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Abstract

We present new SOFIA [C II] and ALMA COJ=1→0 observations of the nearby asymmetric barred spiral galaxy
NGC 7479. The data, which cover the whole bar of the galaxy and the counter-arms visible in the radio continuum,
are analyzed in conjunction with a wealth of existing visible, infrared, radio, and X-ray data. As in most normal
galaxies, the [C II] emission is generally consistent with emission from cooling gas excited by photoelectric heating
in photodissociation regions. However, anomalously high [C II]/CO ratios are seen at the two ends of the counter-
arms. Both ends show shell-like structures, possibly bubbles, in Hα emission. In addition, the southern end has
[C II]-to-infrared emission ratios inconsistent with normal star formation. Because there is little H I emission at this
location, the [C II] emission probably originates in warm shocked molecular gas heated by the interaction of the
radio jet forming the counter-arms with the interstellar medium in the galaxy. At two other locations, the high
[C II]/CO ratios provide evidence for the existence of patches of CO-dark molecular gas. The [C II] and CO
observations also reveal resolved velocity components along the bar. In particular, the CO emission can be
separated into two components associated with gas along the leading edge of the bar and gas trailing the bar. The
trailing gas component that amounts to approximately 40% of the gas around the bar region may be related to a
minor merger.

Unified Astronomy Thesaurus concepts: Barred spiral galaxies (136); Infrared galaxies (790); Molecular gas (1073)

1. Introduction

Bars are common features in spiral galaxies. Recent infrared
studies estimate that in the local universe approximately 70% of
the spiral galaxies have bars (see, e.g., Eskridge et al. 2000). Since
this percentage declines at higher redshifts, the presence of a bar
has been seen as a sign of galaxies reaching full maturity after
several episodes of merging (Sheth et al. 2008). Since most
galaxies have companions (Zaritsky et al. 1997), minor mergers
(with galaxy masses 10–20 times smaller than the main galaxy) are
likely common events during the life of a galaxy (see, e.g., Jogee
et al. 2009). Such mergers can play a major role in triggering a
stellar bar that efficiently channels gas into the nucleus (Mihos &
Hernquist 1994) and have been proposed as a mechanism for the
formation of active galactic nuclei (AGNs; see, e.g., Taniguchi
1999; Kendall et al. 2003; Kaviraj 2014). In a merger, the loss of
angular momentum in the gaseous component of the interstellar
medium (ISM) leads to an inflow of gas toward the galactic
nucleus (Barnes & Hernquist 1991; Blumenthal & Barnes 2018),
causing the growth of the central black hole. Once the central black
hole reaches a critical mass (Ishibashi & Fabian 2012), the AGN
starts to energize the surrounding medium via winds, jets, and
radiation. This triggers star formation in the surrounding gas and
suppresses further gas inflow by blowing the gas out, a process
generally known as AGN feedback (see, e.g., Silk 2013).

Several observations support the hypothesis that bars act as
channels to drive gas from the arms to the nucleus. Barred
galaxies have shallower metallicity gradients than unbarred ones
(Martin & Roy 1994), suggesting that gas is radially transported
along the bar. Enhanced star formation is common in the central
regions of many barred galaxies (Ho et al. 1997) but not in all of
them. An anticorrelation between the presence of a bar and the
central atomic gas content could be interpreted as depletion of gas

in barred galaxies, possibly resulting from enhanced star
formation (Laine & Gottesman 1998; Masters et al. 2012).
Although the correlation between bars and AGNs is not clear,
there is a definitive correlation between the gaseous absorbing
column density toward type 2 Seyfert nuclei and the presence of
stellar bars (Maiolino et al. 1999), suggesting that bars are
effective in driving gas inward to enshroud galactic nuclei.
Finally, molecular gas along bars has been directly observed
through CO observations. Sakamoto et al. (1999) and Sheth et al.
(2005) found that barred spirals have higher molecular gas
concentrations in the central kiloparsec than unbarred galaxies,
which is consistent with radial inflow driven by bars.
Observing molecular gas is an excellent way to study the gas

inflow along bars. Because of the depletion due to enhanced
star formation or a phase transition into molecular gas, neutral
atomic hydrogen along bars can be hard to detect or
nonexistent (Laine & Gottesman 1998; Masters et al. 2012).
Moreover, since the Hα emission in the ISM arises from
diffuse ionized gas or in H II regions, it will be necessarily
biased by regions of active star formation and is subject to
extinction by dust. Many studies have traced molecular gas in
galaxy bars through CO emission (see, e.g., Laine et al. 1999;
Regan et al. 1999; Sakamoto et al. 1999; Sheth et al. 2005).
Another excellent tracer of diffuse gas that is not

significantly affected by extinction in the ISM is the [C II]
far-infrared (FIR) line at 157.741 μm. Although observed in
many galaxies with Herschel (see, e.g., Herrera-Camus et al.
2015) and the Stratospheric Observatory for Infrared Astron-
omy (SOFIA; see, e.g., Pineda et al. 2018; Bigiel et al. 2020), it
has never been used for detailed studies of galaxy bars. The
only published study with Herschel data is limited to the
circumnuclear region of the barred spiral NGC 1097 (Beirão
et al. 2012).
[C II] emission can complement CO studies of the distribu-

tion and state of the molecular gas because it most commonly

The Astrophysical Journal, 909:204 (18pp), 2021 March 10 https://doi.org/10.3847/1538-4357/abe0b8
© 2021. The American Astronomical Society. All rights reserved.

* Based on SOFIA observations with FIFI-LS.

1

https://orcid.org/0000-0002-3698-7076
https://orcid.org/0000-0002-3698-7076
https://orcid.org/0000-0002-3698-7076
https://orcid.org/0000-0003-1250-8314
https://orcid.org/0000-0003-1250-8314
https://orcid.org/0000-0003-1250-8314
https://orcid.org/0000-0002-7607-8766
https://orcid.org/0000-0002-7607-8766
https://orcid.org/0000-0002-7607-8766
mailto:darioflute@gmail.com
mailto:dfadda@sofia.usra.edu
mailto:dfadda@sofia.usra.edu
mailto:dfadda@sofia.usra.edu
http://astrothesaurus.org/uat/136
http://astrothesaurus.org/uat/790
http://astrothesaurus.org/uat/1073
https://doi.org/10.3847/1538-4357/abe0b8
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/abe0b8&domain=pdf&date_stamp=2021-03-18
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/abe0b8&domain=pdf&date_stamp=2021-03-18


arises in photodissociation regions (PDRs) surrounding star-
formation locations. In most observations of nearby galaxies,
[C II] generally traces a mix of warm molecular gas heated by
the photoelectric ejection of electrons from polycyclic aromatic
hydrocarbons (PAHs) and small grains, and ionized gas
(Draine 1978; Tielens & Hollenbach 1985; Bakes & Tielens
1998). For this reason, [C II] emission is commonly used in
normal galaxies as a star formation rate indicator (see, e.g.,
Stacey et al. 1991; Malhotra et al. 2001; De Looze et al. 2011;
Díaz-Santos et al. 2014; Herrera-Camus et al. 2015). Care must
be taken to blindly use [C II] observations as a proxy for star
formation. For example, in addition to correcting for the
fraction of ionized gas, this line is sensitive to purely neutral
atomic gas (Croxall et al. 2017). It can also reveal the presence
of molecular gas in regions of low metallicity that are usually
CO-dark (Wolfire et al. 2010; Jameson et al. 2018; Chevance
et al. 2020; Madden et al. 2020) and may form a significant
fraction of the diffuse ISM in our own Galaxy (Pineda et al.
2013).

