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ABSTRACT

Context. Feedback in the form of mass outflows driven by star formation or active galactic nuclei is a key component of galaxy
evolution. The luminous infrared galaxy Zw 049.057 harbours a compact obscured nucleus with a possible far-infrared signature
of outflowing molecular gas. Due to the high optical depths at far-infrared wavelengths, however, the interpretation of the outflow
signature is uncertain. At millimeter and radio wavelengths, the radiation is better able to penetrate the large columns of gas and dust
responsible for the obscuration.

Aims. We aim to investigate the molecular gas distribution and kinematics in the nucleus of Zw 049.057 in order to confirm and locate
the molecular outflow, with the ultimate goal to understand how the nuclear activity affects the host galaxy.

Methods. We used high angular resolution observations from the Submillimeter Array (SMA), the Atacama Large Millime-
ter/submillimeter Array (ALMA), and the Karl G. Jansky Very Large Array (VLA) to image the CO J = 2-1 and J = 6-5 emission,
the 690 GHz continuum, the radio centimeter continuum, and absorptions by rotationally excited OH.

Results. The CO line profiles exhibit wings extending ~300 kms~! beyond the systemic velocity. At centimeter wavelengths, we find
a compact (~40 pc) continuum component in the nucleus, with weaker emission extending several 100 pc approximately along the
major and minor axes of the galaxy. In the OH absorption lines toward the compact continuum, wings extending to a similar velocity
as for the CO are only seen on the blue side of the profile. The weak centimeter continuum emission along the minor axis is aligned
with a highly collimated, jet-like dust feature previously seen in near-infrared images of the galaxy. Comparison of the apparent
optical depths in the OH lines indicate that the excitation conditions in Zw 049.057 differ from those within other OH megamaser
galaxies.

Conclusions. We interpret the wings in the spectral lines as signatures of a nuclear molecular outflow. A relation between this outflow
and the minor axis radio feature is possible, although further studies are required to investigate this possible association and understand
the connection between the outflow and the nuclear activity. Finally, we suggest that the differing OH excitation conditions are further

evidence that Zw 049.057 is in a transition phase between megamaser and kilomaser activity.

Key words. galaxies: individual: Zw 049.057 — galaxies: kinematics and dynamics — galaxies: ISM — ISM: molecules

1. Introduction

Evidence is accumulating that a subset of luminous and ultra-
luminous infrared galaxies ((U)LIRGS, see Sanders & Mirabel
1996, for a review) harbor highly obscured dusty nuclei with
optically thick continuum up to millimeter (mm) wavelengths
(e.g., Sakamoto et al. 2008, 2013; Gonzélez-Alfonso et al. 2012;
Costagliola et al. 2013; Aalto et al. 2015; Falstad et al. 2015,
2017; Martin et al. 2016). These objects seem to be in a very ac-
tive phase of evolution, their power supplied by central concen-
trations of molecular gas accreting onto a supermassive black
hole (SMBH) or feeding intense star formation in the nuclear
regions (e.g., Gonzdlez-Alfonso et al. 2012; Costagliola et al.
2013; Aalto et al. 2016). Some of these compact obscured nu-
clei (CONSs) are also able to drive powerful molecular outflows
at a rate which cannot be sustained for more than a few Myr

Article published by EDP Sciences

(Aalto et al. 2012; Cicone et al. 2014). Yet, our understanding of
how processes in the nucleus affect galaxy evolution is still lim-
ited; it is thus important both to determine the nature of the nu-
clear power source and to study the feedback processes that may
eventually clear the obscuring material and reveal the activity in
the nuclei of these galaxies.

Due to the obscured nature of these objects, however, direct
examination of their nuclear regions is impossible or impractical
at many wavelengths. Since the dust opacity decreases with in-
creasing wavelengths, the obscuring material is more easily pen-
etrated with observations at radio or mm/sub-mm wavelengths
where interferometry also offers a tool to achieve high angu-
lar resolution. Thus, although optical depth effects can still be
an issue, imaging the continuum and molecular lines at these
wavelengths can be used to probe the morphology, physical
conditions, dynamics, and chemistry in obscured nuclei (e.g.,
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Fig. 1. Energy diagram showing the ground and two first excited ro-
tational states of OH. The A-doubling and hyperfine levels are not to
scale. Transitions between hyperfine levels are indicated with lines con-
necting the levels in question and their frequencies in MHz are shown
above the lines. Transitions observed in this paper are indicated with
boldface lines.

Sakamoto et al. 2008; Aalto et al. 2009; Varenius et al. 2014;
Scoville et al. 2017; Baan et al. 2017). With more information
available about the nuclear environment it is possible to inves-
tigate the processes responsible for the high energy output and
how they, over time, might affect the structure of the host galaxy.

Observations of the hydroxyl radical (OH) have been a pow-
erful method to probe outflow activity both in ULIRGs, using the
low-lying far-infrared lines (e.g., Fischer et al. 2010; Sturm et al.
2011; Veilleux et al. 2013; Gonzalez-Alfonso et al. 2017), and
in OH-megamasers, using the 1667 MHz maser line (Baan et al.
1989). The OH molecule has a non-zero electronic angular mo-
mentum in its ground state and the interaction between the ro-
tation of its nuclei and the orbital motion of the unpaired elec-
tron causes A-doublet splitting of the rotational energy levels.
The levels are further split due to hyperfine interaction between
the spin of the hydrogen atom and the orbital motion and spin
of the electron. Transitions between the A-doublet pairs in the
three lowest rotational levels give rise to spectral lines at fre-
quencies close to 1.7, 6.0, and 4.7 GHz where the obscuring
properties of the dust are negligible. A diagram of these rota-
tional levels with the A-doublet transitions indicated is shown in
Fig. 1. In OH megamaser galaxies, the ground state lines, par-
ticularly the main lines at 1665 and 1667 MHz, are able to emit
maser emission with luminosities more than six orders of magni-
tude higher than those of the most luminous galactic OH masers
(e.g., Baan et al. 1982; Henkel & Wilson 1990).

