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Abstract
We present Karl G. Jansky Very Large Array molecular line observations of the nearby starburst galaxy NGC 253,
from SWAN, theSurvey of Water and Ammonia in Nearby galaxies.SWAN is a molecular line survey at
centimeter wavelengths designed to reveal the physical conditions of star-forming gas over a range of star-forming
galaxies. NGC 253 has been observed in four 1 GHz bands from 21 to 36 GHz at 6″∼100 pc) spatial and
3.5 km s−1 spectral resolution. In total we detect 19 transitions from 7 molecular and atomic species. We have
targeted the metastable inversion transitions of ammonia (NH3) from (1, 1) to (5, 5) and the (9, 9) line, the
22.2 GHz water (H2O) (616 –523) maser, and the 36.1 GHz methanol (CH3OH) (4-1–30 ) maser. Using NH3 as a
thermometer, we present evidence for uniform heating over the central kpc of NGC 253. The molecular gas is best
described by a two kinetic temperature model with a warm 130 K and a cooler 57 K component. A comparison of
these observations with previous ALMA results suggests that the molecular gas is not heated in photon-dominated
regions or shocks. It is possible that the gas is heated by turbulence or cosmic rays. In the galaxy center we ﬁnd
evidence for NH3(3, 3) masers. Furthermore, we present velocities and luminosities of three water maser features
related to the nuclear starburst. We partially resolve CH3OH masers seen at the edges of the bright molecular
emission, which coincides with expanding molecular superbubbles. This suggests that the masers are pumped by
weak shocks in the bubble surfaces.
Key words: galaxies: individual (NGC 253) – galaxies: ISM – galaxies: nuclei – galaxies: starburst –
ISM: molecules – radio lines: galaxies
Hopkins et al. (2012) and Hopkins et al. (2014) show that
these different feedback effects compound in a nonlinear way
and that no single feedback process dominates the star-forming
ISM. Additionally, the environment in which star-forming
material exists may play a critical role in its properties.
Therefore, observational constraints are necessary to reﬁne the
subgrid physics within the theoretical models on the appropriate scales.
Nearby galaxies provide access to scales of tens of pc where
observations can reveal how feedback operates. Many studies
have examineddifferent aspects of feedback. For example, in
NGC 253, Strickland et al. (2002) and Westmoquette et al.
(2011) discuss the X-ray and ionized gas properties of a
starburst-driven outﬂow, respectively. Studies of NH3, such as
those by Ott et al. (2005), Lebrón et al. (2011), and Mangum
et al. (2013), reveal heating and cooling of the molecular ISM.
In addition, other molecular tracers reveal shocks, photondominated regions (PDRs), masses, lengths, and timescales
associated with star formation(e.g., Leroy et al. 2015; Meier
et al. 2015).
The Survey of Water and Ammonia in Nearby galaxies
(SWAN) is a survey of molecular line tracers at centimeter
wavelengths that isdesigned to reveal the physical conditions
in star-forming gas. The sample consists of four star-forming
galaxies: NGC 253, IC 342, NGC 6946, and NGC 2146, and
itwas chosen to span a range of galaxy types from Milky Waylike to starbursts and an order of magnitude of SFRs from
(1 Me yr−1) to starbursts (∼10 Me yr−1). Here we discuss the
ﬁrst results from SWAN andfocuson VLA K- and Ka-band
observations of NGC 253.

1. Introduction
Physical descriptions of how the interstellar medium (ISM)
condenses to form stars, and the resulting feedback from star
formation, limit our understanding of galaxy evolution and the
star formation history of the universe. Models of galaxy
evolution without feedback drastically overpredict star formation rates (SFRs) and efﬁciencies. Feedback is necessary to
impede star formation, otherwise, a galaxy reaches its peak
SFR in less than a dynamical time and quickly converts its
baryons into stars shortly after (e.g., Kauffmann et al. 1999;
Hopkins et al. 2011; Krumholz et al. 2011). Star formation is
largely correlated with the amount of dense, 10 4 cm−3,
molecular gas within a galaxy (e.g., Gao & Solomon 2004),
and in simulations the state of such gas is limited by the
resolution of each individual simulation, i.e., subgrid physics
(e.g., Okamoto et al. 2005; Haas et al. 2013; Crain et al. 2015).
Consequently, understanding the relationship between star
formation, the resulting feedback, and the state of the dense
molecular gas is critical to understanding the star formation
history of a galaxy.
Feedback in the star-forming ISM perturbs molecular gas
such that it can no longer collapse and form new stars. Heating
from supernovae, stellar winds, and photoionization are
examples of the most dominant forms of stellar feedback
(e.g., Kauffmann et al. 1999; Hartmann et al. 2001; VázquezSemadeni et al. 2010). One-dimensional simulations by Murray
et al. (2010) suggest that different mechanisms dominate at
different times during the lifetime of star-forming giant
molecular clouds (GMCs). Furthermore, simulations by
1
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Table 1
Detected Molecular and Atomic Transitions
Transition
c-C3H2(220–211)
H2O(616−523)
H66α
H64α
NH3(1, 1)
NH3(2, 2)
NH3(3, 3)
NH3(4, 4)
NH3(5, 5)
H62α
c-C3H2(330–321)
HC3N(3-2)
NH3(9, 9)
CH3OH(4−1−33)
HC3N(4-3)
H56α
CH3CN(2-1)

Figure 1. Spitzer IRAC 8.0 μm image of NGC 253 (Dale et al. 2009). The inset
shows the central kpc with NH3(3, 3) 3, to 30σ contours, with steps of 3σ,
showing the dense molecular gas associated with the nuclear starburst. The 3σ
contour equates to 4.7 mJy beam−1 km s−1.

Rest Frequency (GHz)
21.5874
22.2351
22.3642
24.5099
23.6945
23.7226
23.8701
24.1394
24.5330
26.9392
27.0843
27.2944
27.4779
36.1693
36.3924
36.4663
36.7956

Note. Molecules and their rest frequencies selected for the analysis in
thispaperare shown in boldface text.

et al. 1993; García-Burillo et al. 2000; Meier & Turner 2005,
and Meier et al. 2015). This studyfocuses on the metastable
transitions (J=K ) (1, 1) to (5, 5) and (9, 9) of NH3, the
22 GHz H2O(616 –523) maser, and the 36 GHz CH3OH
(414 –303) maser. We use a combined analysis of these lines
to expose the processes that dominate the central kpc of
NGC 253.
The NH3 molecule generally works well as a temperature
tracer of the molecular gas. The tetrahedral structure of NH3
makes it a symmetric top, meaning thatthe energy states are
described by the rotation angular momentum quantum
number J and the projection along the symmetry axis
K. The J=K states, called metastable states, are long lived
compared to J > K states, and population exchanges between
K ladders are forbidden except by collisions. When NH3
is collisionally excited (critical density n H2  10 3 cm−3), the
K ladders are thereforeexpected to be populated in
accordance with the kinetic temperature of the gas. As a
result, measurements of the relative intensities of metastable
states act as probes of the rotation temperature of the
gas (e.g., Ho & Townes 1983; Walmsley & Ungerechts 1983;
Ott et al. 2005, 2011; Lebrón et al. 2011; Mangum
et al. 2013).
The NH3(3, 3) state can be a maser transition (Walmsley &
Ungerechts 1983), but it is less well studied than other masers.
In the Galaxy there is a weak association of NH3(3, 3) masers
with dense gas in star-forming regions (e.g., Wilson &
Mauersberger 1990; Mills & Morris 2013; Goddi et al.
2015). Here weuse metastable transitions of NH3 to understand the heating and cooling balance of the dense molecular
ISM in NGC 253.
The H2O and CH3OH masers provide a unique opportunity
to probe star-forming environments. The H2O line requires
gas densities >107 cm−3 and kinetic temperatures >300 K to
mase (e.g., Tarchi 2012). In the Galaxy these masers are
typically found in shocked regions around young stellar
objects (YSOs) and asymptotic giant branch (AGB) stars

