Table 1. CH3OH cube centres.

RA (J2000) Dec. (J2000)

0047"33.890° —25°17'13/350
0047"33.043° —25°17'18/357
0047"32.090° —25°17'25/573

2 METHODS AND OBSERVATIONS

2.1 Observations

We have acquired Karl G. Jansky Very Large Array (VLA)! ob-
servations of the nuclear starburst of NGC 253 (Project code: 16B-
337). The VLA was in A configuration. We targeted the 22.2 GHz
H,O and 36.2 GHz CH;OH maser lines. For the 22 GHz obser-
vations we acquired 2h 40 min of integration time on source and
1h 30 min for the 36 GHz observations. To observe the H,O line
we centred a 64 MHz wide sub-band at 22.216 GHz with 4096
channels (15.6kHz or 0.21 kms~' per channel). For the CH;OH
line we centred a 128 MHz wide sub-band at 36.130 GHz with
6144 channels (20.8 kHz or 0.17 km s~! per channel). We also ac-
quired 1 GHz of continuum bandwidth centred at 33.5 GHz with
1.0MHz (8.9 kms™!) channel widths. The data were calibrated in
CASA 4.7.1 (McMullin et al. 2007) using the CASA scripted pipeline
version 1.3.9.2 We observed 3C48 as the flux density calibrator,
J22534-1608 as the bandpass calibrator, and J0120—2701 as the
complex gain calibrator. We then self-calibrated the data in phase
only using a continuum image made from line-free channels. All the
image cubes were CLEANed to 30 rms noise with natural weight-
ing. All velocities are in the LSRK frame unless stated otherwise.
All positions are relative to the phase tracking centre (J0210—2701)
with an uncertainty of 0.002 arcsec RA: 01" 20" 31.663334° Dec.:
—27°01'247652570 . The final rms of the 33.5 GHz continuum im-
age is 0.02 mJy beam~'. The rms of the image cubes is discussed
in the Section 2.2.

For H,O, we have imaged the entire primary beam out to the
half power width (~1.5 arcmin in diameter). We did this to capture
potential masers at large heights above the disc of NGC 253. Due
to the large data sizes we could not image the entire primary beam
in one image cube. We made 25 image cubes with dimensions
of 800pix x 800pix x 1640 channels. We smoothed the image
cubes to a common spatial resolution of 0.23 x 0.13 arcsec with a
position angle (PA) 20° east of north. The image cubes were made
with 0.03 arcsec pixels. We binned the spectral axis to a spectral
resolution of 0.5 kms~!.

For CH30H, we made three image cubes with 0.015 arcsec pixels.
We did not search the entire primary beam, because in the ~100 pc
resolution observations from Gorski et al. (2017) there are no ob-
served masers with anomalous velocities or positions relative to the
molecular bar (Ellingsen et al. 2014 and Gorski et al. 2017). Each
image cube is 1200 pix x 1200 pix x 500 channels. Their centres
are listed in Table 1.

These locations are chosen to cover the five CH;OH masers from
Gorski et al. (2017) and the central molecular zone. We smoothed
the image cubes to a common beam size with an angular resolution

The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.
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Figure 1. The top panel shows the distribution of pixel values in a maser
free channel in a 22 GHz image cube using 200 bins. The red line shows
the Gaussian fit to the negative half of the data. The fit is extended to the
positive half. The peak is centred at 1.2 x 10~°Jy and ¢ = 1.3mJy. The
bottom two panels show the per cent difference of the data and the Gaussian
fit.

of 0.13 x 0.10arcsec and a PA of 6° east of north, and binned
the velocity axis to a resolution of 1kms~'. We also generated
a continuum image of the central kpc centred at 33.5 GHz with
bandwidth of 1 GHz, a native resolution of 0.096 x 0.045 arcsec,
and a PA of 2.1°.