Zw 049.057 is a moderately strong LIRG with an infrared
luminosity of Lig ~ 1.8 x 10" Ly, (Sanders et al. 2003), at a dis-
tance of 56 Mpc (linear scale: ~270 pc arcsec™!). It is described
by Scoville et al. (2000) as a galaxy with a highly inclined disk.
We adopt a redshift of z = 0.012999, corresponding to a velocity
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of 3897 km s~!, determined in the ESO nearby Abell cluster sur-
vey (Katgert et al. 1998) from optical absorption and emission
lines. Throughout this paper the optical velocity convention is
used with respect to the barycentric reference frame. All coordi-
nates are given in the J2000.0 system. The CO J = 1-0 emission
of Zw 049.057 has been mapped at 2.7” (730 pc) resolution by
Planesas et al. (1991) using the Owens Valley millimeter-wave
interferometer, revealing a compact distribution with most of the
molecular gas located within ~0.4 kpc (~1.5") of the nucleus. A
dust feature extending ~500 pc (~2”") from the nucleus, along the
minor axis, is seen in its NICMOS image (Scoville et al. 2000).

Zw 049.057 is known to host an OH megamaser in the
low end of the megamaser luminosity range (Baan et al. 1987,
Martin et al. 1988), but the exact nature of the nuclear power
source has not been determined. Interestingly, in the sample
of 77 OH megamasers observed by McBride et al. (2013), it
is one of only five sources with detected OH satellite lines at
1612 and 1720 MHz, and the only galaxy in which these lines
are partially conjugate (when one line is seen in emission, the
other is seen in absorption). As the conditions required to pro-
duce conjugate satellite lines differ from those that produce in-
version in the main lines, McBride et al. (2013) conclude that
two separate inversion mechanisms exist in Zw 049.057. Fur-
thermore, they suggest that the galaxy is in a transition phase
between the OH megamasers and galaxies with lower luminos-
ity masers. The galaxy nucleus has first been classified as star-
burst based on optical spectroscopy (Baan et al. 1998), but has
then been reclassified as an AGN based on its radio activity
(Baan & Klockner 2006). The main reason for this reclassifi-
cation was the low spectral index (@ = 0.35) between 1.4 and
4.8 GHz, while a classification purely based on the brightness
temperature (75(4.8) = 2.45 x 10* K) or g-factor (g(4.8) = 2.93)
would put it in the class of starburst nuclei.

Recently, in their Herschel far-infrared and submillimeter
observations of Zw 049.057, Falstad et al. (2015) found evi-
dence of a highly obscured nucleus as well as a spectral signature
of inflowing gas in the [O1] line at 63 ym. Although no outflow
signatures were seen in the OH absorption lines, they did de-
tect a tentative outflow signature in one of the H,O lines. More-
over, in their IRAM Plateau de Bure observations, Aalto et al.
(2015) discovered possible continuum and self-absorption in the
HCN and HCO™* J = 3-2 transitions, raising doubts as to their
usefulness as probes of the nuclear environments in highly dust-
obscured objects such as Zw 049.057.

With the aim of probing the kinematics and gas distribution
in the nucleus, as well as to search for evidence of a hidden out-
flow not detected by Herschel, we have used the Karl G. Jansky
Very Large Array (VLA) of the National Radio Astronomy Ob-
servatory (NRAO)' to observe the A-doublet transitions in the
first two rotationally excited states of OH, as well as the radio
continuum at the frequencies of these transitions. We have also
used the Submillimeter Array (SMA; Ho et al. 2004) on Mauna
Kea, Hawaii, to observe the J = 2—1 transition of CO. In addition
we use archival CO J = 6-5 data from the Atacama Large Mil-
limeter/submillimeter Array (ALMA). In this paper we present
and analyze the results of these VLA, SMA, and ALMA ob-
servations. The observation setups and data reduction processes
are described in Sect. 2, the observational results are presented
in Sect. 3, and the implications of the results are discussed in
Sect. 4. Finally our conclusions are summarized in Sect. 5.

! The National Radio Astronomy Observatory is a facility of the Na-
tional Science Foundation operated under cooperative agreement by As-
sociated Universities, Inc.
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2. Observations and data reduction

2.1. VLA

The observations were carried out in January 2017 (project 16B-
432) in C-band (4-8 GHz) full polarization mode using the A-
configuration of the array. There were 27 antennas in the array
and the longest baseline was 36.4 km. The total bandwidth was
2 GHz, distributed over two basebands of 1 GHz each, cen-
tered at 4.65 and 6.0 GHz. Each of these basebands was fur-
ther divided into eight continuum subbands of 128 MHz each.
In addition, narrower subbands with higher spectral resolution
were placed to observe the OH lines with rest frequencies 4660,
4751, 4766, 6017, 6031, 6035, and 6049 MHz. The total on-
source time for the observations was 2.4 h and the final sensi-
tivity achieved was 0.2 mJy beam™! per 18 kms~!' (~250 kHz)
channel and 0.14 mJy beam™" per 26 kms~! (~500 kHz) chan-
nel for the 4.65 and 6.0 GHz data, respectively. No special as-
trometric calibration measurements were made and we estimate
the astrometric accuracy to be 0.04” (~10% of the synthesized
beam full width half maximum).

