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ABSTRACT

Methanol (CH3OH) is one of the most abundant interstellar molecules, offering a vast number of transitions to be
studied, including many maser lines. However, while the strongest Galactic CHzOH lines, the so-called class II masers,
show no indications for the presence of superluminous counterparts in external galaxies, the less luminous Galactic class
I sources appear to be different. Here we report class I 36 GHz (A ~ 0.8cm) CH3OH 4_; — 3¢ E line emission from
the nearby galaxies Maffei 2 (D ~ 6 Mpc) and IC 342 (D = 3.5 Mpc), measured with the 100m telescope at Effelsberg
at three different epochs within a time span of about five weeks. The 36 GHz methanol line of Maffei 2 is the second
most luminous among the sources detected with certainty outside the Local Group of galaxies. This is not matched by
the moderate infrared luminosity of Maffei 2. Higher-resolution data are required to check whether this is related to its
prominent bar and associated shocks. Upper limits for M 82, NGC 4388, NGC 5728 and Arp 220 are also presented. The
previously reported detection of 36 GHz maser emission in Arp 220 is not confirmed. Nondetections are reported from
the related class I 44 GHz (A ~ 0.7 cm) methanol transition towards Maffei 2 and IC 342, indicating that this line is
not stronger than its 36 GHz counterpart. In contrast to the previously detected 36 GHz CH3OH emission in NGC 253
and NGC 4945, our 36 GHz profiles towards Maffei 2 and IC 342 are similar to those of previously detected nonmasing
lines from other molecular species. However, by analogy to our Galactic center region, it may well be possible that the
36 GHz methanol lines in Maffei 2 and IC 342 are composed of a large number of faint and narrow maser features that
remain spatially unresolved. In view of this, a search for a weak broad 36 GHz line component would also be desirable
in NGC 253 and NGC 4945.

Key words. Masers — Galaxies: spiral — Galaxies: individual: IC 342, Maffei 2 — Galaxies: ISM — radio lines: Galaxies

1. Introduction

Methanol (CH3OH) is one of the most abundant interstel-
lar molecules (e.g., Kalenski & Sobolev 1994; Wang et al.
2004; Maffucci et al. 2018) exhibiting a plethora of lines
at centimeter(cm)-, millimeter(mm)-, and submm wave-
lengths. To provide an example, Schilke et al. (2001) and
Comito et al. (2005) reported the detection of a total of
~650 methanol transitions from Orion-KL. Some of these
lines show inverted level populations and significant optical
depths. Such methanol maser lines form two distinct fami-
lies exhibiting clearly nonthermal emission in quite specific
but different transitions: class I masers are often separated
from the main sources of star forming activity (between 0.1
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and 1.0 pc from UC HiI regions, OH and H2O masers ac-
cording to Gémez-Ruiz et al. 2016), whereas class IT masers
are closely associated with such sites. The 6.7 GHz transi-
tion (Menten 1991) has become the prototypical class II
maser line, exhibiting particularly strong emission in re-
gions of intense radiation from warm dust and relatively
cool gas (Cragg et al. 2005). Sources characterized by class I
emission are encountered in regions not necessarily devoid
of far infrared radiation but requiring collisional excitation
— they appear to be associated with weak shocks, possibly
related to outflows from young stellar objects interacting
with the dense ambient interstellar medium (e.g., Kurtz et
al. 2004; Leurini et al. 2016). In such regions, the 4_; — 3
E and 79 — 6; AT transitions at 36 and 44 GHz, respec-
tively, become most prominent. Apparently, the 36 GHz line
is strongest towards sources with kinetic temperatures of
Tiin S 100K, where signs of high-mass star formation are
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not yet seen. The 44 GHz masers are closer to ultracompact
(UC)-Hir-regions and mm wave continuum sources and may
be excited at Tiin & 100K. With respect to required den-
sities, optimal conditions for 36 GHz masers appear to in-
clude densities that are an order of magnitude higher than
those at 44 GHz (e.g., Pratap et al. 2008; McEwen et al.
2014; Nesterenok 2016; Leurini et al. 2016).