2.2 Maser identification

Finding masers over large areas of sky is a question of how many
real sources can be reliably identified without claiming spurious
sources as real ones. Walsh et al. (2012) have provided a method
for detecting galactic masers in the H,O Southern Galactic Plane
Survey (HOPS). They use a combination of visual inspection and
the source finding algorithm DUCHAMP? (Whiting 2012). We use a
slightly different version of Walsh et al. (2012)’s detection method,
modified for our data set.

As narrow masers (<0.5kms™!) can appear almost identical to
spurious noise we first measure the rms of the image cube from
the negative fluxes. This provides us with a meaningful way to
quantify the quality of the data without accidentally including real
sources or misidentifying real sources as noise. From the image
cube we extracted a histogram of pixel values ignoring 10 per cent
of channels at the band. We fit a Gaussian to the negative half of
the distribution of pixel values in each channel. Fig. 1 shows the fit
extended to the positive half of the distribution for a single channel.
The standard deviation in the H,O cubes is measured from the
FWHM and has an average value of 1.3 & 0.1 mJy beam~! across
all channels. The uncertainty is measured from the minimum and
maximum values from all channels. Notably the absolute minimum
value from the negative pixels over all channels is —8.8 mJy beam™!
or —6.50. This will be relevant for detection criteria later. For the
CH;OH data cubes the standard deviation is 1.5 & 0.1 mJy beam ™"

Masers in the Milky Way are mostly point sources (Walsh et al.
2014). At the distance of NGC 253 we therefore do not expect any
spatially resolved sources given our resolution of ~4 pc. This means

3https://www.atnf.csiro.au/people/Matthew. Whiting/Duchamp/
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we assume all sources in our data should appear beam shaped.
We now consider two cases. The first case is where the maser is
spectrally resolved or partially spectrally resolved. The second case
is where the maser is completely spectrally unresolved resulting in
a single bright channel.

In the spectrally resolved or partially-spectrally resolved case we
impose the condition that the maser must appear in three or more
channels and have a peak flux density of at least So with two 3o
adjacent channels. The number of pixels in the area sustained by
the half power of the synthesized beam is ~38 pixels. A 50 point
source convolved with a Gaussian 38 pixel beam will fill ~27 pixels
above 30. We therefore impose the condition that the source must
fill at least 27 pixels in the brightest channel above 3¢ and at least 45
voxels (a voxel is 1 spatial pixel by 1 spectral pixel). The condition
of 45 voxels is chosen because we expect a 30 source to fill ~9
pixels above 2.50, and we expect ~1 source over all 25 image
cubes with a 5o bright channel adjacent to two 3o channels. This
setup provided us with 10’s of sources per image cube that could be
visually inspected.

In the totally spectrally unresolved case we have two subsets
of criteria. Either may be satisfied to be considered a spectrally
unresolved source. First, because there are no negative fluxes below
—6.50, we consider any positive pixel with a value above 6.5¢ as a
candidate source. The source must also consist of at least 38 pixels
(the beam area) with values greater than 30. This is because a 6.5¢0
source convolved with a Gaussian beam fills at least 38 pixels above
30 and a spurious bright pixel will not. This is slightly different
from Walsh et al. (2012) where they chose a peak flux density value
of 8¢. We do not impose any condition on the PA. Secondly, we
choose sources with peak flux densities >60 and consisting of 38
pixels >30, We chose a >60 limit as we expect ~1 source in
the entire primary beam and entire spectral bandwidth should the
noise be well described by a Gaussian. We do this by counting
the number of beams, not pixels, in the image as interferometer
noise is correlated (Greisen 2002). We include the criterion that a
detected source must have a Gaussian fit with the same PA as the
synthesized beam. From our results in Section 3, we determine the
range of acceptable PAs to be 20.0 £ 7.8°. The uncertainty in PA
is determined from the maximum deflection from 20° of the four
sources we detect with peak fluxes >6.5¢. This is a new constraint
we impose, compared to Walsh et al. (2012).

The program DUCHAMP was run twice on the same image cube:
once looking for spectrally resolved or partially resolved sources,
and a second time looking for spectrally unresolved sources using
the constraints defined above. Each list of sources was then visually
inspected to eliminate any spurious detections (e.g. groups of pixels
with irregular borders; figs 2 and 3 from Walsh et al. 2012). What
remains we consider a detection of a maser.