Data reduction was performed in the Common Astronomy
Software Applications (CASA; McMullin et al. 2007) package
using standard methods with 3C 286 as bandpass and flux cal-
ibrator, and J1504+1029 as gain calibrator. Self-calibration of
phase and amplitude was done using the continuum data, al-
though this was not done when measuring the absolute position
of the continuum peak (the continuum peak positions in the self-
calibrated and non-self-calibrated images agree to within 0.01”).
The calibrated data was continuum subtracted in the uv-plane
using line-free channels and then imaged using Briggs weight-
ing with robustness parameter 0.5, resulting in a beam size of
0.44” x 0.37” (PA ~ —35°) at 4.65 GHz and 0.34” x 0.28"”
(PA ~ —40°) at 6.0 GHz. The resulting data cubes have a veloc-
ity resolution of 18-26 kms~! and were cleaned to a threshold of
three times the image rms noise in each velocity channel. A con-
tinuum image was created from all line-free channels using the
multi-frequency synthesis algorithm with the same weighting as
for the spectral line data cubes. This image was also cleaned to
a threshold of three times the image rms noise.

2.2. SMA

The SMA observations of Zw 049.057 were conducted on 2016
April 11 (project 2015B-S016). The array was in its extended
configuration, with baselines ranging from 44 to 226 m, and the
observations were carried out in 2 GHz dual-receiver mode using
the 230 and 400 GHz receivers. There were eight antennas in the
array. The weather conditions were good with a 225 GHz opacity
of 15 = 0.05 and low wind throughout the observations. Sys-
tem temperatures were in the range 100—-200 K for the 230 GHz
receiver. We placed the redshifted CO J = 2—-1 line in the cen-
ter of the upper sideband (USB) of the 230 GHz receiver. The
230 GHz continuum was obtained from the line-free channels of
the USB of the 230 GHz receiver. The total on-source time for
the observations was 6.2 h and the final sensitivity achieved was
10 mJy beam™! per 15 kms™' (~11.5 MHz) channel.

Data reduction was performed in the CASA package after
converting the SMA data into CASA measurement sets using
the scripts sma2casa.py and smaImportFix.py provided by
the SMA?. We employed standard methods to calibrate the data

2 The scripts are publicly available at
www.cfa.harvard.edu/sma/casa

in CASA, using the quasar 3C 273 as bandpass calibrator, the
quasar J1504+104 as gain calibrator, and Ganymede as flux cal-
ibrator’. The astrometric accuracy was estimated by using the
quasar J1549+026 as a test source, using the same calibration as
for Zw 049.057, and turned out to be ~0.2”. It is possible that
our astrometric error is smaller than this because the quasars are
14° apart while the galaxy is only 4° away from J1504+104.
The calibrated data was continuum subtracted in the uv-plane
using line-free channels and then imaged using Briggs weight-
ing with robustness parameter 0.5, resulting in a beam size of
1.34” x 0.94” (PA ~ —86°). The resulting data cubes have a
velocity resolution of 15 kms~! and were cleaned to a thresh-
old of three times the image rms noise in each velocity channel.
A continuum image was created from line-free channels using
the multi-frequency synthesis algorithm with the same weighting
and was also cleaned to a threshold of three times the image rms
noise. From the data cubes we generated maps of the velocity
integrated intensity (moment 0), the intensity weighted velocity
(moment 1), and the intensity weighted dispersion of the veloc-
ity (moment 2) of the spectral line. For the integrated intensity
map, all channels of the spectral line were used without thresh-
old. Masks were created by smoothing the data cube spatially
and spectrally and then excluding any pixels with absolute val-
ues less than a threshold of 30-. The masks were then applied to
the unsmoothed data cubes before generating the higher moment
maps.

2.3. ALMA

The CO J = 6-5 data set was obtained from the ALMA archive
(project 2013.1.00524.S, PI N. Lu). The data were taken on 2015
May 19 with a total of 37 antennas in the 12 m array, with base-
lines between 17.5 and 555.5 m. Four spectral windows each
covered a bandwidth of 2 GHz (~750 kms~! at the frequency
of CO J = 6-5), with a frequency resolution of 15.6 MHz.
For calibration purposes data for the following sources were
obtained during the course of the observations: J1256-0547 as
bandpass calibrator, Titan as flux calibrator, and J1550+0527 as
phase calibrator. The total on-source time for the observations
was 272 s and the final sensitivity achieved was 15 mJy beam™!
per 20 kms~! (~46 MHz) channel.

The CASA package was used for calibration and imaging of
the data set. Since we were only interested in the position and
the shape of the CO J = 6-5 emission, we made no major effort
to improve the flux calibration with respect to the results from
the pipeline. Thus, the flux calibration is uncertain to a factor
of about two. For the imaging we used briggs weighting with
a robustness factor of 0.5. The resulting beam size is 0.23” X
0.21” (PA ~ 15°). The astrometric accuracy was estimated by
comparing the peak positions of the calibrators to their catalog
positions and turned out to be <0.05”.

3. Results
3.1. Radio cm continuum

The radio continuum image (Fig. 2), produced from a combina-
tion of the 4.65 and 6.0 GHz data, is dominated by a bright com-
pact component (RA = 15"13™135095, decl. = +07°13/317/87)
in the middle of a more extended cross-shaped structure with

3 The calibrator list for the SMA is available at
http://smal.sma.hawaii.edu/callist/callist.html
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Fig. 2. Radio continuum (5.3 GHz) contour map of Zw 049.057, pro-
duced from a combination of the 4.65 and 6.0 GHz data. Contours are
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brightness is 25 mJy beam™' and the off source rms is 5 uJy beam™'.

The fitted beam (0.38” x 0.32”, PA ~ —40°) is shown in the lower left

corner.

an integrated flux which is 6-10% of that in the core compo-
nent. The extended structure consists of an elongated 900 pc
(3.3”, PA ~ 25°) component along the major axis of the galaxy
as well as a 700 pc (2.6”, PA ~ 130°) long structure approx-
imately along the minor axis. The measured properties of the
core as well as the total emission are summarized in Table 1. The
total flux density obtained for the continuum emission is consis-
tent with the previous VLA measurements by Baan & Klockner
(2006) and Parra et al. (2010).