In addition, warm molecular gas heated by turbulence and
shocks has been shown to emit significant amounts of [C II] in
areas devoid of significant star formation, but in regions with
diffuse UV radiation and very strong mid-IR pure-rotational
signatures of warm H2 (Appleton et al. 2013; Peterson et al.
2018). Such observations of shock-heated intergalactic warm
H2 also exhibit very broad [C II] line widths (400–600 km s−1)
and unusually high [C II]/FIR and [C II]/PAH ratios. Models
of warm molecular gas shocks (Appleton et al. 2017) in
Stephan’s Quintet show that low-velocity magnetic shocks are
likely responsible for the very strong H2 and [C II] emission.
Recently, further evidence of shock-enhanced [C II] emission in
a different environment was discovered near the ends of a radio
jet in NGC 4258, where large quantities of warm H2 were
detected (Appleton et al. 2018). The gas was found to correlate
not only with warm mid-IR H2 emission but also with soft
X-ray emission relating to the activity of the jet in the inner
regions of the galaxy. These results are very relevant to this
paper, since NGC 7479, like NGC 4258, also shows a large-
scale radio jet that may be interacting with its own ISM.

We present the analysis of new [C II] and CO observations of
the nearby strongly barred galaxy NGC 7479 (cz= 2381
km s−1). The galaxy shows a clear signature of minor merger,
visible along the bar of the galaxy (Quillen et al. 1995; Laine &
Heller 1999; Martin et al. 2000), and hosts an AGN. NGC 7479
also exhibits an S-shaped 10-kpc-scale radio continuum
structure emanating from the nucleus. These counter-arms,
likely caused by a radio jet originating from the nucleus, were
discovered by Laine & Beck (2008) and have polarization
vectors aligned along the main ridgeline of the structure. We

present the first X-ray detection of this jet-like structure using
archival Chandra data. The radio continuum structure is
remarkably similar to the ghostly counter-arms in the nearby
galaxy NGC 4258 (Appleton et al. 2018). In NGC 4258, about
40% of the [C II] emission in the central region comes from
molecular gas excited by shocks and turbulence due to the jet
propagating near the plane of the disk. The jet collides with
dense clumps of gas in the thick disk and changes direction and
dissipates its energy over a wide area of the galaxy. A similar
scenario was invoked by Laine & Beck (2008) to explain the
jet-like structure in NGC 7479.
Here we present intriguing evidence of [C II] emission that is

spatially coincident with the jet emission, as well as [C II]
emission emanating from the speculated location of the merged
companion about 17″ north of the nucleus, and elsewhere along
the bar.
Throughout this paper, we use H0= 70 km s−1 Mpc−1,

Ωm= 0.3, and ΩΛ= 0.7. We also refer to the ground rotational
transition J= 1→ 0 of the most common 12C16O isotopologue
as simply CO.

2. Observations and Data

2.1. SOFIA Observations

The new SOFIA observations were part of the SOFIA Cycle 7
observing program 07_0154. The Field Imaging Far-Infrared Line
Spectrometer (FIFI-LS, Colditz et al. 2018; Fischer et al. 2018)
was used to map the [C II] 157.741μm (rest-frame) line. For
NGC 7479, that line corresponds to the observer-frame wavelength
of 159μm. The spectral resolving power of FIFI-LS is 1167,
meaning that an unresolved line has an FWHM of 257 km s−1.
The spatial resolution of the instrument is 15 6, corresponding to
2.5 kpc at the distance (34.2 Mpc) of our Galaxy. FIFI-LS is a
dual-channel instrument. Parallel observations were obtained at
88.3μm. Unfortunately, those observations had an insufficient
signal-to-noise ratio to derive any science results, and consequently
they are not discussed in this paper.
The data were acquired in two consecutive flights (2019 May

14 and 15) for a total of approximately 2.5 hr of flight time (see
Table 1). For each flight, two Astronomical Observation
Requests (AORs) were observed during the same leg, one AOR
to cover the northern and another AOR to cover the southern
part of the bar. The two flight legs were almost identical, and
the observations were acquired in very similar atmospheric
conditions, resulting in a homogeneous data set.
Figure 1 shows the extent of the region covered on top of a

visible image and the exposure map of Atacama Large
Millimeter/submillimeter Array (ALMA) CO observations. The
observations were performed in chop–nod mode with the

Table 1
Log of FIFI-LS Observations

Observation Flight AOR Starting Exposure Barometric Zenithal Zenithal
Date Number ID Time Time Altitude Angle Water Vapor
(UT) (UT) (minutes) (feet) (degs) (μm)

2019 05 14 570 07_0154_6 09:57:25 38 42000 68.4–61.7 3.0 [start]
2019 05 14 570 07_0154_7 10:36:19 38 43000 61.2–54.0 3.1 [start]–3.2 [end]
2019 05 15 571 07_0154_6 10:25:12 35 43000 65.9–59.4 3.2 [start]
2019 05 15 571 07_0154_7 11:01:39 36 43000 59.3–52.1 3.7 [end]

Note. Observations on the same date were made during one flight leg. Water vapor measurements were taken at the beginning and end of each observation, except for
2019 May 14, when a change of altitude occurred between the AORs, and the water vapor measurement was done after the altitude change. The zenithal angle varied
linearly during the observations between the two reported values.
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secondary mirror chopping between the galaxy and reference
fields on the two sides of the galaxy, each at a 200″ distance from
the center of the galaxy. Since the instantaneous field of view of
FIFI-LS in the red array is approximately 60″× 60″, we covered
the total mapped field with two pointings.

Some dithering was performed to reduce the effect of bad pixels
and to improve the recovery of the point-spread function (PSF) in
the images, since the size of the spatial pixel of FIFI-LS (12″) is
not small enough to recover the shape of the PSF. The data were
reduced using the FIFI-LS pipeline (Vacca 2020). In particular, the
data were corrected for atmospheric transmission using the
ATRAN model (Lord 1992), and the values of the zenithal water
vapor burden were estimated during the observations.

The reduced data were projected into spectral cubes with a
fine grid of 3″ sampling using a Gaussian spectral kernel with a
dispersion equal to one-quarter of the spectral resolution and a
Gaussian spatial kernel with a dispersion equal to one-half the
spatial resolution. These parameters produced a data cube that
conserves the instrumental spectral and spatial resolutions.

2.2. Spitzer Observations

The galaxy has been observed with the IRAC (Fazio et al.
2004) and MIPS (Rieke et al. 2004) instruments on board the
Spitzer Space Telescope (Werner et al. 2004). We retrieved the
relevant data from the Spitzer Heritage Archive and found that
the IRAC archival data were directly usable, while the MIPS
24 μm image still contained artifacts and was dominated by the
PSF of the bright nucleus of the galaxy. We therefore produced
another mosaic starting from the basic calibrated data (BCDs).

In particular, we removed a pattern of “jail bars,” a variation
in brightness that repeats every four columns in the BCDs and
is due to the reading mode of the detector. The pattern is visible

in the top left panel of Figure 2, as well as in a residual gradient
in the background. To remove these artifacts, we coadded
every fourth column in each BCD and fitted a third-degree
Chebyshev polynomial. This average pattern was then
subtracted from the respective columns in the original BCDs.
Other visible artifacts in Figure 2 include two symmetric

sources at the top and bottom of the image. These ghost sources
are due to latencies in the detector response. Two other ghosts
are not visible in the combined image because they fall close to
the nucleus of the galaxy. To remove these spurious sources,
we subtracted the previous four BCDs from each BCD, scaled
as in Fadda et al. (2006, Section 4.5).
Finally, to remove the wings of the PSF of the bright central

source, we used STinyTim3 to produce synthetic PSFs. For each
BCD, we generated a PSF at the position of the nucleus in the
BCD with an oversampling factor of 10. Since this observation
has been obtained in the “compact source” mode (see Chapter
3.1.1 of the MIPS handbook4), we used the predicted positions
on the sky recorded in the header as CSM_SKY as inputs for
STinyTim for the displacement of the focal plane along the
scan direction. We computed a stack of 100 point-source
realizations (PSRs) by integrating the synthetic PSF in MIPS

Figure 1. Coverage of the FIFI-LS and ALMA observations over a two-color
visible image from Hubble Space Telescope archival observations (combina-
tion of bands F555W and F814W). The green contour defines the region
covered by FIFI-LS with at least 500 s of on-source integration. The filled
green circle corresponds to the beam of FIFI-LS at 159 μm, the redshifted
wavelength of [C II] emission from NGC 7479. The yellow contour shows the
coverage of the ALMA CO observations. The yellow ellipse corresponds to the
beam of the ALMA CO observations in the configuration used.