3 RESULTS

3.1 H,O0 masers

We have identified 13 spatially resolved locations with H, O masers
in NGC 253. These locations are plotted in Fig. 2. The maser veloc-
ities span a range from 8 to 347 kms~!. We colour code the masers
according to their velocities. Masers identified in green have veloc-
ities between 170 and 300 km s~! consistent with the molecular bar
(e.g. Leroy et al. 2013; Gorski et al. 2017). Velocities <170 kms™!
are plotted in blue and velocities >300kms~! are plotted in red.
We have detected the nuclear kilomaser (e.g. Henkel et al. 2004;
Brunthaler et al. 2009; Gorski et al. 2017; W1 in Gorski et al. 2017),
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Figure 2. Positions of the 13 H,O masers we have detected in NGC 253. In both panels we show ~4 arcsec resolution 60, 120, 240, and 480 Jy beam™! kms~!
contours of '2CO (1 — 0) from Bolatto et al. (2013). The bright kilomaser W1 is indicated by the star. Masers with velocities consistent with the molecular
bar (170—300km s~ ') are plotted in green. Masers redshifted and blueshifted with respect to the molecular bar are respectively plotted in red and blue. Left:
Shows IRAC 8 um image (Dale et al. 2009) of the central ~1500 pc of NGC 253. The box shows the region in the right-hand panel. Right: The nuclear 300 pc

with the HST WFPC2 H « map from Watson et al. (1996).

indicated by a star-sign in Fig. 2, and 12 other stellar class masers.
Eight of these masers lie along the molecular bar, with one spatially
displaced ~3.2arcsec (54 pc) to the south-east of the molecular
bar, and three in other locations in the disc (Fig. 2). We show the
spectrum of each maser in Fig. 3 except W1, the bright kilomaser,
which is shown in Fig. 4. In the cases where the line is resolved
we fit the spectrum with a Gaussian. Fluxes and flux densities are
corrected for the primary beam attenuation. The maser properties
are recorded in Table 2. All the sources have been given a num-
ber, except W1, and we have named the sources according to the
International Astronomical Union specifications (Lortet, Borde &
Ochsenbein 1994). Generally the primary beam correction is small,
< 1 per cent, however for the three masers not in the nuclear star-
burst it can be as high as 40 per cent. The spectrum of the nuclear
kilomaser, W1, could not be fit with a simple Gaussian or combina-
tion of Gaussians. The spectrum of W1 shows many velocity com-
ponents spanning ~170kms~!. We estimated the total integrated
flux of W1 by making an integrated flux map excluding 10 per cent
of the channels at the edge of the sub-band. The total integrated flux
is 3.60 & 0.05Jy kms~! for a luminosity of 1.02 + 0.01 Lo.

3.2 CH;OH masers

We detect seven compact masers at the locations of M2, M3,
and M5 from Gorski et al. (2017) or MM6, MM4, or MM1 in
Ellingsen et al. (2017), respectively, and one new maser. Four of
these sources were not detected by Chen etal. (2018). With an rms of
20 mJy beam~' kms~! (channel width of 8.3kms™") it is unlikely
that they would have detected the fainter sources. The locations of
all the CH3OH masers are shown in Fig. 5. The extracted spectra
are shown in Fig. 6 and the properties are listed in Table 3.