NGC 253 has been studied at many wavelengths: X-ray
(e.g., Strickland et al. 2002), optical (e.g., Westmoquette
et al. 2011), infrared (e.g., Dale et al. 2009), millimeter (e.g.,
Bolatto et al. 2013 & Meier et al. 2015), and radio (e.g.,
Ulvestad & Antonucci 1997). Figure 1 shows a Spitzer 8 μm
image of NGC 253 (Dale et al. 2009). The inset shows the
central kpc with 3, 6, and 9σ contours of NH3(3, 3) emission
from our data, which we discussin Section 3.2.1. We adopt a
distance of 3.5 Mpc measured from the tip of the red giant
branch (RadburnSmith et al. 2011) and a systemic velocity of
234 km s−1 in the LSRK frame from Whiting (1999). All
velocities in this paper are givenin the LSRK frame unless
otherwise stated. The disk is inclined at i∼78° (Pence 1980).
NGC 253 has a total SFR of ∼5.9 Me yr−1,approximately half
of whichis concentrated inthe central kpc (McCormick
et al. 2013). The starburst is driving a massive molecular
outﬂow, with a mass-loss rate estimated at 9 Me yr−1, whichis
thought to be starving the current star-forming event (Bolatto
et al. 2013). The outﬂow is also seen in X-rays (Strickland
et al. 2002) and Hα (Watson et al. 1996). Sakamoto et al.
(2006) found evidence for two expanding molecular superbubbles within the central kpc with kinetic energies on theorder
of ∼1046. Ott et al. (2005) and Bolatto et al. (2013) found
several smaller molecular superbubbles in the same region.
Bolatto et al. (2013) suggest that superbubbles and supernovae
from the starburst drive the wind, whereas Westmoquette et al.
(2011) favor a cosmic ray driven wind on the larger scales with
a small contribution from the starburst in the center, with the
molecular gas in the center responsible for collimating the
outﬂow.
Centimeter and millimeter wavelength spectra of galaxies
provide access to diagnostically important molecular tracers.
The molecular gas is often well traced by CO, butmore
complex molecules can provide better tracers of gas properties such as temperature and density, and can be used to trace
speciﬁc conditions such as PDRs and shocks (e.g., Fuente
2
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2. Observations and Data Reduction
We observed NGC 253 with the 18–26.5 GHz and
26.5–40 GHz (Kand Kaband) receivers of the Karl G. Jansky
Very Large Array (VLA)5 (project code: 13A–375). The
K-band observations were carried out on 2013 May 11. The
Ka-band observations were split into two sessions: 2013 May
23 and May 26. The VLA was in the DnC hybrid conﬁguration
for all these observations. This conﬁguration delivers a rounder
beam for low-declinationsources because the north arm is in
the more extended C conﬁguration, while the east and west
arms are in D conﬁguration. The received signal is sampled at
each antenna using the eight-bit samplers. These provide two
1 GHz baseband pairs with both right- and left-hand circular
polarizations. The correlator was set up to divide each
baseband into eightsub-bands each with 512 channels,
resulting in a channel width of 250 kHz. This yields a velocity
resolution ranging from 3.0 to 3.3 km s−1 for the K-bandand
2.0–2.7 km s−1 for the Ka-band observations. The baseband
pairs were centered at 21.8 and 24.1 GHz in Kband and at27.1
and 36.4 GHz in Kaband. They arereferred to here as the 22,
24, 27, and 36 GHz basebands, respectively. These were
chosen to include the metastable NH3 transitions from (1, 1)
with rest frequency 26.6946 GHz, to (5, 5) at 24.5330 GHz,
as well as (9, 9) at 27.4779 GHz, the H2O(616 –523) maser
line at 22.2351 GHz, and the CH3OH(414 –303) transition at
36.1693 GHz. All of the detected lines and their rest
frequencies are listed in Table 1. The on-source time for the
K-band and Ka-band observations was 4.4 hr and 3.6 hr,
respectively. We used 3C48 as the ﬂux density calibrator,
Perley & Butler (2013), J2253+1608 as the bandpass
calibrator, and J0025-2602 as the complex gain calibrator in
all observations. We alternated between 10-minute intervals on
NGC 253 and 1.5-minute intervals on the complex gain
calibrator.
The data were reduced in the Common Astronomy Software
Applications package version 4.2.2 (McMullin et al. 2007). At
the adopted distance of 3.5 Mpc, the linear scale is ∼17 pc per
arcsecond. The half-power primary beam widths of the VLA
for the Kand Kabands are 2 1 (∼2 kpc) and 1 5 (∼1.5 kpc),
respectively. All data cubes were gridded with 0 25 pixels,
mapped using natural weighting, CLEANed to ∼3σ rms noise,
and were regridded to a common velocity resolution of
3.5 km s−1. Continuum subtraction was performed in the UV
domain. For the 24 GHz baseband, several baselines were
ﬂagged for being noisy, yielding a slightly larger synthesized
beam than the 22 GHz baseband. The resulting image cubes
were then smoothed to a common synthesized beam of 6″×4″
(position angle: 3°. 00). The common-resolution cubes are used
for consistency for all the observed lines. The resulting rms
noise values in the K-band and Ka-band image cubes are
0.5 mJy beam−1 and 1 mJy beam−1 in a 3.5 km s−1 channel,
respectively. The maser lines of H2O, CH3OH, and NH3(3, 3)
have also been imaged with 0 25 pixels and Briggs
(robust=0) weighting, yielding a synthesized beam of
4″×3″ for H2O and NH3(3, 3) and 2″×1″ for CH3OH, to
better constrain the locations of masing material. The rms noise
in the K-band and Ka-band Briggs-weighted image cubes
is1.5 mJy beam−1 and 3.1 mJy beam−1 in a 3.5 km s−1

Figure 2. Observed spectrum from Kband and Kaband. The spectrum was
extracted from a 40″ × 25″ box centered at R.A.00h47m33 12 decl.:
−25°17′19 33, and it wasHanning-smoothed with a window of 21 channels.
Each box shows the selected 1 GHz basebands with thefrequency on the X-axis
and theﬂux density on the Y-axis. Detected molecular and atomic species are
identiﬁed with black arrows.

(e.g., Palagi et al. 1993) and may be used to identify regions
of hot, dense, and/or shocked gas. This is in addition to
precisely tracing kinematics of stellar winds (e.g., Goddi &
Moscadelli 2006)and accretion disks (e.g., Peck et al. 2003;
Lo 2005; Reid et al. 2009).
Class I (collisionally pumped) and II (radiatively pumped)
CH3OH masers are found in high-mass star-forming regions
(e.g., Ellingsen et al. 2012) and supernova remnants (e.g.,
McEwen et al. 2014) in the Galaxy. The Class I masers trace
shocks and gas densities >10 4 cm−3 (Pratap et al. 2008).
The 36.2 GHz CH3OH line studied here is a Class I type
maser. We mostly use these masers as signposts of shocked
material.
In Section 2 we describe the observational setup. In Section 3
we report our measurements of the NH3, H2O, and CH3OH lines
in addition to a brief description of the continuum and the
H56αradio recombination line (RRL). In Section 4 we discuss the
derivation of temperatures across the molecular bar, the relevance
of the H2O masers to the outﬂow, the signiﬁcance of the CH3OH
masers, and a comparison with previous ALMA millimeter
molecular lines. Last, we summarize our ﬁndings in Section 5.

5
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Figure 3. Images of the continuum emission from each of the 1 GHz basebands. The images are Briggs weighted and have not been smoothed to the common 6″ × 4″
resolution.

channel, respectively. A super-resolved cube was constructed
for the H2O maser data. This was done by deconvolving a
dirty-image cube, then convolving the CLEAN components
with a 1″ round beam. This super-resolved image cube was
used to emphasize structures seen in the CLEAN components
that are difﬁcult to discern in the regularly resolved image
cubes. No quantitative measurements were made with the
super-resolved cube.

3.1. Continuum Emission and RRLs
The radio continuum emission from NGC 253 is resolved in
all four basebands (Figure 3). Images were made byselecting
only line-free channels. The ﬂux density measured in the
24 GHz baseband is 550±30 mJy. This agrees with the value
of 520±52 mJy from Ott et al. (2005). The 36 GHz ﬂux
density measures 350±40 mJy, which is in close agreement
with the value of 330 mJy at 32 GHz measured by Kepley et al.
(2011). The other continuum ﬂux density measurements are
470±20 mJy and 370±40 mJy for the 22 and 27 GHz
basebands, respectively. The spectral index derived from the
K-band basebands is −1.8±0.5, and for Kaband, it is
0.2±0.4. The measurements suggest thatthe continuum goes
through a minimum between the 24 and 27 GHz basebands.
The H56α transition is the strongest RRL we detect. Figure 4
shows the relationship between the Hubble (HST) Hα (Watson
et al. 1996), H56α, Paα (Alonso-Herrero et al. 2003), and the
36 GHz continuum emission. We treat the Hα as a tracer of the
outﬂow with heavy dust obscuration, Paα as a partially
obscured star formation tracer, and RRL as an unobscured star
formation tracer.

3. Results
The full continuum-subtracted spectra of our K- and Ka-band
observations are presented in Figure 2. We have identiﬁed 17
transitions from seven of thedifferent molecular or atomic
species shown in Table 1. Lines were identiﬁed by searching the
common-resolution data cubes with a pixel-sized beam. We set
conservative conditions for a detection at a peak ﬂux of
>1.5 mJy beam−1 channel−1 for Kband and >3.0 mJy beam−1
channel−1 for Kaband, and a FWHM of 30 km s−1 for
thermal lines. For known maser transitions, single channels
above 6σ are considered detections.