Figure 2. Comparison between the archived MIPS 24 μm observations (left)
and our reduction after subtraction of the nuclear PSF (right), shown with three
different top brightness cuts (2, 4, and 20 MJy sr−1). Artifacts such as residual
“jail bars,” regularly alternating columns with higher fluxes, and ghost sources,
due to memory effects and the dithering pattern of the observation, are visible
in the top left panel. The different brightness cut levels show how the wings of
the PSF of the nucleus affect the flux measurements in different parts of the
galaxy. The image is oriented according to the MIPS array direction to better
show the instrumental features.

3 https://irsa.ipac.caltech.edu/data/SPITZER/docs/dataanalysistools/
tools/contributed/general/stinytim/
4 https://irsa.ipac.caltech.edu/data/SPITZER/docs/mips/
mipsinstrumenthandbook/
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pixels centered at 100 different positions in the brightest central
pixel of the galactic nucleus. To find the best approximation,
we maximized the cross-correlation between each BCD and the
PSRs. Finally, we minimized the sum of the squares of the
differences between each BCD and the optimal PSR to
compute the normalization factor. After subtracting these PSRs
from all of the BCDs, we made a new mosaic using the
MOPEX software (Makovoz & Marleau 2005). As shown in
Figure 2, parts of the first and second Airy rings are slightly
oversubtracted. This is due to the limitations of the STinyTim
model. The fine details of the PSF depend in fact on the
parameters of the optical system that are based on the design
rather than the performance of the instrument. On the other
hand, empirical PSFs work well only if derived from many
point sources in the same observation, such as are available in a
wide field survey. Experiments with empirical PSFs from other
MIPS observations did not yield a better subtraction.

Nevertheless, in NGC 7479, the subtraction of the synthetic
PSF made it possible to obtain more accurate flux density
measurements in the parts of the galaxy covered by our new
FIFI-LS SOFIA observations. To give an idea of how much
flux is contained in the artifacts and wings of the PSF, we
measured the intensity of the ghost sources at the bottom and
top of the image. The ghost fluxes are 0.65% of that of the
central source. These ghost sources, because of the dithering
pattern of the observations, appear also in the central part of the
galaxy. The first Airy ring contains 30% of the total flux, while
the knots in the secondary Airy ring have 10% of the total flux.
If artifacts are not removed and the PSF of the central source is
not subtracted, measurements of the 24 μm flux along the bar
would be severely biased.

2.3. Herschel Observations

NGC 7479 was observed by Herschel with the PACS and
SPIRE instruments. In this paper, we will consider only the
PACS observations obtained at 70, 100, and 160 μm and the
250 μm image obtained with SPIRE. We do not consider the
other SPIRE images, since their spatial resolution is too low in
comparison to our SOFIA data, and they do not allow us to
discern the emission from the different parts of the bar.
Moreover, the emission at those wavelengths is well beyond
the peak of the infrared emission and is not useful in
constraining the total infrared emission. We did not reprocess
the images for our work since the quality of the archived
products in the Herschel Science Archive is adequate for our
analysis.

2.4. Hα Data

We present data from Hα Fabry–Perot observations, kindly
provided by Stuart Vogel and Michael Regan. These observa-
tions were made with the Maryland–Caltech Fabry–Perot
Spectrometer attached to the Cassegrain focus of the 1.5 m
telescope at the Palomar Observatory (Vogel et al. 1995). The
data were obtained on 1994 September 29–30. Forty exposures
were taken, each with a 500 s integration time and a pixel scale
of 1 88. To improve the signal-to-noise ratio, these data have
been smoothed to 3 6 resolution. The velocity planes are
separated by 12.1 km s−1.

2.5. UV, Visible, and Near-IR Data

Spectral energy distributions (SEDs) were created for parts of
NGC 7479. We made use of observations in the two Galaxy
Evolution Explorer (GALEX) bands (FUV and NUV), Sloan
Digital Sky Survey (SDSS) images in the five Sloan bands ( ¢u , ¢g ,
¢r , ¢i , ¢z ), and Two Micron All Sky Survey (2MASS) images in
the J, H, and Ks bands. The GALEX FUV observations are from
the Nearby Galaxy Atlas survey. A deep NUV observation, taken
in 2009 to observe the supernova SN 2009JF, was also used.
Finally, we also analyzed a spectrum of the galaxy nucleus
available in the SDSS archive. Images and spectra were retrieved
from the respective archives: MAST, SDSS, and IRSA.

2.6. Chandra X-Ray Data

The X-ray observations were retrieved from the Chandra
archive. Two observations exist in the archive. They were
obtained in 2009 August 11 to study the remnants of the
supernova SN 1990U and, as a target of opportunity, two
months later (November 24) to follow up the more recent
supernova SN 2009JF. We reprocessed the data using the latest
Chandra calibration (CALDB 4.9.3) with CIAO, version 4.12.1.
To obtain an image, we used the most recent observation (ID
11230), which has the longest exposure time (25 ks). For
spectral extractions, we considered also the other observation
(ID 10120), which has an exposure time of 10 ks. The image,
including photons between 0.3 and 8 keV, has been smoothed
with an adaptive Gaussian kernel using the CIAO tool
DMIMGADAPT. This routine smooths each pixel on optimal
scales, in our case between one and 10 pixels. This is in order
to reach the desired count threshold under the convolution
kernel, in this case 10 counts. The resulting spatial resolution
varies according to the counts, and it is better than 5″ over the
entire image. Because of the low photon statistics, we extracted
spectra from the two observations and studied the combined
spectrum after a separate background subtraction. We used the
SPECEXTRACT tool to extract X-ray spectra in the 0.38.0 keV
range for the region centered on the nucleus and the regions on
the counter-arms. The background was evaluated in a region
close to the galaxy without X-ray emission in the same chip.
The tool automatically scales the ratio to the same area when
subtracting. We filtered the events based on the energy range
and then grouped them to a minimum of 10 counts per bin prior
to modeling the spectrum. Fluxes were estimated based on the
count rates and the best-fitting models.

2.7. ALMA CO Data

We used unpublished archival observations of the
12COJ=1→0 line in the 2.61–2.63 mm wavelength range taken
with ALMA in band 3 (program ID: 2016.2.00195.S, P.I.
Tanaka). The data were taken on 2017 September 21 and cover
the whole region observed with SOFIA (see Figure 1).
NGC 7479 was observed for a total of 5136 s with the 7 m
array for an expected line sensitivity of 17.6 mJy beam−1. The
spatial beam is an ellipse with axes of 15 6 and 8 0 and major
axis oriented along the R.A. direction. The spectral resolution
is 1.27 km s−1, roughly 10 times better than that of the data
used by Laine et al. (1999).
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3. Results and Discussion

3.1. Origin and Distribution of Gas Emission

In this section, we study the distribution of the CO and
[C II] emission, and we try to relate the emission to the
mechanism that produced it. To achieve this, we compare the
[C II], CO, and Hα emissions at different locations in the
galaxy to the broadband emission from radio to X-ray
wavelengths. In Figure 3 we show the emission at different
key wavelengths compared to the integrated emission from
[C II], CO, and Hα.