The total integrated CH3;OH flux from Ellingsen et al. (2014)
is 5.8 Jykms~! whereas we have measured ~0.435Jy kms~!. The
Ellingsen et al. (2014) observations have an rms noise per chan-
nel <0.8 mJybeam™!, a synthesized beam of 8.0 x 4.2 arcsec, and
minimum and maximum baselines of 61 and 192 m, respectively.
This means 92 per cent of the flux is resolved out on ~0.1 arcsec
scales if these masers are not variable. If all the emission is from
compact maser sites, we would expect to recover all the flux, so

this low percentage suggests most of the emission from Ellingsen
et al. (2014) may be thermal and spatially extended, or there is rel-
atively diffuse maser emission as in Galactic star-forming regions
like the W3(OH) region. Menten et al. (1992) and Harvey-Smith &
Cohen (2006) show maser emission over two orders of magnitude in
spatial scale, from ~0.1-0.001 arcsec, in the W3(OH) region. The
brightness temperatures constrain this issue somewhat. We detect
a range of peak flux density values in the range 1.1-16.5mly or
brightness temperatures of approximately 60—1500 K. The molec-
ular gas is estimated to have two temperature components, a cool
57 + 4K component and a warm 134 £ 8 K component (Gorski
et al. 2017). It is possible that the less luminous sources could
be thermal emission, though as these sources are unresolved, the
brightness temperatures are lower limits. In general the measured
properties of the CH;OH masers are in good agreement with Chen
et al. (2018).

4 DISCUSSION

We detect 13 water masers in NGC 253: 12 stellar class masers and
one kilomaser. We also detect eight class I CH;OH 36 GHz masers.
We will interpret these results using models from Strickland et al.
(2002) that describe the relationship between the nuclear starburst
and the outflow. We also discuss the association of H,O masers with
compact radio sources and forming SSCs described in Leroy et al.
(2018).

4.1 H,0 masers and the outflow

All the H,O masers we have detected have a luminosity <0.1Lg
classifying them as stellar class masers with the exception of the
nuclear kilomaser W1. Palagi et al. (1993) suggest that the maxi-
mum luminosity of evolved-star water masers is ~107* L, hence
all our detected masers are likely star formation related. Gorski et al.
(2017) showed possible evidence of an H,O maser extension along
the minor axis of the galaxy. This suggested either a jet (e.g. Peck
et al. 2003) from an active galactic nucleus (AGN) or entrained
star-forming material in the outflow. In the subarcsecond resolu-
tion observations we provide in this paper we do not see masers
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Figure 3. Spectra of the 12 stellar class H,O masers detected besides W1 (the nuclear kilomaser). The spectral resolution is 0.5kms~!. The coordinates of
each maser is shown in the upper left corner of each panel. The spectra are colour coded as in Fig. 2. These spectra are not primary beam corrected.

organized along the minor axis of the galaxy in a jet like extension
suggested in Gorski et al. (2017). Their extension is likely an arte-
fact resulting from generating a super-resolved image cube. This
reinforces the picture that NGC 253’s nuclear environment has a
pure starburst nature (Brunthaler et al. 2009).

From Leroy et al. (2013) and Gorski et al. (2017) we see that the
molecular gas in the central 300 pc, which is associated with the
molecular bar, has velocities in the range of ~170—300 km s~ In
Fig. 2 we colour code masers with these velocities. Four of the nine
masers in the nuclear 300 pc have velocities inconsistent with the
molecular bar. Westmoquette et al. (2011) show that the south-east
hot ionized outflow has velocities ~100 4 50kms~! blueshifted
with respect to the systemic velocity of NGC 253. The redshifted
side, which is pointed away from the observer, was not detected.
It is likely obscured by the foreground disc. Masers with velocities
of 35—185kms~! could be associated with the ionized outflow. As

MNRAS 483, 5434-5443 (2019)

a precaution we only consider masers with velocities <170 km s~!

to be part of the ionized outflow as this velocity range does not
overlap with the molecular bar. W1 and three other stellar H,O
masers are in this range. The H,O sources 2 and 5 do not lie in
the molecular bar but to the south-east of the nuclear starburst. It
is important to note that water masers often have velocities offset
from the systemic velocity of their associated system. In the Milky
Way the largest offset is ~100kms~! (Titmarsh et al. 2013), but
the strongest emission is within 10km s~ of the systemic velocity
of the system (Breen & Ellingsen 2011).