More than one thousand methanol masers are known in
the Galaxy (e.g., Menten 1991; Pratap et al. 2008; Yusef-
Zadeh et al. 2013; Cotton & Yusef-Zadeh 2016; Yang et al.
2017, 2019). However, in extragalactic targets, such maser
lines are rarely observed. Following the detections of quasi-
thermal methanol emission in nearby galaxies (Henkel et
al. 1987), the large number of Galactic masers and the
existence of even more luminous HoO and OH “mega-
masers” (e.g., Lo 2005) provided strong motivation to
search for class II 6.7 GHz maser emission towards extra-
galactic sources (Ellingsen et al. 1994a, Phillips et al. 1998;
Darling et al. 2003). This yielded detections in absorp-
tion towards NGC 3079 and Arp 220 (Impellizzeri et al.
2008; Salter et al. 2008) and in emission towards the Large
Magellanic Cloud (LMC; Sinclair et al. 1992; Ellingsen et
al. 1994b; Beasley et al. 1996; Green et al. 2008; Henkel et
al. 2018a) and the Andromeda galaxy M 31 (Sjouwerman et
al. 2010). The LMC also provided a 12.2 GHz class IT maser
detection, reported by Ellingsen et al. (2010). However, the
intrinsic brightness of all these emission lines turned out to
be similar to those of their stronger Galactic counterparts.

Since none of the surveys for ultraluminous class II
masers revealed positive results, searches for brighter
analogs of the relatively inconspicuous Galactic class I
masers were also carried out in nearby extragalactic
sources. The detection of 36 GHz class I masers in NGC 253
by Ellingsen et al. (2014) revealed emission that is more
than ten times more luminous than the widespread emis-
sion associated with the 300pc x 100 pc central region of
our Galaxy and 10* times more luminous than a typical in-
dividual Galactic 36 GHz maser. This demonstrates the ex-
istence of ultraluminous methanol masers (with respect to
their Galactic counterparts). Follow-up observations con-
firmed this detection (Ellingsen et al. 2017; Gorski et al.
2017; Chen et al. 2018; Gorski et al. 2019), which was aug-
mented by successful searches for the related class I maser
transitions at 44 and 84 GHz in NGC 253 (Ellingsen et al.
2017; McCarthy et al. 2018a). Nevertheless, the search for
additional sources turned out to be difficult. For some time,
NGC 4945 was the only additional galaxy detected in the
36 GHz CH30H class I maser line beyond any reasonable
doubt (at multiple epochs with more than one telescope; see
McCarthy et al. 2017, 2018b). More recently, 36 GHz emis-
sion was also reported from IC 342 and NGC 6946 (Gorski
et al. 2018). Chen & Ellingsen (2018) very briefly mentioned
a Jansky Very Long Baseline Array (JVLA) detection of
Maffei 2. In the following we report clear single-dish detec-
tions of Maffei 2, a particularly luminous emitter of 36 GHz
line radiation, and IC 342 in the 36.169261 GHz (Endres et
al. 2016) 4_1 4 — 30,3 E transition of methanol, thus pro-
viding additional strong evidence for the widespread exis-
tence of such emission in nearby galaxies. This report also
includes a number of nondetections, most notably the non-
detection of Arp 220.
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Fig.1. 7 — 61 A" methanol spectrum from Orion-KL.
The adopted rest frequency is 44.069367 GHz, the beam size
is 23" and the coordinates are o000 = 5* 35™ 1452, & 72000
= —5° 22/ 30”. The velocity scale is the local standard of
rest and the channel spacing is 0.31kms™! after averaging
eight contiguous channels.