From Laine & Gottesman (1998), we know that there is very
little neutral atomic hydrogen along the bar of NGC 7479.
Also, the Hα emission is associated with star-forming regions,
as can be seen from the close spatial correspondence between
the Hα emission and the UV emission intensities of the galaxy.
On the other hand, a quick look at the integrated emission of
CO and [C II] presents a different picture of the galaxy, not
directly correlated with the unobscured star formation.

To study the relationship between gas emission intensities at
different wavelengths, we defined 12 different apertures with a
diameter of 15 6, equivalent to the spatial resolution of our
[C II]map. Each aperture covers a different part of the bar and
is centered either on a peak of the far-IR emission or on a
region with 20 cm radio continuum emission. At the top end of
the bar, we defined two apertures because the peak of the CO
emission is displaced to the east with respect to the FIR
emission (apertures B and C). Apertures A and M are situated
at the locations where the bar meets the arms of the spiral
galaxy. Aperture K is the only one defined outside of the bar in
a region with Hα and [C II] emission but with very low CO
emission. The apertures are marked in Figure 3.

For each one of these apertures, we measured the flux
densities in the two GALEX bands, five SDSS bands, four
IRAC bands, the MIPS 24 μm image, the PACS 70, 100, and
160 μm images, and the SPIRE 250 μm image. To compare the
emission at these bands with the [C II] emission, we degraded
the spatial resolution of each image to that of the [C II] spectral
cube. The SEDs are presented in Figure 4. Each SED has been
fitted with the Magphys code (da Cunha et al. 2008). In the
figure, the two lines represent the best fit with the attenuated
and unattenuated distributions in red and blue, respectively. In
the same figure, the middle panel shows the [C II] line from the
apertures fitted with one or two pseudo-Voigt functions (red
lines). The right panel, finally, shows the CO lines fitted again
with a combination of pseudo-Voigt functions. The spatial
resolution of the CO spectral cube has been degraded to the
resolution of the [C II] cube to have meaningful comparisons.
The profile of the Hα line, rescaled to the [C II] and CO lines, is
shown with green shading.

The measurements of the intensity of the CO and [C II] lines
in the different apertures, as well as the main outputs from the
code, are reported in Table 2.

3.2. Relative Strength of CO and [C II] Emissions

When comparing the [C II] and CO emissions, we see that
the main difference is the low luminosity in [C II] at the nucleus
of the galaxy (aperture G). This is especially evident when
comparing the integrated emission shown in Figure 3. The
[C II] emission is also extending toward the southern end
(aperture I) of the S-shaped radio continuum emission, unlike
CO. Figure 5 shows the relationship between the [C II] and CO

emission in the different apertures, normalized to the far-IR
emission. This ratio can be used as a star-formation diagnostic.
We show, for reference, a grid of PDR models from Kaufman
et al. (1999). The region shaded in blue corresponds to the
emission possible with pure PDR models. The region shaded in
yellow cannot be explained in terms of pure PDR emission, but
requires either an excess of [C II] emission or a deficit of CO
emission. Most of the normal and star-forming local galaxies
lie in the blue region, while higher ratios are measured for
dwarf galaxies and lower metallicity galaxies (Madden et al.
2020).
The regions at the ends of the radio continuum jet (apertures

I and E) have a ratio higher than normal star-forming regions.
The same is true about region C, which we already pointed out
as having very little CO emission, and region K, which lies
outside of the bar.
Regions I and E are especially interesting because they seem

to have only very faint and narrow Hα and CO emission,
whereas the [C II] emission is double-peaked in the case of
region E and broad in the case of region I. These regions
correspond to the ends of the radio counter-arms. In this case,
there are strong similarities with NGC 4258 (Appleton et al.
2018), where evidence was presented that the enhanced
[C II] emission traces the dissipation of mechanical energy
through shocks and turbulence as the jet interacts with the
surrounding ISM. Lesaffre et al. (2013) showed that even quite-
low-velocity shocks, passing through a mildly UV-irradiated,
diffuse (102–103 cm−3) molecular medium, can produce strong
[C II] emission, comparable to other powerful ISM coolants,
like mid-IR H2 emission. Models of this sort were used to
explain the powerful H2, [C II], and H2O emission detected by
Spitzer and Herschel in the shocked filament in Stephan’s
Quintet (Guillard et al. 2009; Appleton et al. 2013, 2017). A
similar mechanism was put forward to explain the clear
association of [C II] emission with warm H2 and faint soft
X-ray emission associated with the end of the southern radio jet
and anomalous radio arms in NGC 4258 (Appleton et al. 2018).
The necessary mild UV radiation field required to ionize the
carbon is provided by the general galactic stellar background.
In NGC 7479, although we do not have direct evidence of
shock-heated warm molecular gas, the association with the
X-ray emission (see Figure 9) and the unusual [C II]/FIR ratios
discussed in the next subsection are consistent with this picture.

3.3. Infrared Diagnostics

The relationship between [C II] and star formation can be
tested using mid- and far-IR diagnostics. The far-IR emission
(between 8 and 1000 μm) has been shown to be a good
estimator of star formation (Kennicutt 1998). Infrared surveys,
such as the GOALS survey (Díaz-Santos et al. 2017), found a
good correlation between the [C II] emission strength and the
total far-IR luminosity. The ratio is fairly constant for normal
galaxies, while ultraluminous infrared galaxies have a deficit of
[C II] emission. The same relationship can be used to explore
various regions of a galaxy to see if the [C II] emission is
related to star formation, or if there is an excess or deficit of
such emission with respect to the star formation rate measured.
For each aperture, we computed the FIR emission by
integrating the SED of the best-fitting MagPhys model (see
Figure 4). In Figure 6 we compare the values of the [C II]/FIR
ratios in the different apertures on NGC 7479 with values from
the GOALS sample. Most of the apertures lie in the region of
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Figure 3. Multiwavelength panoramic of NGC 7479ʼs bar. The selected apertures, which cover interesting parts of the bar with a diameter equal to the spatial
resolution of FIFI-LS, are marked in the different images. The green circle at the lower left corner of each panel shows the spatial resolution of the corresponding
observation.
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Figure 4. SEDs and [C II] and CO spectra for the 12 apertures considered. The spectral coverages of the various images used to estimate the SEDs (left panels) are
shaded in different colors. The best fits obtained with MagPhys (da Cunha et al. 2008) are presented in red (attenuated distribution) and blue (unattenuated
distribution). The [C II] and CO spectra (middle and right panels, respectively) are plotted in blue. The red lines show the fits of the continuum plus a combination of
pseudo-Voigt functions. The green shaded spectra are the Hα lines rescaled to the [C II] and CO lines, respectively. The velocity shift along the bar is visible across the
different apertures, from the top (north) to the bottom (south).
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normal galaxies, except for aperture I, which lies on the
southern end of the radio-continuum jet emission. The [C II]/
FIR ratio is anomalously high at this location.