3.2. CO J = 2—1 line emission

Figure 3 shows two spectra of the CO J = 2-1 transition,
both the global spectrum integrated over the emitting region
and the spectrum extracted at the peak of the integrated in-
tensity map at RA = 15"13™m13%094, decl. = +07°13’317795,
which is slightly offset from the 230 GHz continuum peak at
RA = 15M"13™13%096, decl. = +07°13’31780. The line flux com-
puted by direct integration of the global spectrum is presented in
Table 2. Compared to the single-dish observations reported by
Papadopoulos et al. (2012) we recover approximately 55% of the
CO J = 2-1 line flux. The line profile in the central spectrum has
weak wings on its blue- and red-shifted sides. The wings seem
to originate in an unresolved region in the center of the nucleus
and are not seen above the noise level in the global spectrum.
The integrated intensity, velocity field, and dispersion maps
are presented in Fig. 4 and the pV diagrams along the major and
minor axes are shown in Fig. 5. Most of the emission emerges
from a central region with radius ~150 pc (~0.6"), but faint
emission extends out to ~800 pc (~3") in a structure with po-
sition angle ~30°. A Gaussian fit to the strong emission results
in a central component with dimensions (full width half maxi-
mum, deconvolved from the beam) 350 x 250 pc (1.3” x 0.9”,
PA ~ 25°). There is a clear velocity gradient along the major
axis, with negative velocities to the southwest and positive to the
northeast of the central region. The velocity dispersion is domi-
nated by a peak of approximately 90 km s~! in the central region,
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Fig. 3. Spectra of CO J = 2-1 in Zw 049.057. Top: integrated over
the region with emission stronger than 3¢ in the integrated intensity
map. Bottom: extracted from the peak of the integrated intensity map.
The shaded regions indicate the velocity intervals of the blue- and
red-shifted line wings seen in the lower spectrum. A dashed line in
each spectrum indicates the 1o level of the noise above zero inten-
sity. The spectra are referenced to the barycentric reference frame using
z=0.012999.

although this is at least partly due to beam smearing, with a typ-
ical dispersion of 20-60 kms~! away from the center. An extra
emission component close to the systemic velocity is present in
the northeast, seen as a decrease in velocity and an increase in
dispersion.

3.3. CO J = 6-5 line and 690 GHz continuum emission

The top panel of Fig. 6 shows the CO J = 6-5 spectrum inte-
grated over the emitting region. There are clear line wings ex-
tending at least 350 kms~! beyond the systemic velocity, on
the blueshifted side the wing extends beyond the edge of the
usable band. The bottom panel shows the integrated intensity
maps taken over the line wings (200-350 kms~! beyond the
systemic velocity), and the 690 GHz continuum which peaks at
RA = 15"13™m135092, decl. = +07°13’31”/84. The wing emis-
sion is oriented along an axis that is approximately perpendicular
to the overall rotation of the CO J = 6-5 and J = 2-1 emission.

3.4. OH line absorption

The global spectra of all detected lines are shown in Fig. 7 to-
gether with a decomposition of the lines into multiple Gaussian
components. The measured line fluxes obtained from direct
integration of the line profiles are listed in Table 2 together
with the fitted parameters of the Gaussian components. The
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Table 1. Properties of the radio continuum emission.

% T8 peak” Peak brightness” S core™? S tot© N PA%¢
(GHz) (10°K) (mJy beam™") (mly) (mly) (mas) ©)
4.65 94+0.3 259 +0.8 308+09 328+1.0 183x163+1 119+3
6.00 8.7+0.3 243 £0.8 30009 326+1.0 160x141+1 121+2
5.32f 89+0.3 25.0+0.8 304+09 327+10 171 x151+x1 120+3

Notes. @ Calculated from two-dimensional Gaussian fit to the continuum map using the CASA task IMFIT which deconvolves the clean beam
from the fitted component size, see Condon (1997) for a discussion of the error estimates in this process. Uncertainties for the peak brightness
and integrated flux density include an estimated 3% calibration error added in quadrature to the noise error. The uncertainty for the deconvolved
size does not include possible calibration errors. ) Integrated flux density of the core. ) Total integrated flux density of the core and the extended
emission. The noise error was calculated by multiplying the image rms noise by the square root of the number of beam areas across the source.
@ Core component deconvolved major X minor axis. > Core component position angle. ¢’ Produced from a combination of the 4.65 and 6.0 GHz

observations.
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Fig. 5. Position-velocity dia-
gram for the CO J = 2-1 line
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disk traced by the CO emis-
sion. The black rectangles in
the bottom left corners show
the spatial and velocity resolu-
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components that seem to be common to most lines are: a main
component close to the systemic velocity, a weaker low veloc-
ity component around —110 kms~!, and a blueshifted wing ex-
tending down to approximately —300 kms~!. The different OH
transitions are discussed in more detail in the following two
sections.

Offset (")

tion of the data. Contours are at
1,2,4,8,16 x 27 mJy beam™'.

3.4.1. 4.7 GHz lines

Both the main 4751 MHz line and the two satellites at 4660
and 4766 MHz are detected in absorption toward the compact
component of the continuum emission. The 4660 MHz satellite
line can be decomposed into a main component, a low-velocity
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Fig. 6. Top: integrated spectrum of CO J = 6-5 with the spectral re-
gions used to make the figure in the bottom panel marked. A dashed
line in the spectrum indicates the 1o level of the noise above zero in-
tensity. The spectrum is referenced to the barycentric reference frame
using z = 0.012999. Bottom: integrated intensity maps over the chan-
nels marked in the spectrum from the top panel overlaid on the 690 GHz
continuum grayscale image. Contours are given at 1, 2,4, 8 X 30 for the
wing emission. The fitted beam (0.22” X 0.20”, PA ~ —35°) is shown in
the lower left corner.

component, and a wing component. Compared to the other lines,
the profile of this line shows a lack of absorption on the red-
shifted side, possibly due to maser emission filling in some of
the absorption on the red side of the profile. The overall shape
of the profile for the 4766 MHz line seems similar to that of
the 4660 MHz line but as the blue side of its profile seems
noisier it is hard to distinguish between a low-velocity and a
wing component. The main 4751 MHz line has the same basic
components as the 4660 MHz line, although the blue-shifted
wing is relatively weaker. Unlike the other lines it also exhibits
a red-shifted wing. The relative peak absorption depths of the
lines are close to the ratios (1:2:1 for the 4660:4751:4766 MHz
lines; e.g., Destombes et al. 1977) expected under local thermo-
dynamic equilibrium (LTE) while the relative line fluxes differ
from these ratios due to the different profiles of the lines. This
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is possibly an effect of regions of differently excited OH gas not
having the same continuum covering factor.

