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Abstract

We present Northern Extended Millimeter Array observations of the CO (2–1) molecular gas kinematics in the
nearby Compton-thick Seyfert 2 galaxy NGC 3079, with an angular resolution of 0.5 (∼40 pc). To interpret the
observed CO (2–1) kinematics, we model the rotating disk using two software tools, 3D-Barolo and DysmalPy, to
generate mock 3D data cubes. Both models indicate, in addition to the rotating disk, the presence of a spatially
unresolved nuclear component characterized by high velocity dispersion. Analysis of the visibility data reveals
that the blueshifted, high-velocity component is spatially offset from the continuum peak by 0.17 (∼14 pc) and
exhibits line-of-sight velocities of v − vsys = −350 to −450 km s−1, which we interpret as a nuclear molecular
outflow. We calculate a molecular gas mass outflow rate of 8.82 M⊙ yr−1, with a kinetic power (E out ) of 3.8
×1041 erg s−1 and a momentum rate (pout ) of 2.05 × 1034 Dyne. The momentum rate exceeds the AGN radiation
momentum rate by a factor of ∼15, suggesting an energy-driven outflow. Furthermore, we argue that the derived
kinetic power of the nuclear molecular outflow favors a jet-powered scenario that explains the slowdown and
brightening of the parsec-scale radio source observed with the Very Long Baseline Array.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); AGN host galaxies (2017); Interstellar
medium (847); Molecular gas (1073); Seyfert galaxies (1447); Submillimeter astronomy (1647)

1. Introduction

AGN feedback can explain the inconsistent luminosity
function at the bright end between observations and ΛCDM
model simulations (R. G. Bower et al. 2006; D. J. Croton et al.
2006). Radiation, outflows, and jets from AGN result in a
considerable feedback of energy and momentum into the
interstellar medium (ISM), which can quench star formation,
causing the host galaxy to become red and gas-poor
(A. King & K. Pounds 2015; R. Weinberger et al. 2017). This
AGN feedback can be classified as two mechanisms: radiative
(quasar mode) or kinetic (radio mode) (A. C. Fabian 2012).
The radiative mechanism occurs in luminous AGN, when a
supermassive black hole (SMBH) has a high accretion rate.
Massive and powerful molecular outflows from the host galaxy
are considered strong evidence supporting quasar mode
feedback (C. Feruglio et al. 2010; E. Sturm et al. 2011;
C. Cicone et al. 2014; F. Fiore et al. 2017). A. King &
K. Pounds (2015) offer a plausible physical explanation for
why high-velocity molecular outflows are usually energy-

driven rather than momentum-driven (e.g., the right panel of
Figure 2 in F. Fiore et al. (2017)): the shock interaction
characterizing the black hole outflow feedback changes from
momentum-driven on small spatial scales near the black hole
to energy-driven on galactic scales, effectively clearing gas
from the galaxy bulge (C. Marconcini et al. 2025).
In contrast, the kinetic feedback mechanism happens when an

SMBH accretes at a lower accretion rate, and is associated with
powerful radio jets that efficiently heat the circumgalactic and
halo gas (T. M. Heckman & P. N. Best 2014). However, recent
hydrodynamic simulations of interactions between AGN jets
and a dense ISM suggest that, while high-power jets launch
strong outflows, low-power radio jets (<1043 erg s−1) still play
a significant role in shaping ISM evolution (D. Mukherjee et al.
2016) despite their lower efficiency in accelerating ISM clouds.
These simulation results imply that the ISM itself can serve as
the primary medium for transferring jet energy and momentum
outward, influencing star formation, especially in the circum-
nuclear regions of the host galaxy (D. Mukherjee et al. 2018).
Compared to powerful quasar-like AGNs, nearby Seyfert

galaxies are typically classified as relatively lower-luminosity
AGN (R. I. Davies et al. 2015) with relatively lower radio
luminosities (∼1019–1022 W Hz−1 at 6 cm in L. C. Ho &
C. Y. Peng (2001)). Their closer proximity enables high-
resolution interferometric observations to resolve detailed
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structures near the SMBH, even approaching the dusty
obscuring medium (i.e., the “torus”) inferred to exist in most
AGNs (H. Netzer 2015). The inner radius of the dusty torus
has been measured through infrared reverberation mapping
(M. Suganuma et al. 2006) and resolved with interferometry in
the mid-infrared (L. Burtscher et al. 2013; V. Gámez Rosas
et al. 2022) and near-infrared (GRAVITY Collaboration et al.
2020, 2024). Many nearby Seyfert galaxies have detected
significant molecular outflows in their nuclear regions
associated with the AGN (S. García-Burillo et al. 2014;
A. Alonso-Herrero et al. 2019; A. Alonso-Herrero et al. 2023).
However, studies that focus on nuclear molecular outflows
associated with low power radio jets are limited. NGC 3079 is
considered an ideal target for studying this topic, as it hosts a
low-power radio jet (J. A. Irwin & E. R. Seaquist 1988) and
exhibits evidence in multiple wavelengths of outflows
extending from the nucleus to galactic scales (S. Veilleux
et al. 1994; N. Shafi et al. 2015; S. Veilleux et al. 2021).
Several studies have reported that these outflows are
blueshifted relative to the systemic recession velocity
(G. Cecil et al. 2001; Y. Hagiwara et al. 2004; M.-Y. Lin
et al. 2016). Possible interactions between the jet and the ISM
have been inferred from the multiepoch radio observations
(E. Middelberg et al. 2007; L. C. Fernandez et al. 2023).
P. T. Kondratko et al. (2005) reported an SMBH mass of
∼2 × 106M⊙ based on water maser measurements, and
additionally detected masers at high latitudes above the
rotating disk, which may trace the inner extension of the
large-scale galactic outflows. The AGN bolometric luminosity
in NGC 3079 has been estimated as 4.17 × 1043 erg s−1 based
on SED decomposition (C. Gruppioni et al. 2016), while the
Swift-BAT All-sky Hard X-ray Survey reports a lower value
of 9 × 1042 erg s−1 (C. Ricci et al. 2017; K. Oh et al. 2018;
M. J. Temple et al. 2023). Even in the very hard 14–195 keV
band, the flux-limited hard X-ray surveys may underestimate
or miss the most heavily obscured sources in the Compton-
thick AGN population (C. Ricci et al. 2015; A. Akylas et al.
2024; A. Annuar et al. 2025). Notably, S. M. LaMassa et al.
(2019) reported that extreme levels of obscuration in the
nearby Compton-thick AGN NGC 4968 (distance ∼44 Mpc)
caused its surprising nondetection in the Swift-BAT survey.
Therefore, to avoid similar obscuration effects, we adopt the
bolometric luminosity of AGN from SED decomposition, and
estimate an Eddington ratio (i.e., the ratio of AGN bolometric
luminosity to Eddington luminosity) of 0.17 for NGC 3079.

This paper is organized as follows. The CO(2–1)
observations of NGC 3079 are described in Section 2. In
Section 3, we present the observed CO(2–1) channel map and
integrated spectrum. Section 4 compares the observed gas
kinematics to two disk model predictions and identifies a
high-velocity gas component in the nucleus, which we
interpret as an outflow. In Section 5, we estimate the
properties of the molecular outflow under several assump-
tions. Section 6 provides a discussion, focusing on two main
topics: (i) reviewing the measured kinetic power of outflows
from the literature to explore their connection to the
molecular outflow presented in this work, and (ii) evaluating
the potential kinetic power of nuclear star formation to show
our measurements prefer an AGN-driven molecular outflow.
We summarize conclusions in Section 7.

