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Abstract

Centimeter-wave transitions are important counterparts to the rotational millimeter-wave transitions usually
observed to study gas in star-forming regions. However, given their relative weakness, these transitions have
historically been neglected. We present Australia Telescope Compact Array 4 cm and 15 mm band spectral line
observations of nine nearby star-forming galaxies in the H75 array configuration. Thirteen different molecular lines
are detected across the sample from OH, NH3, H2O, H2CO, and c-C3H2, as well as 18 radio recombination lines
(RRLs) in NGC253. Excited OH P2 3 2 absorption is detected toward NGC253 (J=5/2), NGC4945 (J=9/2),
and Circinus (J=9/2); the latter two represent only the third and fourth extragalactic J=9/2 detections. These
lines in Circinus suggest rotation temperatures in excess of 2000 K, and thus it is likely that the populations of OH
rotational states are not governed by a Boltzmann distribution. Circinus’s OH lines are blueshifted from the
systemic velocity by ∼35 km s−1, while NGC4945ʼs are redshifted by ∼100 km s−1. NGC4945ʼs OH absorption
likely indicates infall onto the nucleus. The NH3 (1,1) through (6,6) lines in NGC4945 display a superposition of
emission and absorption similar to that seen in other dense gas tracers. Strong (3,3) emission points toward maser
activity. The relative NH3 absorption strengths in NGC4945 show similar anomalies as in previous studies of
Arp220 (weak (1,1) and strong (5,5) absorption). A trend toward higher local thermal equilibrium electron
temperatures with increasing RRL frequency is present in NGC253, likely indicative of stimulated emission
within the nuclear region.
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1. Introduction and Motivation

Understanding the molecular gas of the interstellar medium
(ISM) in star-forming regions allows for characterization of the
star formation process on both local and galactic scales
(Kennicutt & Evans 2012). These regions are often studied
using molecular spectroscopy and astrochemistry, as molecular
transitions are able to provide additional information not
available from continuum observations such as velocity,
excitation, and chemical abundances (e.g., Belloche et al.
2013; Meier et al. 2015; Henkel et al. 2018). In Galactic
sources, star-forming regions can be probed to sub-astronom-
ical unit scales, revealing in exquisite detail the processes
underlying star formation (e.g., Belloche et al. 2013; ALMA
Partnership et al. 2015). In extragalactic sources this is
generally not possible with current technology, and star
formation is instead studied on the scale of entire star-forming
regions or even the entire galaxy (e.g., Leroy et al. 2015; Meier
et al. 2015; Henkel et al. 2018).

However, different molecules trace different gas properties.
The study of a single molecule cannot comprehensively
characterize the properties of the star formation; multiple
transitions and molecules are necessary to fully characterize the
gas (Meier & Turner 2005).

While typically the millimeter wavelengths, in particular the
CO ΔJ transitions, are used to trace the column density of the
gas (e.g., Strong et al. 1988; Dame et al. 2001; Bolatto et al.
2013b), the centimeter wavelengths offer relatively untapped
potential. In particular, studies of lines arising from mechan-
isms other than pure rotation are important counterparts to the

multitude of rotational surveys present in the literature (e.g.,
Martín et al. 2006; Meier et al. 2015; Henkel et al. 2018).
Centimeter transitions are unlike millimeter in that the majority
of the most common transitions are not purely rotational in
origin. The most abundant molecules’ non-rotational transitions
tend to lie at cm wavelengths, such as the Λ-doubling
transitions of OH (e.g., Robinson & McGee 1967; Henkel
et al. 1986) and the inversion transitions of NH3 (e.g., Ho &
Townes 1983; Walmsley & Ungerechts 1983).
Observing these cm-wave lines can have significant benefits.

For example, NH3 has great utility as a temperature probe due to
its unique structural properties (a symmetric top with a heavy
atom above a plane of light atoms). Its inversion lines’ strengths
are nearly independent of other ISM properties such as density
(e.g., Ho & Townes 1983; Walmsley & Ungerechts 1983).
Similarly, the free radical nature of OH provides it with a large
number of transitions for a diatomic molecule, equating to more
constraints on parameters such as abundance, temperature, and
density than is easily attainable with typical molecules. OH also
traces different regions than CO, such as active galactic nucleus
(AGN) disks, and different properties than CO, such as cosmic-
ray ionization rates. Other simple molecules such as H2O and
H2CO have well-studied cm-wave transitions; H2O at 22GHz is
often a strong maser (Greenhill et al. 1995) and H2CO is a well-
known density probe (Mangum et al. 2013b). Thus, observations
of the cm-wave transitions complement those of the rotational
mm-wave transitions, and combined the two can comprehen-
sively characterize the ISM in ways that observations of the mm
wavelengths alone cannot.
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In addition to the multitude of molecular lines present at cm
wavelengths, radio recombination lines (RRLs) are also
common. Unlike the majority of molecular transitions, RRLs
trace the location of ionized gas with intensities related to star
formation rate (SFR) (e.g., Gordon & Walmsley 1990; Kepley
et al. 2011; Bendo et al. 2016), and thus their observations
complement those of molecules to paint a more complete
picture of star-forming regions. The frequency-spacing of lines
decreases as a function of decreasing frequency; between 4 and
50 GHz there are 67 different H(n)α RRLs and even larger
numbers of Hβ and other higher-order RRLs. This makes low
frequencies productive for RRL studies, as large numbers of
lines are observable in a single pointing, allowing for increased
sensitivity from the stacking of multiple lines.

Additionally, RRLs can be used for calculations of electron
temperatures in these ionized regions. Specifically, the line to
free–free-continuum ratio has a one-to-one correspondence
with electron temperature, assuming local thermodynamic
equilibrium (LTE). RRLs are unobscured compared to
common optical/UV atomic lines (e.g., Hα) used to probe
SFRs, increasing the ease of calculations. Moreover, because
line and continuum opacities decrease with frequency, electron
temperatures measured with different RRLs can probe the non-
LTE structure of H II regions (e.g., Balser et al. 2017).

Historically, searches for lines in the cm-wave regime has
been impeded by the lack of wideband correlators. The lines
are also typically weaker, requiring higher sensitivities to detect
than typical lines at mm wavelengths. Fortunately, within the
last decade, the advent of new correlators on instruments, such
as the NSF’s Karl G. Jansky Very Large Array (VLA) and the
Australia Telescope Compact Array (ATCA), has allowed
these centimeter regimes to be surveyed in a nearly complete
sense. However, the only extragalactic cm-wave wideband line
survey is the Survey of Water and Ammonia in Nearby
Galaxies (SWAN; Gorski et al. 2017, 2018). Their sample
consists of four star-forming galaxies (NGC 253, NGC 2146,
NGC 6946, and IC 342) covering a wide range of physical
parameters surveyed over the K- and Ka-bands using the VLA
with ∼1″ resolution. Within this survey, lines from seven
different atomic or molecular species are detected, although the
authors focus their analysis on NH3, H2O, and CH3OH.

While it is helpful to study the gas within galaxies in a
resolved sense, as in the SWAN, there are advantages of lower
resolution as well. In particular, low angular resolution
observations allow for the comprehensive determination of
global properties of galaxy nuclei and allow for greater surface
brightness sensitivity. The SWAN survey also only focuses on
the K- and Ka-bands, and no surveys of the lower-frequency
bands have been conducted. In addition, SWAN only targets
four galaxies, a sample size too small to draw any conclusions
about global galaxies properties.

Our purpose with this study is twofold: we target a large
number of understudied, likely noteworthy cm-wave transitions
in our observations, and also cover large areas of frequency
space. Our target objects (Section 2) represent nine of the most
promising objects for observing lines, and our target lines
represent the most promising transitions to detect. Using the
transitions we detect, we derive physical properties of the gas
in the galaxies such as rotation temperatures, and compare
our detections between galaxies. Comparison to archival data
is also employed to further construct a thorough interpretation
of our results, and the origin of the spectral features is

investigated. In Sections 2 and 3 we introduce the sources and
observations used for this study. In Section 4 we present our
detected lines, and interpret them in the following sections.
Finally, in Section 10 we outline our main conclusions.

2. Sources

Nine nearby galaxies (Table 1) with varying rates of star
formation were chosen as sources. The sample was crafted to
contain nearby, diverse sources bright enough and close
enough to have a reasonable possibility of detecting spectral
lines with the southern-sky ATCA. All objects are located in
the southern celestial hemisphere, allowing for comparisons to
pre-existing and/or future ALMA data. Optical images of the
galaxies can be seen in Figure 1.
The galaxies in our sample range over an order of magnitude

in distance, between 3.5 and 40Mpc. One galaxy (NGC 1266) is
lenticular, one (NGC 3256) is an interacting pair of former
spirals, while the remaining seven are spirals. Several of the
galaxies (NGC 253, NGC 1068, NGC 1266, NGC 1808, and
Circinus) are known to host massive molecular outflows from
the nucleus (Veilleux & Bland-Hawthorn 1997; Alatalo et al.
2011; Bolatto et al. 2013a; García-Burillo et al. 2014; Salak et al.
2016). Many (NGC 253, NGC 1808, NGC 3256, NGC 4945,
M83, Circinus) are currently starbursting (Moorwood & Oliva
1994; Lira et al. 2008; Bendo et al. 2015; Zschaechner et al.
2016b; Busch et al. 2017), and NGC1266 may host a dust-
obscured starburst (Alatalo et al. 2015). NGC1068 underwent
two starbursts in the recent past (Storchi-Bergmann et al.
2012), and Circinus’s outflow suggests starburst characteristics
(Zschaechner et al. 2016b). Seven of the nine galaxies display
AGN activity, with the majority of these containing Seyfert
nuclei. Nuclear SFRs range over several orders of magnitude,
from �0.05 to ∼20Me yr−1.
NGC 253, one of the most-studied of all astronomical

objects, is near enough (3.56 Mpc) that individual protoclusters
have recently been resolved in the nucleus (Leroy et al. 2018).
Two large (∼100 pc) molecular superbubbles are present in a
∼500pc circumnuclear disk (Sakamoto et al. 2006), and
multiple smaller bubbles are present in the disk (Ott et al.
2005). NGC253, along with M82, was the first known source
of extragalactic molecular lines, following the detection of the
1665 and 1667MHz P2 3 2 J=3/2 OH transitions by
Weliachew (1971). Since then, NGC253 has served as a
premier laboratory for extragalactic astrochemistry, with
multiple mm-wave line surveys conducted (e.g., Martín et al.
2006; Bendo et al. 2015; Meier et al. 2015; Ando et al. 2017;
Walter et al. 2017). Notably, NGC253 is the only galaxy in
our sample for which a dedicated cm-wave survey of spectral
lines exists. Gorski et al. (2017) surveyed 4 GHz ranges in both
the K- and Ka-bands for the SWAN survey using the VLA
and detected 17 spectral lines from seven different molecular
species.
NGC1068, the prototypical Seyfert galaxy, is also one of

the most well-studied objects. Multiple ALMA line surveys
have been conducted (e.g., García-Burillo et al. 2014;
Nakajima et al. 2015; García-Burillo et al. 2016; Izumi et al.
2016). The remaining galaxies are all significantly less-studied
with regards to astrochemistry, with only NGC4945 (Henkel
et al. 2018) and NGC3256 (Sakamoto et al. 2014; Harada et al.
2018) having dedicated ALMA line surveys in the millimeter.
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3. Observations and Data Reduction

We targeted and observed the nuclear regions of all nine
galaxies listed in Table 1 using the 4 cm and/or 15 mm bands
of the ATCA in its H75 configuration. As the most compact
ATCA layout, the H75 configuration yields angular resolution
comparable to large-diameter single-dish measurements but
maintains an inherently better baseline stability that signifi-
cantly improves the ability to detect faint lines. The primary
beam of the ATCA ranges from 12′ at the start of the 4 cm band
to 2′ at the end of the 15 mm band. The 4 cm band spectral
range is roughly equivalent to the VLA’s C- and X-bands,
while the 15 mm band is analogous to the Ku- and K-bands.