Position-velocity (pV) diagrams for the OH 4751 MHz lines
along the major and minor axis continuum structures are shown
in Fig. 8. A velocity gradient along the major axis is seen in the
pV-diagram (left panel). No velocity shift is seen along the minor
axis (right panel) but a tentative, marginally resolved red-shifted
(~200 km s~!) feature appears approximately 0.2 to the north-
west of the continuum peak. After averaging together channels
in groups of five to produce 90 km s~ bins, maps of the apparent
optical depth (74pp = —In(1 + Syine/S cont)) in the 4751 MHz line
were created. The maps of the three central 90 kms™' channels
are shown in Fig. 9.

3.4.2. 6 GHz lines

The two main lines at 6031 and 6035 MHz are detected in ab-
sorption but the satellites at 6017 and 6049 MHz are not. The
6035 MHz line has a line wing similar to those in the satellite
lines of the 4.7 GHz triplet, while any line wing of the 6031 MHz
line would be blended with the main absorption component of
the 6035 MHz line. The relative peak absorption depths of the
main lines and the upper limits to the satellite lines are consis-
tent with the ratios expected under LTE conditions (1:14:20:1
for the 6017:6031:6035:6049 MHz lines; e.g., Destombes et al.
1977). The pV-diagrams, including both 6 GHz lines, along the
major and minor axis continuum structures are shown in Fig. 10.
Both diagrams clearly show the blue wing below —200 kms~!
in the 6035 MHz line; along the major axis (left panel) it seems
to be centered on the compact continuum component while it
is possibly skewed toward the southeast (negative offset) when
the slice is taken along the minor axis continuum feature (right
panel).

4. Discussion
4.1. Disk orientation and kinematics

To first order, under the assumption that the disk is circular and
thin and that there are no non-circular motions, the inclination,
i, of a disk is given by: cosi = b/a, were b/a is the ratio of the
apparent minor and major axes. The CO moment maps (Fig. 4)
indicate that the molecular gas is distributed in an inclined disk
with projected dimensions 1.6 X 1.2 kpc (5.9” x4.4”, PA ~ 30°);
this geometry is consistent with the near-infrared images of the
nucleus presented by Scoville et al. (2000). The inclination as
determined from the axis ratio of the CO disk is ~40°.

The overall velocity gradient along the major axis (see
Figs. 4 and 5) gives the rotation, with the gas receding in the
northeast and approaching in the southwest with a maximum de-
projected velocity of ~180 kms~'. Comparing with the rotation
traced by the pV-diagrams of the strongest unblended OH ab-
sorption line (OH 4751, see Fig. 8) it seems that the OH and CO
probe regions with similar rotation, although on different scales.
An extra, redshifted, component is seen in the 4751 MHz ab-
sorption line (see Fig. 7). Based on the pV-diagrams of Fig. §,
this extra absorption component seems to be located in the
northwestern part of the nucleus as the only significant absorp-
tion above 150 kms~! is seen in the pV-diagram taken along the
minor axis continuum feature (right panel). This redshifted com-
ponent is also discussed briefly in Sect. 4.3.

The maps of the apparent optical depth at blueshifted, cen-
tral, and redshifted velocities shown in Fig. 9 are also consistent
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Table 2. Line fluxes.
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Line Vrest Component N linea’b Veent” VEwnm* fS line dvab Tappc
(GHz) (mly) (kms ™)  (kms™!) (mJykms™")
COJ=2-1 230.53800 Total (341 £51) x 103
OH 4660 4.66024 Total . .. . 209 + 11 .
Main -1.18+0.34 —-18+12 117 + 18 —146 + 35 0.039
Low velocity -0.46+0.35 -116+30 116+54 -57+35 0.015
Wing -0.29+038 -247+14 50+53 —-15+12 0.009
OH 4751 4.75066 Total . .. . =534 + 17 .
Main —-2.67+£0.18 T+2 142 +7 —-404 + 18 0.091
Low velocity —-0.94+0.10 -113+4 96 +8 -96+6 0.031
Wing -0.36 £0.25 -239+9 26 + 13 -10+5 0.012
Red wing -0.39 £ 0.21 170 £ 11 66 + 25 -27+10 0.013
OH 4766 4.76556 Total . . . —-296 + 13 .
Main -1.26 £ 0.11 17+£5 166 + 11 -222 + 12 0.042
Low velocity -0.43+0.17 -129+18 158 +51 =72+ 17 0.014
OH 6017 6.01675 Total <0.19¢ .
OH 6031 6.03075 Total e ... . 247 +9 .
Main -1.31+0.11 180 + 6°¢ 132+ 10 —184 + 15 0.045
Low velocity -0.76 +0.14 109 + 7¢ 94 + 14 -76 + 13 0.026
OH 6035 6.03509 Total . ... . 410+ 14 .
Main -2.27+0.16 175 121 +7 292 + 11 0.079
Low velocity -0.84+0.33 —-111+3 85+23 =75 +21 0.028
Wing -054+034 -241+14 7135 41+ 16 0.018
OH 6049 6.04909 Total <0.134