2. Observations

Observations of NGC 3079 (project code: w17bx001) were
taken with nine 15 m antennas of the IRAM NOrthern
Extended Millimeter Array (NOEMA) on Plateau de Bure in
the French Alps on 2018 February 7 (PI: Lin). We used the
new PolyFiX correlator, which provides a contiguous
bandwidth of 7.7 GHz in each of the two sidebands, to target
the CO(2–1) line at an observed frequency of 229.66 GHz with
the most extended A configuration. We adopted a systemic
recessional velocity of 1147 km s−1, measured from the
kinematics of the galactic-scale main disk CO(1–0) velocity
field (J. Koda et al. 2002). M.-Y. Lin et al. (2016) presented
complex line profiles in HCN(1–0) and HCO+(1–0) as a result
of self-absorption and saturated continuum absorption at ∼88
GHz. Motivated by these findings, we therefore requested the
smallest beam size (∼0.4) to resolve the detailed structures in
the (circum)nuclear molecular disk.
The calibration steps and mapping followed standard

procedures in the GILDAS environment13 (S. Guilloteau &
R. Lucas 2000). Calibration was performed using the CLIC
software.14 We tracked 5.8 hr on source, with an average
antenna efficiency of 39.8 Jy K−1. The flux and phase
calibrators include 3C84, LKHA101, 0954+556, and
1030+611. Following calibration, the data were analyzed in
both the uv plane and the image plane using the MAPPING
software.15 Natural weighting was applied, yielding a
synthesized beam of 0.59 × 0.43 at a position angle (PA) of
62°. The data were binned to a spectral resolution of 5 MHz,
corresponding to a channel width of 6.53 km s−1, resulting in a
root-mean-square noise level of 1.76 mJy beam−1. These
parameters are chosen to balance signal-to-noise ratio with
high spectral resolution, as the nucleus exhibits spatially
unresolved redshifted and blueshifted CO(2–1) wing emission
at approximately ±350 km s−1. Continuum subtraction was
not applied to the visibility data (i.e., uv table) as the
continuum is too faint. Images of channels were reconstructed
with a pixel size of 0.071. We adopt a distance of 19.7 Mpc to
NGC 3079, for which 1″ corresponds to 85 pc, using
cosmological parameters of H0 = 67.8 km s−1 Mpc−1, Ωm

= 0.28, and ΩΛ = 0.72 (E. Macaulay et al. 2019).

3. CO(2–1) Emission

The channel map is shown in Figure 1. An extended disk-
like structure dominates the velocity range between +241 and
−280 km s−1. This structure appears to change in PA between
the inner rotating regions (relative velocity in the range −84 ∼
+111 km s−1) and the outer rotating regions (relative velocity
in the ranges of +241 ∼ +176 km s−1 and −150 ∼
−280 km s−1). The outer and inner rotating regions have PAs of
170° and 135°, respectively. The position–velocity (PV)
diagrams along these PAs are shown in Figure 2, where the
outer regions appear more axisymmetric at a PA of 170° and the
inner regions more axisymmetric at a PA of 135°. These two
distinct rotational kinematics are also evident in the visibility
data presented in the first paragraph of Section 5.1. Because the
CO(2–1) emission is spatially continuous in the channel map
and the galaxy is highly inclined (J. Koda et al. 2002, inclination

13 https://www.iram.fr/IRAMFR/GILDAS
14 https://www.iram.fr/IRAMFR/GILDAS/doc/html/clic-html/clic.html
15 https://www.iram.fr/IRAMFR/GILDAS/doc/html/map-html/map.html
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of 77°), we cannot determine whether the change in PA is due to
a single warped disk (e.g., the nuclear dust disk in 3C 449 shows
a 59° difference in PA between the inner and outer radii;
G. R. Tremblay et al. (2006)) or, as in NGC 1068, there are two
rotating gas disk-like structures: one is an asymmetric ringed
disk with a diameter of ≃ 400 pc and the other is an elongated
disk/torus with a diameter of ≃ 10–30 pc (S. García-Burillo
et al. 2019). In contrast, a spatially unresolved CO(2–1)
emission feature is clearly detected in the nucleus at velocities
of approximately ±350 km s−1. The detailed kinematics are
presented in Section 4, where we construct models and compare
the models’ kinematics with the observed CO(2–1) data.

CO(2–1) emission around AGNs can trace rotating disks,
inflowing gas, and outflowing gas; these different components
may be excited by different mechanisms. The rotating dense
molecular gas disk is likely dominated by collisional thermal
excitation, especially since a rotating HCN(1–0) and HCO
+(1–0) molecular disk has been detected in previous PdBI
observations (M.-Y. Lin et al. 2016). In addition, NGC 3079
has hard X-ray emission in the nucleus and hosts a starburst-
driven bubble in the central region, so it is not surprising that
X-ray-dominated regions (XDRs) and photodissociation
regions (PDRs) might heat molecular gas around the nucleus
and enhance the CO(2–1) excitation. In this section, our goal is
not to associate the CO(2–1) emission with any specific

components or physical excitation mechanisms. Rather, we
simply report the total integrated flux density from NOEMA
observations.
To measure the circumnuclear CO(2–1) flux density, we

first define the center by fitting a 2D Gaussian component to
the CO(2–1) moment 0 map. We then extract the integrated
flux density spectrum from the data cube within a 1.5 radius
aperture centered at this position. These steps were performed
using the CARTA software16 (A. Comrie et al. 2021). The
resulting integrated flux density spectrum is presented in
Figure 3. The continuum has not been subtracted from the
visibilities, and is therefore included in Figure 3. To estimate
the continuum flux density, we identify line-free channels and
compute the median flux density across those channels. The
continuum is spatially unresolved and has an integrated flux
density of 14.92 mJy within the 1.5 radius aperture.
Furthermore, we compute the moment 0 map from the line-
free channels to find the peak of continuum flux density. It is
worth noting that the peak of continuum flux density is slightly
offset from the center defined by the CO(2–1) moment 0 map.
The center of the CO(2–1) moment 0 map is at −0.026 in RA
and + 0.119 in Dec relative to the peak of the continuum flux

−505
RA Offset ["]

−5

0

5
De

c 
Of

fs
et

 ["
]

Relative Velocity:
372 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
306 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
241 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
176 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
111 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
45 km/s

−505
RA Offset ["]

−5

0

5
De

c 
Of

fs
et

 ["
]

Relative Velocity:
0 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
-19 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
-84 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
-150 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
-215 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
-280 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]
Relative Velocity:
-346 km/s

−505
RA Offset ["]

−5

0

5

De
c 

Of
fs

et
 ["

]

Relative Velocity:
-372 km/s

0 20 40 60 80 100 120 140
Intensity [mJy/beam]

Figure 1. NOEMA CO(2–1) channel maps for NGC 3079. The channel maps show velocities ranging from +372 km s−1 (top left) to −372 km s−1 (bottom right),
relative to a systemic velocity of 1147 km s−1. The rms noise level is 1.76 mJy beam−1, and the synthesized beam size is 0.59 × 0.43, shown in the lower left corner
of each map. All channel maps are displayed with an intensity range of 0 to 150 mJy beam−1. Despite the elongated rotating disk component dominating the velocity
range from +241 km s−1 to −280 km s−1, spatially unresolved CO(2–1) emission is clearly detected in the nucleus at velocities of approximately ± 350 km s−1. We
note that the continuum has not been subtracted from the channel maps.

16 https://cartavis.org/
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density. The offset between the center of the CO(2–1)
emission and the continuum is 0.121.

To measure the CO(2–1) emission, we simultaneously fit three
Gaussian components and a constant continuum to the 1.5 radius
aperture spectrum, using the line profile fitting widget in
CARTA. To reduce the complexity of the spectral fitting, we
adopted three Gaussian components to represent the three clearly
distinct peaks identified visually at first glance, although some
residuals remain. It is still possible that the observed spectrum
comprises more than three components, as the outer and inner
regions show different PAs. The best-fit Gaussian components
are shown as green dashed lines, with central velocities of
−155.72 km s−1 (component 1), 10.77 km s−1 (component 2),
and 147.39 km s−1 (component 3); full width half maximum
(FWHM) values of 206.1 km s−1, 84.62 km s−1, and
204.87 km s−1, respectively; and amplitudes of 1.03 Jy,
0.83 Jy, and 0.89 Jy, respectively. Without the continuum,
the velocity-integrated flux densities are 224.87 Jy km s−1,
84.62 Jy km s−1, and 193.45 Jy km s−1 for components 1, 2, and
3, respectively. The total best-fit integrated CO(2–1) flux density
is 502.94 Jy km s−1. This value is comparable to the directly
measured CO(2–1) flux density over the velocity range −450 to
+450 km s−1, which is 504.89 Jy km s−1. After subtracting the
negligible blueshifted outflow component (3.91 Jy km s−1; see
Section 5.2), we identify the integrated CO(2–1) flux density of
the rotating disk as ∼500 Jy km s−1. Following the approach of
T. Izumi et al. (2020) to calculate the circumnuclear molecular
gas mass, we adopt R21 = 1, assuming optically thick and fully
thermalized molecular gas as expected in dense circumnuclear
environments (C. Cicone et al. 2014; A. Alonso-Herrero et al.
2020). For the CO-to-H2 conversion factor (αCO),