2. Observations
2.1. Front- and backends

The 36 GHz measurements were carried out with the 100m
telescope at Effelsberd] near Bonn, Germany, in early
January and early February 2019. Complementary 44 GHz
observations were taken in late March 2019. We obtained
the data with a secondary focus Q-band receiver, sensitive
in the range 33 — 50 GHz, providing both circular polar-
izations with an equivalent system temperature of ~130Jy
on a flux density scale (=1.6 K main beam brightness tem-
perature per Jy) prior to averaging the two polarizations.
Pointing observations were carried out every ~40 minutes
towards 3C 84 and NRAO 150 near Maffei 2 and towards
W3(OH) near IC 342. The pointing accuracy was 4"”+2"
(the error is the standard deviation of an individual mea-
surement) and never exceeded 10", while the beam size was
~23" at both frequencies.

Near the start of each 36 GHz observing session, we tar-
geted the well-known HC3N J = 4—3 (36.392GHz) and
SiS J = 2—1 (36.310 GHz) lines of IRC+10216 to make
sure the system was working. At 44.069 GHz, we chose the
CH30H 79 — 6; AT line towards Orion-KL (Fig. ) as a
system check that may be used for future projects focus-
ing on issues related to maser variability. For the measure-
ments towards the targets themselves we used a position-
switching mode, with 2 minutes off- and on-source inte-
gration times, respectively, and with offsets in right ascen-
sion alternating between +10" and —10’ to remove elevation-
dependent effects. We employed a Fast Fourier Transform

! This publication is based on observations with the 100m tele-
scope of the MPIfR (Max-Planck-Institut fiir Radioastronomie)
at Effelsberg.
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spectrometer backend with a bandwidth of 300 MHz. The
number of channels was 65536, yielding a channel spac-
ing of 0.038kms~! at 36 GHz and a velocity resolution of
0.044kms~! (see Klein et al. 2012). At 44 GHz, the corre-
sponding values are 0.031kms~! and 0.036 kms~1.

2.2. Calibration

We established flux density scales by performing continuum
cross scans through 3C 286 and NGC 7027 (see Ott et al.
1994), also accounting for gain variations of the telescope
as a function of elevation and for a 0.6% yr~! secular de-
crease in intensity in the case of NGC 7027. Accounting
for pointing errors and scatter in the measured signals, we
estimate that the calibration uncertainty is +15%.

3. Results

Figure 2l shows 36 GHz methanol spectra taken towards the
centers of Maffei 2 and IC 342. Following initial detections
in early January 2019, which looked very promising but not
fully convincing, we reobserved the sources a month later.
With profiles from a total of three epochs, each showing
signals above 30 and a total of order 100 (see Table 1),
there is no doubt that the detections are real. However,
we note that the lines obtained at the individual epochs
are weak and relatively noisy. Therefore, differences with
respect to peak flux density and line shape cannot be re-
liably interpreted in terms of variability. Instead, the dif-
ferences are more likely caused by slightly varying average
pointing offsets and, most likely, by different weather con-
ditions, which included occasional light rain during the last
observing night. This is consistent with the fact that the
best single epoch spectra are from January 2019, while the
latest spectra show the lowest signal-to-noise ratios.

Table 1 provides Gaussian fit parameters to the average
spectra from Maffei 2 and IC 342. In Maffei 2 we find two
well-separated spectral components, while IC 342 exhibits
one component and overall weaker emission, with lower
peak and velocity integrated flux density. The CH3OH
line luminosities in the last column of Table 1, assuming
isotropic radiation, were calculated using

L/Lg =0.038 x (S, AV;o/Jykms™") x (D/Mpc)?, (1)

with S,,, AV}, and D representing flux density, full width
to half power line width and distance. Upper limits are
provided for four additional galaxies as well as also for the
44 GHz line of methanol towards Maffei 2 and IC 342.

4. Discussion
4.1. Detected lines

The two originally detected 36 GHz galaxies outside the
Local Group, NGC 253 and NGC 4945 (Ellingsen et al.
2014; McCarthy et al. 2017) show overall properties that
are quite different from the galaxies detected by us. Both
NGC 253 and NGC 4945 host ongoing starbursts and
are characterized by infrared luminosities a few times
higher than those of the Milky Way, Maffei 2 or IC 342.
NGC 4945 also hosts an active galactic nucleus. NGC 253
and NGC 4945 are both highly inclined giant spiral galax-
ies (i = 75°; e.g., Iodice et al. 2014; Henkel et al. 2018b).