4
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Figure 4. Comparison of star formation and outﬂow tracers. The contours show the 3, 6, and 9σ contours of the naturally weighted H56α RRL, where 1σ is 0.08 Jy
beam−1 km s−1. (a) H56α RRL shows the least dust-obscured star formation. (b) The 36 GHz continuum image shows a close correlation with the two knots in the
RRL. (c) HST WFPC2 Hα image (Watson et al. 1996). (d) HST Pα (Alonso-Herrero et al. 2003) shows the outﬂow less well than the Hα, but it is less obscured
by dust.

side of the continuum peak contains three NH3(3, 3) spatial
peaks (A1, A2 and A3) thatare blueshifted from the systemic
velocity, with observed velocities ranging from ∼160 to
200 km s−1. The southwest (SW) side of the continuum peak
contains four NH3(3, 3) peaks (A4, A5, A6, and A7) thatare
redshifted from thesystemic velocity,with velocities ranging
from ∼280 to 320 km s−1. (Figure 5). The peaks A1, A2, and
A3 are analogous to regions F, E, and D from Ott et al. (2005)
and A4, A5, A6 and A7 are analogous to C, B, and A. It should
be noted that this is not a one-to-one mapping as we have a
smaller beam than the super-resolved cube used in Ott et al.
(2005). The NH3 spectra from each pixel are shown in Figure 6.
We detect inversion transitions NH3(1, 1) to (5, 5) at all
locations. In addition, the NH3(9, 9) line is weakly detected at
site A3 (spectrum not shown). At the continuum peak all the
NH3 transitions are seen in absorption, with the exception of
NH3(3, 3). Single Gaussians were ﬁtted to the spectrum
extracted from each location, from which we extract the
integrated ﬂux, peak ﬂux, FWHM, and the line centerfrom
the individual pixels marked in Figure 5. The properties of the
metastable transitions, NH3(1, 1) to (5, 5), for A1–A7 are listed

3.2. Molecular Emission Lines
Our analysis from here on focuseson NH3, H2O, and CH3OH.
These transitions are shown in boldfacein Table 1. Intensity and
peak ﬂux maps are shown in Figure 5. Spectra have been
extracted from the naturally weightedsmoothed cubes from the
pixels at the locations marked by crosses (Figure 5) and are
shown in Figures 6–8. These locations were selected from the
spatial peaks in the peak ﬂux maps shown, or for spectrally
unique characteristics. For example, W2 is not a spatial peak in
the peak ﬂux map, but was selected for thespectral component
that is discussed in Section 3.2.2. The continuum peak is labeled
C1and identiﬁes the starburst center. The NH3 locations are
labeled A1–A7. We use the NH3(3, 3) line to select a
representative sample of locations across NGC 253 because it
is the strongest observed NH3 transition. Locations for H2O and
CH3OH are labeledW and M, respectively.
3.2.1. NH3 Inversion Lines

The observed NH3 emission spans an elongated structure
∼1 kpc in length about the continuum peak. The northeast (NE)
5

The Astrophysical Journal, 842:124 (21pp), 2017 June 20

Gorski et al.

Figure 5. Images of the NH3(3, 3) (left column), H2O (center column), and CH3OH (right column) lines. The top row shows the peak ﬂux images of the unsmoothed
naturally weighted image cubes spanning 300 km s−1 about thesystemic velocity. The bottom row shows the intensity images smoothed to the common resolution of
6″ × 4″. The peak ﬂux and intensity images are plotted with the same grayscale. The crosses mark locations where spectra were extracted for analysis, and the
continuum peak is marked C1. The contour is 60 Jy beam−1 km s−1 of 12CO (J = 1  0) from Bolatto et al. (2013), smoothed to match the resolution of the
VLA data.

Figure 6. Spectra of the NH3(1, 1) to (5, 5) transitions extracted from locations A1–A7 and C1. NH3(3, 3), plotted in green, showemission at all locations, whereas all
the other inversion lines are absorbed toward C1. We have plotted the 12CO (J = 1  0) proﬁle (ﬂux density scaling factor of 0.002 and 2.5 km s−1 resolution) from
Bolatto et al. (2013) in black for comparison. The vertical dashed line denotes the systemic velocity of NGC 253 of 234 km s−1.
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Table 2
NH3 Line Parameters from A1–A7

Location
R.A. (J2000) hh:mm:ss
Decl. (J2000) °′″
Distance from C1a (pc)

A1
00:47:34.0
−25 17 11.2
202

A2
00:47:33.6
−25 17 12.8
131

A3
00:47:33.3
−25 17 15.3
53

A4
00:47:32.8
−25 17 21.1
107

A5
00:47:32.3
−25 17 19.9
208

A6
00:47:32.2
−25 17 25.2
253

A7
00:47:31.9
−25 17 28.7
342

NH3(1, 1)
−1

ò Tmb dn (K km s )
VLSRK (km s−1)
VFWHM (km s−1)
Tmb (K)

48.8±2.1

66.8±2.4

24.6±2.0

57.2±2.2

61.0±3.0

62.4±2.6

59.3±2.3

200.1±1.8
83.6±4.2
0.55±0.08

172.8±1.4
80.8±3.5
0.78±0.09

62.8±2.1
54.2±5.0
0.43±0.09

278.2±0.1
65.3±3.2
0.81±0.09

313.2±2.3
95.2±6.0
0.60±0.10

294.5±1.9
90.0±4.3
0.65±0.09

299.6±1.4
74.9±3.5
0.74±0.09

NH3(2, 2)
−1

ò Tmb dn (K km s )
VLSRK (km s−1)
VFWHM (km s−1)
Tmb (K)

44.4±2.1

49.8±1.9

16.7±1.7

42.4±1.7

48.3±2.1

47.0±2.3

39.3±2.0

225.4±2.0
87.1±5.3
0.45±0.08

198.6±1.4
73.6±3.3
0.64±0.08

192.2±2.6
49.7±5.6
0.32±0.09

309.5±1.1
55.1±2.6
0.72±0.08

336.4±2.0
89.1±4.6
0.51±0.08

323.2±2.3
91.4±5.1
0.48±0.08

328.5±1.8
74.3±4.4
0.50±0.08

NH3(3, 3)
−1

ò Tmb dn (K km s )
VLSRK (km s−1)
VFWHM (km s−1)
Tmb (K)

74.0±12.1

132.0±2.3

125.5±3.2

126.9±2.3

83.1±2.4

89.9±2.5

80.9±1.6

204.9±0.8
68.8±2.0
1.01±0.07

176.6±0.6
74.4±1.4
1.39±0.08

176.2±0.8
63.7±2.0
1.85±0.14

283.9±0.5
61.5±1.4
1.94±0.10

316.6±1.4
103.5±3.7
0.78±0.08

287.9±1.3
93.7±3.1
0.90±0.09

308.5±0.6
66.1±1.6
1.15±0.07

NH3(4, 4)
−1

ò Tmb dn (K km s )
VLSRK (km s−1)
VFWHM (km s−1)
Tmb (K)

15.0±2.1

23.9±1.9

8.0±1.4

19.8±1.3

24.1±2.3

20.0±2.2

20.1±1.7

199.0±3.7
59.5±8.6
0.24±0.09

176.9±2.8
70.5±6.4
0.32±0.08

166.5±3.6
36.5±6.6
0.21±0.08

286.7±1.6
44.5±3.3
0.41±0.07

301.9±5.1
125.4±13.7
0.17±0.07

300.3±4.5
82.4±10.4
0.23±0.08

310.0±2.8
64.8±6.2
0.29±0.09

NH3(5, 5)
−1

ò Tmb dn (K km s )
VLSRK (km s−1)
VFWHM (km s−1)
Tmb (K)

12.1±2.4

11.0±1.3

5.2±1.3

16.9±1.8

15.0±2.5

13.2±2.2

11.2±1.5

195.9±6.1
71.5±19.2
0.15±0.08

164.5±2.5
40.9±5.2
0.25±0.08

168.3±3.7
29.0±7.7
0.17±0.09

281.4±2.7
53.9±7.6
0.29±0.08

316.1±7.3
91.2±19.2
0.15±0.09

285.6±8.3
103.5±19.6
0.12±0.07

294.2±2.4
36.5±5.1
0.28±0.09

+4
393
+9
918
+69
19835

+3
383
+8
828
+95
14042

+2
342
+9
938
+37
11223

+19
6812
+30
15422
+79
14540

+15
6210
+23
13017
+108
15948

+9
486
+31
15823
+43
12627

Rotation Temperatures TJJ¢
T12 (K)
T24 (K)
T45 (K)

+5
464
+7
726
+403
20284

+2
372
+7
896
+21
9115

+6
344
+18
8913
+213
14355

+3
373
+6
876
+151
22667

Kinetic Temperatures TKinJJ ¢

TKin12 (K)
TKin24 (K)
TKin45 (K)

+38
9923
+15
10712
+460
22996

+11
608
+22
14811
+24
10317

+23
5012
+62
14734
+243
16264

+11
598
+18
14315
+173
25776

Note.
a
R.A. 00h47m33 160 decl. −25°17′17 118.