The majority of observations were taken throughout the
APRS semester of 2016 during filler time slots (project code
CX297), utilizing the ATCA’s remote observing capabilities;
one NGC 1365 observation was taken in 2015. The CABB
correlator was utilized in its 64M-32k mode, providing 32 total
zoom bands with resolutions of 32kHz (equivalent to
∼1.5 km s−1 at 6 GHz and ∼0.4 km s−1 at 23 GHz), each with
2048 channels. The two continuum/spectral bands were
centered roughly at rest frequencies 5.7 and 8.6 GHz in the
4 cm band, and at 22.1 and 24.5 GHz in the 15 mm band. The
32 zoom bands were placed at representative frequencies
within these bands, many targeting plausible spectral lines. The
rest frequencies of these zoom bands are noted in Table 2;
actual observational frequencies were corrected for the galaxy
redshifts listed in Table 1. We emphasize that using the CABB
correlator it is impossible to cover the entire 4 cm or 15 mm
band; we have only sampled the band at multiple, but specific,
frequency ranges. In galaxies where only one band could be
observed due to a lack of observing time, the 15 mm band was
chosen for observation. As NGC253 was observed in the
K- and Ka-bands using the VLA by Gorski et al. (2017), we did
not sample its 15 mm band.

Data flagging and calibration were performed using the
MIRIAD software (Sault et al. 1995). Standard procedures

were used: erroneous data were flagged and sources were
calibrated using flux (PKS 1934-638), bandpass, and gain
calibrators. Table 3 shows the reduction parameters and
imaging properties for all sources. The data were then inverted
and cleaned, with a cell size of 4″ for all 15 mm cubes and 10″
for 4 cm cubes. To increase the signal-to-noise ratio (S/N),
each spectrum was smoothed over seven channels in frequency
space prior to imaging, for a final resolution of 224kHz
(∼11 km s−1 at 6 GHz and ∼2.9 km s−1 at 23 GHz). Using
CASA (McMullin et al. 2007), each cube was examined in
channel space. Potential line-like features in each cube were
noted, and continuum subtraction was performed using line-
free and interference-free channels. Due to the large frequency
range observed for each source, the synthesized beam size
varied significantly from the low-frequency end to the high-
frequency end of the spectra. Thus, all cubes within a given
band were smoothed to a circular beam size using the long-axis
beam diameter of the lowest-frequency channel.
The resulting synthesized beams, superimposed on top of

optical images of the galaxies, can be seen in Figure 1. As seen,
the pointings vary from completely global (e.g., NGC 1266
4 cm band) to purely nuclear (e.g., M83 15 mm band) among
the sample.
The post-subtraction cubes were then examined, and for all

sources a spectrum was extracted from the central synthesized
beam pixel using PySpecKit (Ginsburg & Mirocha 2011).
Lines appearing roughly Gaussian were fit using PySpecKit’s
Gaussian-fitting algorithm, while those with a clearly non-
Gaussian profile were fit using multiple Gaussians if possible.
Lines were then cross-identified with Splatalogue (Remijan
et al. 2007) for possible matches. We apply an intrinsic 10%
uncertainty to all flux measurements.

4. Lines Detected

We detected at least one molecular spectral line in eight of
our nine galaxies. No morphological structure is observed in

Table 1
Global Parameters of Observed Galaxies

Source R.A. (J2000) Decl. (J2000) d (Mpc) υ (km s−1)a SFRb (Me yr−1) SFR methodc AGN References

NGC 253 00h47m33 1 −25°17′18″ 3.56±0.28 236±2 1.73±0.12 RL, FF None 1, 5, 9
NGC 1068 02h42m40 7 −00°00′48″ 10.1±3.9 1126±3 -

+0.36 0.18
0.36 PAH Seyfert 1 2, 6, 10, 17

NGC 1266 03h16m00 7 −02°25′38″ 29.4±2.9d 2157±5 -
+0.87 0.43

0.63 FF AGN 3, 7, 11, 18

NGC 1365 03h33m36 4 −36°08′25″ 17.8±1.8 1619±1 <0.05 PAH Seyfert 1.9 1, 8, 10, 19
NGC 1808 05h07m42 3 −37°30′47″ 9.1±1.8 976±4 -

+0.18 0.09
0.18 RL Seyfert 2? 1, 5, 12, 20

NGC 3256 10h27m51 3 −43°54′13″ 37±14 2792±6 -
+21 11

21e SED Seyfert 2e 4, 5, 13, 21
NGC 4945 13h05m27 5 −49°28′06″ 3.72±0.30 558±3 4.42±0.49 RL, FF Seyfert 2 1, 5, 14, 22, 23
M83 13h37m00 9 −29°51′56″ 4.66±0.33 514±2 -

+1.6 0.8
1.6 FUV None 1, 5, 15

Circinus 14h13m09 9 −65°20′21″ 4.2±1.6 429±3 3–8 MIR, FIR Seyfert 2 2, 5, 16, 19

Notes.
a All velocities quoted in LSRK frame.
b Nuclear SFR only with the exception of M83, where the SFR denotes the entire galaxy.
c RL: recombination lines; FF: free–free continuum; PAH: polycyclic aromatic hydrocarbon; MIR: mid-IR; FIR: far-IR; SED: spectral energy distribution; FUV: far-
UV.
d Calculated from radial velocity and adding a 200 km s−1 error to account for peculiar velocity.
e Double-nucleus galaxy with Sy2 activity in southern nucleus only; SFR is sum total of both nuclei.
References. (1) Tully et al. (2013), (2) Tully et al. (2009), (3) de Vaucouleurs et al. (1991), (4) Tully (1988), (5) Koribalski et al. (2004), (6) Huchra et al. (1999), (7)
Cappellari et al. (2011), (8) Bureau et al. (1996), (9) Bendo et al. (2015), (10) Esquej et al. (2014), (11) Alatalo et al. (2015), (12) Busch et al. (2017), (13) Lira et al.
(2008), (14) Bendo et al. (2016), (15) Karachentsev & Kaisina (2013), (16) For et al. (2012), (17) Goulding & Alexander (2009), (18) Alatalo et al. (2011), (19)
Malizia et al. (2012), (20) Jiménez-Bailón et al. (2005), (21) Ohyama et al. (2015), (22) Iwasawa et al. (1993), (23) Moorwood & Oliva (1994).
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either the continuum or spectral line emission from any of the
galaxies within the spatially smoothed cubes, and the two
nuclei of the double-nucleus source NGC3256 (separation 5″)
are observed as a single object. Table 4 shows the parameters
of the molecular lines detected within the galaxies; transitions
selected for further analysis are shown in boldface. Hydrogen
RRLs were only detected in NGC253; the observed RRL
parameters can be seen in Table 5. Transitions observed but not
detected are shown in the Appendix for each galaxy.

Throughout the remainder of this paper, we focus our
analysis on RRL, OH, and NH3 transitions. All velocities are
quoted in the radio LSRK frame.

During the NGC253 observations, a ringing effect was
produced by antenna CA05, resulting in poor-quality data. As
the antenna was positioned on the edge of the array at the time
of observation, the antenna’s data could not be removed
without causing a severely elongated beam, impeding the
inversion process, and substantially increasing the noise. As a
consequence, a slight baseline ripple is present within the data,
most notable at lower frequencies.

The majority of detected lines were observed with roughly
Gaussian profiles of no more than two separable components;
the few non-Gaussian lines do not have intensity or FWHM
values in Table 4. H2CO has been extensively studied by
Mangum et al. (2008, 2013b) and H2O has been subject to
numerous studies in each detection in our sample (e.g.,
Greenhill et al. 1997, 2003; Gallimore et al. 2001; Surcis
et al. 2009), while c-C3H2 is only detected from a single
transition in a single galaxy. We thus focus our analysis
primarily on the RRL, OH, and NH3 transitions.
Discounting the RRLs in NGC253, we detect the most lines

in NGC4945. In NGC4945, the lines from different species
are strikingly different from each other in morphology. The OH
and c-C3H2 lines are both detected solely in absorption, but
with drastically different FWHMs of ∼55 km s−1 and
∼220 km s−1, respectively. Furthermore, the NH3 transitions
bear no resemblance at all to either of the former two lines,
with a complicated superposition of emission and absorption.
The H2O maser has a double-peaked velocity structure.

Figure 1. European Southern Observatory Digitized Sky Survey images of all galaxies, overlain with our ATCA synthesized beams at the pointing location. Blue
circles represent synthesized 4 cm beams, and green circles 15 mm beams.
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5. Radio Recombination Lines

We detect RRLs within a single galaxy: NGC253. All 18
Hα RRLs within our spectral windows were detected, while
neither higher-order Hβ transitions nor lines from other
elements were detected. All lines display roughly Gaussian
profiles (e.g., Figure 2). Three lines—H(108)α, H(103)α, and
H(101)α—are corrupted by the antenna CA05 problems, and
we exclude these lines from further analysis. The remaining
galaxies contain no discernible RRL emission to our
thresholds.
To attempt to detect RRLs in the remaining galaxies with 4 cm

band data (NGC 1266, NGC 1365, and NGC 1808), we stacked
all RRL spectra from each galaxy. The spectra containing the
RRL frequencies were smoothed to a common velocity resolution
of 15 km s−1, centered in velocity, and averaged together. No
clear evidence of RRLs was present in any of the galaxies after
stacking to upper limits of ∼0.25mJybm−1 in NGC1266 and
NGC1365, and ∼0.35mJybm−1 in NGC1808.