Furthermore, with outflowing gas in their nuclear regions
(Turner 1985; Bolatto et al. 2013; Henkel et al. 2018b), they
also provide an environment in which shocks potentially
leading to class I methanol maser emission may be ubiqui-
tous. It is remarkable, that the various maser components
in NGC 253 occur not right at the center but at offsets of
a few hundred parsecs from the nucleus (Ellingsen et al.
2017). The same also holds in the case of NGC 4945, where
the (southeastern) front side of the galaxy shows a single
but relatively strong maser spot, presumably also arising
at a distance of a few hundred parsecs from the nucleus
(McCarthy et al. 2018b).

Maffei 2 and IC 342, located behind the Galactic plane,
are different. To evaluate their global properties, the first
notable parameter is distance. While IC 342 is located at
about the same distance as NGC 253 and NGC 4945 (here
we adopt 3.28 Mpc; Karachentsev et al. 2013), Maffei 2
may be located at a significantly greater distance. Wu et
al. (2014) estimated distances of 3.4 — 3.5Mpc for both
Maffei 2 and IC 342 using the tip of the red giant branch
method. However, Tikhonov & Galazutdinova (2018) re-
evaluated their Hubble Space Telescope (HST) images.
They applied stellar photometry at infrared and optical
spectral ranges and compared the resulting Hertzprung-
Russel diagrams. In particular the red giant branches, with
their upper luminosity boundaries and color indices, were
analyzed and compared with data from galaxies being much
less obscured by Galactic dust. These latter authors ob-
tained extinctions of A, = 3765 and 0™9 for Maffei 2
and IC 342, respectively. While their resulting distance to
IC 342 is consistent with previously obtained values, their
distance to Maffei 2 becomes 6.740.5 Mpc. Reanalyzing
near infrared photometry from the HST, Anand et al.
(2019) confirm a larger distance for Maffei 2 and propose
D = 5.73+£0.40 Mpc, which is adopted in the following (see
also Table 1 for both Maffei 2 and IC 342).

A common feature of Maffei 2 and IC 342 is, as al-
ready briefly mentioned, their location behind the plane of
the Milky Way. While IC 342 is displaced from the plane
by 10°6, Maffei 2 is almost exactly on this plane (b'! =
—0°3), which led to its very late discovery (Maffei 1968).
With respect to infrared luminosity and therefore also to
star formation, making use of the more recent distance es-
timates to Maffei 2, both galaxies have luminosities of Lir
~10'° L. Not hosting an AGN, they are about as active
as our own Galaxy (Lpr =~ 1.2 x 10'% Lg; e.g., Misiriotis
et al. 2004, 2006), forming on average a few solar masses
of new stars per year (see, e.g., Kennicutt (1998) for the
correlation between infrared luminosity and star formation
rate and Chomiuk & Povich (2011) for uncertainties re-
lated to estimates of Galactic star formation rates). Both
galaxies host two spiral arms terminating on a central ring
with vigorous massive star formation (e.g., Meier & Turner
2012). Therefore, chemically, Maffei 2 may be considered
to some extent as a more inclined copy of IC 342 and may
not (as before) be considered as a particularly small spiral
galaxy. However, one major difference remains: it is the
kiloparsec-sized bar in Maffei 2 that is possibly causing
widespread shocks favoring 36 GHz methanol maser emis-
sion (see Ellingsen et al. 2017 and below). A similar struc-
ture is not found in IC 342.