in Table 2 and C1 in Table 3. The weakly detected NH3(9, 9) ﬁt
results are listed in Table 4. We do not see the NH3 metastable
inversion hyperﬁne transitions (J=K, ΔF=1) as the lines
are mostlikely weak and broad enough to be smeared out.
A1, A5, and A6 FWHMs are a few tens of km s−1 wider than
the other locations. These three sites are located on the edges of
superbubbles (see Section 4.4) discovered by Sakamoto et al.
(2006). At C1, the NH3(3, 3) line appears in emission, whereas
all other inversion lines appear in absorption (Figure 6), which
isinterpreted to be due to the existence of NH3(3, 3) masers,
conﬁrming the result from Ott et al. (2005). The NH3(3, 3)

emission for C1 is not well described by a single Gaussian, and
thus two Gaussians were ﬁt to the data (Figure 9), with
FWHMs of 55±3 km s−1 and 130±10 km s−1 and centers
of 172±1 km s−1 and 257±5 km s−1for NH3(3, 3)a and
NH3(3, 3)b, respectively.
3.2.2. H2O Masers

We identify three regions of H2O maser emission in the data
cube, labeled W1 to W3 in Figure 5 (center). The W1 water
maser has been previously observed by Henkel et al. (2004)
and Brunthaler et al. (2009). Spectra at these positions are
7
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Table 3
Line Parameters toward C1

ò Tmb dn
(K km s−1)

NH3
(J, K)

VLSRK
(km s−1)

VFWHM
(km s−1)

Tmb
(K)

32.3±6.9
49.7±6.6
60.0±16.3
29.4±6.1

−0.23±0.10
−0.33±0.08
−0.17±0.11
−0.22±0.09

Absorption
NH3(1,
NH3(2,
NH3(4,
NH3(5,

1)
2)
4)
5)

−8.1±1.5
−17.5±1.7
−10.7±2.4
−6.8±1.3

223.3±3.4
247.7±2.6
223.8±6.9
218.7±2.9
Emission

NH3(3, 3)a
NH3(3, 3)b

48.6±5.1
86.7±6.2

171.1±1.1
256.6±4.5

VLSRK (km s−1)
VFWHM (km s−1)
Tmb (K)

0.82±0.09
0.63±0.09

timescales of months (e.g., Claussen et al. 1996; Felli et al. 2007),
therefore a non-detection is unsurprising.

Table 4
NH3 (9, 9) Line Parameters at A3
−1
ò Tmb dn (K km s )

55.1±3.2
129.6±9.5

6.9±1.2

3.2.3. 36 GHz CH3OH Masers

164.7±3.5
38.1±6.7
0.17±0.07

Extragalactic 36 GHz CH3OH masers were ﬁrst detected by
Ellingsen et al. (2014) in NGC 253 with the Australia
Telescope Compact Array (ATCA)6 with a 8 0 × 4 2
synthesized beam. Two sources were detected. The emission
is likely not thermal in its nature, despite the large FWHM of
the line, becausethe total integrated intensity is∼20 times
greater than the total integrated intensity from the Galaxy’s
central molecular zone (see Ellingsen et al. 2014). We resolve
the two regions previously seen in Ellingsen et al. (2014) into
ﬁve different regions with masers as marked in the peak ﬂux
map.The spectra are extracted from the common-resolution
(6″ × 4″) image cubes and shown in Figure 8. The pairs M1
and M2, and M4 and M5 are not spatially resolved from each
other in the common-resolution cube. M1 and M2 are
spectrally similar, butM4 and M5 show distinct spectral
components. The CH3OH line is very close to the edge of one
of our spectral sub-bands. There are small (3.5 km s−1) gaps
between each sub-band where the data collected areuntrustworthy, thus the channel corresponding to 160 km s−1 is lost.
The data in this channel and the two adjacent channels are thus
unreliable. We next ﬁt single-component Gaussians where
appropriate. The extracted properties of the lines are shown in
Table 6. The region M5 was ﬁt with two Gaussians because
ofthe double peak. The spectral features are narrower than the
NH3 (this paper) and 12CO (J = 1  0) features (Bolatto
et al. 2013) from the same locations, with measured FWHMs
spanning a range of 30–80 km s−1. The narrower widths
suggest that the 36 GHz CH3OH emission doesnot tracethe
entirety of the molecular gas.

shown in Figure 7. Regions W1 and W3 are seen as
clearspatially resolved peaks in Figure 5. Region W1 shows
multiple velocity components with the main peak labeled W1a,
and the minor peaks labeled W1b and W1c. W2 is a faint
feature thatis not spatially resolved from W1 and W3, but
marks the peak emission of a unique broad component shown
by the shaded region in Figure 7. W2 is identiﬁed by the peak
emission from the narrow feature at 273 km s−1 channel
(Figure 7). W1 and W2 show multiple peaks in the spectrum.
These were ﬁtted with single Gaussians where appropriate. The
properties are listed in Table 5. Single channel features are
mostlikely real, given our spectral resolution, but theywere
not ﬁtted by Gaussians and thus their FWHMs are upper limits.
The spectrum of W2 has contributions from W1 and W3 as
they are not resolved from W2. W2 is a broad pedestal
spanning ∼100 km s−1 centered at 233 km s−1 with several
narrow features. The rest of its properties are listed in Table 5.
This component is much better matched to thesystemic
velocity of NGC 253. W3 is a redshifted maser with
asinglevelocity componentat 303 km s−1.
W1a dominates region W1 and is blueshifted with respect to
thesystemic velocity, with an observed velocity of 109 km s−1.
The integrated ﬂux density of the W1a maser is
∼214 K km s−1,yielding a luminosity of 0.66 Le, whichmakesit a kilomaser. The extension is hard to discern in the the peak
ﬂux density and integrated ﬂux maps (Figure 5), but it is clearly
seen in the contours of the super-resolved image in Figure 10,
where contours of the super-resolved image cube are plotted on
the HST Hα, Pα, and the RRL H56α images. The super-resolved
H2O contours show the extension perpendicular to the major axis
of NGC 253. This may indicate that the W1 H2O masers are
related to the outﬂow of NGC 253, whereas W2 and W3 are
spatially more consistent with the nuclear material. This result
needs to be conﬁrmed with higher resolution data. Last, we do
not detect the 145 mJy km s−1 H2O maser dubbed H2O-2 from
Henkel et al. (2004) that wasobserved in 2002 September. H2O
masers associated with YSOs, and AGB stars can be variable on

4. Discussion
4.1. NH3 Temperatures
One advantage of observing NH3 is that many of its
transitions are close in frequency spaceand therefore can be
observed with a single telescope, a single observational setup,
and under the same atmospheric conditions. In addition, the
<5% change in frequency between the transitions means that
their respective uv coverage and the ﬂux they resolve out are
6

The Australia Telescope Compact Array is part of the Australia Telescope,
which is funded by the Commonwealth of Australia for operation as a National
Facility managed by CSIRO.
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Figure 7. Water maser spectra from W1, W2, and W3. W1 shows multiple velocity components. These are labeled a to c. W2 is a spectrally broad component centered
at 233 km s−1. It is highlighted by the gray box, and the best-ﬁt spectrum is shown by the dotted line. This component appears to consist of many individual masers.
The dashed line shows the CO spectrum at each location, with 2.5 km s−1 resolution, scaled by 0.005 in ﬂux density, adoptedfrom Bolatto et al. (2013).
Table 5
H2O Maser Candidates
R.A. (J2000)
hh:mm:ss

Decl.(J2000)
°′″

Velocity Component

ò Tmb dn
(K km s−1)

VLSRK
(km s−1)

VFWHM
(km s−1)

Tmb
(K)

Luminosity
L

109.1±0.3
27.0±0.4
21.0

42.0±0.9
3.5±0.5
3.5a

4.7±0.2
1.7±0.2
1.6±0.2

0.667
0.019
0.017

107.2±14.0

0.2±0.09

0.080

3.5±1.1

2.01±0.10

0.023

W1
00:47:33.1

−25 17 16.9

a
b
c

214.9±3.5
6.2±1.1
5.5±0.1
W2

00:47:33.0

−25 17 19.0

25.7±2.7

233.6

W3
00:47:32.8

−25 17 20.7

7.4±0.5

303.6±1.4

Note.
a
Unresolved, VFWHM is an upper limit.

where the difference in energy between states J and J ¢, DE , is
in K (the corrected version of the equation in Henkel et al. 2000
as shown in Ott et al. 2005), and the gop are statistical weights
depending on the NH3 species (gop=1 for para-NH3 and
J ¹ 3n where n is an integer, and gop=2 for ortho-NH3 with
J=3n). Rotation temperatures derived from pairs of NH3
transitionsfor locations A1 to A7 are shown in Table 2. The
rotation temperatures are best illustrated in the Boltzmann
diagram shown in Figure 11 (top). We have plotted weighted
column densities on the vertical axis and theenergy above the
ground state on the horizontal axis. The slopes between any
two points are thus proportional to the inverse rotation
temperature, i.e., cold gas shows steeper slopes than warm
gas (Equation (2)). At location C1 we see NH3 in absorption

nearly identical. Rotation temperatures can then be derived
from as many pairs of metastable (J=K ) states as have been
observed. Assuming optically thin conditions, upper level
column densities may be determined from
Nu (J , K ) =