K. M. Sandstrom et al. (2013) analyzed 26 nearby star-forming
galaxies and obtained 782 individual measurements of αCO.
Using spatially resolved measurements of dust mass surface
density, H I column density, and CO integrated intensity to
solve for αCO on scales smaller than those of dust-to-gas
ratio variations, they found a mean value of αCO =
3.1 M⊙/(Kkm s−1 pc2) with a scatter of ∼0.3 dex, lower than
the Milky Way value of 4.35 M⊙/(Kkm s−1 pc2). K. M. Sandst-
rom et al. (2013) further reported that, in central kpc regions, αCO

decreases by a factor of 2. Y.-H. Teng et al. (2022) studied the
αCO in the central ∼1 kpc of the nearby barred spiral galaxy
NGC 3351 and found αCO ∼ 0.5–2 M⊙/(Kkm s−1 pc2), with a
decreasing trend toward the center. We therefore adopt αCO =
1.55 M⊙/(Kkm s−1 pc2). Under these assumptions, we derive a
circumnuclear molecular gas mass of ∼log(Mdisk/M⊙) = 8.3.

4. Gas Kinematic Modeling

Kinematics provide critical insights into the galaxy
dynamics. With the observed kinematics, we can construct
models to measure the mass and dynamical state of the
molecular gas (L. L. Lee et al. 2025, and references therein),
and even search for noncircular motions that may trace the
inward or outward flows. We present analysis from one
nonparametric tool, 3D-Barolo17 (E. M. Di Teodoro &
F. Fraternali 2015), and one parametric tool, DysmalPy18

(S. H. Price et al. 2021; L. L. Lee et al. 2025). The difference
between parametric and nonparametric tools lies in whether an
analytic functional form is assumed. Parametric tools, such as
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Figure 2. NOEMA CO(2–1) position–velocity diagrams along two position angles: 170° (left panel) and 135° (right panel). White contour levels correspond to
intensities of 0.01, 0.0512, 0.1, 0.15, 0.17, 0.18, 0.2, and 0.23 Jy beam−1. The PA of 170° traces the outer rotating regions (relative velocity in the ranges of +241 ∼
+176 km s−1 and −150 ∼−280 km s−1 in Figure 1), while the PA of 135° traces the inner rotating regions (relative velocity in the range −84 ∼ +111 km s−1 in
Figure 1). These two distinct rotational kinematics are also shown in Figure 9.

17 https://bbarolo.readthedocs.io/en/latest/index.html
18 https://www.mpe.mpg.de/resources/IR/DYSMALPY/index.html
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DysmalPy, start from axisymmetric mass models, while
nonparametric tools, such as 3D-Barolo, offer greater
flexibility in fitting observed data, which may deviate from
standard functional forms due to non-axisymmetric features.
Each tool has its strengths and has been benchmarked against
observations (L. L. Lee et al. 2025).

4.1. 3D-Barolo

3D-Barolo is a nonparametric modeling tool (freeform in
rotational velocity and velocity dispersion) that expands the
tilted-ring model into 3D by using a stochastic function that
randomly populates the space with emitting gas clouds to build
the line profiles (E. M. Di Teodoro & F. Fraternali 2015). By
comparing the model and data pixel by pixel (for this
normalization, the 3DFIT routine should have NORM set to
LOCAL) and using the Nelder–Mead method (J. A. Nelder &
R. Mead 1965) for minimization, the rotating disk model is
made up of a number of concentric rings with thickness. Then,
given instrumental parameters such as spectral broadening
( instr), beam smearing, pixel size, etc., this software simulates
the observed data cube.

We use the NOEMA CO(2–1) data cube as input and set the
rotational velocity, velocity dispersion, radial velocity, scale
height of the disk, inclination, and PA as free parameters. The
normalization is set to be pixel by pixel, and the masking
option is set to source finding for the largest detection to
determine the mask (the 3DFIT routine should have MASK set
to SEARCH, which is the default). 3D-Barolo first fits all
parameters independently in each ring at different radii. Then,
in the default two-stage fitting procedure, the best-fit
parameters are fixed except for the rotational velocity and
velocity dispersion, which remain free for the second fit.

The best-fit disk model, data, and residual for moment 0
(zeroth-order moment map; integrated value of the spectrum),
moment 1 (first-order moment map; intensity-weighted coordi-
nate, traditionally defined as “velocity field”), moment 2
(second-order moment map; intensity-weighted dispersion of
the coordinate, traditionally defined as “velocity dispersion”),

and PV diagrams are presented in Figures 4 and 5. There is no
significant residual in moment 0 because the pixel-by-pixel
normalization has been applied, meaning the integral of each
pixel in the model is matched to the integral of the corresponding
spatial pixel in the observations. This approach is particularly
advantageous when analyzing complex structures (K. Kianfar
et al. 2024). In the moment 1 (velocity field) map, the 3D-Barolo
model reproduces the overall bulk rotation. However, within
±1″ of the center, additional ± 25 km s−1 components
(blueshifted in the north and redshifted from the south toward
east) are observed. That cannot be explained by the best-fit disk
model. In the moment 2 (velocity dispersion) map, it is evident
that the disk model cannot explain the spatially unresolved high-
velocity component in the nucleus, located within ±0.5 of the
center. This high-velocity component is also seen in the PV
diagrams along the best-fit major axis (171°) and minor axis
(261°), highlighted by purple boxes in Figure 5.
In contrast, if we used another azimuthally averaged (AZIM)

normalization, an unresolved compact source with significant
intensity appears in the moment 0 residual map. The moment
maps with AZIM normalization are shown in Appendix A.
E. M. Di Teodoro & F. Fraternali (2015) noted that AZIM
normalization can be useful for determining the inclination angle
of the outer rings, but based on their tests, pixel-by-pixel
normalization is often a more advisable solution. Therefore, we
consider pixel-by-pixel normalization to be a more appropriate
representation of 3D-Barolo in our analysis.

4.2. DysmalPy

This parametric modeling tool, originally inspired by
Prof. Reinhard Genzel’s DISDYN program (e.g., L. J. Tacconi
et al. 1994), has been developed and is maintained at the Max
Planck Institute for Extraterrestrial Physics (MPE). It now
extends to Interactive Data Language-based DYSMAL fitting
models and has been applied to numerous analyses of
molecular gas kinematics (e.g., R. I. Davies et al. 2004; E. Sani
et al. 2012; M.-Y. Lin et al. 2016). DysmalPy is a Python-
based parametric forward modeling code designed for
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Figure 3. The spectrum of NGC 3079 integrated within a 1.5 radius aperture shows strong CO(2–1) emission with three distinct peaks. To reduce the complexity of
the spectral fitting, we simply fit three Gaussian components to the spectrum to estimate the total velocity-integrated flux density. The best-fit Gaussian components
are shown as green dashed lines, and the total is shown as a green solid line. Excluding the continuum flux density, the corresponding velocity-integrated flux
densities are 224.87 Jy km s−1, 84.62 Jy km s−1, and 193.45 Jy km s−1 for components 1 (blueshifted peak), 2 (close to systemic velocity peak), and 3 (redshifted
peak), respectively. The total observed CO(2–1) flux density is 502.94 Jy km s−1.
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analyzing galaxy kinematics. It employs a set of models that
describe the mass distribution and various kinematic compo-
nents to fit the kinematics of galaxies. DysmalPy has several
features, which include flexibility in modeling components
such as noncircular higher-order kinematic features, multi-
observation fitting, the ability to tie model component
parameters together, and options for fitting using either least-
squares minimization, Markov Chain Monte Carlo posterior
sampling or dynamic nested sampling (G. Cresci et al. 2009;
R. Davies et al. 2011; S. Wuyts et al. 2016; P. Lang et al. 2017;
S. H. Price et al. 2021; L. L. Lee et al. 2025).