The previously obtained 36 GHz methanol maser detec-
tions in NGC 253 and NGC 4945 (Ellingsen et al. 2014;
McCarthy et al. 2017) have something in common: the de-
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Table 1. Methanol Line parameters® P4
Source QL J2000 (5,]2000 Transition v f SdVv VLSR A‘/l/g Speak LCHgOH
GHz mJykms™! kms™! kms™! mJy Lo

Malffei 2 02:41:55.2  +59:36:12 4_1—30 36.169261 422445  -99.3+1.9 35.0+3.9 11.3£1.9 0.53£0.06
4_1—30 36.169261 1181+60 7.5+£1.5 61.1+3.4 18.14+1.5 1.474+0.07
To—61 44.069419 <12.0

IC 342 03:46:48.6  4-68:05:46 4_1—30 36.169261 641164 29.7£3.6 70.6£8.0 8.5+1.4  0.26%0.03
To—61 44.069419 <10.0

M 82 09:55:52.2  469:40:47 4_1—30 36.169261 <44

NGC 4388  12:25:46.7 +12:39:41 4_1—30 36.169261 <4.6

NGC 5728  14:42:23.9 -17:15:11 4_1—30 36.169261 <4.5

Arp 220 15:34:57.3  423:30:11 4_1—30 36.169261 <4.2

a) Obtained from Gaussian fits to the average spectra displayed in Fig. [2l Col. 1: Sources; cols. 2 and 3: J2000 coordinates; col. 4:
methanol transition; col. 5: rest frequency; cols. 6-8: integrated flux densities, local standard of rest velocities, and full width at
half power line widths. Given errors include standard deviations from Gaussian fits but do not include the calibration uncertainty
(Sect. 2.2); col. 9: peak flux densities; col. 10: methanol line luminosities. Adopted distances: 5.73 Mpc for Maffei 2 and 3.28 Mpc

for IC 342 (see Sect.4).

b) For M 82, NGC 4388, NGC 5728, and Arp 220, 1o upper limits are given for 9.7kms™! wide channels.
c) For the 44 GHz transition towards Maffei 2 and IC 342, 1o upper limits are given for 8.0kms™! wide channels.
d) To convert the local standard of rest velocities given here into heliocentric values, use Vigr, = Visr — 3.1km s™! for Maffei 2

and VL = Visr — 3.9 kms~! for IC 342.

tected profiles are much narrower than those obtained when
measuring quasi-thermal line emission from areas cover-
ing their entire central molecular zones. This is different
with respect to our lines shown in Fig.2l Galactic fore-
ground emission (Maffei 2 and IC 342 are located behind
the Perseus arm) cannot cause this effect. The two line
peaks detected towards Maffei 2 are not compatible with
molecular velocities of the Perseus arm (Cohen et al. 1980)
and must therefore be of extragalactic origin. The 36 GHz
methanol velocity components are also seen, with similar
spectral profiles but with lower signal-to-noise ratios, in
other tracers of dense molecular gas, the integrated am-
monia (NHj3) (J, K) = (1,1) and (likely) (2,2) profiles near
24 GHz (Lebrén et al. 2011). The global ammonia profiles
from IC 342 also show similar shapes and radial velocities to
those presented in Fig.Bland cannot be interpreted in terms
of Galactic origin, since Galactic molecular clouds in this
region show smaller radial velocities (Cohen et al. 1980; Lo
et al. 1984; Tarchi et al. 2002). Both 36 GHz methanol (e.g.,
Leurini et al. 2016) and 24 GHz ammonia (e.g., Lebrén et
al. 2011) may trace similarly dense molecular gas because
rates for spontaneous emission are not far apart (1.48 and
1.67 x 10~7"s™1, the latter for the (J, K) = (1,1) ammonia
transition; e.g., Schoier et al. 2005 and references therein).
Therefore, the agreement in line shapes does not directly
hint at 36 GHz maser emission in our two detected galax-
ies, but this is further discussed below in relation to what
is known from the central region of the Milky Way.