Another quantity that correlates very well with the star
formation rate is the emission at 7.7 μm from the PAHs
(Peeters et al. 2004). Most of the [C II] emission in normal
galaxies originates from cooling of neutral gas in photodisso-
ciation regions (Croxall et al. 2017). On the other hand, the

main mechanism to heat the neutral gas is via photoelectric
heating by interstellar PAHs (Draine 1978; Tielens &
Hollenbach 1985; Hollenbach & McKee 1989), which explains
the good correlation between PAH and [C II] emissions.
Therefore, this ratio is very sensitive to the [C II] emission
mechanism. The 7.7 μm PAH luminosity is estimated by
subtracting the stellar emission from the IRAC 8 μm image.
The stellar emission estimate was computed through synthetic

Table 2
Properties of Galaxy Regions

Region Center L(FIR) L([C II]) L(CO) L(PAH) Z TISM M* sSFR
Label (J2000) (109 Le) (106 Le) (103 Le) (108 Le) (Ze) (K) (109 Me) (10−10 yr−1)

A 23:04:56.89+12:20:14.9 0.87 6.19 ± 0.87 1.52 ± 0.11 0.93 0.8 -
+22.1 1.2

1.6
-
+0.88 0.01

0.14
-
+1.86 0.03

0.36

B 23:04:57.37+12:20:05.5 0.90 4.70 ± 0.99 2.50 ± 0.16 0.89 1.1 -
+21.9 0.4

2.4
-
+1.08 0.85

0.01
-
+0.52 0.01

0.50

C 23:04:56.48+12:20:03.6 0.90 6.30 ± 0.98 0.75 ± 0.03 0.91 0.8 -
+21.8 1.4

2.3
-
+1.06 0.15

0.29
-
+0.74 0.59

0.36

D 23:04:56.89+12:19:52.6 1.02 7.97 ± 1.93 2.49 ± 0.03 1.02 1.1 -
+22.3 0.0

2.6
-
+1.77 0.72

0.01
-
+0.48 0.00

0.46

E 23:04:55.82+12:19:48.7 0.63 3.64 ± 0.80 0.44 ± 0.02 0.61 1.2 -
+21.2 1.0

0.7
-
+0.72 0.00

0.09
-
+0.89 0.30

0.13

F 23:04:56.75+12:19:38.8 2.19 6.77 ± 0.72 4.72 ± 0.21 1.72 1.3 -
+22.5 2.1

1.3
-
+2.83 0.01

0.21
-
+0.61 0.07

0.01

G 23:04:56.65+12:19:23.2 1.36 9.66 ± 0.46 13.12 ± 0.35 1.25 0.8 -
+23.0 0.3

2.5
-
+1.83 0.45

0.44
-
+0.40 0.20

0.06

H 23:04:56.61+12:19:07.2 2.41 12.66 ± 0.74 4.70 ± 0.18 2.46 1.2 -
+23.9 0.9

0.7
-
+3.48 0.29

0.69
-
+0.31 0.03

0.01

I 23:04:57.34+12:18:57.9 0.79 6.99 ± 0.08 0.51 ± 0.01 0.74 1.1 -
+22.1 0.4

1.6
-
+0.94 0.01

0.01
-
+0.52 0.01

0.01

K 23:04:55.19+12:18:57.7 0.48 3.88 ± 0.38 0.25 ± 0.01 0.44 0.4 -
+21.8 0.6

2.0
-
+0.85 0.20

0.28
-
+0.15 0.33

0.10

L 23:04:56.41+12:18:54.2 1.36 6.91 ± 0.67 2.55 ± 0.08 1.25 0.8 -
+23.0 0.3

2.5
-
+1.83 0.45

0.44
-
+0.40 0.20

0.06

M 23:04:56.22+12:18:35.6 0.92 4.34 ± 0.26 1.35 ± 0.03 0.96 0.9 -
+21.9 0.9

1.5
-
+0.89 0.22

0.05
-
+0.91 0.05

0.23

Note. Each region consists of a circular aperture with a 15 6 diameter and the reported center. All images were degraded to the angular resolution of the
[C II] observations. The FIR luminosity was computed by integrating the best-fitting model between 8 and 1000 μm. [C II] and CO luminosities were computed by
fitting the line inside the aperture, while the PAH luminosity was computed by subtracting the stellar component from the IRAC 8 μm photometry with the help of
synthetic photometry from the best-fitting MagPhys model. Errors of FIR and PAH luminosities are less than 5%. The metallicity Z is the value of the MagPhys model
that best fits the photometric data. Temperature of the ISM, stellar mass, and specific star formation rate are MagPhys outputs with 95% confidence interval
uncertainties.

Figure 5. [C II] vs. CO relationship for local galaxies from Madden et al. (2020) with a grid of PDR models as a function of gas density n and the strength of the
incident FUV field G0 (Kaufman et al. 1999). Regions with [C II] associated with PDRs are shaded in blue. The region shaded in yellow has either a [C II] excess (e.g.,
due to excitation by shocks) or anomalously low CO emission (e.g., in subsolar-metallicity regions). The regions of NGC 7479 discussed in this paper are marked with
black circles. The nucleus of NGC 7479 (region G) is less luminous in [C II] than a typical star-formation region. Regions I, E, K, and C emit more [C II] than normal
star-formation regions and fall in the region populated by dwarf and low-metallicity galaxies.
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photometry of the unattenuated flux from the best-fitting
MagPhys model.

By comparing the values in different regions of normal star-
forming galaxies (Croxall et al. 2012; Bigiel et al. 2020), we
see that regions I and K have anomalously high ratios (see
Figure 7). Region K, which lies outside the bar, seems to have
some [C II] excess. It is possible that this region may be an
example of “CO-dark” molecular hydrogen. This idea is
supported by the observation that this region has the lowest
best-fitting SED metallicity of all the regions observed (see
Table 2), a condition that may be conducive to CO-dark
molecular gas (Wolfire et al. 2010). Recent studies of low-
metallicity regions in galaxies (Madden et al. 2020) show that
most of the CO is dissociated in these environments, making
[C II] a better tracer of molecular gas in these particular regions.
Region I, which lies close to the end of the continuum radio jet
in the south, will be discussed in the next subsection in the
context of possible ISM heating by the jet. We note that the

corresponding region E (at the tip of the northern jet) does not
seem to have anomalous ratios in these two diagnostics.
However, we caution that there are two velocity components to
the [C II] emission from region E, so any excess in this ratio in
one component may be diluted by normal PDR emission from
the other.

3.4. Counter-arm Structure

NGC 7479 is known to host an active nucleus. Ho et al.
(1997) classified its nucleus as a Seyfert 1.9, although
previously it was classified as a LINER (Keel 1983). A recent
SDSS spectrum of the nucleus (observed in 2012 March; see
Figure 8) shows clearly that the galaxy can be classified as a
Seyfert according to the diagrams by Kewley et al. (2006).
From the line ratio Hβ/[O III]5008Å= 0.22± 0.1, the galaxy
can be classified as Sy 1.8, according to the schema of
Winkler (1992). The SDSS spectrum shows a high extinction
(AV= 8.4 mag, from the Balmer ratio decrement) typical of
Seyfert type 1.8–2 galaxies. Moreover, blue wings are visible
in narrow lines such as [O III]5008Å and [S III]9068Å
(see insets in the top panel of Figure 8). Such asymmetric
line profiles are usually associated with outflows of gas (see
Schmidt et al. 2018).
Radio observations at 20 cm by Laine & Beck (2008)

showed evidence of the existence of a jet-like structure with
arms opening in a direction opposite to the optical arms. They
were not able to see this structure at any other wavelength, and
they speculated that this radio emission could be linked to a jet
emanating from the nucleus of the galaxy.
Our reprocessing of Chandra archival data shows that the

X-ray emission follows the same pattern as the counter-arms

Figure 6. Ratios of [C II] over far-IR emission as a function of the infrared
surface brightness for the 12 apertures considered. The blue symbols
correspond to the comparison sample from the GOALS project (Díaz-Santos
et al. 2017). The shaded region is the fitted curve with 1σ uncertainty. Region I,
corresponding to the radio/X-ray hot spot at the southern end of the jet, shows
an excess of [C II] emission.

Figure 7. Ratio of [C II] over PAH 7.7 μm emission as a function of the far-IR
slope for the 12 apertures considered. The comparison sample consists of
regions in NGC 1097 (blue) and NGC 4559 (green) from Croxall et al. (2012)
and in NGC 6946 (red) from Bigiel et al. (2020). The shaded part of the plot
contains 99% of the regions in the three comparison galaxies. The highest ratio
in NGC 7479 is found in region I, which corresponds to the radio hot spot at
the southern end of the radio-continuum jet.