7.73 ´ 1013 J (J + 1)
n
K2

ò Tmb dv,

(1 )

where Tmb is the main beam brightness temperature, the
column density of the upper inversion state, Nu, is in cm−2, and
the frequency (ν) is in GHz. A rotation temperature (T JJ¢ ) is
derived from a pair of the metastable states (J and J ¢) by
¢ (2 J ¢ + 1 )
⎛ -DE ⎞
gop
Nu (J ¢, J ¢)
exp ⎜
=
⎟,
Nu (J , J )
gop (2J + 1)
⎝ T JJ ¢ ⎠

(2 )
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Figure 8. Methanol spectra from M1 to M5. CO spectra are plotted with a dashed line with a ﬂux density scaling factor of 0.01. The systemic velocity of NGC 253 is
denoted with a vertical dashed line at 234 km s−1.

against the continuum (Figure 6) and thus the rotation
temperature must be measured differently (see next paragraph).
A3 is located ∼0.5 beams (53 pc) from C1, thus the emission
line is mostlikely partially absorbed, making rotation temperature measurements here unreliable.
Measuring rotation temperatures from NH3 absorption is not
possible without knowing the excitation temperature Tex and
the optical depth τ. Huettemeister et al. (1995) describes the
process of extracting total NH3 column densities N(J, K) (the
sum of both the upper and lower inversion states):
N (J , K )
J (J + 1 )
= 1.61 ´ 1014
t Dn1 2,
Tex
K 2n

The rotational temperature is not necessarily the true thermal
temperature of the gas, i.e., it is not the kinetic temperature, but
rather a lower limit. We therefore employ the functions from
Ott et al. (2011) to estimate kinetic temperatures. To convert
rotation temperatures for the NH3(2, 2) into (4, 4) ratio,
additional ﬁts to the same large velocity gradient (LVG)
models used in Ott et al. (2011) from Ott et al. (2005) were
made:
⎧1.467 ´ T24 - 6.984
for TKin  100 K
TKin = ⎨
,
⎩ 27.085 ´ exp (0.019 T24) for TKin  100 K

(3 )

and for the NH3(4, 4) to (5, 5) ratio:
⎧1.143 ´ T45 - 1.611
for TKin  50 K
TKin = ⎨
.
⎩ 21.024 ´ exp (0.0198 T45)) for TKin  50 K

and
⎛
∣T ∣ ⎞
t = - ln ⎜1 - L ⎟ ,
⎝
TC ⎠

(5 )

(4 )

(6 )

Figure 12 shows how the conversion functions ﬁt to the LVG
models. We thus derive kinetic temperatures for adjacent pairs
of like species for a total of threemeasurements at each
location (Table 2).
If the gas is dominated by a single kinetic temperature, all
the rotation temperatures should yield thistemperature.
Whenthe rotation temperatures fail todo this,the gas must
eitherbe represented by multiple kinetic temperatures, or the
LVG approximation does not hold. The LVG corrected kinetic
temperatures are plotted in Figure 13. The ﬁgures show
remarkably little variance in the rotation and kinetic temperatures measured across all locations. Weﬁt a single temperature
for each line pair across all locations weighted by the errors.
We measure a weighted average for TKin12 of 57±4 K, for
TKin24 of 134±8 K, and for TKin45 of 117±16 K. The TKin24

where the units of Dn1 2 (FWHM) are km s−1, TL and TC are
brightness temperatures of the line and continuum, respectively, and τ is the optical depth. We have no means to measure
the transition-dependent excitation temperature, so for simplicity we assume that for each metastable transition Tex is equal.
In this case, the rotation temperature can still be derived from
Equation (2) by substituting N(J, K) for Nu(J, K). Rotation
temperatures for C1 are shown in Table 3. Since the column
density at C1 depends on the excitation temperature, the values
plotted for C1 in Figure 11 are really N(J, K)/Tex. The spatial
dependence of the rotation temperature is shown in Figure 11
(bottom).
10
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Table 6
CH3OH Maser Candidates

R.A.(J2000)
hh:mm:ss

Decl.(J2000)
°′″

Velocity Component

ò Tmb dn
(K km s−1)

VLSRK
(km s−1)

VFWHM
(km s−1)

Tmb
(K)

Luminosity
L

202.0±0.3

49.2±3.1

0.026±0.005

0.63

195.4±0.8

32.2±2.3

0.040±0.006

0.65

165.9±1.7

85.8±4.4

0.039±0.008

1.63

294.1±2.6

84.3±5.6

0.035±0.005

1.42

294.3±3.0
331.6±10.2

35.7±4.8
54.5±16.9

0.056±0.005
0.041±0.005

1.01
1.06

M1
00:47:34.1

−25 17 11.7

1.38±0.07
M2

00:47:33.9

−25 17 10.8

1.41±0.07
M3

00:47:33.7

−25 17 13.1

3.59±0.14
M4

00:47:31.9

−25 17 25.7

3.09±0.18
M5

00:47:32.0

−25 17 28.9

a
b

2.19±0.89
2.33±0.96

Table 7
NH3 LVG Best-ﬁt Values
Location

A1

A2

A3

A4

A5

A6

A7

81±41

72±27

57±18

165±48

108±24

162±42

NH3(1, 1)/NH3(2, 2)
TKin (K)

117±135

69±24

54±27

69±24

NH3(2, 2)/NH3(4, 4)
TKin (K)

111±24

156±39

165±75

150±33

Note. Median temperatures of the best-ﬁt LVG model to the data. The uncertainty on the kinetic temperature ﬁt isasymmetric, therefore theuncertainty reported here
is the greater 1s deviation from the best ﬁt.

to the NW and SE velocity components, measuring Tkin24 of
73±22 K and <150 K, respectively. It is possible that these
measurements are affected by absorption in the center of NGC
253or that they are sensitive to a more diffuse component of
the molecular gas. On average, they measure a kinetic
temperature of 78±22 K from the NH3(J, K  4) transitions
for the whole galaxy, which is broadly consistent with the
results presented in this paper. Modeling of the CO ladder from
J=4–3 to J=13–12 from Rosenberg et al. (2014) yields
similar results. They ﬁnd evidence for three temperature and
density components for the molecular ISM ranging from 60 K
to 110 K and 10 3.5 cm−3 to 10 5.5 cm−3, respectively. Their
observations from the Herschel Space Observatory have a
resolution of 32 5. Our NH3 analysis does not reveal any
information about the density of the molecular gas. Therefore
our results are only broadly consistent in terms of temperature
analysis.
The spatially uniform distribution of thetemperatures is
perhaps surprising because ofthe concentration of supernovae
remnants in the central 500 pc (Ulvestad & Antonucci 1997).
We would expect that if heating by supernovae were a
dominant effect in setting the state of a GMC, then an increase
in temperature toward the center of the bar would be observed
as the density of supernovae increases toward the center of
NGC 253. This may not be true during the bulk of a

and TKin45 components are consistent within the errors. The
kinetic temperatures of the dense molecular gas in the central
kpc of NGC 253 aretherefore most consistent with a cool
∼57 K derived from the (1, 1) and (2, 2) lines, and a warm
∼130 K component derived from the weighted average of the
(2, 2) to (4, 4) and (4, 4) to (5, 5) ratios.
The NH3 transitions of NGC 253 have been of interest to
many others, but most recently, they have been observed with
the ATCA (Ott et al. 2005), the VLA (Takano et al. 2005), and
the Green Bank Telescope (GBT) (Mangum et al. 2013). Using
interferometric observations of the bar, Ott et al. (2005)
measure rotation temperatures T12 ~ 42 K, and Takano et al.
(2005) measure T12 ~ 26 K. The lower temperature measured
in Takano et al. (2005) is mostlikely due to a low signal-tonoise ratio for the NH3(2, 2) line. Unlike what Ott et al. (2005)
found, we see that a single temperature does not describe the
dense molecular gas in NGC 253. Ott et al. (2005) observe the
(1, 1), (2, 2), (3, 3), and (6, 6) lines, while our analysis,
whichincludes the NH3(4, 4) and (5, 5) lines, clearly indicates
a warm component that wasnot observed by Takano et al.
(2005) and a cooler component that wasnot observed by Ott
et al. (2005). Mangum et al. (2013) indicatedthat there is a
warm component to the dense molecular gas in NGC 253
becausetheir analysis includedthe NH3(4, 4) line, butitis
limited by the 30″ beam of the GBT. This limits their analysis
11
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upturn to the temperature parameter, suggesting that highT
and lown may excite ammonia at relatively low densities.
This high-T low-n condition is unlikely as many higher
critical density gas tracers have been observed to have
asimilar structure in the nucleus of NGC 253, see Meier
et al. (2015). The H2 density is not well constrained, with
error bars that span the entirety of the sampled parameter
space, which isconsistent with NH3 not being a density
probe. Generally, the ﬁts are well behaved, with the
exception of the (4, 4) to (5, 5) ratio (not shown), for which
the best-ﬁt solutions are poorly constrained and tend toward
the edge of the temperature axis, with values of ∼300 K. It
is possible that there is a component that is hotter than
our temperature range allows, but we cannot provide any
meaningful estimates from the ﬁtting. In contrast to the
(4, 4) to (5, 5) ratio, the (1, 1) to (2, 2) and (2, 2) to (4, 4)
ratios are well behaved. The solutions cover two regions of
parameter space indicating a warm and cool component
(Table 7). The spatial distribution of temperatures is mostly
uniform for the cool component, derived from line ratios
NH3(1, 1)/NH3(2, 2), with an average temperature of
74±12 K, and likewise for the warm component, derived
from the NH3(2, 2)/NH3(4, 4) ratio, with and average
temperature of 145±14 K. This is broadly consistent with
the analysis in Section 4.1.