Following the nomenclature of Lebrén et al. (2011), used
for their ammonia (NHs) observations with a beam size of
~3"'5, the blueshifted component we recognize in Maffei 2
(Fig. @l and Table 1) must arise from their regions C and
D, located in the southern part of the galaxy. The com-
ponent near zero velocity is related to the northern part,
represented by molecular complexes A and B. In Fig. 2 of
Lebrén et al. (2011), sources B and C are dominant and,
with their separation of 10” — 15” (280pc — 415 pc), they
should also dominate the 36 GHz methanol emission inside
our 23" beam. In the para-NHjz (1,1) ground state inver-
sion transition, the redshifted component is stronger than

the blueshifted one, by a factor of roughly 1.6. The corre-
sponding line intensity ratio we see in our 36 GHz methanol
transition is 2.8+0.3 in favor of this more redshifted compo-
nent. While this difference is clearly compatible with quasi-
thermal emission in both NHjz (where this is expected)
and CH3OH, although suggesting slightly different phys-
ical or chemical conditions, we nevertheless note that the
blueshifted CH3OH component may be narrower than the
one seen in ammonia.

Toward IC 342, our line widths and velocities of
methanol are comparable, within the errors, to the ammo-
nia lines from Lebrén et al. (2011). Very recently, Gorski
et al. (2018) reported JVLA measurements of the cen-
tral kiloparsec of IC 342 with 1” and 7kms™! resolution.
These latter authors detected six spatially resolved 36 GHz
CH3OH sites in IC 342 located along a northeast-southwest
axis (position angle ~30°) with a length of 20” (300 pc).
Interestingly, their strongest four sources peak at velocities
clearly redshifted (~50 kms~!) with respect to the galaxy’s
systemic local standard of rest velocity of 35kms~!. A sim-
ilar trend is also seen in the NHg (1,1) emission from Lebrén
et al. (2011; their Fig. 1, lower right panel). However, our
Table 1 instead indicates a peak velocity of the overall emis-
sion at systemic or slightly blueshifted velocities. Since the
Gorski et al. (2018) data encompass the entire central re-
gion of IC 342 giving rise to emission from high-density
molecular tracers, this discrepancy cannot be explained in
terms of spatial regions not being covered by their mea-
surements. This also holds for our data. Missing flux in the
interferometric measurements might instead be the cause
of the difference. However, adding the luminosities given in
their Table 6 leads to a total luminosity of 0.315Lg, which
is (within 20, see, e.g., Sect. 2.2) compatible with our lumi-
nosity of (0.26 + 0.03) Lg (Table 1). While we cannot ex-
plain the difference in radial velocities, the apparent lack of
missing flux suggests that the bulk of the 36 GHz methanol
emission is originating from compact spatially unresolved
regions, compatible with maser emission.

In the folllowing text we use the definition of starburst
galaxies as outlined by Mao et al. (2010; their Fig. 1),
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where the optical isophotal diameter D5 (25™ /arcsec?)
is applied to obtain the ratio log[(Lir/Le)/ (D22 /kpc?)].
Here, in almost all cases the value 7.25 separates galax-
ies commonly identified as starburst from nonstarburst
galaxies. With Maffei 2, IC 342 and NGC 6946 not be-
ing starburst galaxies like NGC 253 and NGC 4945 (ac-
cording to our definition), but showing infrared luminosi-
ties and likely star forming rates similar to those of the
Milky Way, there may be similarities between the condi-
tions in Maffei 2, IC 342, and NGC 6946 and the central
molecular zone (CMZ) of our Galaxy. Haschick et al. (1990)
provided data from our Galactic center region, showing
36 GHz and 44 GHz methanol spectra from Sgr A-A ~1'
northeast of the Galactic center and Sgr A-F, ~3" south of
the Galactic center (their Fig. 9). These latter authors find
narrow 36 GHz spikes, likely due to maser emission, on top
of a broad component, possibly of quasi-thermal origin. For
these two Galactic sources, the 36 GHz methanol lines show
quite a number of narrow spikes, while only one such spike
is seen in the corresponding 44 GHz methanol line.