Figure 8. Top: SDSS spectrum of the nucleus of NGC 7479 with the main
spectral features identified. The asymmetric profiles of the [O III]5008 Å and
[S III]9531 Å lines are shown in the insets. Bottom: Kewley et al. (2006)
diagnostic diagrams for the nucleus of NGC 7479. The galaxy, the blue dot
with error bars in the figures, can be safely classified as a Seyfert.
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visible in the 20 cm radio continuum. As shown in Figure 9, the
X-ray contours follow the same orientation as the radio
structure. Moreover, the southern end of the structure has the
strongest radio emission and is also a hot spot in the X-ray
observations. NGC 7479 is considered to harbor an AGN on
the basis of optical spectra of its nucleus. In Figure 9 we show
the X-ray spectrum extracted from aperture G that shows a
prominent Fe Kα feature at 6.4 keV. We used the SHERPA
package of CIAO to model the spectrum. We obtained a good fit
with a combination of a power law and APEC thermal models
from the SHERPA library by considering the intrinsic absorption
as a free parameter. The Fe Kα line at 6.4 keV was fitted with a
Gaussian function. The spectrum is typical of an AGN: it has a
high hardness ratio5 (HR= 0.8± 0.5), and the Fe Kα line at
6.4 keV is clearly detected. Moreover, the high H I absorption
required for a good fit ( = ´-

+N 0.8 10H 0.3
0.1 22 cm−2) and the

large width of the 6.4 keV line (FWHM= -
+0.9 0.7

0.2 keV) suggest
that the galaxy harbors at its center a heavily obscured active
nucleus. This analysis confirms previous results obtained with
13 ks XMM-Newton observations (Wang et al. 2010). The

ratio of our estimated values of optical extinction (AV) and H I
absorption (NH) is not far from the Galactic standard ratio (see
Figure 3 in Burtscher et al. 2016). The rest of the X-ray
emission is much weaker, as shown in the two other spectra in
Figure 9. Also, the hardness ratios of the X-ray emission in the
other apertures are much lower than in the nucleus (HR= 0.0
and −0.2 for apertures I and F+H, respectively). We fitted the
other two spectra either with APEC thermal models or a
combination of power-law and APEC thermal models. In both
cases we also assumed a Galactic intrinsic absorption,
obtaining similar results. With these models, we can estimate
the 0.5–8 keV flux inside the southern X-ray hot spot (aperture
I) and the average flux inside the two other apertures along the
bar (F and H). The flux inside aperture I is ´-

+ -5 102
2 15 erg

s−1 cm−2, while the average flux inside apertures F and H is
´-

+ -5 101
2 15 erg s−1 cm−2. By considering the relationship

between X-ray emission and the total IR flux in Mineo et al.
(2012, their Equation (23)) for normal star-forming galaxies,
we find that aperture I has a ratio of 1.4 between the expected
IR emission (based on the X-ray emission) and the measured
IR emission. For our apertures that lie on the bar (F and H), the
ratio is 0.5, that is, approximately one-third of the value found
in aperture I. If we take into account the fact that most of the IR

Figure 9. On the left, contours of the 0.5–8 keV X-ray emission over the 20 cm radio continuum map (Laine & Beck 2008). The contours follow a pattern similar to
that of the radio intensity, confirming the nuclear origin of the radio emission. In particular, the southern end of the jet-like structure is clearly detected in the X-ray
image, although it peaks at a slightly different location. On the right, spectra extracted in the apertures are traced with dotted circles in the image. The models fitting the
data are traced with orange lines, while the residuals of the fits are shown at the bottom of each spectrum.

5 The hardness ratio is defined as = -
+

HR H S

H S
with H and S the hard

(0.5–2 keV) and soft (2–8 keV) fluxes, respectively.
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emission in aperture I is located close to the bar while the X-ray
emission peaks on the opposite side, we conclude that at least
some of the X-ray emission cannot be explained with star
formation only. It is therefore reasonable to assume that the
S-like structure detected in the radio and X-ray is associated
with emission from the AGN. Similar to another galaxy
showing radio counter-arms (NGC 4258; see Appleton et al.
2018), this structure can be explained by invoking the existence
of a jet originating inside the nucleus and colliding with dense
clumps of gas along the bar (Plante et al. 1991; Daigle &
Roy 2001; Mukherjee et al. 2016). If the jet is emitted at an
angle with respect to the bar, during the collisions the gas
transfers momentum to the clouds of gas along the direction of
the bar, hence gradually changing the jet direction as the
component of velocity along the bar decreases. As the jet exits
the bar and enters the less-dense disk region, the direction of
the jet remains constant. This scenario can explain the shape of
the counter-arms.

Figure 10 shows the comparison between visible and radio
emission at the ends of the jet-like structure and the apertures
used to measure the CO and [C II] emission in this paper. As
shown in the previous sections, the ratio of the [C II] to CO
emission is anomalously high in these two regions with respect
to regions of normal star formation. However, when using mid-
IR and far-IR diagnostics, the northern region (E) seems
compatible with star formation, while the southern region (I)
shows an excess of [C II] emission.

To better understand the reason for this behavior, it is
instructive to look at the clusters of young stars located at the
ends of the radio-continuum arms. At the northern end, the
radio emission points to a region that is opaque in visual
wavelengths and is surrounded by a region full of clusters of
bright blue stars. The same region (region E) is also bright in
the ultraviolet (see Figure 3). This morphology is consistent
with at least the majority of the [C II] emission originating
in star-forming regions. This might explain why the [C II]
emission correlates very well with mid-IR and far-IR estimators
of star formation. On the other hand, in this region, we cannot
rule out some fraction of the [C II] emission originating in
warm molecular gas heated by the jet, since the [C II] line
profile is double-peaked but the CO emission is not.

At the southern end, on the contrary, the jet is only partially
surrounded by star clusters. The northwestern edge of the
southern jet end has a front of bright, young stars, and just in
front of the maximum radio emission there is an arch-like
cluster of blue stars. Beyond these stars, there seems to be little
star formation associated with the jet. This is exactly where the
peak of the X-ray emission is located. The impression in this
case is that the jet is coming out of the disk and, therefore, has
no possibility of interacting with the dense gas in the disk.
Going out of the disk, the jet is still able to interact with lower
density molecular gas in the halo, which probably triggers a
more intense X-ray radiation. Even if the halo gas density is not
high enough to trigger star formation, the energy of the jet
dissipates by shocking the molecular gas that later cools down,
emitting [C II]. This scenario would explain the excess [C II]
emission with respect to the lower PAH and FIR emission. The
lack of Hα and H I emission in the region supports this
hypothesis.

Figure 10. End locations of the radio jet-like emission in NGC 7479. The
middle panel shows the Hubble Space Telescope two-color image with 20 cm
radio continuum logarithmic contours from 0.1 to 4 mJy beam−1. The top and
bottom panels show the regions at the end of the radio jet-like emission. The
cyan circles are the apertures E and I considered in this paper. In the top panel,
the tip of the radio emission is surrounded by bright, young stars. The bottom
panel shows that the southern end of the radio jet has new stars on the top and
below the radio emission peak. The jet likely exits the disk because no star
formation is visible at its end.
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3.5. Merging Remnants

Laine & Heller (1999) were able to explain the shape and
features of NGC 7479 with a minor merger model. In such a
model, a region north of the nucleus contains visible remnants
of the merging process. In particular, what is left of the nucleus
of the less-massive galaxy captured by NGC 7479 is still
visible just north of the nucleus. As shown in the Hubble Space
Telescope (HST) image in Figure 11, the bright, elongated
nucleus is followed by a trail of forming stars, likely a residual
of an arm. Moreover, a thick dust lane across the bar could also
be a residual of the merged galaxy. The merging left the
northern part of the galaxy in a much more turbulent state than
its southern part. In Figure 11 the contours of the [C II] and CO
emission are overlaid on an HST image. The region trailing the
merging nucleus appears very bright in [C II]. As discussed in
the next section, the velocity structure of [C II] shows a double
peak over this region. Unfortunately, the spectral resolution of
FIFI-LS is not good enough to clearly separate the two
components.