5.1. NGC253 and Electron Temperature

The detection of an RRL from a source allows for the
calculation of the average electron temperature as long as the
emitting H II region is under LTE. The electron temperature is a
kinetic temperature, namely a measure of the electrons’ average
velocities according to the Maxwell–Boltzmann distribution.
The electron temperature assuming LTE, Te*, is related to
the line-to-continuum ratio, via the formula (Rohlfs & Wilson
2000)

n u
= ´

D-
-

-T T

TK
7.0 10

GHz
1.08

km s
, 1e C

L

3
1.1

1
1

1 0.87* ⎜ ⎟⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎛
⎝
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⎠

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥ ( )

where TL/Tc is the line-to-thermal-continuum peak brightness
temperature ratio, and Δυ is the FWHM of the line. In addition
to LTE conditions, this formula assumes that the H II region is
isothermal, the optical depths of the line τL and continuum τc
obey the relations t t- 1L C∣ ∣  and τC=1, and the ratio of
helium atoms to hydrogen atoms is NHe/NH=0.08.
The detection of 18 RRLs within NGC253 (e.g., Figure 2),

in theory, allows for the calculation of Te for each line.
However, the process is complicated by the fact that not all of
the continuum emission from NGC253 is from thermal free–
free interactions. Synchrotron emission is often the dominant
emission mechanism at cm wavelengths, with free–free only
contributing a small fraction. Thus, the free–free continuum

Table 2
Central Frequencies of Zoom Bands in Observations for a Target at Rest, Plus

Rest Frequencies for Targeted Spectral Lines

Center
Freq. (MHz)

Bandwidth
(MHz)a Target Lines

Line
Freq. (MHz)b

4770 58 H(111)α 4744.18
OH P2 1 2 J=1/2

F=1

4750.66

4850 89 H2CO 110–111 4829.66
H(110)α 4874.16

4994 58 H(109)α 5008.92
5154 58 H(108)α 5148.70
5298 89 H(107)α 5293.73
5442 58 H(106)α 5444.26
5602 58 H(105)α 5600.55
5762 58 H(104)α 5762.88
5923 58 H(103)α 5931.54
6019 58 OH P2 3 2 J=5/2

F=2

6030.75

OH P2 3 2 J=5/2
F=3

6035.09

6115 58 H(102)α 6106.86
6275 58 H(101)α 6289.14
6467 58 H(100)α 6478.76
6659 58 CH3OH 515–606 6668.52

H(99)α 6676.08
7784 122 H(94)α 7792.87
7832 58 L L
7992 58 L L
8056 58 H(93)α 8045.60
8120 58 L L
8184 58 L L
8248 58 L L
8601 58 H(91)α 8584.82
8809 89 L L
9049 58 L L
9113 58 HC3N 1–0 9098.12
9177 58 H(89)α 9173.32
9241 58 L L
9497 58 H(88)α 9487.82
21203 58 L L
21300 58 L L
21364 58 H(67)α 21384.79
21588 58 c-C3H2 220–211 21587.40
21973 58 HNCO 101–000 21981.57
22037 58 L L
22229 58 H2O 616–523 22235.08
22326 122 H(66)α 22364.17
22470 89 L L
22678 58 L L
22839 58 L L
22999 58 L L
23095 58 L L
23716 89 NH3 (1, 1) 23694.50

NH3 (2, 2) 23722.63
23844 89 OH P2 3 2 J=9/2

F=4

23817.62

OH P2 3 2 J=9/2
F=5

23826.62

NH3 (3, 3) 23870.13
23957 58 L
24149 58 NH3 (4, 4) 24139.42
24309 58 L
24518 89 NH3 (5, 5) 24532.99

H(64)α 24509.90
24662 58 L L
24758 58 L L

Table 2
(Continued)

Center
Freq. (MHz)

Bandwidth
(MHz)a Target Lines

Line
Freq. (MHz)b

24790 58 L L
24918 58 L L
25046 58 NH3 (6, 6) 25056.03
25335 58 L L
25399 58 L L

Notes.
a The outermost 100 channels (∼3 MHz) were excised from each spectral
window; the bandwidth given is after removal.
b Remijan et al. (2007).
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Sν,ffc must be separately estimated. We utilized the work of
Williams & Bower (2010), who compare their data to past
literature to separate the nonthermal and thermal components of
NGC253ʼs spectrum between 1 and 7 GHz. They have a
comparable angular resolution to our data and well-sample the
frequency range, and thus their data are ideal for our purposes.
From their data, we extract the formula:

n
=

´

-
-n n

n
-

´
-

-

-
S

e
e

1.73

1.37

4.58 10

1
1 , 2,ffc

6 3

4.79 10
0.27

6

2.1( ) ( )

where ν is in GHz and Sν,ffc in Jy, a fit to the data for their
paper. The prefactor 1.73/1.37 scales their flux density at
5 GHz to our observed flux density. The second factor is simply
blackbody continuum emission, while the final factor is the
optical depth correction 1−e− τ evaluated using the optical
depths from their paper. To estimate the free–free continuum
for the RRLs at frequencies higher than 7 GHz, we assume that
the extrapolation of this formula is valid until 10 GHz. Between
4 and 10 GHz, this free–free continuum SED is nearly flat,
varying between 0.28 and 0.26Jy, so the extrapolation does
not affect the result significantly. Comparing the continuum
slope from Williams & Bower (2010) to those from our data,
this free–free continuum fit appears reasonable when applied to
our data.

Historical RRL observations (Table 7) with associated
continuum measurements have also been included. Only
historical observations and measurements over the entire
nuclear region are utilized; we exclude studies that focus on
smaller spatial scales. From the literature values of Sν,l, nS ,ffc,
and Δυ, we calculate electron temperatures using Equation (1).
The results can be seen in Table 6 and Figure 3. The displayed
error bars are solely statistical errors from the Gaussian fits.
Our derived electron temperatures are close to that of the H(92)
α line from Rodríguez-Rico et al. (2006).

Within the Milky Way, typical electron temperatures in the
Galactic center range from ∼5400–7000 K (e.g., Lang et al.
2001), significantly higher than those in NGC253 found in
both our and archival calculations. Typical temperatures for
other nearby starbursts are also in the above range (e.g., NGC
4945, Bendo et al. 2016), while others such as M82 are even
higher at ∼10,000 K (Seaquist et al. 1996). This suggests that
either NGC253 has an unusually low electron temperature in
its nucleus, or other non-LTE effects are in play.

5.1.1. Non-LTE Effects

As Figure 3 shows, the electron temperature appears to
increase with increasing line frequency/decreasing quantum
number, both within our data and including the archival data.
Equation (1) is accurate if LTE conditions are present within
the galaxy, but if non-LTE conditions predominate then the
calculated LTE electron temperature Te* is not an accurate
representation of the true electron temperature Te. Instead, an
additional factor must be added to address stimulated emission,
such that (Rohlfs & Wilson 2000)

b t
= -T T b 1

2
. 3e e n

n c
0.87

* ⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥ ( )

Here, τc is the continuum optical depth, bn are the LTE
departure coefficients defined as =b N Nn n n* (the ratio of true
to LTE-expected number density), and b- µ d b dn1 lnn n .
The departure coefficients bn do not vary significantly from

unity at our frequencies, and most of the deviations from LTE
line strengths arise from the βn term. bn is generally an
increasing function of n, and therefore βn is usually negative.
We thus expect the values of Te* to increasingly deviate from
LTE for lower-frequency RRLs assuming optically thin
emission. This trend is noticed in Figure 3, and it thus seems
reasonable that the ionized hydrogen in NGC253 is not in
LTE. In non-LTE conditions, the emission measure of the
galaxy cannot be calculated without knowledge of the
departure coefficients.
Within Galactic H II regions, trends of increasing electron

temperature are commonly observed with decreasing quantum
number between 3 and 10 GHz (Shaver 1980). Non-LTE
effects are usually presumed to be negligible, with low values
of Te* primarily resulting from other phenomena such as
pressure broadening of lines. However, toward the Galactic
center, non-LTE effects do indeed dominate at low frequencies
(Shaver 1980). In extragalactic sources, in contrast, high-
frequency RRLs often appear brighter, and Anantharamaiah
et al. (1993) noted that clumping of the gas into high-density
H II regions could explain this. The true nature of stimulated
emission and non-LTE effects from extragalactic sources has
not been definitively solved, but non-LTE models often better
fit extragalactic observational data than LTE models (e.g.,
Balser et al. 2017). Unfortunately, constrained calculations of

Table 3
Reduction Parameters for each Galaxy

Source Band Bandpass cala Gain cal Beam (arcsec) Beam (kpc) Time (min) Continuumb (Jy) rms (mJy bm−1)

NGC 253 4 cm L 0023-263 140 2.42 262 1.4 3.4
NGC 1068 15 mm 1934-638 0237+040 27 1.32 128 0.4 14
NGC 1266 4 cm L 0336-109 140 20.0 299 0.035 0.8

15 mm 1921-293 0336-109 28 3.99 602 0.012 1.1
NGC 1365 4 cm L 0332-403 132 11.4 238 0.15 0.65

15 mm 1921-293 0332-403 33 2.85 224 0.047 3.1
NGC 1808 4 cm L 0426-380 172 7.57 221 0.18 1.3
NGC 3256 15 mm 0723-008 1039-47 27 4.90 180 0.050 4.4
NGC 4945 15 mm 1921-293 j1326-5256 33 0.59 241 0.96 4.8
M83 15 mm 0723-008 1313-333 42 0.95 179 0.047 4.2
Circinus 15 mm 0723-008 1532-63 40 0.82 340 0.15 3.7

Notes.
a A dedicated bandpass calibrator was only used for 15 mm data. For 4 cm data, bandpass calibration was performed using the flux calibrator 1934-638.
b An intrinsic 10% uncertainty is applied for all flux measurements.
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bn and βn are not possible from our observations, so it is not
possible to derive an unambiguous quantitative interpretation.

The archival studies listed in Table 7 have vastly higher
angular resolution compared to our data; on the order of 1″
rather than ∼100″. It is thus possible that there is an artificial
offset between the archival measurements and our measure-
ments. However, the temperature calculated from the H(92)α
line from Rodríguez-Rico et al. (2006) is consistent with the
temperatures we calculate from our H(93)α and H(91)α lines
and consistent with our overall trend. Thus, the higher-
frequency measurements from other authors also show
agreement with the trend, lending additional support to our
observations. Hence, the difference in resolution appears not to
affect the derived Te* here, and so is not likely the cause of the

observed trend when comparing to archival data. We thus
conclude that calculations of electron temperature and other
quantities derived from single-line cm-wave RRL strengths
should be viewed with some caution. Instead, high-resolution
multi-line RRL studies are likely important for drawing
conclusions regrading the physical properties of H II regions.

5.2. Nondetections of RRLs in other Galaxies

In contrast to the bright and numerous NGC253 detections,
the other galaxies with 4 cm data (NGC 1266, NGC 1365,
NGC 1808) contain no visible RRLs above the rms noise (see
the Appendix). If the emitted RRLs from these galaxies are of
the same intrinsic luminosity as NGC253ʼs but at increased

Table 4
Molecular Lines Detected; Transitions in Boldface Are Selected for Further Analysis

Galaxy Species Transition υobs (km s−1) Sn,peak (mJy bm−1) ΔυFWHM (km s−1) Tmb (mK) ò uT dmb (K km s−1)

NGC253 L 5.737 GHza L 6.7±1.2 121±21 12.7±2.2 1.65±0.40
H2CO 110–111 228±4 −14.9±1.6 159±9 −39.7±4.4 −6.75±0.84
OH P2 3 2 J=5/2 F=2 231±9 −12.3±2.3 123±29 −21.1±3.9 −2.76±0.83

OH P2 3 2 J=5/2 F=3 229±10 −13.3±2.2 146±27 −22.8±3.7 −3.55±0.87

NGC1068 H2O 616–523 1403±7 215±48 54±16 740±160 42±16
1134±2 106±18 33±5 362±63 12.9±3.1
845±2 78±18 24±7 266±61 6.7±2.2

NGC1266 NH3 (3,3) 2176±2 1.19±0.38 95±36 3.3±1.1 0.33±0.17
NGC1365 H2CO 110–111 1598±27 −1.26±0.29 244±66 −3.40±0.78 −0.88±0.31