More recently, Yusef-Zadeh et al. (2013) and Cotton
& Yusef-Zadeh (2016) find a widespread population of
more than 2000 compact 36 GHz methanol maser sources
within the central degree of our Galaxy. The lines are nar-
row (~1kms™!). Such a widespread distribution with a
huge number of individual maser components covering the
full radial velocity range of the nuclear environment could
mimic a total profile, that is quite undistinguishable from
quasi-thermal emission as long as the masers are spatially
unresolved and no individual source stands out.

Figure B correlates 36 GHz line methanol luminosi-
ties with infrared luminosities obtained from IRAS (the
Infrared Astronomical Satellite) and therefore with the star
forming rates of their respective parent galaxies. While the
number of sources is small and while both 36 GHz line
and infrared continuum luminosities may be uncertain, it
is clear that there is no good correlation. NGC 253 with its
high infrared luminosity shows the most luminous 36 GHz
methanol emission. However, NGC 4945, almost as lumi-
nous in the infrared, is comparatively weak with respect
to the 36 GHz methanol line. Outflowing gas in its nuclear
region (Henkel et al. 2018b), leading to shocks, is possi-
bly not quite as prominent as in NGC 253 (Turner 1985;
Bolatto et al. 2013). Maffei 2 also stands out with respect
to methanol emission, even though its infrared luminosity is
modest. While we did not resolve the sources, the explana-
tion may be the prominent nuclear bar in Maffei 2 (e.g.,
Meier & Turner 2012), that may cause shocks through-
out its central region, enhancing 36 GHz methanol emis-
sion above its normal level. Higher-resolution observations
to study the spatial connection between the bar and the
36 GHz methanol emission would be desirable.

As already mentioned, it is noteworthy that toward
the nonstarbursting galaxies we see line profiles compatible
with the line profiles of other dense molecular gas tracers
(for NHj, see the discussion above; for HNCO, see Gorski
et al. 2017, 2018). Toward the two detected starburst galax-
ies, however, we see emission from highly confined regions,
the strongest such region being located in NGC 4945. We
may therefore ask whether these galaxies also contain a
component similar to the one in the less active galaxies
Maffei 2, IC 342, and NGC 6946, only being less conspic-
uous in view of the outstanding maser peaks already en-
countered in these starburst environments. We advocate

searches for such an underlying smoother 36 GHz emission
component also in these galaxies. We note however that by
analogy with our Galactic center region (e.g., Yusef-Zadeh
et al. 2013), it is likely that this component is also repre-
senting maser emission.

4.2. Undetected lines

It may be argued that our lack of detected 44 GHz methanol
in Maffei 2 and IC 342 is caused by the different levels of
excitation, with the 36 GHz upper level (4_1) 21K and the
44 GHz upper level (7) 65K above the ground state (the
equivalent energy of the photons is only ~2K). However,
we note that our 44 GHz measurements show rms values
that are about three times larger than those at 36 GHz.
Therefore, our nondetections at 44 GHz toward Maffei 2
and IC 342 merely indicate that the 44 GHz emission is not
stronger than that at 36 GHz, which is consistent with the
conditions in NGC 253 (Ellingsen et al. 2017) and appears
to be a typical signature of extragalactic methanol class I
emission.

With respect to our 36 GHz nondetections, the Arp 220
result is particularly interesting. Chen et al. (2015) reported
several areas with emission in the outskirts of the merger
with flux densities of order 10-20mJy and our beam size is
large enough to incorporate most of these regions. However,
our upper limit given in Table 1 (last line) corresponds to
a 50 level of ~4mlJy for a feature of 300kms~! in width.
In view of its extreme infrared flux density, M 82 was an
obvious target (it is one of the most prolific extragalactic
infrared emitters of the entire sky; e.g., Henkel et al. 1986).
Instead, NGC 4388 and NGC 5728 were observed because
Chen et al. (2016) had published tentative 36 GHz class I
methanol signals. We were not able to confirm their tenta-
tive features but note that our data are of similar sensitiv-
ity, and so in these cases, unlike for Arp 220, the situation
remains unclear.