Figure 9. NH3 spectra toward C1. The systemic velocity of 234 km s−1 is
shown with a vertical dashed line. All the para species of NH3 appear in
absorption, while the NH3(3, 3) line appears in emission. The solid black line
represents the best-ﬁt two Gaussian proﬁle. The individual Gaussian
components are plotted with dotted lines.

4.3. Nature of the 36 GHz CH3OH Masers

GMClifetime: simulations by Murray et al. (2010) suggest that
supernovae may only contribute to heating late in the GMClife
after much of the GMC has already been disrupted by jets and
radiation pressure from stars. Heating may also not be observed
because supernovae might dissociate NH3 molecules altogether
in the region of greatest energy input.

The nature of the 36 GHz methanol masers appears
different from what we understand of their Galactic counterparts. Yusef-Zadeh et al. (2013) performed a CH3OH maser
survey of the inner 160 × 43 pc of the Galaxy. We use their
study as a template to address CH3OH emission in NGC 253.
The CH3OH line widths in NGC 253 span tens of
km s−1,whereas individual Galactic CH3OH masers tend
to span a few km s−1. The NGC 253 36 GHz line is spectrally
resolved and multiple components can be ﬁtted (see Table 6).
The maser with the highest ﬂux found by Yusef-Zadeh et al.
(2013) (number 164) is ∼470 Jy km s−1, which corresponds
to an isotropic luminosity, assuming a distance of 8 kpc, of
1.1 ´ 10-3 Le. By comparison, the most luminous CH3OH
maser in NGC 253 is 1.63 Le. This would mean that the
beam-averaged Class I CH3OH masers in NGC 253 are about
a thousand times more luminous than the most luminous
CH3OH maser found by Yusef-Zadeh et al. (2013). Alternatively, there may be thousands of bright masers at similar
velocities in one 6″ × 4″ beam. Surveys of Class I methanol
masers in supernovae remnants (e.g., McEwen et al. 2014 &
McEwen et al. 2016) have revealed spectrally similar results
to Yusef-Zadeh et al. (2013), with narrow spectral features
spanning a few km s−1. At our spatial resolution of
101×67 pc, the CH3OH emission is not well resolved,
and the entirety of the Yusef-Zadeh et al. (2013) survey
corresponds approximately to the size of one of our beams.
Since there are >300 sources in a similar region of the
Galaxyand the NGC 253 spectra show multiple velocity
components, it is possible that there are many components at
each location. The broad spectral proﬁle could be constructed
from many masers from protostellar outﬂows or supernovae
remnants.

4.2. LVG Fitting with RADEX
To further investigate the need for multiple temperatures, we
attempt to directlyﬁt the data with LVG models. We do this to
compare the results with the approximation to the LVG
correction in Section 4.1. We use RADEX (Van der Tak
et al. 2007) with collisional coefﬁcients from the LAMBDA
database (Schöier et al. 2005). RADEX was not used by Ott
et al. (2005, 2011), butit does make use of some of the same
collisional coefﬁcients. The collisional coefﬁcients from the
LAMBDA database cover temperatures ofup to 300 K, thus
the kinetic temperature axis of the grid spans 0–300 K in steps
of 3 K. The collider (H2) volume density and NH3 column
density axes of the grid are logarithmically sampledfrom 102–
106 cm−3 , respectively,and from 1013 and 1017 cm−2 with 100
steps each. In the LVG approximation the ratio N Dv is the
independent variable, butin RADEX the column density and
line width are speciﬁed separately. We specify a line width
calculated from the weighted mean of 74 km s−1 from all the
para species of NH3 in Table 2.
The ﬁts were carried out for each ratio of adjacent J=K
para-NH3 species. The results are tabulated in Table 7 and
qualitatively displayed in Figure 14. In the ﬁgure the median
ﬁtted temperature is drawn with a dashed line between the 1σ
conﬁdence contours. The errors are calculated from the rms
of the median ﬁt for values above a critical density of ∼103,
seeCheung et al. (1968). Below this density there is a slight
12

The Astrophysical Journal, 842:124 (21pp), 2017 June 20

Gorski et al.

Figure 10. Super-resolved H2O 0.02, 0.04, 0.08, and 0.16 Jy beam−1 km s−1 contours plotted on HST WFPC2 Hαmap(left; Watson et al. 1996), HST Pα(center;
Alonso-Herrero et al. 2003), and RRL H56α (right). The synthesized beam in the bottom left corner of the left panel shows the resolution of the super-resolved cube.

4.4. Impact of Superbubbles on the Dense Molecular ISM
Sakamoto et al. (2006) ﬁnd two superbubbles in NGC 253 in
the 12CO (J = 2  1) emission. The shells are ∼100 pc in
diameter, have masses on theorder of 106Me and kinetic
energies on theorder of 1046 J, suggesting winds and
supernovae from a superstar cluster, or a hypernova, as the
creation mechanism. Close to the location where these
superbubbles interact with dense molecular gas, as traced by
NH3, we observe CH3OH masers. Figure 15 shows
12CO (J = 1  0) channel maps of the superbubbles with
CH3OH contours overlaid. There are two groups of masers.
The ﬁrst is on the NEside of the galaxy and consists of M1,
M2, and M3. The other group consists of M4 and M5 on the
SWside (Figure 5). All the CH3OH masers except for M3 can
be associated with the Sakamoto superbubbles. The association
indicates that these masers exist where clouds are inﬂuenced by
the expanding superbubbles. This relationship is also indicated
by larger NH3 line widths at the locations A1, A5, and A6,
which are nearest the masers and the superbubbles.
The larger observed linewidths are probably nota result of
more turbulence within the clouds. A comparison with the
GMCs from Leroy et al. (2015) suggests that the broader
observed line widths in our data are mostlikely a result of
beam-smearing effects. With a 2″ beam, Leroy et al. (2015) are
able to resolve individual clouds. Their clouds are clearly
dominated by turbulence, as in all cases the thermal linewidth
is <1 km s−1,as calculated from our NH3 derived temperatures. Using an average temperature of 117 K derived from our
NH3 analysis, the mean thermal energy stored in the Leroy
et al. (2015) clouds is ∼5×1043 J, whereas the mechanical
energy stored, as derived from turbulent linewidths, is
∼1×1046 J. The turbulent linewidths of individual GMCs
detected in Leroy et al. (2015) appear unaffected by the impact
of the expanding superbubbles, and in fact appear uniform
across the entire central molecular bar (Figure 16). The larger
NH3 line widths observed with a larger beam suggest instead
that the superbubbles are imparting mechanical energy, which
resultsin bulk translational motion of the GMCs.
The relationship of the clouds to the masers is shown
inFigure 17, which plots kinetic temperatures Tkin12 and Tkin24
derived from NH3 against the mean FWHM of the NH3
transitions. The ﬁgure shows little temperature variation toward
the shocks traced by CH3OH. If there is shock heating of the
dense molecular gas, it must be highly localized to areas much
smaller than the beam such that it does not affect the overall
kinetic temperature measured with ∼100 pc spatial resolution.

Figure 11. Top: Boltzmann diagram of the observed NH3 transitions. The
black points representing C1 are the log of the normalized N/Tex,not Nu, and
have been scaled by a constant 0.85, which preservesthe proportionality of
Trot. Error bars are plotted along the bottom and are the unweighted average of
the individual metastable states from each location. Bottom: rotation
temperatures derived from metastable line pairs. Error bars are measured from
the minimum and maximum column densities of an individual line. The
horizontal bars represent single-temperature ﬁts to the data. The height of the
bar represents the uncertainty.