Notes. @ Parameters for individual components are derived from Gaussian fits to the global spectra and total line fluxes are derived from direct
integration of the line profile. ® The uncertainties in the VLA fluxes include an estimated 3% calibration error added in quadrature to the noise
error. The calibration error in the SMA data is estimated to be 15%. © Apparent optical depth Tapp = —In(1 + Siine/S cont)- A covering factor of
100% is assumed and T, is thus a lower limit to the true optical depth. 1o~ upper limit. * Relative to the 6035 MHz line which is located
~215 kms~! below the 6031 MHz line.
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Fig. 7. Detected OH absorption lines. The measured global spectra are plotted as histograms. The green dashed lines are Gaussian fits to the main
feature in each spectrum. The magenta dotted lines are fits to the ~—110 kms~! feature, except in the upper right spectrum where this component
cannot be distinguished from the blueshifted line wing. The dashed-dotted blue (in all but the upper right panel) and red (in the lower left panel)
lines are fits to the blue- and redshifted line wings, respectively. The black solid lines are the total fits. The velocity scale for the 6 GHz lines is
centered at the 6035 MHz line and the rest velocity of the 6031 MHz line is at ~215 kms~!. All spectra are referenced to the barycentric reference
frame using z = 0.012999.
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with a rotation along the major axis. Below the systemic velocity
(upper left panel of Fig. 9), the optical depth peaks in the south-
western part of the nucleus while the peak at velocities above
systemic (lower left panel of Fig. 9) is located in the northeast-
ern part. Interestingly, the peak optical depth at the systemic ve-
locity (upper right panel of Fig. 9) is not located in the center
of the nucleus but is rather situated in the southwestern part of
the nucleus. This could possibly be a signature of an inclined
disk or ring-like structure where the far-side either is obscured in
some way or has less background continuum to absorb; a situa-
tion similar to the one in III Zw 35 (see Pihlstrom et al. 2001 and
Parra et al. 2005). However, considering the spatial resolution of
our observations, this remains rather tentative and would have
to be tested with, for example, very long baseline interferometry
(VLBI) observations of the maser lines at 1665 and 1667 MHz.

4.2. Excitation conditions in the nucleus

It is intriguing that the main line at 4751 MHz, which is the
strongest one in the other absorption components, has a rela-
tively weak blue wing compared to the other lines. A possible
explanation for this behavior is that the main and blueshifted ab-
sorption components are formed in regions with different exci-
tation conditions. This is what is seen in the megamaser galaxy
Arp 220 where Baan et al. (1987) have identified at least two
main emission regions for the ground state maser lines: “re-
gion I” which is a disk structure around the main radio com-
ponent of the galaxy and is responsible for the absorption at
systemic velocity, and “region II” which is associated with the
eastern component of the nuclear source and is responsible for
emission centered at a higher velocity. The same regions are also
used by Henkel et al. (1987) to explain why the 4660 MHz line
has a larger velocity and linewidth than the main 4751 MHz line.
Zw 049.057 has no known double structure in its radio contin-
uum but it is possible that the blue wing originates in an outflow
which creates a region II-like environment as it collides with the
surrounding interstellar medium.

Baan et al. (1987) detected the 1667 MHz maser line in
Zw 049.057 with a peak flux density of 12.5 mJy on top of
a 40 mJy continuum, resulting in an apparent optical depth of
~0.27. Assuming that the ground state maser line and the main
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of the data. Contour steps are

Offset (") 0.51 mJy beam™ (30).
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Fig. 9. Channel maps of the apparent optical depth in the OH 4751 MHz

line. Channels have been averaged together in groups of five to produce

bins of width 90 km s~'. The three highest contours from the continuum

map in Fig. 2 are included for reference. The dashed line in the first

three panels indicates the major axis of the extended radio continuum
structure. The lower right panel shows the fitted beam.

absorption components in the excited lines originate in the same
volume of gas in front of the ~40 pc (~0.15”) continuum source,
and equating the absolute values of the excitation temperatures
(Tex) between the hyperfine levels, it is possible to estimate the
excitation temperatures of the rotational transitions, Ty, from
the Boltzmann relation:

N, upper
N lower

-AE
_ gupper exp ( ) , (1)

B k Trol

Jlower
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and the equations for the total populations of the states. The latter
can be expressed as (e.g., Henkel et al. 1986, 1987):

Nig = 2.4 x 10" Tex AVpwnm Ti667, 2
for the *I13, J = 3 state,

Ns = 1.6 X 10" Tex AVewnm To035, A3)
for the *I13 ), J = 3 state, and

No = 1.6 X 10" Tex AVpwnm T4751, 4)

for the 2o J = % state. Comparing the optical depths of the
lines in the ground and rotationally excited states in Arp 220 in
this way, Henkel et al. (1986) and Henkel et al. (1987) found ex-
citation temsperatures of 44 and 74 K for the transitions from the
M3/, J = 3 and ’I1;,J = § states to the ground state. They
note that these temperatures are close to the dust temperature
of 61 K in Arp 220 obtained by Emerson et al. (1984) based
on far-infrared data. For the transition between the 21T, nd = %
and ground states, Henkel et al. (1987) find similar values also in
the other galaxies (NGC 3690, Mrk 231, and Mrk 273) of their
sample.

Following the same analysis as Henkel et al. (1986, 1987)
in Zw 049.057, we obtain a rotational temperature of 60 K for
the 119 um (~2510 GHz) transition from the 15 pd = % state,
close to the dust temperatures derived by Falstad et al. (2015)
based on a radiative transfer analysis of the far-IR rotational
lines. However, for the 79 um (~3790 GHz) transition from the
Mypd = % state we obtain a considerably higher rotational tem-
perature of 232 K. The large difference compared to the temper-
atures found in other megamaser galaxies indicates either that
one or more of the assumptions underlying the analysis are in-
valid or that the excitation conditions in Zw 049.057 are dif-
ferent. Indeed, in their study of rotationally excited OH in OH
megamaser galaxies, Henkel et al. (1987) found that the appar-
ent optical depth of the 4751 MHz line lies between 0.004 and
0.04, less than half the value that we find in Zw 049.057, in all
of their sample galaxies. When comparing with the ground state
lines they found a ratio between the 1667 and 4751 MHz lines
of —25 + 10, approximately ten times as large as the ratio of
—2.7 that we find. At the same time we find an apparent optical

-0.5

resolution of the data. Contour

Offset () steps are 0.39 mJy beam™' (30).

depth in the 6035 MHz line of 0.079, in line with the value of 0.1
found in Arp 220 by Henkel et al. (1986). Assuming that the true
rotational temperature between the ground and lowest rotational
states should be close to the dust temperature, this indicates that
the absolute excitation temperatures between the hyperfine lev-
els in the 2I1; 5 J = % and ground states might be similar to each

other but different from those in the 2115 nJ = % state.