We interpret the velocities and positions of the H,O masers to
indicate entrainment of star-forming molecular gas in the hot ion-
ized outflow of NGC 253. This supports models (b) and (c) from
Strickland et al. (2002) that show entrainment of the ISM from the
disc. The redshifted masers, H,O 8 and 10, would represent the
receding side of the outflow in this picture. The receding outflow
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Figure 4. Spectrum of the nuclear kilomaser W1. It shows many velocity
components. Its position is shown in the upper left corner.

is difficult to observe in the centre of the galaxy because optical,
ultraviolet, and X-ray observations are obscured by the disc. Bolatto
et al. (2013) measure the velocity of the receding outflow to have
velocities of ~240-400kms~' from '>CO(J = 1 — 0) emission,
consistent with the velocity of H,O source 8.

The nuclear kilomaser, W1, shows an increase in luminosity from
0.67 Ly from Gorski et al. (2017) to 1.0 Ly a per cent 42 increase.
The features Wlc and W3 in Gorski et al. (2017) were not detected.
The W2 feature appeared in Gorski et al. (2017) as a broad faint
feature with several possible sources. Here we present many narrow
spectral features within 100 km of W2. Though we do not see any
sources related to the peaks in W2 from Gorski et al. (2017). This is
unsurprising as water masers are notoriously variable and can vary
on time-scales of days, weeks, or months (e.g. Braatz, Wilson &
Henkel 1996; Claussen et al. 1996; Felli et al. 2007; Breen et al.
2013). This shows that there are many variable water masers in the
nuclear region of NGC 253.

Table 2. Stellar-class H;O maser properties.

Figure 5. Positions of the eight CH;OH masers we have detected in
NGC 253. The grey-scale image shows ~4 arcsec resolution '2CO (1 — 0)
emission from Bolatto et al. (2013). The magenta contours show the VLA
compact configuration (D-configuration) CH3OH emission from Gorski
et al. (2017). The contour levels are 10, 20, 40, and 80 mJy beam™ ! km*~!.
Masers detected in this paper are shown as plus signs.

4.2 Super star clusters and supernovae

Five water masers are spatially coincident, within 0.23 arcsec, or one
VLA synthesized beam width at 22 GHz, with SSCs. Leroy et al.
(2018) have identified 14 candidate SSCs with stellar and gas masses
210° M in the central 200 pc of NGC 253. They accomplished this
by comparing 350 GHz with 36 GHz continuum emission. They
estimated dynamical masses from the widths of the CS (7 — 6)
and HCN(4 — 3) lines, and the stellar masses from the ionizing
photon rate (Murphy et al. 2011; Leitherer et al. 1999). Of these
14 sources, numbers 3, 6, 9, 11, and 14 from Leroy et al. (2018)
have associated stellar class H,O maser emission indicating strong
star formation. H,O source 11 is closest to the nuclear kilomaser
suggesting particularly strong star formation at this location. Fig. 7
shows the location of the SSCs relative to our water masers, and
supernova remnants (SNRs) and H 1 regions from Ulvestad &
Antonucci (1997).

‘While not all the radio continuum sources show H,O maser emis-
sion, only sources identified as H It regions in Ulvestad & Antonucci
(1997) show H,O maser emission within one synthesized beam