5. Conclusions

With Maffei 2 and IC 342 we present two 36 GHz class 1
methanol line emitters from galaxies outside the Local
Group, while a previously reported detection of the ultralu-
minous infrared galaxy Arp 220 is not confirmed. The line
luminosity of Maffei 2 is surprisingly high, which is possibly
related to its prominent bar. As in the prototypical source,
NGC 253, upper limits indicate that the 44 GHz class 1
methanol line is not substantially stronger. Now there are
five such well-confirmed sources with 36 GHz line detec-
tions beyond any reasonable doubt. In contrast to the two
initially detected and still most prominent of these sources,
NGC 253 and NGC 4945, it is difficult to directly prove
that the detected signals from Maffei 2 and IC 342 (and
NGC 6946) are caused by masers. The line profiles are com-
patible with those obtained from ammonia, where masers
are rarely observed. Unlike NGC 253 and NGC 4945, which
are starburst galaxies, the others are spiral galaxies that are
about as active with respect to star formation as our Milky
Way. Therefore, by analogy with the central part of our
Galaxy, the most likely interpretation is that the detected
features represent the superposition of a large number of
spatially unresolved weak maser hotspots lacking a single
dominant source. It is hard to imagine that more active
galaxies, like for example NGC 253 and NGC 4945, do not
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also show such a population of weak masers. Therefore,
a search for such a weak and broad underlying spatially
widespread 36 GHz methanol emission would also be worth-
while in starburst galaxies, as well as interferometric stud-
ies with utmost sensitivity to unambiguously demonstrate
that at least a part of the detected emission originates from
maser sources. The latter would, however, be a very ambi-
tious project, presumably only feasible with the future next
generation Very Large Array (ngVLA).
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Fig. 2. 4_; — 3¢ E methanol spectra from Maffei 2 (left) and IC 342 (right). Spectra from a given source are all presented
with the same amplitude and velocity scale. The adopted rest frequency is 36.169261 GHz, the coordinates are o j29p0 =
2B 41™ 5552 579000 = 59° 36’ 12" (Maffei 2) and ajopp0 = 3" 46™ 4836, 02000 = 68° 05’ 46" (IC 342). The velocity
scale is the local standard of rest. The spectra were smoothed by averaging 256 contiguous channels to a channel spacing
of 9.7kms~!. The average spectrum was obtained, weighting individual subscans with the inverse square of their system
temperature. The systemic local standard of rest velocity for Maffei 2 is —~14+5kms~! and Vugr, = Vigr — 3.1kms™ .
For IC 342, the corresponding values are +35+3kms~! and Vgrr = Visr — 3.9kms™!. Vertical lines indicating the
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Fig.3. Here we show 36 GHz methanol line luminosities
in solar units vs. infrared luminosities in units of 101° L,
obtained from IRAS data, on logarithmic scales. For the
former, £20% (see Sect.2.2, we added 5% due to limited
signal-to-noise ratios) and for the latter £10% error bars
have been taken. The exception is NGC 253, where a larger
error bar has been chosen for the 36 GHz methanol lu-
minosity (see below). Adopted distances to the galaxies
are 3.28Mpc for IC 342 (Sect.4), 5.73Mpc for Maffei 2
(Sect.4), 5.98Mpc for NGC 6946 (Gorski et al. 2018),
3.5 Mpc for NGC 253 (Gorski et al. 2018) and 3.8 Mpc for
NGC 4945 (Henkel et al. 2018b). The methanol line lu-
minosities were calculated with equation (1). There exist
huge discrepancies in total 36 GHz methanol flux density
in the case of NGC 253, with Ellingsen et al. (2014) find-
ing ~0.3 Ly, Ellingsen et al. (2017) reporting ~3 Lg and
Gorski et al. (2017) suggesting 6.4 Lg. We chose 4 L. For
NGC 4945, McCarthy et al. (2017) report 0.14Lg, while
McCarthy et al. (2018b) find 2.8Ly. We have taken the
latter value, suspecting that the lower luminosity values
are due to missing flux (e.g., Chen et al. 2018) and that
variability might also play a role.