NH3 (1, 1) 1552±10 6.0±1.2 115±24 12.1±2.4 1.48±0.42
NH3 (3, 3) 1711±8 5.4±1.5 61±18 10.8±3.0 0.70±0.28

1545±6 8.8±1.3 112±14 17.5±2.5 2.08±0.40
NGC3256 H2O 616–523 2855±3 16.1±2.1 69.6±7.7 55.6±7.4 4.12±0.71

2789±14 7.0±1.2 102±45 24.2±4.2 2.6±1.2
2699±4 5.7±1.5 32.0±9.6 19.7±5.2 0.67±0.27

NGC4945 c-C3H2 220–211 564±6 −17.6±2.0 220±13 −42.5±4.8 −9.9±1.3
H2O 616–523 L L L L L
NH3 (1, 1) 707±3 18.7±3.1 47.8±7.5 37.6±6.3 1.91±0.44

626±3 −21.2±3.4 39.4±6.3 −42.6±6.9 −1.78±0.41
563±3 −14.3±3.5 28.4±7.5 −28.7±7.0 −0.87±0.31
458±5 14.5±2.8 76±13 29.1±5.6 2.35±0.60

NH3 (2, 2) 681±3 −22.3±5.8 42.9±9.3 −45±12 −2.04±0.69
596±14 −16.2±2.3 110±69 −32.4±4.7 −3.8±2.4
513±10 12.7±7.8 58±22 25±16 1.6±1.1

OH P2 3 2 J=9/2 F=4 672±2 −21.5±2.6 52±4 −42.7±5.2 −2.36±0.34

OH P2 3 2 J=9/2 F=5 658±2 −20.3±2.6 56±6 −40.3±5.3 −2.40±0.40

NH3 (3, 3) L L L L L
NH3 (4, 4) 615±3 −10.8±3.3 18.5±6.4 −20.9±6.3 −0.41±0.19

569±3 −11.2±2.7 28.7±7.6 −21.7±5.3 −0.66±0.24
435±9 7.7±1.5 103±21 14.9±2.9 1.63±0.46

NH3 (5, 5)b 712±77 8.1±3.5 160±100 15.2±6.5 2.6±2.0
643±11 −10.2±9.9 69±40 −19±18 −1.4±1.6
556±11 −12.7±3.6 84±20 −23.8±6.8 −2.11±0.80

NH3 (6, 6) 637±10 −8.5±6.2 32±23 −15±11 −0.52±0.53
575±25 −7.1±2.6 85±68 −12.7±4.7 −1.1±1.0
433±13 8.0±2.5 85±34 14.3±4.5 1.29±0.66

M83 NH3 (1, 1) 504±9 19.7±7.9 46±20 24.4±9.7 1.18±0.71
NH3 (2, 2) 546±8 7.8±2.2 60±19 9.6±2.8 0.62±0.26
NH3 (3, 3) 510±6 12.8±2.0 108±14 15.7±2.4 1.81±0.37

Circinus H2O 616–523 L L L L L
OH P2 3 2 J=9/2 F=4 392±4 −15.8±2.2 83±11 −21.3±3.0 −1.87±0.36

OH P2 3 2 J=9/2 F=5 402±8 −13.0±1.9 120±21 −17.5±2.6 −2.25±0.51

Notes. Gaussian fit parameters are included for all lines that are not confirmed or likely masers. No lines were detected in NGC1808 (see note in Table 3.
a No plausible species were identified; we thus show the observed line frequency instead.
b Contamination from the H(64)α line is likely present.
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distance, then NGC1808ʼs lines should be on approximately
1.5mJy at peak strength, NGC1365ʼs around 0.4 mJy, and
NGC1266ʼs only 0.15 mJy. This calculation assumes the same
intrinsic line widths and luminosities, and unresolved emission.
Thus, it comes as no surprise that we fail to detect the RRLs in
the remaining galaxies, considering that our rms noises for
these spectra (∼1 mJy) are greater than the expected RRL
strengths. However, taking stacking of RRLs into account, the
RRLs within NGC1808 and NGC1365 must be intrinsically
much weaker than those in NGC253, consistent with their
lower SFRs (Table 1).

Although all of the galaxies within our sample other than
NGC 1068 and NGC 1266 do have previous RRL detections in
both the 4 cm and 15 mm data (Anantharamaiah et al. 1993;
Zhao et al. 1996; Roy et al. 2005, 2008), their peak intensities
lie below our thresholds for detection. The exception to this is
NGC4945, in which both the H(92)α and H(91)α (17.8 mJy;
Roy et al. 2010) and the H(42)α line (∼40 mJy; Bendo et al.
2016) have been imaged and detected, but we fail to detect the
H(67)α, H(66)α, and H(64)α lines to thresholds of ∼4 mJy.
The last is located at the same frequency as the NH3 (5,5) line
and is not easily distinguishable (see Section 7.1 for further
discussion), but the remaining two show no evidence of
emission and have no possible confounding lines. Thus, the
flux densities of these RRLs must be significantly less than
those of the higher- and lower-frequency transitions observed
at over 15mJy in previous studies. However, these lines lie at
frequency ranges where non-LTE effects are minimal but the
lines are high enough order to be intrinsically weaker than the
lower-order lines (Rohlfs & Wilson 2000). Thus, it is not
entirely surprising that these lines are weaker than both lower-
frequency and higher-frequency lines.

6. Excited OH Transitions

We detect excited-state transitions of OH in three galaxies.
In NGC253, we observe the J=5/2 transitions at 6 GHz,
while in NGC4945 and Circinus the J=9/2 lines at 24 GHz

are detected. We show the lines in Figure 4. We are unaware of
any previous detections of these lines in the three galaxies. The
lines are detected in absorption in all three galaxies, and all
detected lines display approximately Gaussian profiles.
In NGC253, we detect both of the main J=5/2 lines. The

F=3 and F=2 lines’ peak intensities (−13.3±2.2 mJy bm−1

and −12.3±2.3mJy bm−1) have the ratio expected under LTE.
Both lines are centered on 230 km s−1, a statistically insignificant
difference from the systemic velocity of 236 km s−1. Only the
lower-frequency F=2–3 satellite line is within our spectral
windows, but it is not detected in our data.
Within Circinus, both of the J=9/2 lines are slightly

blueshifted from what would be expected based on the
systemic velocity of the galaxy. To 1σ, the two lines’ velocities
are indistinguishable (392±4 km s−1 for the F=4 line and
402±8 km s−1 for the F=5 line), but the lines are �3σ from
the systemic velocity of 429 km s−1. In the case of NGC4945,
the two J=9/2 lines are also significantly displaced from the
systemic velocity, but unlike Circinus the lines are redshifted
by 114±3 and 100±4 km s−1 rather than blueshifted from
vsys=558 km s−1. The optical depths can be seen in Table 8;
all lines are optically thin.
The OH molecule is a free radical, containing an odd number

of electrons. Free radicals have much more complex spectra
than the purely rotational spectra of closed-shell molecules
such as CO. In all such diatomic radicals, two distinct ladders
( P2 3 2 and P2 1 2 in the case of OH) are present due to fine-
structure splitting, in which the orbital angular momentum of
the lone electron is either parallel or antiparallel to its spin.
Each rotational state in both ladders is split again by Λ-

doubling. Λ-doubling results from the interaction between the
spin of the electron and the total rotational angular momentum
of the molecule, splitting the energy levels of each state.
The energy splitting is a function of the rotational state of the
molecule. Each of these resulting Λ states is further split by the
interaction of the electron’s spin with the spin of the hydrogen
nucleus, described by the quantum number F=J±1/2. This

Table 5
Radio Recombination Lines Detected within NGC 253

Transition υobs (km s−1) Sn,peak (mJy bm−1) ΔυFWHM (km s−1) Tmb (mK) ò uT dmb (K km s−1)

H(111)α 186±9 10.2±1.3 237±22 28.3±3.6 7.12±1.13
H(110)α 229±7 8.2±1.1 159±16 21.4±2.7 3.64±0.60
H(109)α 265±9 8.4±1.0 244±21 21.0±2.6 5.46±0.83
H(108)αa 196±11 5.5±1.1 130±26 13.1±2.7 1.81±0.52
H(107)α 229±8 10.6±1.4 182±20 23.6±3.2 4.56±0.80
H(106)α 188±8 8.0±1.1 175±19 16.8±2.4 3.13±0.56
H(105)α 237±5 12.2±1.3 222±15 24.3±2.7 5.74±0.74
H(104)α 228±4 11.2±1.2 182±11 21.1±2.3 4.08±0.52
H(103)αa 278±14 5.4±0.9 213±33 9.5±1.6 2.16±0.50
H(102)α 161±8 10.6±1.4 204±20 17.7±2.3 3.84±0.63
H(101)αa 255±18 5.7±1.3 183±43 9.0±2.1 1.75±0.58
H(100)α 186±7 13.4±1.6 222±23 20.0±2.3 4.73±0.73
H(099)α 214±8 12.9±1.5 312±19 18.0±2.0 5.98±0.77
H(094)α 220±11 10.9±1.6 216±26 11.2±1.7 2.57±0.49
H(093)α 214±6 11.6±1.9 162±24 11.2±1.8 1.92±0.42
H(091)α 188±20 8.0±1.4 283±48 6.8±1.2 2.04±0.50
H(089)α 207±8 13.5±2.0 149±19 10.0±1.5 1.58±0.31
H(088)α 180±16 7.6±1.6 184±39 5.3±1.1 1.03±0.31

Note.
a The baselines near these transitions suffer from significant ringing effects due to the problems with antenna CA05, and thus the results of the Gaussian fits are not
representative of the true line strength. They have been excluded from further calculations.
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hyperfine splitting is the origin of the doublet nature of the
lines.

Both observed transitions of OH within our spectral
windows ( P2 3 2 J=5/2 and J=9/2) are relatively little-
studied transitions, especially outside of the Milky Way. None
of our galaxies had been previously detected in J=9/2, while

a J=5/2 detection has only been achieved in NGC4945
(Whiteoak & Wilson 1990). The first extragalactic detection of
the J=9/2 doublet occurred as recently as 2011 toward Arp
220 by Ott et al. (2011).

Figure 2. Profiles of three detected RRLs within NGC253; other H(n)α RRLs
not shown have similar morphologies. The blue vertical lines show the
systemic velocity (Koribalski et al. 2004), while the shaded region represents
the approximate extent of the line.

Table 6
Local Thermal Equilibrium Electron Temperatures Calculated from Each RRL

in NGC253

Transition ν0 (GHz) Te* (K)

H(111)α 4.744183 1400±160
H(110)α 4.874157 2450±280
H(109)α 5.008922 1680±180
H(107)α 5.293732 1880±220
H(106)α 5.444260 2540±310
H(105)α 5.600550 1460±140
H(104)α 5.762880 1920±180
H(102)α 6.106855 1930±220
H(100)α 6.478759 1530±150
H(99)α 6.676075 1210±120
H(94)α 7.792870 2210±290
H(93)α 8.045602 2770±400
H(91)α 8.584820 2490±390
H(89)α 9.173320 2930±380
H(88)α 9.487820 4130±760

Figure 3. Local thermal equilibrium electron temperatures in NGC253,
calculated from RRL line-to-continuum ratios. On the bottom is only our data,
while the top includes archival data from Table 7.
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6.1. Calculations of Properties from OH

From the OH optical depths and an estimate of the gas
temperature, it is possible to calculate relative column densities
between levels. The total column density, assuming optically
thin absorption, for the lower state Nl of any molecular
absorption transition is approximately given by (e.g., Miyamoto
et al. 2015)

n
t

u
= ´

D
-

-
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where ν is the transition frequency, gl and gu are the lower and
upper state degeneracies, τ is the line-center optical depth of
the line, Δυ1/2 is the line velocity FWHM, and Tex is the as-
yet-unknown excitation temperature of the transition. In the
case of the OH molecule, g=2Fl+1, and thus the
degeneracies ratio for all of our detected transitions is unity.
Aul represents the Einstein emission coefficient. The excitation
temperature Tex is much more difficult to determine, and the
most often-quoted values are Nl/Tex rather than pure column
densities. Table 9 gives calculated column densities per
excitation temperature for each line.