# Name RA (J2000) Dec. (J2000) f Sdv VLSRK VEWHM Speak Luminosity
0047 -25°17 (mlykms™")  (kms™h (kms™!) (mly) 1073 Ly
1 WM 004734.9-251657.4 34.915° 16577412 54+ 1.6 2115 <0.5 1.1£16 15204
2 WM 004733.7-251808.0 33.787¢ 1887031 72 +£22 8.0 <05 144 £ 22 2.1 + 06
3 WM 004733.5-251713.7 33.557° 137769 121 £18 1722 +£01 1.6 +03 74+ 10 34 £05
4 WM 004733.2-251715.4 33.296* 157449 79+ 15 1745£01 11+03  68+13 23 + 04
5 WM 004733.2-251720.6 33.288° 207699 6.4 £ 1.1 719 £01  08+02 79+ 15 1.8 £+ 0.3
6 WM 004733.2-251715.6 33.284¢ 157610 342445  2185+£07 105417  3.0+04 97 13
Wi WM 004733.1-251717.5 33.168° 177469 3.60 £ 0.05 116.0 & 0.1 - 852 £ 1.3 1.02 + 0.01
7 WM 004733.1-251718.0 33.113¢ 187089 166 £ 1.7 1570 £0.1  15+02 105+ LI 47+£05
8 WM 004733.0-251717.6 33.076° 177669 254 £28 34704+ 02 39+£05 6107 7.2 £ 0.8
9 WM 004733.0-251719.4 33.001° 197496 103 +£16 2074 +£01 134£02 75+ 11 29 £ 05
10 WM 004732.8-251721.1 32.836° 217089 107 £ 16 3108 £01  134£02 81 +£12 3.0 £ 05
11 WM 004732.8-251721.0 32.833° 217039 123 +£ 17 2946 +£01 14+02  84+£12 3.5£05
12 WM 004732.0-251652.3 32.052¢ 16/52/355 52+ 15 265.5 <05 104 £ 15 15+ 04

The typical positional uncertainty is 0.02 arcsec.

MNRAS 483, 5434-5443 (2019)


hwerkman
Sticky Note
None set by hwerkman

hwerkman
Sticky Note
MigrationNone set by hwerkman

hwerkman
Sticky Note
Unmarked set by hwerkman


5440 M. D. Gorski et al.

5 I I I I 8 I I I I
4 | e0ona7m3ssers . 6 | ooons7mss.eses s
3 5:-25°17713.35"" 5:-25°17713.465"
5 4
1 2
0
1 0
_2 | | | | |
8 100 150 200 250 100 150 200 250
6 a:00h47m3I3.931s I I . _I Z B a:00h47rlr133.6833 I I 2|:
§:-25°17/11.141" 3 §:-25°17/13.405"
4 2
2 1
0 0
-1
—2 ! ! ! ] —2 ! ! ! !
8 150 200 250 300 4 150 200 250 300
I I I I I I I I
6L a':00h4017m131.8783” s | 3 a':00h4017m,33.337s” 5 -
51 -25°17729.322 . -25°17/18.545
4L 1 2
1
ar FE
0 -1
2L ! ! ! 1 2L ! ! ! L

250 300 350 400

I I
:00h47m31.942s
§:-25°17/29.155"/

250 300 350 400
| | |

|
:00h47m31.969s
10 L o -25°17729.142”

—
ot

N — O DN W s Ot

250 300 350 400 300 350 400 450
Velocity (km/s)

Flux Density (mJy/beam)

Figure 6. Spectra of the eight class I CH3OH masers detected. Their coordinates are shown in the upper left corner of each panel. These spectra are not
primary beam corrected.

Table 3. CH3OH maser properties.

# Name Label® RA (J2000)  Dec. (J2000) f Sdv VLSRK VEwnMm Speak Luminosity
00"47™ -25°17  (mlykms™")  (kms™h) (kms™") (mly) 1073 L
1 MM 004733.93-251711.14 ~ MM6 33.931¢ 117141 384 £34 204004 91+10 38+£04 176%15
2 MM 004733.68-251713.40 - 33.683 137405 171 £33 2095+ 1.0 103+£25 1.6+03 79+16
32 MMO004733.65-251713.45  MM4 33.658° 137456 1165 £207 2072+ 17 314 £56 49+04 539+096
3b MM4 33.658° 137456 824 £ 103 1893 £ 05 128+ 1.6 82409 367 +47
4 MM 004733.57-251713.35 - 33.579¢ 137350 372 +£47 1683 £ 12 189 +29 17+£02 172422
5 MM 004733.33-251718.54 - 33337 187545 201 £38 3154+£16 170+39 1.14£02 93+ 18
6a  MMO004731.96-251729.14 ~ MM2 31.969¢ 297142 437 £ 111 3484 £08 103 +£20 41£07 202=+57
6b MM2 31.969* 29142 194 + 1.8 3535 <10 194+ 1.7 <89 +038
7 MM 004731.94-251729.15  MMI 31.942¢ 297155 458 £ 67 3303 +£20 266+£47 1.6£02 249 £3.1
8 MM 004731.87-251729.32 - 31.878° 297322 148 £21 3090+02 28+05 51£12 68+ 10