DysmalPy computes the kinematics based on the mass
distribution. The mass component(s) are defined using
azimuthally symmetric parametric functions and a simple
axisymmetric disk model where the enclosed mass determines
the rotational velocity. The velocity dispersion is assumed to
be locally isotropic and radially uniform, as if dominated by
turbulence. Given the instrumental parameters (e.g., beam size
and pixel size) and host galaxy’s properties (e.g., one PA and

one inclination), the output data cube can be analyzed in the
same way as the observed data cube. For NGC 3079, we first
fit a disk component with Sérsic index fixed to 1 and an
effective radius–scale height ratio of 6,19 following previous
disk modeling of HCN(1–0) in M.-Y. Lin et al. (2016). We let
the disk effective radius, enclosed total mass, disk thickness,
velocity dispersion, inclination, and PA vary as free para-
meters, then calculate the moment 0, 1, and 2 maps as we did
for the observed data cube. Following the formulas described
in Equations (4)–(6) of R. Teague (2019), we calculate the
statistical uncertainties for the moment maps. With the
observed values (data), their associated uncertainties, and the
expected values (model), we defined the merit function χ2 as
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N
i i
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2

1

2

2
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=

where N is the number of pixels within the field of view.

Figure 4. The best-fit disk model from 3D-Barolo with pixel-by-pixel normalization. From top to bottom, the panels show intensity, velocity, and velocity dispersion
maps. From left to right, the panels show the data, model, and residual. The x- and y-axes are the RA and Dec offsets in arcseconds. The beam size is labeled in the
lower left corner. In the velocity field, the black line marks 0 km s−1, while the blue and red dashed lines represent ±50 and ± 100 km s−1, respectively. For
improved visualization, we have masked low-intensity pixels below a certain threshold.

19 This is a parameter in DysmalPy named invq.

6

The Astrophysical Journal, 1004:158 (17pp), 2026 June 20 Lin et al.



We then apply MPFIT,20 which uses a Levenberg–Marquardt
least-squares minimization algorithm, to obtain the best-fit
model parameters, which we list in Table 1. The resulting

moment maps are presented in the first to third columns of
Figure 6. In the moment 0 map, it is evident that the rotating
disk cannot explain an excess intensity in the nucleus. This
result is consistent with that obtained from 3D-Barolo when
using the AZIM normalization, supporting that there is an

Figure 5. PV diagrams of the data (grayscale with blue contours) and the best-fit disk model (red contours) obtained with 3D-Barolo. (Top) Along the best-fit major
axis at a PA of 171°. The yellow points mark the rotational velocity derived from the best-fit disk model. (Bottom) Along the minor axis. Both PV diagrams reveal a
spatially unresolved nuclear component with high velocities ranging from ±350–400 km s−1 (highlighted by purple boxes). This kinematic feature cannot be
reproduced by the rotating disk model.

20 https://eispac.readthedocs.io/en/stable/guide/07-mpfit_docs.html
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additional nuclear component that cannot be explained by a
disk model. Furthermore, both disk models fail to reproduce
the significant velocity dispersion observed in the nucleus.
Compared to the 3D-Barolo model, the DysmalPy model
slightly overestimates the rotational velocity in the north
regions.

In order to explain the excess intensity and high velocity
dispersion in the nucleus, we generate a 3D data cube for an
additional spatially unresolved outflow component, super-
imposed on the best-fit DysmalPy disk model. This additional
spatially unresolved component, referred to as the central
outflow (COF), is included in Figures 6 and 7. The free
parameters of the outflow component include FWHM in the
x (R.A.), y (decl.), and z (velocity) directions, a velocity offset
relative to the host galaxy’s systemic velocity, and a scaling
amplitude assuming a 3D Gaussian profile. Since M.-Y. Lin
et al. (2016) reported that several molecules (e.g., H13CN,

H13CO+, SiO, and HN13C) show a broad blueshifted
absorption wing spanning −150 to −350 km s−1, and given
that we detect only a position offset in the blueshifted emission
(see Section 5.1 for details), we constrain the velocity offset to
the blueshifted side. The best-fit FWHM values in the x (RA)
and y (Dec) directions are 0.64 and 0.42, respectively; these
are comparable to those of the synthesized beam. The best-fit
velocity offset for the outflow component is −196 km s−1.
After incorporating the outflow component into our disk
model, the χ2 values for moments 0, 1, and 2 decrease
significantly. The χ2 distribution map is displayed in Figure 7.
The total number of integrated pixels is 1932. The integrated
χ2 for moment 0 decreases ∼10%, while more substantial
reductions are observed for moment 1 (40%) and moment
2 (30%).
P. Martini et al. (2003) used HST images to study visible–

near-infrared color maps of 28 matched pairs of active and
inactive galaxies, and found that all AGNs exhibit dust
structure in their circumnuclear regions. R. I. Davies et al.
(2014) analyzed the kinematics of hot H2 molecular gas and
showed that, in the interacting AGN NGC 3227 (inclination of
47°), the circumnuclear dust structure (3.0 � V–H � 3.5)
overlaps with noncircular positive residual velocities, which
can be explained by an unambiguous spiral-driven inflow. This
inflow has also been detected in cold CO molecular gas
(A. Alonso-Herrero et al. 2019). Pronounced noncircular
motions (residual velocities from the rotating disk model)
along the dusty structures, associated with gas inflows, are also

Table 1
Best-fit Disk Model Parameters with DysmalPy

Parameters Values

Total enclosed mass 109.7 M⊙

Disk dispersion 100 km s−1

Disk effective radius 128 pc
Disk thickness 0.7 pc
Disk inclination 76°
Disk position angle 171°

Figure 6. From top to bottom, the rows display moment 0 (Intensity in units of Jy/beam * km/s), moment 1 (velocity in km/s), and moment 2 (velocity dispersion in
km/s). From left to right, the columns show the observed data, the disk model from DysmalPy, the residual from the disk model, the combined model with the
DysmalPy disk and the COF, and the residual from the combined model. After incorporating the blueshifted central outflow component, the residuals are
significantly reduced across all moment maps. The beam size is labeled in the lower left corner. In the velocity field, the black line marks 0 km s−1, while the blue
and red dashed lines represent ±50 and ± 100 km s−1, respectively. For improved visualization, we have masked low-intensity pixels below a certain threshold.

8

The Astrophysical Journal, 1004:158 (17pp), 2026 June 20 Lin et al.



observed in NGC 7213 (A. Schnorr-Müller et al. 2014), NGC
3227, and NGC 5643 (R. I. Davies et al. 2014). In Figure 8, we
present the dust structures in the nuclear region of NGC 3079.
A dust lane (characterized by smaller V–H values on the
western side of the nucleus) partially overlaps with the residual
map from the DysmalPy disk+outflow combined model, in
particular with the positive residuals in the northern filament.
Although NGC 3079 is a highly inclined galaxy, which
facilitates tracing gas flows in velocity, its edge-on line of sight
makes it difficult to trace dust structures connecting to the
nucleus and to precisely associate these flows with the
circumnuclear dust structures, thus preventing a robust
identification of their connection to gas inflows.

4.3. Gas Kinematic Modeling Summary

Although the two software packages use different
approaches to model the observed gas kinematics, both
models indicate the presence of a spatially unresolved

nuclear component associated with high velocity dispersion.
Unlike 3D-Barolo, where the minimization algorithm is
integrated into the source code, DysmalPy separates the
model construction from the fitting procedure, allowing
greater flexibility to incorporate additional components, such
as an outflow, into the disk model while using the same
minimization algorithm. The most notable difference
between these two tools is fitting the observed velocity field.
The 3D-Barolo model shows negative residuals in the
blueshifted (northern) region and positive residuals in the
redshifted (southern) region. In contrast, the DysmalPy
model shows the opposite pattern, with positive residuals
in the north and negative in the south. Although the residuals
in the DysmalPy model partially overlap with the circum-
nuclear dust structures, we cannot rule out the possibility that
these dust features are in the host galaxy, rather than being
physically associated with the circumnuclear region, due to
the galaxy’s high inclination. The primary goal of this study
is not to achieve a precise fit to all kinematics, but to show
that the high-velocity component in the nucleus cannot be
explained by a simple disk model. Within a 1.5 radius
aperture, and adopting the measured molecular gas mass of
∼log(Mdisk/M⊙) = 8.3 derived in Section 3, we estimate a
gas-to-dynamical mass ratio of 0.04. This is significantly
lower than the 0.21 that J. Koda et al. (2002) reported for a
26″ radius with the Nobeyama Millimeter Array, but is
consistent with the measurements in the circumnuclear
regions of other Seyfert galaxies (< 500 pc) (K. Sakamoto
et al. 1999).