Following the same line of thought as in Baudry & Menten
(1995), the total column density per excitation temperature of a
single rotational state of OH can be calculated by
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assuming that Tex is equal for both doublet lines (i.e., LTE
conditions). The prefactors of 2 account for both the upper and
lower Λ-doubling state. Due to the similar energies of both OH Λ-
doubling transitions for a given spin state, this is a reasonable
assumption. From the J=5/2 state of NGC253, we calculate a
total column density N5/2/Tex=22.1±4.5×1013 cm−2 K−1.
For the J=9/2 state, we find that N9/2/Tex=17.6±
2.3×1013 cm−2 K−1 for NGC4945 and N9/2/Tex=88±
15× 1013 cm−2 K−1 for Circinus.

From the calculated column densities of the different
rotational states of OH, it is possible to estimate the rotational
temperature Trot of the molecular gas responsible for the
excitation, by the Boltzmann formula
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Here, Eu and El are the upper and lower state energies (obtained
from Splatalogue), k is the Boltzmann constant, Ju and Jl are

the upper and lower state total angular momenta, and NJl and
NJu are the column densities in the lower states of each
transition. This assumes a single excitation temperature (i.e.,
rotation temperature) is applicable across all states, likely a
poorer approximation than for lines of equal J, but the quantity
we obtain is still of interest. If the gas is emitted from multiple
clouds, each with its own intrinsic excitation temperature
range, then the emission from different rotational states will not
be partitioned across the states in the same way between the
clouds. However, this still allows us to understand, in a sense,
the average properties of the nuclear region. Using archival line
intensities in which the galaxies are unresolved, we are able to
calculate the temperatures between the different rotation states.
Our calculated rotation temperatures can be seen in Table 10.

6.1.1. Excited OH in NGC253

While the P2 3 2 J=3/2 1.6 GHz transitions of NGC253
have been well-studied and characterized (e.g., Turner 1985;
Frayer et al. 1998) since their discovery by Weliachew (1971),
the presence of maser emission adds uncertainties to the
calculation of aspects such as rotational temperatures and
optical depths. The maser emission from the NGC253 J=3/2
lines was ignored for the purposes of calculations, with
maximum amplitudes and FWHMs estimated from only the
absorption components, assuming a roughly Gaussian absorption
morphology. As the J=5/2 transitions that we observe lack
any evidence of maser emission and are further in the optically
thin regime, they can provide better estimates of the intrinsic
properties of the absorbing OH than the J=3/2 transitions that
are contaminated by emission.
The frequencies of the J=9/2 transitions were covered by

Gorski et al. (2017) in their survey of NGC253, but neither
component of the doublet was detected. While the authors do
not provide specific thresholds for the nondetections, their
Figure 2 indicates that the lines’ intensities must be no stronger
than approximately 0.3 mJybm−1. However, Gorski et al.
(2017) have a beam size of 6″ by 4″, easily resolving the
nuclear regions, so line strengths are not directly comparable.
In addition to the Λ-doubling transitions of OH, several

high-frequency rotational transitions have also been observed
by Pérez-Beaupuits et al. (2018). Of particular note, the
transitions solely within the P2 3 2 ladder are seen in
absorption, while those involving the P2 1 2 state are in
emission. From the relative strengths of the OH and H2O
lines, Pérez-Beaupuits et al. (2018) favor production of OH
from cosmic ray ionization and dissociation of H2O.

Table 7
Historical Unresolved RRL Detections and Peak Intensities in NGC253, along with Calculated LTE Electron Temperatures

Transition θFWHM (arcsec) ν0 (GHz) Sν (mJy) nS ,ffc (mJy) References Te*
a (K)

H(92)α 1.5×1.0 8.309 9.0±0.5 150±15 1 1890±188
H(59)α 1.8×1.6 31.223 16.3±0.2 140±15b 2 3468±304
H(58)α 1.8×1.5 32.852 17.5±0.3 140±15b 2 4366±386
H(53)α 1.5×1.0 42.952 21±2 140±15 1 3473±417
H(40)α 1.9×1.6 99.023 38±5 102±15 3 4554±768

Notes.
a Calculated using Equation (1).
b Free–free continuum estimated from Rodríguez-Rico et al. (2006).
References. (1) Rodríguez-Rico et al. (2006), (2) Kepley et al. (2011), (3) Bendo et al. (2015).
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Previous interferometric observations of the ground-state
J=3/2 lines have revealed maser activity within both the
main lines and the satellite lines (Weliachew 1971; Whiteoak &
Gardner 1974; Turner 1985; Frayer et al. 1998). In particular,

Turner (1985) found that the J=3/2 main line maser emission
originates in a large plume of gas to the north of the nucleus.
We find no conclusive evidence of any emission in our
observations in either the spectral or spatial profile. With our
angular resolution of 140″, the plume should be marginally
detectable were its emission strength in the J=5/2 lines on
the same order as the J=3/2 emission. The plume is thus not
emitting in the J=5/2 lines to a threshold of ∼1mJybm−1

over a 140″ beam.

6.1.2. Excited OH in NGC4945

Under LTE and optically thin conditions, the F=5 to
F=4 ratio should be equal to 11/9, consistent with our results
for both NGC4945 and Circinus. Based on these observations
alone, we find no reason to necessitate deviations from LTE.
Within the Galaxy, the J=9/2 OH transitions have only been
observed in dense molecular clouds (e.g., Baudry et al. 1981;
Walmsley et al. 1986). The transition has only recently been
detected in the extragalactic sources Arp220 (Ott et al. 2011;
Mangum et al. 2013a) and NGC3079 (Miyamoto et al. 2015).
Arp220 is a starburst galaxy like NGC4945, while NGC3079
is a Seyfert galaxy with a superwind. Unlike the ground-state
J=3/2 transitions or the less-excited J=5/2 and J=7/2
transitions, all J=9/2 detections to date have been in
absorption; no emission or masing has ever been observed in
any source.
Whiteoak & Wilson (1990), using the J=3/2 and J=5/2

lines of NGC4945, obtained a Trot=36 K, much lower than
our values for either pair using the J=9/2 transitions in
Table 10. In addition, the FWHMs of our J=9/2 lines are
smaller by a factor of ∼3 than those of the J=3/2 and J=5/2
lines. We thus find it unlikely that the source of the absorption
in NGC4945 is the same for all three rotational states. Instead,
it is likely that there are multiple molecular clouds with
different average rotation temperatures responsible for the
absorption seen.
The previous observations of the J=5/2 transitions within

NGC4945 displayed significant overlap between the two
lines of the doublet in the velocity domain (Whiteoak &
Wilson 1990). While the simple structure of the two lines
allows for disentangling of each line, it would still be beneficial
to be able to trace and characterize the excited gas without any
of these effects to allow for higher confidence of results. In our
J=9/2 spectrum, the two lines are far enough apart in
frequency space and are narrow enough that the overlap
between the two is minimal.
Stone et al. (2016) observed the far-infrared J=5/2–3/2

transitions at 2510 GHz in NGC4945 using Herschel. Here,
the authors again find evidence of an infall to the nucleus at a
similar velocity to our transitions. This molecular infall is

Figure 4. Profiles of detected OH lines within NGC253, NGC4945, and
Circinus. The blue vertical lines show the systemic velocities from Table 1,
while the shaded regions represent the approximate extents of the lines. Both
hyperfine components (higher F on the left) are shown in each figure; the
velocity axis is centered on the F=3 component.

Table 8
Peak Optical Depths of Detected OH Absorption Lines in NGC253,

NGC4945, and Circinus

Galaxy Transition τν

NGC253 J=5/2 F=2 0.0081±0.0017
NGC253 J=5/2 F=3 0.0087±0.0017
NGC4945 J=9/2 F=4 0.0224±0.0036
NGC4945 J=9/2 F=5 0.0212±0.0035
Circinus J=9/2 F=4 0.065±0.012
Circinus J=9/2 F=5 0.0534±0.0099
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consistent with our data, where the OH absorption velocity is
∼100 km s−1 redshifted from the systemic velocity. Of note is
that the absorption profile from Stone et al. (2016) has an
integrated flux of >65,000Jy km s−1, by far the highest flux of
any of their sources, and even taking distance into account, it is
one of the intrinsically strongest in their sample. This is again
consistent with our detection of the J=9/2 lines, and
suggestive either of the presence of larger-than-typical amounts
of OH or of higher-than-typical excitation. The gas is likely
being excited to high enough excitation temperatures through
infrared absorption such that the J=9/2 lines are visible.

The 14 GHz J=7/2 doublet was not included in our bands.
However, these transitions lie between the J=5/2 and J=9/2
doublets which, as mentioned earlier, displayed different relative
strengths between the two transitions. An observation of the
J=7/2 transitions would be a worthwhile exercise, to add
another data point in order to further constrain the excitation and
abundance of OH.

6.1.3. Excited OH in Circinus

The ∼2000 K rotation temperature we derive for the OH in
Circinus is unphysically high. There thus appears to be an
overpopulation of the J=9/2 state relative to the J=3/2
state. No clear evidence of nonthermal processes is seen in the
previously observed OH J=3/2 transitions or in our J=9/2
transitions. It is possible that there is instead a nonthermal

mechanism responsible for pumping the molecules to these
higher energy levels through an infrared rotational transition.
The other option is strong variability of the OH absorption as a
function of time. This in turn would imply either a substantial
increase in available photons, or an increase in the column
density of OH. All of these possibilities are intriguing, and
worthy of further study.
A study of the infrared J=5/2–3/2 2510 GHz transition

(Stone et al. 2016) in Circinus found a strong inverted P-Cygni
profile in both components of the doublet, suggesting an infall.
It is plausible that the infall is not in LTE and the OH is being
pumped to a higher level. However, the OH absorption we
observe in the J=9/2 state from the Circinus nucleus is
slightly blueshifted, rather than at the 50 km s−1 redshift we
would expect from an infall. In addition, the J=3/2 lines
observed by Harnett et al. (1990) have two components: one at
the systemic velocity and one at a ∼50 km s−1 redshift. This
suggests different origins of the J=9/2, J=5/2, and J=3/2
lines. It is clear that further study is necessary to determine the
nature of the OH within this system.