The high apparent optical depth in the 4751 MHz line
clearly sets Zw 049.057 apart from other megamaser galaxies.
An interesting comparison can instead be made with IC 860,
another highly obscured galaxy (Aalto et al. 2015). It is a par-
tial maser in which the 1665 and 1667 MHz lines are domi-
nated by absorption (Schmelz et al. 1986) but with enough emis-
sion to classify it as a kilomaser (Baan 1989; Henkel & Wilson
1990). Together with the weak megamasers Zw 049.057 and
IRAS 11506-3851, IC 860 is located in the region of OH ab-
sorbers, rather than emitters, in the plot by Baan (1989) of
infrared luminosity against the ratio of 25 and 100 ym flux
densities (Fig. 2 of Baan 1989). In the measurements reported
by Mangum et al. (2013), the apparent optical depth of the
OH 4751 MHz line in IC 860 is even higher (~0.2) than in
Zw 049.057. This is possibly an indication that Zw 049.057
is in a transition phase between the megamasers and the kilo-
masers, with IC 860 on the weaker kilomaser side of this transi-
tion, and on its way to become a pure OH absorber in a process
similar to the scenario suggested by Henkel & Wilson (1990). In
this scenario, intensive star formation causes the strong infrared
emission which is required for the megamaser activity. As the
infrared luminosity decays, the galaxy then goes through a kilo-
maser stage before it finally ends up as an OH absorber.

4.3. A nuclear outflow

All detected OH absorption lines exhibit signatures of outflow-
ing gas in the form of blueshifted wings in their line profiles
toward the center of the nucleus. The maximum velocity extent
of these wings is typically ~—300 kms~! and they all, with the
possible exception of the wing in the 6035 MHz line, seem to
originate in an unresolved region in the nucleus. Further evi-
dence for the presence of a nuclear outflow comes from the line
wings in the CO J = 2-1 and J = 6-5 emission lines toward the
center of Zw 049.057 (see Figs. 3 and 6). As the CO is seen in
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emission, no background continuum is required and wings are
seen on both sides of the profile, extending out to velocities of
at least +300 kms~! relative to the systemic velocity. Although
this could also be interpreted as a signature of rapidly rotating
gas in the center of the the nucleus, the outflow interpretation
is supported by the blueshifted wings in OH which extend to
approximately the same velocity as the blueshifted wing in the
CO emission. The spatial orientation and shape of the CO 6-5
line wings indicate a high-density narrow outflow. It might be
related to the OH outflow, but further studies of the OH gas are
required to confirm this. Interestingly, relative to the line core,
the wings of the CO J = 6-5 line are stronger than those of
the CO J = 2-1. This could be an indication that the excitation
conditions are different in the outflow and the disk, which could
in turn be used to uncover the mechanism driving the outflow.
However, the large difference in angular resolution between the
CO J = 6-5 and J = 2-1 observations complicates the matter,
precluding a detailed analysis.

A tentative redshifted feature is also seen in the OH line at
4751 MHz in the northwestern part of the nucleus. This feature
is not seen in the nuclear spectrum of the line and not at all in
the other lines. A possible reason for this is that the background
continuum away from the absolute center of the galaxy is too
weak for shallow wings to be detected over the noise, but dif-
ferences in excitation conditions may also be important. The in-
terpretation of this wing is less clear than for the blue wings in
the center, and it is unclear if, and in that case how, it is related
to the nuclear outflow. It is possible that it is a signature of gas
flowing in toward the nucleus on a larger scale than the OH out-
flow, which is only seen toward the compact component of the
radio continuum. Such an inflow would however be opposite to
the kinematics traced by the CO (see Fig. 6). Another possibility
is that the feature comes from an unrelated process, for example
an inner spiral arm passing in front of the radio continuum.

Strong molecular outflows in OH megamaser galaxies have
been detected already by Baan et al. (1989) who found terminal
velocities in the OH 1667 MHz line as high as 800 kms~! in the
most luminous galaxies. The 1667 MHz line in Zw 049.057 was
found to have a terminal velocity of 260 kms~', only slightly
lower than the velocity we see in the rotationally excited lines.
This is considerably lower than the outflow velocities detected
in some other sources, but in line with the result that the out-
flow velocities are higher in more infrared-luminous galaxies
(Baan et al. 1989).