5. Molecular Outflow

In Section 4.2, we show that incorporating the nuclear
outflow component into the disk model improves the kinematic
fit across the entire circumnuclear region when compared to
the observed CO(2–1) data. To robustly identify the nuclear
CO(2–1) outflow and minimize contamination from the
rotating disk, we analyze the visibility data (uv table) and
extract the spectrum within a 0.49 radius aperture centered on
the nucleus.

5.1. Outflow Properties

To identify the nuclear outflow component that is not
associated with the rotating disk, we follow the same method
as described in D. Lutz et al. (2020). We apply the UVFIT
function in GILDAS to all spectral channels, modeling the
source as a single circular Gaussian function. The fit is
performed directly in the uv plane using a Fourier transform.
In Figure 9, we show the fitted RA and Dec positions
for each spectral channel, where each spectral channel
has been converted to relative velocity based on the sys-
temic recessional velocity of 1147 km s−1. We define the
blueshifted wing (as a blue circle) between −350 and
−450 km s−1, and the redshifted wing (as a red circle)
between 350 and 500 km s−1. To compare the position offset
relative to the continuum, we also plot the median R.A. and
decl. positions for the red continuum (from 700 to 900 km
s−1) and blue continuum (from −700 to −900 km s−1),
marked by red and blue stars in Figure 9. These velocity
ranges were selected based on visual inspection. The
continuum peak clearly does not coincide with the axisym-
metric center of the CO(2–1) emission. We associate the

Figure 7. From top to bottom, the rows show the χ2 maps for moment 0
(intensity in unit of Jy/beam * km/s), moment 1 (velocity in km/s), and
moment 2 (velocity dispersion in km/s). The left panels display the χ2 maps
for the disk model from DysmalPy, while the right panels show the combined
model with the DysmalPy disk and the COF. The integrated χ2 value
(computed over 1932 pixels) is indicated at the top of each panel.
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outflow as the blueshifted wing, which is located 0.17 (∼14
pc) north of the continuum peak, and is annotated as the blue
circle in Figure 9. Interestingly, the position of redshifted

wing is close to the continuum position. The FWHM size of
blueshifted CO(2–1) outflow component is 0.64. Using the
definition of a spatially unresolved outflow radius given in

Figure 8. (a) HST WFPC2 F606W (V band). (b) HST NICMOS F160W (H band). (c) The dust structure traced by the V–H color map, with red contours indicating
the positive values from the rightmost panel. For better visualization, we mask regions with V–H � 4. The nucleus exhibits larger V–H values than the surrounding
dust structures. (d) Velocity residual map from the DysmalPy combined model (Disk+COF). The noncircular motions (residual velocities) in the DysmalPy model
overlap with the nuclear dusty structures.

Figure 9. R.A.-decl. positions fitted in the uv plane for each spectral channel are shown, colored by relative velocity on a blue–white–red color scale. The systemic
recessional velocity is 1147 km s−1. The median RA and Dec positions of the blue wing (−350 to −450 km s−1), red wing (350 to 500 km s−1), red continuum (700
to 900 km s−1), and blue continuum (−700 to −900 km s−1) are marked by a blue circle, red circle, blue star, and red star, respectively. The CO(2–1) nuclear outflow
traced by the blue wing is offset from the continuum by 0.17 (∼14 pc), whereas the red wing shows no significant offset. The blue and red wings correspond to the
blueshifted (–350 to –400 km s−1) and redshifted (+350 to +400 km s−1) parts of a spatially unresolved nuclear component in the PV diagrams, highlighted by
purple boxes in Figure 5.
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Equation (2) of D. Lutz et al. (2020),

R R
FWHM

2
, 2out ( )= +

we derive that the Rout is 0.49, which corresponds to ∼42 pc.
Figure 10 shows the extracted CO(2–1) spectrum within the

0.49 radius aperture centered on the nucleus. The blueshifted
CO(2–1) outflow component, shaded in dark blue, shows a line
profile slope that differs from the other components. We fit a
broad Gaussian line profile shown as a dashed blue line. The
best-fit Gaussian parameters (amplitude, velocity offset from the
systemic velocity, and FWHM) are 0.0369 Jy, −314 km s−1,
and 127 km s−1, respectively, resulting in an integrated flux
density of 4.99 Jy km s−1. Using the definition of outflow
velocity given in Equation (1) of D. Lutz et al. (2020),

v v
FW

2
, 3out

10% ( )= +

where vout is the velocity offset from the systemic velocity and
FW10% is the full width at a tenth of the maximum of the broad
outflow component, we derive that vout is 369.5 km s−1.
C. Cicone et al. (2014) provide the criteria for the molecular
outflow detection, and NGC 3079 has satisfied all three
criteria:

1. The CO(2–1) emission extracted within a 0.49 radius
aperture spans a velocity range from −450 to
+500 km s−1, giving a total of ∼900 km s−1, which
exceeds the 500 km s−1 threshold.

2. A broad blueshifted CO(2–1) wing is detected with the
best-fit velocity offset of -369.5 km s−1, which is higher
than the threshold of 300 km s−1. From the RA-Dec
position plot, this broad blueshifted CO(2–1) wing is
offset from the rotating disk and continuum position. It is
worth mentioning that Y. Hagiwara et al. (2004) detected

blueshifted OH absorption in the 1667- and 1665-MHz
transitions with the European VLBI Network (EVN;
beam size of 45 mas corresponding to ∼4 pc) and noted
that the blueshifted component represents a nonrotational
velocity field, which may trace a nuclear outflow.

3. P-Cygni profiles of molecular transitions were detected
in the HCN(1–0) and HCO+(1–0) lines (M.-Y. Lin et al.
2016). In Figure 11, we redraw the HCN(1–0) P-Cygni
profile (top panel) and the blueshifted complex absorp-
tion of the H13CN(1–0) transition (bottom panel)
observed with IRAM-PdBI at 88 GHz. H13CN shows
the continuum absorption with a peak near the galaxy’s
systemic velocity, tracing the inner disk rotation, and a
broad blueshifted feature extending to −350 km s−1,
tracing a nuclear outflow (M.-Y. Lin et al. 2016). The
beam size of IRAM-PdBI is 1.19 × 1.06, and the
continuum is spatially unresolved at this resolution,
making it difficult to directly determine the location of
the continuum absorption. Although a P-Cygni profile is
not detected in the OH 119μm with the Herschel / PACS
spectrometer, S. Veilleux et al. (2021) reported OH
absorption features within the central ∼6 kpc.

5.2. Outflowing Molecular Gas Mass

To estimate the molecular gas mass of the outflow, several
conversion factors must be carefully considered. The first is
R21, the ratio of CO(2–1) and CO(1–0) line luminosity LCO.
Assuming thermalized, optically thick CO emission in the
nuclear region, a value of R21 = 1 is commonly adopted
(C. Cicone et al. 2014; A. Alonso-Herrero et al. 2020).
However, in the starburst galaxy M82 and starburst-dominated
merger IRAS 17208-0014, the value of R21 on scales of
∼350 pc can be as low as 0.66–0.7 (D. Lutz et al. 2020;
A. K. Leroy et al. 2015). R. P. Keenan et al. (2025), in their