6.2. An OH and H2O Connection?

An interesting trend is that the two galaxies in which we
detect highly excited OH (NGC 4945 and Circinus) are also the
two galaxies in our sample that are host to extremely luminous
H2O megamasers. While two is not a large enough sample size
to draw any definite conclusions, the circumstantial evidence
points toward a possible connection. Our velocities of the OH
lines in NGC4945 (672±2 and 658±2 km s−1 are in
agreement with the velocity of the second-strongest H2O peak
(668.5±0.4 km s−1), both of which are around 100 km s−1

larger than the systemic velocity and NH3 peak absorption
velocities, although the linewidths are substantially different. In
contrast the brightest H2O peak does not match up with any OH
feature in NGC 4945, so the correlation between OH
absorption and H2O emission cannot be direct.
Previously, connections between the presence of H2O and

OH masers have been noticed. In fact, in NGC4945 itself,
Batchelor et al. (1982) noticed that the ground-state OH maser
and H2O maser emission from NGC4945 also originated at the
same velocities. Others have noted connections between OH
masers and H2O masers, where both appear correlated with
color temperatures of their host galaxies (Henkel et al. 1986).
Tarchi et al. (2011) found that weaker maser emission from
both OH and H2O is commonly found in the same galaxies.
Wiggins et al. (2016) noticed that, while H2O masers have been
detected in around 4% of galaxies searched, they have been
detected in 25% of galaxies with known OH masers. However,

Table 9
Einstein Coefficients from Splatalogue, and Calculated Column Densities for All Detected OH Transitions

Galaxy Transition Aul τ Nl/Tex (10
13 cm−2 K−1)

NGC253 J=5/2 F=2 1.548×10−9 0.0081±0.0017 4.8±1.5
NGC253 J=5/2 F=3 1.583×10−9 0.0087±0.0017 6.2±1.7
NGC4945 J=9/2 F=4 3.141×10−8 0.0224±0.0036 4.36±0.78
NGC4945 J=9/2 F=5 3.158×10−8 0.0212±0.0035 4.42±0.86
Circinus J=9/2 F=4 3.141×10−8 0.065±0.012 20.1±4.5
Circinus J=9/2 F=5 3.158×10−8 0.0534±0.0099 23.9±6.1

Table 10
Rotational Temperatures Calculated between OH Rotation State Column

Densities

Galaxy Ju Jl Approx. Trot (K) References

NGC253 5/2 3/2 60 1, 5
NGC4945 9/2 5/2 140 2, 5
NGC4945 9/2 3/2 80 3, 5
NGC4945 5/2 3/2 36 2
Circinus 9/2 3/2 2000 4, 5

Note. None of the previous studies resolve the nucleus, and thus their data are
directly comparable to our unresolved measurements. However, we do not
quote uncertainties due to the lack of quoted uncertainties in the previous
studies of other transitions. In addition, none of the authors calculate or list
values for NJ and Δυ. We estimate the latter from their plots, and calculate the
former from their listed optical depth. Due to the logarithmic variation of Trot
on these variables (Equation (6)), we believe that these Trot values are accurate
estimates.
References. (1) Whiteoak & Gardner (1974), (2) Whiteoak & Wilson (1990),
(3) Whiteoak & Gardner (1975), (4) Harnett et al. (1990), (5) This paper.
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in galaxies with OH megamasers, H2O kilomasers are actually
rarer than would be expected if there were no correlation
(Wagner 2013). From all these studies, it is thus reasonable that
we would find a correlation between H2O maser and thermal
OH lines.

6.3. OH Nondetections

NGC1068 is host to a luminous J=3/2 1.667 GHz
megamaser (Gallimore et al. 1996). However, we do not detect
any evidence of either emission or absorption at the J=9/2
transitions. The short duration of our observation has resulted
in a high rms (14.2 mJy bm−1) noise in the spectrum containing
both transitions. If the J=9/2 transitions within NGC1068
have the same intrinsic luminosity as those within NGC4945,
we would observe them at a peak flux density of approximately
3 mJy bm−1, well below the rms noise of the spectrum. It thus
comes as no surprise that we fail to detect any evidence of the
doublet.

Of the remaining galaxies, ground-state OH observations
have only been published for NGC 1266, and none have been
studied in the excited states. The NGC 1266 detection by Baan
et al. (1992) found the J=3/2 state purely in absorption, with
a peak flux density of 110mJy. Assuming a similar ratio of
J=3/2 to J=5/2 and J=9/2 fluxes as in NGC 4945, the
two excited transitions would be well below our upper limits.

The J=9/2 lines have only recently been detected beyond
the Milky Way. The first detection was by Ott et al. (2011) in
the starburst Arp 220, later confirmed by Mangum et al.
(2013a) and Zschaechner et al. (2016a). Since then, the only
other source with detected J=9/2 absorption is NGC3079
(Miyamoto et al. 2015), and studies in other galaxies are nearly
nonexistent. Thus, these two detections represent the third and
fourth extragalactic detections of the J=9/2 doublet. As these
transitions were found twice in what is meant to be a
representative sample of nearby star-forming galaxies, it is
likely that the lines are present in other unstudied galaxies
as well.

7. NH3 and Boltzmann Diagrams

We detect NH3 within four of our galaxies: NGC1266,
NGC1365, M83, and NGC4945. The first three exhibit the
lines in emission, while the NGC4945 NH3 spectrum is a
complicated superposition of absorption and emission that will
be discussed in further detail below. For all galaxies, the
linewidths are large enough that the different hyperfine
components are unresolved. The lines are shown in Figures 5
and 6.

In NGC1266, we tentatively detect only the (3,3) line with
3σ confidence, with only upper limits on the strengths of the
remaining lines. The (3,3) line consists of a single component
at 2175.6±1.5 km s−1, close to the systemic LSRK velocity
of the system (2157 km s−1). The velocity-integrated main
beam brightness temperature is ò u = T d 0.34 0.17mb
K km s−1. We do note tentative evidence for the existence of
a (2,2) line at the systemic velocity, but the feature bears little
to no resemblance to the (3,3) line and is low S/N, so we do
not claim it as a detection.

For the remainder of the galaxies with NH3 detections,
multiple lines are detected. In NGC1365, we detect the (1,1)
and (3,3) lines. The (3,3) line consists of two components: the

primary peak is located at a velocity of 1545±6 km s−1, while
a secondary peak is at a larger velocity of 1711±8 km s−1.
The (1,1) line displays a peak at a similar velocity to the
brighter (3,3) peak of 1552±10 km s−1. The secondary peak
potentially also has a counterpart in the (1,1) transition, but the
S/N is too low to consider a detection. Within M83, we detect
the (2,2) line in addition to the (1,1) and (3,3) lines. All three
lines are roughly Gaussian in nature. The (1,1) and (3,3) lines
both emanate from near the systemic velocity of 514 km s−1,
while the (2,2) line is found at a slightly larger velocity of
546±8 km s−1.
No previous observations of NH3 exist for NGC1266 or

NGC4945, but both NGC1365 and M83 were observed in the
(1,1), (2,2), and (4,4) transitions by Mangum et al. (2013a).
NGC1365 was detected in all three lines, while M83 was only
detected in (1,1) and (2,2). Mangum et al. (2013a) did not
target the (3,3) line. The M83 results are thus consistent with
the previous results, but we fail to detect two of the NGC1365
lines previously found. The nondetection of the (4,4) line is
expected from the noise within our cubes, but the (2,2) line
should have been detected with our observational surface
brightness sensitivity assuming the same proportionality
constant between their TA* and our Tmb as is found in the
(1,1) line. Our nondetection is disparate by a factor of ∼2 from
the relative strengths found in Mangum et al. (2013a).
The final galaxy in which we detect NH3 is NGC4945.

Here, the lines are not easily fit by Gaussians, with complicated
entanglements of emission and absorption present within all six
(1,1) to (6,6) lines detected. The (1,1) and (2,2) lines have
almost identical morphologies, as do the (4,4), (5,5), and (6,6)
lines. The (3,3) line displays a much stronger emission base, on
top of which we see a profile reminiscent of that of the lower-
order lines. All other lines are primarily found in absorption
with weaker emission features present.
The NH3 molecule consists of three hydrogen atoms in a

trigonal pyramidal geometry with a nitrogen atom. NH3

possesses inversion transitions, where the nitrogen atom
tunnels through the plane of the hydrogen atoms. Each state
is denoted by (J,K ), where J is the total angular momentum of
the NH3 molecule, while K is its projection onto the symmetry
axis. The ground (0,0) state is not split as there is no angular
momentum along the symmetry axis, so the total NH3 column
density cannot be determined from the inversion transitions
alone, but those of the higher (J, ¹K 0) states are calculable.
The relative strengths of the inversion transitions are strongly
dependent on the temperature of the gas via the Boltzmann
equation but nearly independent of density, making the NH3

inversion transitions one of the preferred temperature probes
(e.g., Ho & Townes 1983; Ott et al. 2005; Mangum et al.
2013a; Gorski et al. 2018).
There exist two varieties of NH3; those with K=3n where n

is an integer are known as ortho-NH3 (spins of all hydrogen
atoms parallel), while the others are known as para-NH3 (some
spins antiparallel). For optically thin emission, a one-to-one
relationship exists between Tmb of an NH3 state transition and
the column density given by
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where N(J, K ) represents the combined column density of the
upper and lower states. Within this formula, ν is given in GHz
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and ò uT dmb in K km s−1 (e.g., Mauersberger et al. 2003; Ao
et al. 2011; Mangum & Shirley 2015). If NH3 is detected in
absorption rather than emission, optical depths must be used in
place of Tmb. The formula for column density is thus instead, as

per Huettemeister et al. (1995), Ott et al. (2011):

n
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Figure 5. Profiles of detected NH3 and OH lines within NGC1365, M83, and NGC1266. The blue vertical lines show the systemic velocities from Table 1, while the
shaded regions represent the approximate extents of the lines. The NH3 (1,1) (right) and (2,2) (left) lines are shown on the same plot, with the velocity axis centered on
the (1,1) line. The expected frequency of NGC1365ʼs (2,2) line if at the systemic velocity is included on the (1,1) line figure for comparison.
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If two or more NH3 transitions are present, the rotation
temperature can then be calculated from the slope of a Boltzmann
plot. In a Boltzmann plot, the x-axis is given by the energy above
the ground state in units of E/k, while on the y-axis the
normalized column density +N J K g Jlog , 2 110 op[ ( ) ( ( ))] is
plotted. gop represents the ortho–para degeneracy of each state,

with gop=2 for ortho-NH3 (K=3n) and gop=1 for para-NH3

( ¹K n3 ). The rotation temperature is then related the slope, m, of
a linear fit to the data Trot=−0.434/m.
The only galaxy with previous NH3 detections in which we

fail to detect the molecule in is NGC1068. However, the rms
noises of our NGC1068 spectra are insufficient to detect the

Figure 6. Profiles of detected NH3 and OH lines within NGC4945. The blue vertical lines show the systemic velocity from Table 1, while the shaded regions
represent the approximate extents of the lines. The NH3 (1,1) (right) and (2,2) (left) lines are shown on the same plot, with the velocity axis centered on the (1,1) line.
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lines at the intensities measured by Ao et al. (2011) due to the
short duration of that observation. Within M83 and NGC4945
we detect enough NH3 transitions to construct Boltzmann plots
and calculate rotation temperatures, and in NGC1365 we are
able to derive a Trot upper bound. In all three cases, the (3,3)
and (6,6) lines are excluded from the fits, as ortho-NH3

(J=3n) is not directly comparable to para-NH3 ( ¹J n3 ) and
the potential exists for (3,3) masing (Ott et al. 2005; Miyamoto
et al. 2015; Gorski et al. 2017). In all of our Boltzmann plots,
we compare the (1,1) and (2,2) transitions to determine Trot for
the cool gas, and the (2,2) and (4,4) lines for the warm gas.