“Ellingsen et al. 2017.
The typical positional uncertainty is 0.02 arcsec.

width. Fig. 7 shows the 33.5 GHz continuum image. At these fre- etal. 2011, 2018). Continuum sources with spectral index o« < —0.4
quencies the radio continuum is dominated by free—free emission (S o v™¥) in Ulvestad & Antonucci (1997) show no water maser
that is a result of ionizing radiation from young stars, and it has emission. This is similar to Milky Way studies (e.g. Claussen et al.
a relatively flat spectral index (~0.2; e.g. Condon 1992; Murphy 1999; Woodall & Gray 2007) that show that the shocks in SNRs
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Figure 7. The 33.5 GHz continuum image. The contours show intervals of 3, 9, and 24 times 23 uJy beam~!. H II regions and SNRs from Ulvestad &
Antonucci (1997) are respectively labelled with squares and diamonds. SSCs from Leroy et al. (2018) are indicated by stars and H,O masers by circles.

do not excite the H,O maser line. Claussen et al. (1999) suggest
that unusually high densities (>10° cm~) or shock velocities (v,
> 50kms~!) could potentially excite water masers. This is consis-
tent with what we know of the molecular clouds in NGC 253. The
density of the molecular clouds is ny, ~ 2000 cm~> (Leroy et al.
2015) or ng, ~ 10*3 cm™ (Meier et al. 2015) in the denser regions.
They are likely not dense enough for the excitation of 22 GHz H,O
masers via interaction with SNR.

H,0 masers are variable, thus we would not necessarily expect
H, O maser detections to be associated with all SSC candidates. For
example we do not detect the maser W3 from Gorski et al. (2017);
however, we detect H,O~? from Henkel et al. (2004) with a flux of
12.1 4 1.8 mJy kms~'. This maser was not detected in Gorski et al.
(2017) indicating an increase in brightness between 2013 and 2016,
but an ~90 per cent decrease since it was first detected in 2002. Our
results reinforce the interpretation of the emission from NGC253
as due to the starburst and not an AGN, and show that monitoring
of maser sites in the nucleus could reveal more sites of intense star
formation.

4.3 CH;OH masers

Chen et al. (2018) showed that the compact 36 GHz CH3OH sources
are mostly masers with brightness temperatures of ~1000 K. How-
ever, most of the emission is resolved out in subarcsecond-resolution
interferometric observations.

In the Milky Way surveys of class | CH3OH masers, where SNRs
interact with molecular clouds (e.g. Pihlstrom et al. 2014; McEwen,
Sjouwerman & Pihlstrom 2016), are revealed to have linewidths
of ~1 kms~!. Typical class I stellar CH;OH masers have FWHMs
~0.5km s~ (Voronkov et al. 2014). All of our linewidths are greater