Figure 10. Spectrum of NGC 3079 integrated within a 0.49 radius aperture centered on the nucleus. The data are shown as a black line, and a broad blueshifted wing
is clearly visible in the velocity range between −350 and −450 km s−1), with a slope distinct from the other components. The dashed blue line represents the best-fit
of the Gaussian component for the blueshifted outflow. The velocity ranges labeled as the blue wing, red wing, red continuum, and blue continuum in Figure 9 are
shown as shaded areas in dark blue, dark red, light red, and light blue, respectively.
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Equation (4), presented a prescription to calculate R21 based
on the measured star formation rate (SFR). Adopting an SFR
of 1.3 M⊙ yr−1, derived from [C II] emission observed by
SOFIA within a 13″ radius (∼1.1 kpc scale) centered on the
galactic nucleus (J.-T. Li et al. 2024), we obtain a comparable
R21 of 0.67 on kpc scales. The second conversion factor to
consider is αCO, which converts the observed CO(1–0) line
luminosity into molecular gas mass. We first use Equation (3)
from P. M. Solomon & P. A. Vanden Bout (2005) to calculate
the velocity-integrated flux density (i.e., SCOΔv) of the
molecular outflow, which is 4.99 Jy km s−1. The surrounding
environment inside the galaxy affects the value of αCO. In the
nuclear regions (in our case, a 0.49 radius, corresponding to
∼42 pc from the AGN) with high surface density, both the gas
temperature and velocity dispersion tend to be elevated,
causing the velocity-integrated line intensity to rise relative to
the H2 surface density, which in turn decreases αCO from the
Galactic mean value of 4.35 M⊙/(K km s−1 pc2) down to
0.1 M⊙/(K km s−1 pc2) (D. Narayanan et al. 2012; Y.-H. Teng
et al. 2022). The value αCO = 0.8 M⊙/(K km s−1 pc2) is
commonly adopted for outflowing, dense, and optically thick
molecular gas, and is therefore more appropriate for the
nuclear outflow component than the value used for the nuclear
disk component in Section 3 (αCO = 1.55M⊙/(K km s−1 pc2)).
It is important to note that molecular outflows may be complex
and multiphase. For optically thin and highly turbulent gas

associated with winds and shocks, αCO may be as low as
∼0.34 M⊙/(K km s−1 pc2) (A. D. Bolatto et al. 2013;
R. Morganti et al. 2015). Nevertheless, D. Lutz et al. (2020)
studied molecular outflows in nearby AGNs and found good
agreement between OH-based and CO-based outflow masses
when adopting αCO = 0.8 M⊙/(K km s−1 pc2), even though
the latter is sensitive to the adopted αCO. We therefore adopt
R21 = 1 and αCO = 0.8 M⊙/(K km s−1 pc2) for the outflowing
molecular gas mass in the nuclear region of NGC 3079,
although these values may remain uncertain. These values
have been commonly used in molecular gas outflow studies
that assume thermalized, optically thick CO emission,
including those of type 2 quasars (C. Ramos Almeida et al.
2022; e.g., J1010+0612 and J1430+1339) and the Seyfert 2
galaxy IC 5063, which hosts a powerful radio jet (R. Morganti
et al. 2015). Using these values, the total molecular gas mass
for the nuclear outflow in NGC 3079 is log(Mout/M⊙) = 5.98.
This molecular outflow mass is comparable to that of the
Seyfert 1.5 galaxy NGC 3227, which has log(Mout/M⊙) =
4.9–5.85 at projected distances of up to ∼30 pc to the
northeast and southwest of the AGN (A. Alonso-Herrero
et al. 2020).

5.3. Outflow Energetics

Given an observed outflow molecular gas mass Mout, radius
Rout, and velocity vout, the mass outflow rate can be derived.
When the outflowing gas is spatially resolved, the mass
outflow rate can be computed by modeling a (multi)cone
geometry with a constant velocity (e.g., A. D. Bolatto et al.
2021). In cases where the outflowing gas is not spatially
resolved, but its separation from the rotating disk and
continuum can be identified (e.g., R. Maiolino et al. 2012;
C. Cicone et al. 2014; D. Lutz et al. 2020; and this work), the
mass outflow rate is estimated by assuming a constant outflow
history. Because the size of the blueshifted CO(2–1) outflow is
not significantly different from the redshifted wing, and we did
not detect (or spatially resolve) any brightening CO emission
at larger radii along the outflow direction, we choose a
constant mass outflow rate history. Thus, the mass outflow rate
is given by

M C
M v

R
, 4out

out out

out
( )=

where C depends on the adopted outflow history. Assuming a
constant mass outflow rate, this yields C = 1 (see the top row
of Figure 4 in D. Lutz et al. 2020). The measured molecular
gas mass outflow rate is therefore 8.82 M⊙ yr−1. The kinetic
power and momentum rate of the molecular outflow are listed
in Equations (5) and (6):

E M v
1

2
5out out out

2 ( )=

p M v . 6out out out ( )=

The derived E out and pout are 3.8 × 1041 erg s−1 and 2.05 ×
1034 Dyne (g cm s−2), respectively.
To assess whether the molecular outflow is energy-driven or

momentum-driven (C.-A. Faucher-Giguère & E. Quataert
2012), we first examine the radiation momentum rate from the
AGN (LAGN/c). We adopt the bolometric luminosity of AGN
in NGC 3079 to be 4.17 × 1043 erg s−1 from SED
decomposition (C. Gruppioni et al. 2016), corresponding to a

Figure 11. Spectrum of NGC 3079 integrated within a 1.5 radius at 88 GHz
(3 mm) observed with IRAM-PdBI; the full spectrum is shown in Figure 3 of
M.-Y. Lin et al. (2016). The top panel shows the observed HCN(1–0)
spectrum, displaying a P-Cygni profile. The bottom panel shows the observed
H13CN(1–0) spectrum with two blueshifted continuum absorptions. The
deepest absorption may trace the inner edge-on rotating molecular disk, while
the broad blueshifted component may trace an outflow on projected scales
larger than 4 pc but smaller than ∼40 pc (for a detailed discussion, see Section
5.2 of M.-Y. Lin et al. 2016). The IRAM-PdBI beam is ∼1.1, and the
continuum is spatially unresolved at this resolution, making it insufficient to
determine the location of the continuum absorption.
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radiation momentum rate from the AGN (L cAGN
bol / ) of 1.4 ×

1033 Dyne. The momentum rate of the molecular outflow is
14.6 times greater than the AGN radiation momentum rate,
suggesting that the observed nuclear molecular outflow is
energy-driven in nature. The measured kinetic power of the
molecular outflow is 0.9% of the AGN bolometric luminosity,
which lies within the typical 0.1–5% range observed for cold
molecular outflows in nearby AGNs (A. Fluetsch et al. 2019),
supporting the plausibility of an energy-driven outflow.
Energy-driven molecular outflows (M v L cAGN

out out bol /> ) are
common (C. Cicone et al. 2014). F. Fiore et al. (2017) reported
that the momentum rate of molecular outflows ranges from
3–100, with about half the cases exceeding the AGN radiation
momentum rate by a factor of 10. It is worth noting that
C. Ramos Almeida et al. (2022) found that type 2 quasars, with
AGN bolometric luminosities (> 1046 erg s−1) higher than
most of the F. Fiore et al. (2017) sample, exhibit much lower
mass outflow rates (8–16 M⊙ yr−1) in their CO(2–1)
observations, leading to momentum-driven molecular outflows
(M v L cAGN

out out bol /< ).

6. Discussions

6.1. Comparing Kinetic Power at Different Scales

Previous studies have shown multiscale structures support-
ing the presence of outflows and winds extending from the
nucleus throughout the host galaxy, and have discussed their
connection to the central AGN, which has been detected in
high-resolution radio interferometry (e.g., VLBI and VLBA)
as nuclear jet and core components (J. A. Irwin & E. R. Seaq-
uist 1988; S. Sawada-Satoh et al. 2000; E. Middelberg et al.
2007; L. C. Fernandez et al. 2023). To understand how the
central AGN deposits kinetic power into the host galaxy
through outflow propagation, it is essential to compare kinetic
power across different spatial scales, even though such
measurements rely on different wavelengths and assumptions.
On scales of a few tens of kpc, N. Shafi et al. (2015) present
atomic H I absorption outflows. By assuming the atomic
outflowing gas originates from the nuclear region, they
estimate that the kinetic power of the H I absorption outflows
is between a few × 1039 and 1040 erg s−1. At the 1 kpc scale,
showing the nuclear superbubble, J.-T. Li et al. (2024) use
X-ray spectral analysis and adopt the Hα-emitting superbubble
velocity from S. Veilleux et al. (1994), to derive the thermal
energy of hot gas as an average injection rate of (1.2–2.5)×
1042 erg s−1. J.-T. Li et al. (2024) also present that, using the
nuclear [C II]-based SFR of ∼1.3 M⊙ yr−1 from SOFIA, the
stellar synthesis model STARBURST99 (C. Leitherer et al.
1999) for a continuous star-forming process predicts a kinetic
power rate from star formation, of ∼(5–6)× 1042 erg s−1 at the
age of ≳ 40 Myr. J.-T. Li et al. (2024) posit that if the current
nuclear starburst or the pc scale radio jet cannot explain the
observed hot-gas thermal energy, the past AGN activity should
be considered. On scales of a few hundred pc, G. Cecil et al.
(2001) present an ionized Hα filament associated with the
radio jet with kinetic energy of (0.5–1.5)× 10 f53 erg, where f
is the volume filling factor. Based on the volume filling factor
constrained in G. Cecil et al. (2001) and S. Veilleux et al.
(2021), we assume the values to be between 3 × 10−3 to 1,
and using the lower limit of hydrogen recombination
timescale of 104 yr, the possible kinetic power could be
between 8× 1039 erg s−1 to 4.7× 1041 erg s−1. On ∼30 pc

scales, we calculated the kinetic power of the CO(2–1) outflow
to be 3.8 × 1041 erg s−1 in Section 5.3. Even adopting a lower
R21 of 0.67 for the molecular gas mass calculation, the kinetic
power remains on the order of ∼1041 erg s−1.
Finally, on parsec scales near the AGN, S. Veilleux et al.