For calculations of Trot in NGC1365, we only consider the
velocity components around 1550 km s−1 due to the lack of a
(1,1) peak at the larger velocity. From an upper bound to the (2,2)
line strength, we calculate a maximum rotation temperature
between the (1,1) and (2,2) lines of 26K. As mentioned7,
Mangum et al. (2013a) observed the same double-peaked
structure but also detected the (2,2) line. Their peak line strength
ratio between the (1,1) and (2,2) low-velocity lines of 1.15±0.27
in Mangum et al. is much smaller than our upper limit of 1.73.
From these two lines, they calculate a true gas kinetic temperature
of ≈100 K, significantly higher than our upper-bound rotation
temperature of 26K. As neither study detected or analyzed the
(4,4) or higher para-NH3 transitions, the true temperature range in
NGC1365 is still relatively unconstrained.

Within M83, we conclusively detect the (1,1) and (2,2) lines,
allowing for a robust calculation of the cool gas temperature and
an upper bound on that of the warm gas. Both lines are fit well
by a single-component Gaussian, and the resulting Boltzmann
diagram can be seen in Figure 7. We derive a rotation
temperature Trot=28±9 K from the (1,1) and (2,2) line
strength ratios, and Trot89 K from the (2,2) detection and
(4,4) upper bound. Our rotation temperatures serve as lower
bounds to the kinetic temperatures of the gas components, with
the (2,2) to (4,4) being closer to the true value (e.g., Walmsley &
Ungerechts 1983; Danby et al. 1988; Ott et al. 2005).

7.1. NH3 in NGC4945

The most interesting galaxy in the survey from an NH3

perspective is NGC4945. The identified emission and
absorption profiles bear strong resemblance to the HCN (1–0)
found in the ALMA survey from Henkel et al. (2018). HCN

and other lines show blueshifted emission to the southwest of
the nucleus, redshifted emission to the northeast, and slightly
redshifted absorption centered on the nucleus. Although we
lack the resolving power to see this, our profiles fit this model.
We spectrally resolve two distinct absorption components,
separated by roughly 75 km s−1. One of these is close to the
systemic velocity, while the other is slightly redshifted. This
profile is most reminiscent of their H13CN (1–0) line, which is
similar to our NH3 lines but shows an additional absorption
component at the systemic velocity. The H13CN line’s systemic
component is centered on the nucleus, while the redshifted
absorption is to the northeast of the nucleus, at the same
position as the redshifted emission but at a lower velocity. As is
also likely to be true of NH3, H

13CN is optically thin, and thus
both should probe deep into the clouds. Thus, we conclude that
the NH3 emission and absorption likely follows a similar
morphology to the dense molecular gas traced in H13CN.
Using the two emission components in the line profiles near

velocities of 700 and 450 km s−1, we created Boltzmann
diagrams, seen in Figure 8. From the Boltzmann diagram and
the line profiles in Figure 6 it appears that the 710 km s−1 (5,5)
component appears anomalously strong compared to the other
para-NH3 lines. As it is located at a similar velocity to what
would be expected of the H(64)α line, contamination is a
possibility. If the remaining RRLs surveyed but not detected
(H(67)α and H(66)α) are just under the noise limit, and assuming
similar strengths of all three lines, the H(64)α line alone could
have a maximum flux density of ≈5mJy. Subtracting this from
the peak flux density of the NH3 (5,5) emission, the transition
strength drops significantly into the noise and we would only be
able to report an upper limit. Compounding the contamination
argument is the very large FWHM of the (5,5) line compared to
the (1,1) and (3,3) lines. The other possible explanation, maser
emission, should not produce such a wide FWHM.
On the other hand, the (3,3) line does appear to be intrinsically

strong compared to the other lines, in both the redshifted and
blueshifted emission. In addition, the same absorption profile as in
the other lines appears superimposed on top of emission. No
plausible confounding transitions are located nearby in frequency
space. The other ortho-NH3 (6,6) line does not display this same
effect, suggesting that the anomalous behavior is not due to an
abundance difference between ortho- and para-NH3. The most
logical explanation is that the (3,3) line is masing. If confirmed as
a maser transition, the (3,3) line of NGC4945 would be only the
third or fourth extragalactic NH3 (3,3) maser known, after
NGC253 (Ott et al. 2005; Gorski et al. 2017), NGC3079
(Miyamoto et al. 2015), and a candidate maser in IC342 (Gorski
et al. 2018). Interferometric studies could also conclusively
determine whether the anomalously high intensity of the (3,3) line
is due to maser activity, following the methodology Gorski et al.
(2017) used for the NGC253 confirmation. If the (3,3) emission
is not cospatial with emission in other lines, then it is almost
certainly a maser. Covering the entire velocity range of NGC
4945, the maser must be spatially extended.
From fits to the (1,1) and (2,2) lines, we obtain rotation

temperatures of 34±11K for the blueshifted component’s
cool gas temperature and <78K for the redshifted compo-
nent’s. Fitting the (2,2) and (4,4) lines of the blueshifted
component, we find a warm gas temperature of 180±61K.
Due to the likelihood of (3,3) masing, we do not report a “hot”
gas temperature from the (3,3)–(6,6) line ratio. In fact, the line
strength ratio suggests an cooler temperature than calculated

Figure 7. Boltzmann diagram of NH3 in M83.
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from the (2,2) to (4,4) ratio. This should not be seen under LTE
conditions, lending further credibility to the (3,3) maser
hypothesis.

We also create Boltzmann diagrams utilizing the NH3

absorption in NGC 4945 (Figure 9). We exclude the (3,3) line,
as determining the emission baseline on which the absorption
components are superimposed is not possible. For the
remaining lines, it should be emphasized that the absorption
optical depths are estimates assuming no emission, and thus
may be underestimates.

In an ideal Boltzmann diagram, the curve connecting lines of
the same ammonia variety (ortho or para) will be a straight line,
unless high opacity is present. Then it will be decreasing
concave-up function, with steeper slopes between the (1,1) and
(2,2) than between the (2,2) and (4,4), etc. However, the
absorption Boltzmann diagrams of NGC 4945 display atypical
properties. In particular, the (5,5) line is higher than the (4,4)
line, and the (1,1) to (2,2) ratio is shallower than the (2,2) to
(4,4) ratio. There is no evidence of (5,5) contamination in the
other lower-velocity components of NGC4945 used for this
absorption analysis. Thus, any rotation temperatures calculated

from these diagrams would be nonsensical. Most notable is that
in the absorption at the systemic velocity, the (1,1) is actually
lower than the (2,2) in the Boltzmann plot, and as such a
calculated temperatue would be negative.
While these are unexpected and unexplained effects, similar

patterns in NH3 absorption have been noted before. In Arp 220,
Ott et al. (2011) and Zschaechner et al. (2016a) found a similar
profile using the VLA, with depressed (1,1) and (4,4) lines, and
high (2,2) and (5,5) lines. The NH3 Boltzmann diagrams of
both galaxies are remarkably similar (See Figure 5 of
Zschaechner et al. 2016a). They suggest the possible hypoth-
esis that the NH3 nonmetastable states are considerably
overpopulated, as Arp 220 displays a large number of
nonmetastable inversion lines. Although the nonmetastable
(2,1), (3,2), and (4,3) transitions are within our NGC4945
spectral windows, we fail to detect them to 1σ rms noises of
∼4mJy. Thus, the nonmetastable level population explanation
does not appear likely in NGC4945.
Having been observed in two galaxies with two different

instruments, we rule out that this pattern is simply due to
miscalibration, instrumental artifacts, or other nonphysical

Figure 8. Boltzmann diagrams of blueshifted (left) and redshifted (right) NH3 emission in NGC4945. The (5,5) point in the redshifted-component diagram is not
corrected for RRL contamination since both lines’ true strengths are unknown.

Figure 9. Boltzmann diagrams of systemic (left) and redshifted (right) NH3 absorption in NGC4945.

17

The Astrophysical Journal, 882:95 (23pp), 2019 September 10 Eisner et al.



reasons. Evidently, either column densities of the K=3n+2
states are systematically higher than those of the K=3n+1
states or as-yet-unknown molecular physics is responsible for
the difference in intensities. Clearly, NH3 (1,1) through (6,6)
absorption observations of other galaxies are needed to
determine if this effect is present in more galaxies, and
constrain the physics behind the anomalous ratios.

8. Other Lines Detected

We also detect transitions from H2O, H2CO, and c-C3H2.
However, H2CO has been extensively studied by Mangum et al.
(2008, 2013b) and H2O has been subject to numerous studies in
each detection in our sample (e.g., Greenhill et al. 1997, 2003;
Gallimore et al. 2001; Surcis et al. 2009). The c-C3H2 molecule
is only detected from a single transition in a single galaxy in our
sample. We thus do not analyze the data from these lines, but do
show their spectra in Figures 10 and 11.

8.1. Unidentified Line in NGC 253

An emission feature within NGC253 at ∼5.737GHz
(Figure 12) could not be matched with any previously observed

transitions, nor with known RFI sources located nearby in
frequency space. The feature is not present in any of the other
eight galaxies. Moreover, the ringing effect caused by antenna
CA05 is not obviously present in this spectral window. According
to Splatalogue (Remijan et al. 2007), the only potential spectral
transition is the SiH P2 1 2 J=3/2 Λ-doubling F=1 transition
at 5.742±0.007 GHz redshifted by ∼40 km s−1 from the
systemic velocity. All other possible spectral transitions are either
of improbably high energies or from molecules of implausible
complexity. This molecule has never been conclusively identified
in space, apart from a single tentative detection of a submillimeter
transition in Orion-KL (Schilke et al. 2001). We therefore
conclude this identification is unlikely.

9. Nondetections

None of our observed galaxies shows the 6.7 GHz CH3OH,
the 4.8 GHz OH P2 1 2, the 9.1 GHz HC3N, or the 22 GHz
HNCO transitions (rms values between ∼1 and 5 mJy bm−1;
see Table 11). CH3OH at 6.7 GHz is known to be a common
maser transition within the the Milky Way, but is usually very
weak in extragalactic sources compared to the higher-frequency
CH3OH transitions. The only published extragalactic detections

Figure 10. Profiles of detected H2O lines within the sample. The blue vertical lines show the systemic velocities from Table 1, while the shaded regions represent the
approximate extents of the lines.
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are from M31 (Sjouwerman et al. 2010) and the Large
Magellanic Cloud (Green et al. 2008). HC3N (e.g., Henkel
et al. 1988) and HNCO (e.g., Meier & Turner 2005) have been
studied extensively in extragalactic sources through transitions
at higher frequencies, and their transitions at lower frequencies
have been detected in Galactic sources. No previous studies
of these transitions within our observed bands exist from

extragalactic sources, and even the HC3N transitions at 18 and
45 GHz have only recently been detected in several nearby
galaxies (Meier et al. 2011; Jiang et al. 2017).
The parallel-ladder P2 1 2 J=1/2 OH transition at 4.7 GHz

is commonly seen in galaxies hosting ground-state OH
megamasers (Henkel et al. 1986), which are not known from
any of our galaxies. The transition has an upper state energy
between that of the P2 3 2 J=5/2 and J=9/2 upper states,
but a lower Einstein coefficient than both. Thus, our
nondetections are unsurprising.
The lack of an HC3N 1–0 detection in NGC253 is somewhat

notable, given the strength of the multitude of mm-wave lines
observed in the past (e.g., Aladro et al. 2015). However, this
nondetection is expected; the energy of the first excited state is low
(0.44K) with a small Einstein coefficient, so the transition is
expected to be significantly weaker than the higher-J transitions for
the reasonably warm temperatures and high densities in NGC253.
Our nondetections are consistent the weakness of the 2–1
transitions observed in other galaxies (Jiang et al. 2017).