4.5. The Outﬂow, Masers, and Starburst
4.5.1. NH3(3, 3) Masers

The location of the continuum peak (C1) is also the locus of
the starburst and the central base of the molecular and ionized
13
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Figure 13. Estimated kinetic temperatures after applying the LVG correction
from Ott et al. (2005). The horizontal bars represent single-temperature ﬁts to
individual line pairs with the height representing the uncertainty. We see the
need for a two-temperature description of the molecular ISM. The derived
temperatures from the J, K=2, 4, and 4, 5 ratios are consistent with a ∼130 K
temperature component, and the J, K=1, 2 ratio measures a ∼57 K
component.
Figure 12. Dolid lines represent the relationship between the kinetic
temperature and the rotation temperature. The dashed lines show the ﬁts to
the models represented by Equations (5) and (6), and Equation (6) from Ott
et al. (2011).

lower in resolution, indicate that W1 may be extended
perpendicular to the disk and aligned with the bipolar ionized
gas outﬂow (Figure 10). The spectrum shows evidence of
multiple components (Figure 7). W2 contains many individual
components within a velocity space ∼100 km s−1 wide that
iscentered at thesystemic velocity and includes contributions
from W1 and W3. W3 is a single-component maser located to
the SWof the nucleus.
W3 is the simplest H2O maser to explain. It is cospatial with
an H II region seen in Figure 4 and has a narrow spectrum. It is
likely associated with a massive star or stars in that region. Its
isotropic luminosity of 2×10−2 Le is consistent with
luminosities of AGB and YSO H2O masers in the Galaxy
(e.g., Palagi et al. 1993).
The H2O maser W1 is the clear oddity in NGC 253. W1 is
most clearly seen in the super-resolved image in Figure 10.
There are three components with observed velocities in the range
25–109 km s−1, while the systemic velocity of the galaxy is
234 km s−1. The W1 maser emission does not follow the
kinematics of the dense molecular ISM (Figure 7). The most
luminous and broad component is centered at 109 km s−1.
According to Brunthaler et al. (2009), this maser emission is
associated with supernova remnant TH4 (Turner & Ho 1985 and
Ulvestad & Antonucci 1997). However, because of the extreme
conditions under which H2O is known to mase, in addition to the
locations and velocities, and because no H2O masers are found
in Milky Way supernova remnants (Claussen et al. 1999 and
Caswell et al. 2011), we hypothesize that these masers are
tracing shocks in entrained material in the outﬂow.
We consider three possibilities for the origin of the masers. First,
Figure 11 in Strickland et al. (2002) shows possible anatomies of
starburst-driven outﬂows in NGC 253. In this picture the W1 H2O
masers most likely trace dense-gas clumps closest to the starburst
center or shocked dense gas entrained in the outﬂow. The observed
velocities are consistent with the Strickland model predictions for
outﬂow velocities on theorder of 100 km s−1. A model of a conical
outﬂow developed by analyzing optical integral ﬁeld unit data in

bipolar outﬂow. Here the para-NH3 lines are not observed in
emission, butthe ortho-NH3(3, 3) line is. We did not detect any
other ortho species of NH3 at this location to compare with these
lines, butOtt et al. (2005) did observe the ortho (6, 6) species to
be in absorption at our location C1. Since NH3(3, 3) is the only
ortho-NH3 species observed in emission at this location, we
corroborate the interpretation from Ott et al. (2005) that the
NH3(3, 3) line is masing here. The spectral line (Figure 6) could
not be ﬁt with a single Gaussian, but rather two Gaussians
centered at 172 km s−1 and 257 km s−1 with widths of 55 km s−1
and 130 km s−1, respectively, NH3(3, 3)a and NH3(3, 3)b (see
Figure 9). The existence of the NH3(3, 3) maser suggests that the
collision rate in the center of NGC 253 increases or thatthere
exists an excess of infrared photons in the center in order to
pump this maser. Currently, there is one other known
extragalactic source of NH3(3, 3) masers in addition toNGC
253: the Seyfert galaxy NGC 3079 (Miyamoto et al. 2015). Both
galaxies host outﬂows, but NGC 3079 is host to an active
galactic nucleus (AGN). It hosts an SFR of 2.6 Me yr−1 over
4 kpc (Yamagishi et al. 2010) measured from 1 to 1000 μm
emission. Attribution to an AGN driven wind might be favored
because the starburst is weak. Since the mechanism driving the
outﬂows in these galaxies is different, we hypothesize that in
both cases it is the collision of the hot ionized outﬂow cone with
the surrounding material that results in the NH3(3, 3) masers.
4.5.2. H2O Masers

The H2O masers are located within the centermost 200 pc.
Because they are locatedat the center of the starburst, it is
likely that all these masers are related to star formation.
Brunthaler et al. (2009) investigated this location with the
VLBA and inferred a pure starburst nature of the masers based
ontheir similarity to Galactic H2O masers and spatial
coincidence with supernovae remnants. Our data, while much
14
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Figure 14. Best ﬁts of the LVG models to the data. The blue hatched region represents the NH3 J=1, 2 ratio, and the red region shows NH3 J=2, 4. The shaded
areas represent the 1σ errors in the ﬁt. The horizontal dashed line representsthe median temperature ﬁt for densities exceeding the critical density of NH3 of 103
(vertical line).

Westmoquette et al. (2011) presents a more direct view of the
outﬂow in NGC 253. Their data show that the ionized gas
associated with the base of the outﬂow is blueshifted
∼100±50 km s−1 with respect to systemic. This is a good match
to the observed velocities of W1a to W1c, suggesting that there are
shocks related to the outﬂow. The origin of the shocks remains
unknown as we do not see a spatial separation of W1a, b, and c,
even in the super-resolved image cube. We hypothesize that they
may be shocks in entrained material in the outﬂow, or collisions
with dense gas that funnels the outﬂow out of the galactic plane. In
this picture W2 does not have observed velocities that match either
the Strickland et al. (2002) or Westmoquette et al. (2011) models of
the outﬂow. The velocity center of W2 matches the systemic
velocity of NGC 253, suggesting that it may exist in a molecular
torus about the center. The velocities of the NH3(3, 3) masers and
the 12CO (J = 1  0) spectrum from the same location are
similar (Figure 7). In the Strickland models the NH3(3, 3) and W2
H2O masers would exist where the outﬂow impacts the
unperturbed disk, which triggersstar formation. The W2 H2O
narrow components are mostlikely generated by YSOs in the
nuclear starburst, and the NH3 masers, theyare probably starforming sites like that of DR 21 (Wilson & Mauersberger 1990) or
W51 (Goddi et al. 2015) in the Galaxy.
The second possibility is thatwhile the W1 masers still
originate in the outﬂow, the W2 masers do not trace a
molecular torus, buttheir velocity extent is insteaddue to a
two-sided outﬂow. Here the portion of W2 that isredshifted
with respect to thesystemic velocity is tracing the receding
side of the outﬂow. However, the receding side is not as well
understood because it is obscured by dust and tipped away
from the observer, making optical and soft X-ray observations
difﬁcult. Westmoquette et al. (2011) ﬁnd it impossible to model
the receding outﬂow cone, and the analysis from Strickland

et al. (2002) is focused on kpc scales. Therefore current
evidence for the receding outﬂow is limited to hundreds of pc
displacement from the disk. As H2O masers are unaffected by
dust obscuration, this picture implies fewer shocked regions as
traced by H2O on the receding side of the outﬂow, or that other
masers in the receding outﬂow are unobserved because oflineof-sight effects. In this case the W1 masers would exist as in
the ﬁrst picture.
Last, it is possible that the W1 H2O masers are not related to
the outﬂow at all, leaving us with the difﬁculty of explaining
their velocities. Brunthaler et al. (2009) noted that W1 is
cospatial with the supernova remnant TH4. The W2 masers in
this case would mostlikely be gas in the molecular torus as in
the ﬁrst picture or associated with known supernova remnants
at their location. With an rms of 12 mJy, it is unlikely that
Brunthaler et al. (2009) would have seen the fainter masers
comprising W2. Our spatial resolution makes this problem
difﬁcult to solve, thus deeper high-resolution observations are
necessary.
4.6. Millimeter Molecular Lines
In order to reveal the underlying properties responsible for
the observed temperatures and masers, we compare our
resultswith images of several molecular species from Meier
et al. (2015), who observed NGC 253 with ALMA in the
millimeter range.We have chosen ﬁve molecules that trace
PDRs (113.40 GHz CN(1-0; 1/2–1/2), seeRodriguez-Franco
et al. 1998), intermediate densities (89.18 GHz HCO+ (1-0))
found in both diffuse and dense clouds (Turner 1995), gas
densities greater than 3×104 cm−3 (88.63 GHz HCN (1-0),
see Gao & Solomon 2004), weak shocks (89.92 GHz HNCO
(40,4 –30,3, seeMeier & Turner 2005), and strong shocks
15
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Figure 15. Channel maps of the regions containing the superbubbles found by Sakamoto et al. (2006). The top block shows the eastern superbubble (R.A.:
00h47m34 64, decl.: −25°17′09 5), and the bottom block shows the western superbubble (R.A.: 00h47m32 53, decl. −25°17′24 0). Each box is 18″ × 18″. The
black circle shows the diameter of the superbubbles measured by Sakamoto et al. (2006). The grayscale image shown is 12CO (J = 1  0) emission from Bolatto
et al. (2013). The contours of 1, 2, 3, and 5 times the 4.5 mJy beam−1of CH3OH are shown, and the velocity in km s−1 is shown in the top right cornerof each
panel.
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Figure 16. Measured FWHM as a function of theoffset from the continuum
peak C1. The circles represent the FWHM of 12CO (J = 1  0) from Leroy
et al. (2015) and the triangles represent the NH3(1, 1) FWHM. The areas of the
expanding superbubbles are shaded gray.