(2021) used the AGN jet power from N. Shafi et al. (2015),
adjusted for a distance of 19 Mpc, yielding a value of ∼6 ×
1041 erg s−1, which is comparable to the kinetic power of our
observed molecular outflow. L. C. Fernandez et al. (2023)
present multiepoch observations spanning ∼40 years at 5 GHz
to monitor two compact radio sources, “A” and “B”. They
reported that source “A” underwent a deceleration accom-
panied by a dramatic brightening, indicating an interaction
with the surrounding ISM. Two scenarios are proposed to
explain how source “A” may deposit kinetic energy into the
ISM: hot plasma expulsion from the AGN, and a jet-powered
radio knot. These scenarios result in significantly different
estimates for the cumulative kinetic energy: the hot plasma
expulsion scenario deposits between 2 × 1044 erg and 1 ×
1048 erg, while the jet-powered scenario deposits between 3 ×
1050 erg and 1 × 1052 erg. Assuming a lower-limit synchrotron
radiation lifetime of 104 yr, the corresponding time averaged
kinetic powers are estimated to be between 6 × 1032 erg s−1

and 3.2 × 1036 erg s−1 for the hot plasma expulsion scenario,
and between 9.5 × 1038 erg s−1 and 3.2 × 1040 erg s−1 for the
jet-powered scenario. Our measured kinetic power of the
molecular outflow clearly favors the jet-powered scenario.
Alternatively, if we assume a constant mass outflow
rate history as described in Section 5.3, the flow time
(tflow= Rout/vout) is approximately 0.11 Myr. This relatively
short timescale, compared to the sample presented by D. Lutz
et al. (2020), is expected given the closer proximity of
the CO(2–1) molecular outflow to the AGN. Assuming the
outflow originates at the galactic center, supported by the
detection of a blueshifted outflow on ∼4 pc scales by
Y. Hagiwara et al. (2004), and maintaining a constant outflow
velocity and mass outflow rate, the total kinetic energy
deposited over 0.11 Myr would be 1.3 × 1054 erg. Although
this estimation exceeds the jet-powered scenario prediction by
about 2 orders of magnitude, it decisively again rules out the
hot plasma expulsion scenario, which is lower by 8–10 orders
of magnitude.
Table 2 summarizes the outflow kinetic power across

different scales. The kinetic power measured from the ionized
Hα filament associated with the radio jet on scales of a few
hundred pc and from the molecular outflow at < 30 pc is
comparable to that of the < 1 pc scale radio jet, suggesting that
the radio jet could be the possible engine driving these
outflows. In NGC 3079, the outflow kinetic power reaches a
maximum at ∼1 kpc, which may support the idea that, at larger
radii (i.e., 1 kpc, based on the theoretical model of A. R. King
et al. (2011)), radiative cooling cannot remove the thermal
energy of the shocked gas within the flow time, resulting in the
fast acceleration of the ionized wings (C. Marconcini et al.
2025). The kinetic power across the host galaxy may be
contributed not only by the current and past AGN (e.g.,
P. T. Kondratko et al. (2005) presented the aging electron
energy density in component “E,” suggesting it is a “relic” that
supports the hypothesis of a change in the radio jet direction)
but also by local star formation and associated supernova
events. For information on constraining the kinetic power
contributed by supernova events, we refer the readers to the
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last paragraph in Section 6.2. F. P. Israel et al. (1998) present
near-infrared observations for the central 20″ and find that,
while the nucleus is extremely red, the eastern part of the
bulge, toward the direction of the superbubble, shows bluer
(J-H) colors, supporting the presence of young stars.

6.2. Mass Loading Factor

In Section 6.1, we show that the kinetic power for the
detected molecular outflow is likely driven by the AGN.
However, NGC 3079 is a composite galaxy that exhibits both
star formation and AGN activity. Therefore, it is plausible that

the energetic molecular outflow is powered not by a single
mechanism but by a combination of both AGN activity and
star formation. Several studies have measured the nuclear SFR,
finding a [C II]-based derived SFR of ∼1.3 M⊙ yr−1 (J.-T. Li
et al. 2024), a total infrared-luminosity-based SFR of ∼2.6M⊙
yr−1 derived from dust emission integrated between 1–1000
μm (M. Yamagishi et al. 2010), and an SED-decomposition-
based SFR of ∼3.8 M⊙ yr−1 (C. Gruppioni et al. 2016). Here,
we adopt a range of 1.3–3.8 M⊙ yr−1 as the nuclear SFR. To
quantify how feedback power is transported away from the
central engine, we plot the outflow mass loading factor
(Mout/SFR) as a function of outflow velocity (vout) in
Figure 12. For comparison, we include the sample from
C. Cicone et al. (2014), as both studies measure outflow
properties from molecular gas. N. Murray et al. (2005) present
that, if the outflow kinetic energy is efficiently radiated away
(i.e., cooling occurs), the mass-loss rate should be proportional
to vout

1 , as in momentum-driven outflows. This relation is
reflected in the best fit for the starburst galaxies in the
C. Cicone et al. (2014) sample, displayed as the blue solid line
in Figure 12. In contrast, if cooling is negligible (A. King &
K. Pounds 2015), the mass-loss rate should be proportional to
vout

2 , as in energy-driven outflows (N. Murray et al. 2005;
C. Cicone et al. 2014). On the other hand, X. Xu et al. (2022)
use a different approach to study low-redshift starburst
galaxies with HST/COS data. By measuring the blueshifted
absorption lines from galactic outflows, they find that the
outflow mass loading factor is proportional to vout

1.7, which lies
between the momentum-driven and energy-driven outflows, as

Figure 12. The outflow mass loading factor (Mout/SFR) is plotted as a function of outflow velocity. Data for Starburst, LINER, Seyfert 1, and Seyfert 2 galaxies are
compiled from C. Cicone et al. (2014). Two measurements of the outflow mass loading factor are available for NGC 3079, based on a nuclear SFR range of 1.3–3.8
M⊙ yr−1. For NGC 1068, one measurement (open red circle) is taken from the C. Cicone et al. (2014) sample, while another (red cross) uses the Mout from D. Lutz
et al. (2020), while the ∼60 pc diffuse ionized gas corrected nuclear SFR is taken from Y. Nagashima et al. (2024). The measurements for NGC 3079 and NGC 1068
are connected by black and red solid lines, respectively. The blue solid line shows the linear fit of the five “pure” starbursts galaxies in the C. Cicone et al. (2014)
sample (M 82, NGC 3256, NGC 3628, NGC 253, and NGC 2146), while the light blue dashed line shows the linear fit of low-redshift starburst galaxies in the X. Xu
et al. (2022) CLASSY sample.

Table 2
Outflow Kinetic Power across Different Scales

Scale Method Kinetic Power (erg s−1)

> 10 kpc Atomic H I absorptiona 1039–1040

∼1 kpc X-ray spectral analysis + Hα
superbubblesb

∼2 × 1042

> 100 pc Hα filament associated with the
radio jetc

8 × 1039–4.7 × 1041

< 30 pc CO(2–1) outflow 3.8 × 1041

< 1 pc Jet–ISM interaction (jet-powered
scenario)d

9.5 × 1038–3.2 × 1040

Jet power from radio luminositye 6 × 1041

References. (a) N. Shafi et al. (2015); (b) J.-T. Li et al. (2024); (c) G. Cecil
et al. (2001); (d) L. C. Fernandez et al. (2023); (e) N. Shafi et al. (2015) and
S. Veilleux et al. (2021)
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shown by the light blue dashed line in Figure 12. Momentum-
driven and energy-driven outflows may occur in both
starbursts and AGN, with the distinction depending on whether
the shocked gas cools efficiently. The energy-driven molecular
outflow in NGC 3079 appears to deviate from these
momentum-driven relations and is more consistent with
molecular outflows observed in AGNs. A. Fluetsch et al.
(2019) studied both star-forming galaxies and AGN, and found
that the molecular outflow mass loading factor is typically ∼1
for star-forming galaxies, while it is significantly higher in
AGN. They concluded that luminous AGN boost the outflow
rate by a large factor and nearly proportionally to the AGN
radiative power.