The CO emission also presents two clear peaks in velocity
(see next section). In this case, thanks to the high spectral
resolution of ALMA, it is possible to obtain the integrated
intensities of the two components by fitting two velocity
components over the entire spectral cube. In the region with
merging remnants, the component with the velocity of
−50 km s−1 with respect to the systemic velocity follows the
dust lane of the bar. The emission is all over the merging
structure and peaks on the merging nucleus. The other
component, approximately at −150 km s−1 from the systemic
velocity, traces a cloud of molecular gas that is limited by the
horizontal dust lane. It is possible that molecular gas flows
toward the bar following this dust lane. We conclude that the
turbulent velocity profile of the [C II] emission and the presence
of a cloud of molecular gas along the dust lane are other
possible tracers of an ongoing minor merger event.

3.6. Gas Kinematics

A way to visualize the kinematics of the gas in NGC 7479ʼs
bar region is to consider sections in decl. of the bar, since the

bar is almost aligned along the north–south direction. By
plotting the intensity of the spectral cube in the velocity–R.A.
space, it is possible to identify different components of the
emission. In Figure 12 we display 12 different sections of the
spectral cube of Hα, CO, and [C II] emissions corresponding to
interesting regions along the bar. The declinations at which we
sliced the spectral cubes are displayed in the right column panel
of the figure as horizontal segments over a near-IR image (the
IRAC map at 3.6 μm) with green contours of the near-UV
emission (GALEX image) and white contours of the 20 cm
continuum (Very Large Array). The image summarizes the
main components of the bar: old stars (3.6 μm), new stars
(near-UV), and radio counter-arms. For each decl., the
normalized intensity of the IR and UV images as a function
of the R.A. is displayed at the bottom of the corresponding
spectral subplot. The [C II] observations (in orange contours)
clearly show the limited spectral resolution of FIFI-LS because
each component is elongated along the velocity axis. Never-
theless, there are two regions where two components are clearly
visible. The first one is between 0″ and −16″ south of the
nucleus, a region that happens to be bright also in the near-UV.
The second one is between 24″ and 37″ north of the nucleus in
the region that has remnants of a past minor merger, as
discussed in Section 3.5. The CO emission (green contours)
shows at least two components in each section. The velocity
dispersion in the nucleus (between 9″ and −8″) is much higher
than the spectral resolution. The weaker component, far from
the major axis of the bar, has also a lower velocity dispersion
than the component on the bar. Finally, we notice that there is a
component of the UV emission north and south of the nucleus
that is displaced with respect to the position of the bar. In the
northern part, the spiral arms are separated into two branches,
as visible in the near-IR twin peaks. The brightest UV emission
comes from the branch to the west of the bar, a location that
precedes the bar in the sense of the galaxy rotation. The major
axis [C II] and CO emissions peak at the same location, which
also coincides with the peak of the UV emission. In the
southern part of the bar, the situation is symmetric. A ridge of
UV emission is visible east of the bar, again preceding the bar
in the sense of galaxy rotation, but in this case there is no

Figure 11. Region with remnants of a possible minor merger (nucleus of a merging galaxy, tail of star formation, horizontal dust lane) in the two-color HST image.
The contours of the total [C II] emission are shown in green in the left panel. The two velocity components of the CO emission are shown in the right panel. While the
higher velocity component (red, Δv ≈ −50 km s−1) follows the merging structure with the maximum on the nucleus, the lower velocity (blue, Δv ≈ −150 km s−1)
component shows an extension aligned with the horizontal dust lane crossing the bar. The [C II] emission also shows two velocity peaks, but the spectral resolution is
not sufficient to distinguish between the two components across the entire image.
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secondary branch in the infrared. The peak of the
[C II] emission is shifted east with respect to the CO emission
below −8″ south of the nucleus. There is some Hα emission
associated with the same region. The fact that H II regions
(outlined by the UV ridges) are displaced with respect to the
position of the molecular gas has been also observed in other
galaxy bars (Sheth et al. 2002).

For each decl., we identified the main components of the gas
emission and fitted them with 2DGaussians. Figure 13 shows the
position and velocity of the peak of each component. The
dispersion in velocity and R.A. is shown with horizontal bars. In
the same figure (left panels), we report the location of the peak of
the far-IR emission (at 70μm) that accurately traces the location
of the dust lane of the bar with a thick light-blue line. Thin purple

lines identify the locations where the UV emission peaks. The
bulk of the molecular gas traced by the [C II] and CO emission is
found along the locations traced by the far-IR emission. The
atomic gas traced by Hα shows some emission in the outer
regions. In particular, it traces the ridge of UV emission in the
middle of the bar better than CO and [C II] emissions.
In the velocity plots (right panels), we traced a light-blue line

with a slope of 5.6 km s−1 arcsec−1, which marks the rotational
velocity of the gas along the bar dust lanes. To identify the
spatial structures in the velocity plot, components more than 4″
from the major axis of the bar are plotted with a darker color.
The CO velocity plot shows that the component along the bar
has the typical profile of a galaxy bar that is similar to a rigid
rotator. In the nuclear region (between −15″ and +15″), the

Figure 12. On the left, slices in decl. of the Hα emission (gray shaded) with overlapped logarithmic contours of the CO (green) and [C II] (orange) emissions showing
the distribution of the atomic and molecular gas in velocity and R.A. across the bar. The image on the right shows the intensity of the 3.6 μm radiation with
overlapping contours of the near-UV (green) and 20 cm radio continuum (white) emissions and a vertical grid of angular distance in arcseconds from the central
position. Each slice corresponds to a horizontal segment on the image. The distance in decl. of each slice from the nucleus is marked on the right side of each segment
on the image and on the bottom left corner of each subplot. The normalized intensity profile of the UV and IR emission along the slices is shown at the bottom of each
subplot in blue and red, respectively.
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fast-rotating nuclear disk (Laine et al. 1999) distorts the
velocity profile. Finally, the two fainter components in darker
green appear to slow down until they reach the bar speed as
they go out of the nucleus. The velocity plot of Hα contains
more components located outside of the bar. Nevertheless, all
these components fall on the same pattern traced by the CO

components. In particular, we notice that the UV ridges have
some Hα emission, but their velocities show that these regions
are linked to the bar. Finally, the [C II] velocity plot shows two
regions with two peaks: the southern part of the nucleus and the
merging region. The less disturbed parts (ends of the bar) are
again aligned along the velocity of the bar.

Figure 13. Displacement in R.A. with respect to the center (left) and line-of-sight velocity relative to the systemic velocity (right) for the Hα, CO, and [C II]
components. The assumed values are 23:04:56.63+12:19:22.7 (J2000) for the galaxy center and 2381 km s−1 for the systemic velocity. In the left panels, the peak of
the far-IR emission at 70 μm is traced with a wide light-blue line and the locations of UV emission with a thin purple line. In the right panels, the projected rotational
velocity of 5.6 km s−1 arcsec−1 of the two sides of the bar is traced with a broad blue line to show the rigid rotation of the bar. The dots mark the peak emission of the
components, while the horizontal bar shows their extents. Peaks more than 4″ from the far-IR peak are marked with darker colors. The decl. ranges of the nucleus and
of the merging remnants are indicated on the right.
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3.7. An Interpretation of the Molecular Gas Flow

The structure of the CO emission can be visualized in
three dimensions to better show the distribution of the gas
along the bar. In Figure 14 we show the isocontours of the CO
emission for several sections in decl. along the bar. Practically
at each decl. it is possible to distinguish at least two
components distinct in velocity and with slightly different
spatial locations. The strongest component is aligned with the
bar, as shown in Figure 13. The weaker component detaches
itself from the nucleus to join again the bar at its two ends.