(86.84 GHz SiO (2-1; n = 0), see García-Burillo et al. 2000).
The largest spatial scalein the sample examinedby Meier et al.
(2015) is 18″. They compare the ALMA interferometric maps
with single-dish observations and ﬁnd that 50%–100% of the
total ﬂux is recovered. The largest spatial scale of the VLA D
conﬁguration at K band is66″, thus we expect less ﬂux to be
resolved out by the VLA than for ALMA. The maximum
uncertainty in the lineratiosof the VLA to ALMAcould
consequently be increased by a factor of two. The resolution of
the ALMA cubes is ∼2″ × 2″. The HCN map, with NH3(3, 3)
contours in white, is shown in Figure 18. The twomolecular
morphologies are well correlated. This suggests that these
molecules are tracing similar environments. We show the PDR
and dense gas tracers, CN and HCO+, with NH3(3, 3) contours
overlaid (Figure 19 top). Like HCN, CN and HCO+ trace
similar regions as NH3.
For the shock tracers, HNCO and SiO, we have overplotted
the naturally weighted unsmoothed 36 GHz CH3OH contours
(Figure 19 bottom). The CH3OH masers are well correlated
with HNCO and SiO at the sites of the Sakamoto et al. (2006)
superbubbles, butthe centermost 200 pc remains bright in SiO,
whereas HNCO dims (Meier et al. 2015). The CH3OH masers
appear much better correlated with HNCO than SiO. We take
the dominant source of error in the individual molecular maps
to be the 10% estimate in the absolute ﬂux density calibration.
To estimate relative intensities, the individual ALMA maps
were smoothed to the common resolution of 6″ × 4″ to match
our VLA data. We then normalized these maps by the HCN
map. Line ratios were then measured at locations A1–A7 and
C1. The line ratios are shown in Figure 20 plotted in black,
with the TKin12 shown in red and TKin24 shown in blue.
The cold and warm temperature components of the
molecular gas do not correlate well with PDR tracers (CN),
intermediate densities (HCO+), weak shocks (HNCO), or
strong shocks (SiO). We interpret the plots in Figure 20 to
mean that none of the selected processes relate to the heating
and cooling of the dense molecular ISM on 100 pc scales in
NGC 253. This possibly means that cosmic rays are the
dominant source of heating in the center of NGC 253, or that
the dominant heating source destroys NH3 molecules and we
are only sensitive to less impacted molecular gas

Figure 17. Plots of the average FWHM vs. derived kinetic temperatures from
pairs of the NH3 J=1, 2 (top) and J=2, 4 (bottom) lines.

Figure 18. HCN map from Meier et al. (2015) in grayscale with NH3(3, 3) 3, 6,
9, 15, and 24×4.8 K km s−1 contours.

At the same time, we measure a relative decrement of HNCO
in the center compared to the locations with 36 GHz CH3OH
masers and the expanding Sakamoto et al. (2011) superbubbles.
In the case of NGC 253, Meier et al. (2015) argue that the
17
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Figure 19. Top row:the PDR tracer CN(left) and intermediate-density tracer HCO+(right) (Meier et al. 2015) with 3, 6, 9, 15, and 24σ contours of NH3. The bottom
row shows theshock tracers HNCO and SiO (Meier et al. 2015) with 3, 6, 9, 15, and 24σ contours of CH3OH.

relative decrement of HNCO is a consequence of dissociation
in the PDR-dominated center. The lack of methanol masers on
the eastern side of the west superbubble is consistent with
dissociation closer to the center. It is interesting that the
nonthermal 36 GHz CH3OH correlates with the HNCO. A
similarly tight correlation has been observed between
HNCO and thermal CH3OH in nuclei (e.g., Meier &
Turner 2005, 2012). This is further evidence thatthe 36 GHz
CH3OH is tracing similar shocked regions. SiO is also
enhanced near the superbubbles. However, SiO is more
uniformly distributed in the center 300 pc of NGC 253 where
we did not observe any 36 GHz CH3OH masers, suggesting
that the 36 GHz CH3OH maser is more closely related to weak
shocks than to strong shocks. Position-velocity (PV) cuts were
made through the eastern and western groups of masers.
Figure 21 shows the PV cuts through the HCN cube with the
naturally weighted 36 GHz methanol contours in black. The
HCN cube reveals a few shell-like structures. The methanol
masers are well correlated with the edges of the shells, which

strengthensthe connection between the shocks and the dense
molecular gas.
5. Summary
We have provided ananalysis of VLA observations of the
dense gas and masers associated with the nuclear starburst in
NGC 253. We conclude the following:
1. We have detected NH3(1, 1), (2, 2), (3, 3), (4, 4), and (5,
5) in the central kpc of NGC 253. NH3(9, 9) is detected in
only one location. No NH3 is observed in the molecular
outﬂow.
2. We ﬁnd thatthe molecular gas in NGC 253 isbest
described by a spatially uniform two kinetic temperature
model with a warm 130 K component and a cool 57 K
component. The continuum peak (C1) may indeed be
hotter as it is closer to the starburst, but absorption of the
metastable para-NH3 lines makes the temperature measurements less accurate. A direct LVG analysis
18
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Figure 20. Intensities of molecular tracers relative to HCN from the A1–A7 and C1 locations (dashed lines with black squares). The top row shows the PDR tracer CN
(left) and intermediate-density tracer HCO+ (right), and the bottom row shows weak shock tracer HNCO (left) and strong shock tracer SiO (right). The red triangles
and blue inverted triangles with lines are the warm and cool components of the kinetic temperatures we derive from NH3, respectively. The gray bars represent the
diameter and locations of the superbubbles in Sakamoto et al. (2006).

corroborates a two-temperature model of NGC 253,
although with a cool component of 74 K and a warm
component of 145 K. The LVG analysis does hint at a
hotter component greater than 300 K as traced by the
NH3(4, 4) and NH3(5, 5) ratio. The temperature
distribution is not well correlated with PDRs, weak
shocks, or strong shocks, and is constant over the
central kpc.
3. We conﬁrm the result from Ott et al. (2005), who
suggestedthat NH3(3, 3) masers exist in the nucleus of
NGC 253. There is currently only one other known
source of extragalactic NH3(3, 3) masers, NGC 3079
(Miyamoto et al. 2015). Both galaxies host outﬂows, but
in NGC 253 the outﬂow is driven by a starburst, whereas
in NGC 3079 it is mostlikely driven by an AGN.
4. Expanding superbubbles do not appear to heat the gas in
NGC 253. A comparison with the results from Leroy
et al. (2015) shows that the line widths are dominated by
turbulent motions within a GMC. The large NH3 line
widths are likely due to the bulk motion of the GMCs.
5. Three H2O maser features have been observed. The H2O
maser W1 is coincident with the continuum peak. We
show indications thatemission is extended along the
minor axis of the galaxy, the spectrum suggests multiple
components, and the velocities are more similar to
the outﬂow than the disk. It is likely that this maser is
related to the bipolar outﬂow of ionized gas, although

other explanations are possible. High-resolution followup observations are needed to conﬁrm a relationship with
the bipolar outﬂow.
W2 is located SWof W1 and shows multiple
spectrally unresolved masers with velocities centered
about thesystemic velocity, suggesting thatthese masers
exist in a circumnuclear torus. It is also possible that W2
may in part trace the receding side of the outﬂow. W3 is
unresolved and located SWof W1 and W2. Its progenitor
is mostlikely a massive star.
6. We detect ﬁve regions with 36 GHz CH3OH masers at
the outside edge of the central kpc as traced by NH3. The
spatial proximity and velocities suggest a relationship
with known superbubbles. Position-velocity cuts show
that all the 36 GHz methanol masers may be related to
shell-like features. The 36 GHz CH3OH morphology and
HNCO are similar. This similarity suggests that both
HNCO and 36 GHz methanol masers are tracing similar
conditions.
Our analysis reveals the properties of the dense molecular
ISMalong the central kpc of NGC 253 using centimeter and
millimeter emission and absorption lines. We have uncovered
relationships with the bipolar outﬂow, expanding molecular
bubbles, and the nuclear starburst.
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Figure 21. Position-velocity (PV) cuts through the HCN (grayscale) and 36 GHz methanol maser (3, 6, and 9σ contours shown in black) data cubes. The PV cuts
show a few shell-like structures marked with black circles. The methanol masers appear to be concentrated around the edges of the shells.
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