10. Conclusions

We have detected spectral lines from six different species
(H II, OH, H2O, H2CO, NH3, and c-C3H2) within the nine
galaxies in our sample utilizing the ATCA in its H75
configuration within the 4 cm and 15 mm bands. Eight out of
the nine surveyed galaxies have at least one line detection,
while 10 different transitions are detected in NGC 4945.
Primary conclusions are as follows.
(1) Within NGC 253, we detect all 18 H(n)α recombination

lines within our spectral windows, the largest number of RRLs
observed in an extragalactic source to date. When calculating
electron temperatures, a clear trend toward increasing Te with
an increasing line frequency presents itself. Comparison to
literature RRL observations serves to enhance this conclusion.
Seen before in Galactic sources, this trend is likely indicative of
non-LTE conditions within the nuclear regions of NGC 253.
An unidentified line at 5.737 GHz is also detected, showcasing
the need for further extragalactic cm-wave surveys.
(2) We detect highly excited OH transitions from the P2 3 2

ladder within three galaxies: NGC 253 (J=5/2), NGC 4945
(J=9/2), and Circinus (J=9/2). While the J=5/2 state has
been detected in several extragalactic sources in the past, it has
never before been observed in NGC 253. In contrast, we do not

Figure 11. Profiles of other detected lines within the sample. The blue vertical
lines show the systemic velocities from Table 1, while the shaded regions
represent the approximate extents of the lines.

Figure 12. Profile of unidentified line within NGC253. The shaded region
represents the approximate extent of the line.
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detect any transitions from the P2 1 2 ladder. Neither do we detect
the OH plume to the north of the nucleus, suggesting that the
material within it has a low excitation temperature. No evidence of
masing is found, in contrast to the ground-state J=3/2 transitions.

(3) Within NGC 4945 and Circinus, we detect highly excited
OH in the P2 3 2 J=9/2 state, over 500 K above the ground
state. The J=9/2 transitions are only found in regions of dense
gas in the Galaxy, and these two galaxies represent only the third
and fourth extragalactic detections. Within NGC 4945, the
absorption is significantly redshifted, suggesting inflow toward
the nucleus, consistent with previous infrared observations. In
contrast, previous infrared observations of Circinus have found
inflow evidence, but our absorption lines are slightly blueshifted,
more consistent with outflow. Comparison of the Circinus
J=9/2 data to previous J=3/2 data also yields unphysically
high rotation temperatures, suggesting that nonthermal processes
are involved. In NGC 4945, OH rotation temperatures between
transitions of higher J yield higher rotation temperatures, similar
to and consistent with NH3 temperatures. As our sample was
constructed mainly on ease of observation and not likelihood of
OH detection, it is likely that highly excited OH is more
common in other galaxies than previously thought.

(4) A potential connection between the appearance of highly
excited OH absorption and H2O masers is identified. The J=9/2
OH state is detected in and only in the two galaxies displaying
the strongest H2O maser emission. In one of these galaxies
(NGC 4945), the absorption and emission are at the same velocity,
redshifted by ∼100 km s−1 from the systemic velocity. Connec-
tions between extragalactic ground-state OH masers and H2O
maser emission have been noticed in the past, but the little-studied
nature of excited OH absorption makes our study a first.

(5) NH3 is detected in four galaxies: M83, NGC 1266, NGC
1365, and NGC 4945. Within M83 and NGC 4945, enough
transitions are detected to create Boltzmann diagrams and
calculate rotational temperatures. For M83, we calculate a
rotation temperature of 28±9K for the cool gas from the
(1,1) to (2,2) line strength ratio. Using an upper limit to the
(4,4) line strength, we constrain the warm gas temperature to
89 K. In NGC 1365, we observe a (1,1) to (2,2) temperature
of �26K, at odds with previous data.

(6) The NH3 in NGC 4945, detected in the (1,1) through
(6,6) lines, shows a complicated superposition of emission and
absorption. The profile is similar to that of several mm-wave
tracers of dense gas. The (3,3) line displays the same general
profile as the others, but superimposed on top of a much
stronger emission base. This anomalous behavior is not seen in
the other ortho-NH3 (6,6) line, suggesting that spatially
extended maser activity may be the culprit. Spatially resolved
studies of the (3,3) line should be able to confirm this
hypothesis by noting if the emission comes from regions where
the other lines are detected in absorption.

(7) Boltzmann diagrams created using the NH3 absorption in
NGC 4945 display depressed (1,1) and (4,4) lines and/or
enhanced (2,2) and (5,5) lines. The same effect has previously
been observed in the ULIRG Arp 220. There is no clear physical
reason why these anomalous ratios should be present in either
galaxy. Further observations are needed of the NH3 inversion
spectra of other galaxies where NH3 is in absorption, to determine
how common this trend is, and what the physical cause is. Further
observations of NH3 inversion lines in other extragalactic sources
should lead to further insight as to the true nature of the (1,1)
weakening, and potentially new physics in the process.

Our work shows that the diagnostic power of such studies is
large. Factors such as LTE departure that are difficult to show
from mm-wave lines are more evident in cm-wave studies. We
find unexpected phenomena, such as the NH3 line strength
anomalies and OH J=9/2 detections, in the centimeter. The
cm wavelengths thus appear to harbor significant untapped
potential to assist in characterization of star-forming regions.
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Appendix
Thresholds for Nondetections

This appendix contains the detection thresholds for all target
lines that were nondetections in our galaxies (Table 11).

Table 11
Nondetections and 1σ Thresholds

Galaxy Species Transition 1σ rms noisea (mJy bm−1)

NGC 253 OH P2 1 2 J=1/2 F=1−–1+ 2.56b

CH3OH 515–606 3.42
HC3N J=1–0 3.74

NGC 1068 c-C3H2 220–211 13.8
HNCO 101–000 15.2
NH3 (1, 1) 14.5
NH3 (2, 2) 14.5
OH P2 3 2 J=9/2 F=4+–4− 14.2

OH P2 3 2 J=9/2 F=5+–5− 14.2

NH3 (3, 3) 14.5
NH3 (4, 4) 14.4
NH3 (5, 5) 13.0
NH3 (6, 6) 12.5

NGC 1266 RRL H(110)α 0.66
RRL H(108)α 0.69
RRL H(107)α 0.93
RRL H(106)α 0.78
RRL H(105)α 1.21
RRL H(104)α 0.84
RRL H(103)α 0.89
OH P2 3 2 J=5/2 F=2+–2− 0.78

OH P2 3 2 J=5/2 F=3+–3− 0.78

RRL H(102)α 0.79
RRL H(101)α 0.77
RRL H(100)α 0.72
CH3OH 515–606 0.76
RRL H(099)α 0.76
RRL H(094)α 3.15
RRL H(093)α 1.05
RRL H(091)α 1.24
HC3N J=1–0 1.44
RRL H(089)α 1.60
RRL H(088)α 1.41
c-C3H2 220–211 0.98
HNCO 101–000 1.08
H2O 616–523 1.12
NH3 (1, 1) 1.18
NH3 (2, 2) 1.18
OH P2 3 2 J=9/2 F=4+–4− 1.22

OH P2 3 2 J=9/2 F=5+–5− 1.22

NH3 (4, 4) 1.14
NH3 (5, 5) 1.14
NH3 (6, 6) 1.23

NGC 1365 RRL H(111)α 0.59
OH P2 1 2 J=1/2 F=1−–1+ 0.59

RRL H(110)α 0.77
RRL H(109)α 0.72
RRL H(108)α 0.62
RRL H(107)α 0.62
RRL H(106)α 0.65
RRL H(105)α 0.69
RRL H(104)α 0.78
RRL H(103)α 0.73
OH P2 3 2 J=5/2 F=2+–2− 0.74

OH P2 3 2 J=5/2 F=3+–3− 0.74

RRL H(102)α 0.81
RRL H(101)α 0.83
CH3OH 515–606 1.67
RRL H(099)α 1.67
RRL H(093)α 1.41
RRL H(091)α 2.11

Table 11
(Continued)

Galaxy Species Transition 1σ rms noisea (mJy bm−1)

HC3N J=1–0 1.97
RRL H(089)α 1.87
RRL H(088)α 1.87
c-C3H2 220–211 2.72
HNCO 101–000 3.17
H2O 616–523 3.14
NH3 (2, 2) 3.45
OH P2 3 2 J=9/2 F=4+–4− 3.03

OH P2 3 2 J=9/2 F=5+–5− 3.03

NH3 (4, 4) 2.84
NH3 (5, 5) 3.02
NH3 (6, 6) 2.37

NGC 1808 RRL H(111)α 1.01
OH P2 1 2 J=1/2 F=1−–1+ 1.01

H2CO 110–111 1.01
RRL H(110)α 0.98
RRL H(108)α 1.09
RRL H(107)α 1.13
RRL H(106)α 1.19
RRL H(105)α 15.5
RRL H(104)α 1.25
RRL H(103)α 1.26
OH P2 3 2 J=5/2 F=2+–2− 1.27

OH P2 3 2 J=5/2 F=3+–3− 1.27

RRL H(102)α 1.49
RRL H(101)α 1.27
RRL H(100)α 1.69
CH3OH 515–606 1.41
RRL H(099)α 1.41
RRL H(094)α 2.03
RRL H(093)α 1.66
RRL H(091)α 1.95
HC3N J=1–0 2.06
RRL H(089)α 1.82
RRL H(088)α 1.91

NGC 3256 c-C3H2 220–211 4.00
HNCO 101–000 3.43
NH3 (1, 1) 5.51
NH3 (2, 2) 5.51
OH P2 3 2 J=9/2 F=4+–4− 4.32

OH P2 3 2 J=9/2 F=5+–5− 4.32

NH3 (3, 3) 4.56
NH3 (4, 4) 3.32
NH3 (5, 5) 2.90
NH3 (6, 6) 2.56

NGC 4945 HNCO 101–000 4.48
M83 c-C3H2 220–211 4.91

HNCO 101–000 3.87
H2O 616–523 3.11
OH P2 3 2 J=9/2 F=4+–4− 4.52

OH P2 3 2 J=9/2 F=5+–5− 4.52

NH3 (4, 4) 4.66
NH3 (5, 5) 3.24
NH3 (6, 6) 3.48

Circinus c-C3H2 220–211 4.36
HNCO 101–000 3.61
NH3 (1, 1) 4.35
NH3 (2, 2) 4.35
NH3 (3, 3) 4.24
NH3 (4, 4) 3.95
NH3 (5, 5) 2.93
NH3 (6, 6) 3.06

Notes.
a All channel widths are 224 kHz.
b This transition suffers from the antenna 5 problems in the NGC 253 reduction, and
the rms value may not be representative of the detection threshold.
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