Because of the substantial difference in velocity of these two
components with respect to the spectral resolution of the
ALMA observations, it is possible to fit two lines for each
spatial pixel in the CO spectral cube. In this way, we are able
to separate the emission from the two velocity components.
Figure 15 shows the integrated emission, velocity, and
velocity dispersion of the two CO components. It is evident
that the higher velocity component, in the top panels, includes
most of the gas funneled by the bar toward the galactic
nucleus. The isovelocity lines north of the nucleus are
perpendicular to the dust lane, there is a steep gradient across
the nucleus, and then they split in two diverging directions.
Finally, south of the nucleus, the emission is mainly outside
of the bar in a position trailing the rotation of the galaxy. A
symmetrical situation is visible in the lower velocity
component. This time, most of the emission is associated
with the southern part of the bar, while north of the bar there
is an accumulation of gas that seems to be limited by the
horizontal dust lane in the bar. Again, the pattern of lines in
the velocity fields is the same as in the northern component.
We notice that the region where gas trails the bar is more
extended in the low-velocity component and also that there
are several dust lanes associated with it, although not as sharp
as the horizontal dust lane in the northern part of the bar.
It is natural to think that most of the gas in the stronger two

velocity components on the opposite sides of the nucleus is
simply gas flowing along the leading dust lanes of the bar
toward the nucleus. This part exhibits the usual behavior of
rigid rotation found in most barred galaxies, as the inflow
velocity component is presumably much smaller than the
component reflecting the tumbling of the bar. The weaker gas
component, offset in velocity and trailing the bar, indicates that
some gas may be falling into the bar, thus having a velocity
component corresponding to the rotation curve of the galaxy in
addition to the velocity component due to the participation in
the tumbling of the bar. The origin of this gas is not clear. Since
this structure has not been seen in any previous CO
observations of galaxy bars, a possibility exists that such gas
is linked to the minor merger and corresponds at least partly to
the “anomalous dust lanes” that intersect the bar almost at right
angles. If the merging companion galaxy’s orbit is almost
perpendicular to the bar, some molecular gas from the
disrupted galaxy could have escaped the bar and rotated
around the central part of the galaxy to be eventually recaptured
by the bar in a later phase of the minor merger. In addition,
some of this trailing gas forms naturally in a bar-forming
process (which may have been triggered by the minor merger),
as seen in Figure 3 (left) of Laine et al. (1998), who simulated
the bar pattern speed in NGC 7479 by matching the gas and
dust morphology to the observations. We estimated the relative
quantity of cold molecular gas trailing the bar by measuring the
CO flux in the apertures drawn in Figure 15. The apertures are
traced far enough from the nucleus to avoid contamination
from the nuclear emission. The fluxes in the apertures on the
bar are (42± 2) Jy km s−1 north of the nucleus and (31± 3)
Jy km s−1 south of the nucleus. The fluxes in the regions
beyond the nucleus are (18.3± 0.3) Jy km s−1 in the north and
(10± 1) Jy km s−1 in the south. So, considering the total
amount of gas along the bar, the ratio between the gas trailing
the bar and the gas flowing toward the nucleus is around 40%.
Therefore, there is a nonnegligible amount of gas that is not
directly flowing along the bar. In particular, the cloud north of

Figure 14. Three-dimensional view of the molecular gas emission along the
galaxy bar detected with the CO line. Isocontours of sections in decl. of the CO
spectral cube at 20, 30, 60, 80 μJy pixel−1 are shown in yellow, red, green, and
blue, respectively.
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the nucleus located close to the horizontal dust lane has a flux
of (8.6± 0.3) Jy km s−1. By using the relation between CO
luminosity and molecular mass from Bolatto et al. (2013,
Equation (3)) and a luminosity distance of 34.2Mpc (assuming
cz= 2381 km s−1), we find that the mass of the cloud is
approximately 108Me, bigger than a giant molecular cloud.
However, this is clearly not a stable cloud, but it is probably
formed by gas channeled to the bar through the horizontal
dust lane.

Refined simulations of the minor merging in NGC 7479,
including gas and extending the work of Laine & Heller
(1999), are needed to shed light on the mechanism responsible
for the complex kinematics of the CO emission in this galaxy,
but they are beyond the scope of the present paper.

4. Summary and Conclusions

We presented the analysis of new SOFIA and ALMA
observations of the [C II] and CO emission from the bar of the
spiral galaxy NGC 7479. These observations have been
compared to a wealth of archival photometric and spectro-
scopic observations, including unpublished Chandra observa-
tions. The main conclusions of this work can be summarized as
follows:

1. We confirm the nuclear origin of the S-like structure
found by Laine & Gottesman (1998) by showing that the
X-ray emission follows the same pattern as the 20 cm
radio continuum. The X-ray observations confirm that the
galaxy harbors a Compton-thick active nucleus. The

Figure 15. CO spectral cube separated into two kinematic components. This figure shows the logarithmic contours of the integrated emission, velocity, and velocity
dispersion for the two components over the HST image of the galaxy. The top and bottom panels show the high- and low-velocity components, respectively. Levels are
in W m−2 pixel−1 for intensity and in km s−1 for velocity and velocity dispersion. The green polygons on the intensity plots are the regions we considered when
estimating the amount of molecular gas along and outside the bar.
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spectrum extracted in the nuclear region has a high
hardness ratio, and a broad Fe K-alpha line at 6.4 keV is
detected. The X-ray flux in the southern hot spot exceeds
the possible emission from pure star-forming regions.

2. Most of the [C II] emission corresponds to CO emission
in the bar, showing that the majority of the [C II] emission
is due to cooling of gas excited through photoelectric
heating by emission of young stars in PDRs. There are a
few exceptions. At the ends of the X-ray/radio jet-like
structure, the [C II] emission is higher than what is
expected from the CO emission. However, infrared
diagnostics show that the [C II] emission in the northern
end (region E) is mainly compatible with star formation.
On the contrary, the southern end (region I) has an excess
of [C II] emission unrelated to star formation. We attribute
this excess to the cooling of molecular gas shocked by the
jet. Another location along the bar (region C) and one
location external to the bar (region K) have very low
CO/[C II] ratios. These could be locations of CO-dark
molecular clouds. Region K appears to have a low
metallicity and is the best candidate for CO-dark
molecular gas.

3. The high spectral resolution and sensitivity of the CO
observations allowed us to separate the CO emission into
two distinct kinematic components. Each velocity comp-
onent consists of strong emission along the bar on one
side with respect to the nucleus and of weak emission on
the other side that trails the bar in the sense of the rotation
of the galaxy. The gas trailing the bar is approximately
40% of the gas along the bar, excluding the emission
around the nucleus. In particular, a large cloud of
molecular gas (mass of approximately 108Me) is found
on the location of a thick dust lane crossing the bar north
of the nucleus, a feature probably related to a past minor
merger. The origin of the gas trailing the bar is not clear.
It could be related to the proposed minor merger in
NGC 7479, where the companion has been mostly
disrupted.

A higher spectral resolution for the [C II] observations would
allow the separation of different kinematic components along
the bar, thus enabling a better comparison with the ALMA CO
data. Future observations of NGC 7479 are planned with the
GREAT spectrograph on SOFIA, which has a spectral
resolution similar to the existing ALMA observations.
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