than 1kms~! with the exception of the bright component MM 6a
(Ellingsen et al. 2017; MM1) at a velocity of 353.5kms~!. This
suggests either a potentially different origin for most of our sources
or we are averaging over many sources in the ~2 pc sythensized
beam. Ellingsen et al. (2017) compare the 36 GHz CH3;OH maser
with 44.1 GHz CH3OH maser. In both cases the luminosity is much
greater than what would be expected, for high-mass star formation.
Due to the proximity of the CH3;OH masers to the inner Limblad res-
onances, Ellingsen et al. (2017) claim that the emission is generated
through cloud—cloud collisions. Our results are mostly consistent
with this interpretation. The exception is the source MM 6a which is
likely stellar in origin as the line is unresolved (Vewmy < 1 kms™").
Leurini, Menten & Walmsley (2016) estimate that class | CH;OH
masers should not vary in brightness on time-scales of ~15 yr should
the maser be saturated. The maser spot has a size of ~100 au, and
a shock velocity of ~30kms. The time between the observations
presented in Chen et al. (2018) (2015 August) and this paper (2016
October) is ~1 yr. Of the four masers detected in Chen et al. (2018)
we measure the same fluxes within the uncertainties. Half of our
masers would be too weak to detect with their sensitivity, so it is
unknown if they are variable. The time between the observations
from Gorski et al. (2017) and this paper’s observations is ~3 yr,
but the two sets of observations are in different array configurations
meaning different spatial frequencies were sampled. This makes
determining variability impossible as most emission is resolved
out. However as the scale of the emission is >>100 au, we would not
expect any maser variability unless the masers are not saturated.
There is a dearth of CH;0OH maser emission within the central
300 pc of NGC 253. The one maser we detect in this region is fairly
weak with a peak flux density of 1.1 mJy. Itis possible that this is be-
cause the density of molecular gas rises in the galaxy centre (Leroy
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et al. 2015) and CH3OH maser emission could be quenched at den-
sities >10% cm™ (e.g. Menten 1991; McEwen, Pihlstrém & Sjouw-
erman 2014). CH3;0H source 5 may be an isolated star-forming
region obscured by dust, or a spurious site of lower density. It is
also possible that methanol is depleted due to a stronger ultraviolet
radiation field.

Ellingsen et al. (2014) suggest that the sites of the 36 GHz
methanol masers indicate the edges of the molecular outflow. This
could provide evidence for model (d) of Strickland et al. (2002)
showing sites of swept up molecular gas or collimation sites of
the outflow. The west group of methanol masers has velocities
~300—350kms~! and the east has velocities ~170—210kms~".
These velocities are more consistent with the molecular bar and
molecular outflow (east: 40— 140 km s~!, west: 70—250 km s~!; Bo-
latto et al. 2013), than that of the hot-ionized outflow (<170kms™!;
Westmoquette et al. 2011). We do not observe any obvious
indication that these are related to the molecular outflow of
NGC 253.

5 SUMMARY

We have presented subarcsecond observations of the 22 GHz H,O
maser and 36 GHz CH3;OH maser of the nuclear starburst in
NGC 253. We have interpreted the results through the models of
outflows in Strickland et al. (2002) and compared to the formation
of SSCs of Leroy et al. (2018). We have found the following:

(i) We have detected 13 water masers in NGC 253 and provided
evidence for entrainment of dense star-forming material in the hot
ionized outflow of NGC 253. The minor axis extension of H,O
maser emission from Gorski et al. (2017) is not related to an AGN.
This was inferred from the lack of an extended structure and detec-
tion of only discrete sites of maser emission.

(i1) We have shown that H,O masers are positionally associated
with sites of strong star formation, and possible SSC formation, but
not with SNRs. The nuclear kilomaser is associated with a forming
SSC.

(iii) We detected eight sites with 36 GHz CH3OH maser emis-
sion. These sites are located at the edges of the molecular bar. They
are unusually luminous compared to CH; OH masers in star-forming
regions. We are in agreement with Chen et al. (2018) that cloud—
cloud collisions are the likely sources of these masers. It is possible
that these are collimation sites of the galactic wind; however, the
orientation of NGC 253 makes this very difficult to determine. We
detect one weak CH3OH maser in the centre of NGC 253, and a
narrow spectral component towards MM 6a suggesting a possible
star-formation origin.

The detection of star-forming dense molecular gas with velocities
peculiar to the molecular bar provides evidence for the Strickland
et al. (2002) models of outflows that entrain dense gas from the
disc. The detection of water masers shows that that the entrained
gas can form stars. From our CH3;OH maser observations we can-
not rule out the model where gas is swept up from the disc gen-
erating a cool shell around the hot ionized outflow. It is possible
that neither of these models completely describe galactic winds.
Bolatto et al. (2013) show ample evidence for a cool molecular
shell about the hot ionized outflow. Therefore combined models
of entrained star-forming gas and swept up cool molecular shells
more accurately describe the outflow process than either model
independently.
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