4.3.1. Hidden outflows in obscured nuclei

The radio transitions of OH presented here can be compared to
the far-infrared OH lines reported by Falstad et al. (2015). In-
terestingly, unlike the radio lines, the far-infrared lines do not
show any obvious absorption extending down to projected ve-
locities of =300 kms~!. This is a similar situation to that ob-
served in Arp 220, where an outflow with a projected termi-
nal velocity of 800 kms~! is seen in the 1667 MHz OH line
(Baan et al. 1989). This is much larger than the velocity implied
by the outflow signature seen in the far-IR OH lines reported by
(Gonzalez-Alfonso et al. 2012), something that they interpret as
evidence for dust extinction of the high-velocity gas combined
with deceleration of the outflowing gas as the column densities
involved increase. If this is a general property of highly obscured
nuclei it means that nuclear outflows developed behind the cur-
tain of dust in these sources may be missed by surveys in the far-
infrared. On the other hand, in Arp 299, which also contains an
obscured nucleus (Falstad et al. 2017), a possible outflow with
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a projected terminal velocity of approximately —400 kms~! is
seen both in the 1667 MHz line (Baan et al. 1989) and in the
84 um lines (Falstad et al. 2017). Although this is a possible
counterexample, it could also mean that the obscured nucleus in
Arp 299 is less extreme than those in Zw 049.057 and Arp 220,
or that the outflow in this system is more extended. An alter-
native reason for the lack of outflow signatures in the far-IR OH
lines observed with Herschel is that these lines seem to be mostly
sensitive to wide-angle outflows (Gonzdlez-Alfonso et al. 2017),
possibly due to the limited sensitivity of Herschel. Thus, if the
outflow is not wide-angle, it is possible that the far-IR observa-
tions simply were not able to detect it.

4.4. Is the outflowing molecular gas entrained by a radio jet?

The radio continuum image of Zw 049.057 (Fig. 2) shows one
extended component that is aligned with the molecular disk
traced by CO (Fig. 4) as well as one that is inclined with respect
to it. This inclined, narrow, component is seen on both sides of
the nucleus, with the two parts aligned with each other. In addi-
tion, the northwestern part of the feature lines up with a highly
collimated, jet-like, dust feature seen in Hubble Space Telescope
(HST) NICMOS (Scoville et al. 2000) and WFC3 (Gallagher,
priv. comm.) images. The new HST images will be discussed
in detail in a future paper, but we reproduce the J-band im-
age with an overlay of the radio continuum in Fig. 11. Due
to the inclination of the galaxy only the dust feature on the
side facing us (upper right) is visible, while the radio feature is
clearly seen on both sides. In the radio continuum image we can
see the possible jet out to ~350 pc (~1.3”) in each direction
from the center and the collimated dust feature extends at least
twice as far. Assuming that the radio feature is indeed a jet, an
estimate of the jet power (Wj,) can be made using Eq. (16)
of Birzan et al. (2008) relating the jet power to the 1.4 GHz
monochromatic radio power of the total source. According to
the measurements of Baan & Klockner (2006) the flux density
of the total source at 1.4 GHz is 51 mly, yielding a jet power of
1.8 x 10 ergs™', very similar to the estimate made in the same
way by Garcia-Burillo et al. (2014) in NGC 1068.
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Fig. 12. Integrated intensity maps over the line wings (200-350 kms~!

beyond the systemic velocity) in the CO J = 6-5 emission overlaid on
the 5.3 GHz continuum map (black line).

The possible radio jet and the aligned dust feature show that a
collimated outflow is emerging from the nucleus of Zw 049.057,
but if this is related to the spectral outflow signatures in OH
and CO is still unclear at this point. If they are related, the sit-
uation might be similar to the one suggested in, for example,
M 51 (Matsushita et al. 2004, 2007), NGC 3256 (Sakamoto et al.
2014), and NGC 1266 (Alatalo et al. 2011) where molecular out-
flows are attributed to entrainment by a radio jet. This expla-
nation has also been invoked in NGC 1377, where Aalto et al.
(2016) suggest that the precessing molecular jet is driven either
by a faint radio jet or an accretion disk-wind. On the other hand,
a plot of the wings in the CO J = 6-5 emission overlaid on the
radio continuum (see Fig. 12) reveals that the nuclear CO J = 6—
5 outflow (PA ~ 105°) does not have the same position angle as
the radio feature (PA ~ 130°). This can be compared to the mi-
nor axis of the disk traced by CO J = 2—1 which has a position
angle of ~120°. Further studies, with higher spatial resolution
and sensitivity, could reveal if this is also the case for the OH
and CO J = 2-1 outflows as well as help estimate the mass out-
flow rate. This would make it possible to determine if the radio
feature is indeed a jet and if it is related to, and able to provide
enough energy to drive, the outflow or if another explanation has
to be found.

5. Conclusions

We have used the VLA and the SMA to observe the compact
obscured nucleus of Zw 049.057 at radio and millimeter wave-
lengths. In addition, we have also used data from ALMA and
HST. The SMA observations reveal that the line profile of the
CO J = 2-1 emission at the position of the nucleus has wings
extending to +300 kms™' from the systemic velocity. The lim-
ited spatial resolution (~1” = 270 pc) of the SMA observations
precludes a direct determination of whether these wings are a
signature of outflowing or rapidly rotating gas in the nucleus.
However, ALMA observations of CO J = 6-5 at 0.2” resolution
reveal similar line wings which are spatially separated along an
axis approximately perpendicular to the overall velocity field of
the galaxy. In addition, VLA observations of the 4.7 and 6.0 GHz

OH lines in absorption at 0.3”-0.4"" resolution show that they
all have blue wings extending down to —300 kms~! from the
systemic velocity, supporting the outflow interpretation of the
CO line profile. These outflow signatures are not seen in the OH
absorption lines previously observed with Herschel, suggesting
that nuclear outflows in very obscured galaxies might be missed
by far-IR observations.

The radio continuum at 5 GHz is partly resolved and reveals,
for the first time, a ~450 pc long radio feature that seems to
be associated with a highly collimated dust feature seen in an
HST J-band image. At this point it is unclear exactly how the
radio and the dust features are related to the spectral outflow
signature seen in CO and OH, but there are indications that they
are oriented in approximately the same direction. Further studies
of both the radio feature and the molecular outflow could reveal
how they are related to each other and to the nuclear activity, as
well as how this activity affects the host galaxy.

By doing a simple comparison of the apparent optical depths
of the OH main lines, we find that the excitation conditions in
Zw 049.057 likely differ from those in other OH megamasers. A
possible explanation for this difference is that Zw 049.057 has
entered a transition phase between the OH megamasers and the
weaker kilomasers, although a more extensive study would be
required to confirm this.
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