More noteworthy is that NGC 3079 shares many AGN and
SFR properties with NGC 1068, such as being Compton-thick,
and having similar SMBH mass and AGN bolometric
luminosity, a nuclear radio jet, and a relatively low nuclear
SFR. In NGC 1068, the radio jet–cloud interaction occurs at a
radius of ∼0.25 (corresponding to 16 pc; F. Müller Sánchez
et al. (2009)); at this location, and extending out to 1.5 (∼100
pc; D. Lutz et al. (2020)), no high-velocity cold molecular
outflows have been reported. High-velocity bipolar molecular
outflow (up to ± 400 km s−1) in NGC 1068 is only detected at
±2 pc scales, close to the obscuring torus (J. F. Gallimore
et al. 2016; C. M. V. Impellizzeri et al. 2019). T. C. Fischer
et al. (2021) and L. C. Fernandez et al. (2023) show that the
integrated flux ratio between the VLA (A configuration) and
the VLBA C band at 5 GHz differs by over 2 orders of
magnitude between NGC 1068 and NGC 3079, indicating that
the radio emission in NGC 1068 is likely driven by an
uncollimated, diffuse wind.

Following the correlation between outflow kinetic power
and SFR shown in the left panel of Figure 3 in F. Fiore et al.
(2017), we estimate that, given the nuclear SFR, the
corresponding kinetic power from supernova (SN) driven
winds is ∼4.5 × 1040 erg s−1. This relation assumes 0.0066
SNe per solar mass of newly formed star, based on a Salpeter
IMF. As noted by F. Fiore et al. (2017), their SFR is not
instantaneous but rather the conversion from the observed FIR
luminosity. Our measured kinetic power of the molecular
outflow is 8.4 times higher than that predicted for SN-driven
winds. In the absence of high-resolution SFR measurements
targeting the nucleus, and based on values reported in the
literature, we conclude that the contribution of star formation
to powering the nuclear molecular outflow is smaller than that
of the AGN. The outflow therefore represents an effective
feedback process, injecting additional material and energy into
the host galaxy’s ISM.

7. Summary and Conclusions

We present 229 GHz interferometer data from the NOEMA
PolyFix, which spatially resolves the CO(2–1) molecular line
in the central few arcsecs of NGC 3079 with a synthesized
beam of 0.59 × 0.43 (50 pc × 37 pc). The main findings are as
follows:

(i) We applied one nonparametric disk model generated
from 3D-Barolo and one parametric disk model generated
from DysmalPy. Although both models reproduce the bulk
rotation of the disk, the high-velocity component in the
nucleus cannot be explained by a simple disk model. Including
a spatially unresolved outflow component superimposed on the
best-fit DysmalPy disk model significantly drops the integrated

χ2 values from fitting the moment 0 (integrated value of the
spectrum), 1 (velocity field), and 2 (velocity dispersion field)
maps. This suggests the presence of a spatially unresolved
outflow component in the nucleus.

(ii) To precisely measure the nuclear outflow properties, we
analyze the visibility data (uv table) and extract the spectrum
within a 0.49 radius aperture centered on the nucleus. The
blueshifted wing position is offset 0.17 from the position of the
redshifted wing and continuum. We associate the blueshifted
wing as the nuclear molecular outflow and fit a single Gaussian
line only to the blueshifted wing spectral channels. By
assuming conversion factors and a constant mass outflow rate
history, we find a measured nuclear outflow radius Rout of
0.49, a vout of 369.5 km s−1, and a log(Mout/M⊙) of 5.98, with
a molecular gas mass outflow rate Mout of 8.82 M⊙ yr−1.

(iii) Based on the above calculations, we detect an energy-
driven (or energy-conserving) molecular outflow in the
nucleus of NGC 3079, within a 0.49 radius aperture
corresponding to 42 pc from the AGN. The kinetic power is
comparable to that of the AGN jet, supporting the jet–ISM
interaction scenario proposed by L. C. Fernandez et al. (2023).
In the absence of a higher nuclear star formation rate, we
conclude that the AGN is the primary mechanism powering
the nuclear molecular outflow.

Acknowledgments

M.Y.L. would like to thank all software developers in the
CARTA team (ASIAA, IDIA, NRAO, and the Department of
Physics, University of Alberta). This dataset was prepared as a
prototype testing cube for internal CARTA development. M.Y.L.
thanks Dr. Tim Davis (Cardiff University) and Dr. Cristina
Ramos Almeida (IAC) for helpful discussions at two confer-
ences: Galactic Ecosystems under the Microscope (ESO,
Garching) and The Role of Feedback in Galaxy Formation
(AIP, Potsdam), both held in July 2025. M.Y. thanks Prof. Jin
Koda (Stony Brook University) and Mr. Andrew Sargent (United
States Naval Observatory) for helpful discussions about NGC
3079 during AAS 245 in National Harbor. M.Y. thanks Prof. Pei-
Ying Hsieh (NAOJ) for the useful discussion about 3D-Barolo at
ASIAA. M.Y.L. thanks Dr. Leo Burtscher (formerly at Leiden
University, now at Umweltinstitut München) and Dr. Annemieke
Janssen (now at NOVA/ASTRON) for the useful discussions
about nearby AGNs (including this object).
M.Y.L. and A.M.M. acknowledge support from NSF

CAREER grant #2239807. A.M.M. also acknowledges
support from the NASA Astrophysics Data Analysis Program
(ADAP) grant number 80NSSC23K0750 and from the
Research Corporation for Science Advancement (RCSA)
through the Cottrell Scholars Award CS-CSA-2024-092.
This work is based on observations carried out under project

number w17bx001 with the IRAM NOEMA Interferometer.
IRAM is supported by INSU/CNRS (France), MPG (Ger-
many), and IGN (Spain). The research leading to these results
has received funding from the European Union’s Horizon 2020
research and innovation program under grant agreement No
101004719 [Opticon RadioNet Pilot ORP]. Based on observa-
tions made with the NASA/ESA Hubble Space Telescope, and
obtained from the Hubble Legacy Archive, which is a
collaboration between the Space Telescope Science Institute
(STScI/NASA), the Space Telescope European Coordinating
Facility (ST-ECF/ESA), and the Canadian Astronomy Data
Centre (CADC/NRC/CSA).

15

The Astrophysical Journal, 1004:158 (17pp), 2026 June 20 Lin et al.



Facilities: NOEMA (PolyFix), HST (WFPC2 and NIC2).
Software: astropy (Astropy Collaboration et al. 2022), 3D-

Barolo v1.7 (E. M. Di Teodoro & F. Fraternali 2015), DysmalPy
v2.0.0 (S. H. Price et al. 2021), CARTA v4.1.0 (A. Comrie
et al. 2021).

Appendix
3D-Barolor: AZIM Normalization

We present the 3D-Barolo results using the azimuthally
averaged normalization (AZIM) method to compare the model

and the data in Figure A1. Although this method shows
reduced residuals in the moment 2 velocity dispersion map, it
cannot reproduce the complex kinematics of the inner region
as well as the pixel-by-pixel normalization method, in
particular for the moment 1 map. The 0 km s−1 contour in
the velocity field significantly differs between the data and the
best-fit 3D-Barolo model. Following the recommendation of
E. M. Di Teodoro & F. Fraternali (2015), we adopt the pixel-
by-pixel normalization in the main text and present the AZIM
results in this appendix.

Figure A1. The best-fit disk model from 3D-Barolo with AZIM normalization. From top to bottom, the panels show intensity, velocity, and velocity dispersion
maps. From left to right, the panels show data, model, and residual. The x- and y-axes are the RA and Dec offsets in arcseconds. The beam size is labeled in the lower
left corner. In the velocity field, the black line marks 0 km s−1, while the blue and red dashed lines represent ±50 and ± 100 km s−1, respectively. For improved
visualization, we masked low-intensity pixels below a certain threshold.
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