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NGC 3079 is a Seyfert galaxy, which harbors a compact parsec scale radio jet in its centre. Single
dish observations reveal OH absorption lines at 6 cm in front of the continuum radio jet, indicating
the presence of ambient molecular gas surrounding the jet. However, its spatial and physical
relation to the jet is not yet clear due to the lack of high-resolution observations. To shed light on
this matter, we have conducted spectral line VLBI observations using the European VLBI Network
(EVN). The OH absorption feature near the systemic velocity of NGC 3079 appears in both, the
approaching and the receding jet components, but the blue-shifted (130 km s~!) absorption is only
detected on the tip of the approaching radio jet. The observed velocity is not in accord with the
sense of rotation of the pc scale H,O maser disk or sub-kpc scale circumnuclear disk seen in HCN,
and thus the blue-shifted absorption is interpreted as a jet-driven outflow. An outward moving
jet component seems to accumulate and compress the ambient gas, forming a working surface
and absorbing layer, which surrounds the jet head. This scenario is supported by the observed
deceleration and brightening of the outer jet component. Follow-up spectral line VLBI studies are
desirable to monitor this jet-ISM interaction and to further quantify it.
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1. Introduction

NGC 3079 is a nearby Seyfert galaxy (16.0 Mpc, 1 mas=0.08 pc), exhibiting both active galactic
nucleus (AGN) activity and active star formation. Kilo-parsec scale radio lobes and super-bubbles
show energetic feedback from the radio jet or from star-formation [1-3]. The mass of the central
supermassive black hole (SMBH) was estimated to be (2.39 + 0.06) x 10°M [4]. NGC 3079 is
classified to be a radio-quiet AGN by its low radio loudness [R ~3, 5, 6]. The radio loudness R is
defined as the flux ratio between the radio (at 5 GHz) and optical (at 4400 A) bands [7]. Continuum
cm-VLBI imaging revealed a parsec scale young radio jet and H,O maser emission located in a disk
[8, 9]. Blue-shifted OH absorption lines hint at the presence of a molecular outflow or represent
the receding part of the rotating nuclear disk, but solid evidence is pending due to the lack of
high-resolution observations towards the obscuring gas [10, 11]. The radio jet axis is not oriented
perpendicular to the pc scale H,O maser disk or sub-kpc scale circumnuclear disk and is also not
aligned with the kpc-scale radio lobes. In the continuum, the individual jet components move at
sub-relativistic speeds or are stationary [8] (hereafter M07). 3D hydrodynamic simulations of the
interaction of AGN jets with the surrounding interstellar medium (ISM) show that low-power and
slow radio jets with inclined geometry with respect to the galactic disk couple more efficiently with
the ambient ISM [12, 13]. Previous spectral VLBI observations of the 1.6 GHz OH absorption line
demonstrated the feasibility of absorption line imaging, but the angular resolution (FWHM~70 mas)
was not sufficient to resolve the OH absorption features on the individual jet components [10]. Here
we present a new absorption line imaging VLBI study of NGC 3079, using the excited OH line at
6 GHz, previously detected with the 100-m telescope at Effelsberg. With an angular resolution of
1.6 mas (FWHM), the images reveal a factor of ~ 40 sharper view than the previous OH absorption
line study at 1.6 GHz [10].

2. Observation

The VLBI observations towards NGC 3079 were carried out at 6 GHz on October 31, 2019
with the European VLBI Network (EVN), and including e-Merlin. In total, twenty telescopes
participated in the observations. Target transitions were the OH lines at 6.030 GHz and 6.035 GHz
being observed in absorption against the continuum jet of NGC 3079. Eight intermediate frequencies
(IFs) were recorded, each with a bandwidth of 32 MHz, resulting in a total bandwidth of 256 MHz.
The e-Merlin stations recorded only two IFs each with a bandwidth of 64 MHz. Most EVN stations
observed in right and left hand circular polarization. The data were correlated with the EVN
software correlator at JIVE (SFXC) with 512 channels for each IF, which provides a velocity
resolution of 3kms™! for the target transitions. The total observing time was about 8 hrs. The
nearby calibrator 0954+556 was observed every 30 min for bandpass calibration. Additional flux
density measurements and total power spectra were obtained from single-dish observations at 6 GHz
with the 100-m Effelsberg telescope on December 6, 2018. The VLBI data reduction was performed
using the Astronomical Image Processing System (AIPS) software. The imaging and self-calibration
were done with the Difmap package [14]. First, antenna gains and system temperatures (Tsys) were
applied after flagging bad data points. Nominal Tsys values were assumed for the e-Merlin stations
due to the lack of Tsys measurements. Then, we followed the standard calibration procedure for
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spectral line data, which includes amplitude gain, instrumental delay, ionospheric delay, parallactic
angle, band-pass shape, multi-band delay (i.e., fringe-fitting), and Doppler shift calibrations. For
continuum imaging, the calibrated data were averaged over an integration time of 20s and over
frequency channels, flagging sharp band-edges of about 1 MHz for each IF. The frequency averaged
data were further processed in Difmap for phase and amplitude self-calibration and imaging using
the CLEAN method. For the 6 GHz OH absorption line imaging, several channels were averaged
to increase the imaging sensitivity by using the AIPS task UVLSF, which resulted in a slightly
degraded (but still acceptable) spectral resolution of 13kms~!. The established continuum model
from Difmap was applied for the self-calibration of the spectral line data, and the clean process was
iterated in each channel to detect the absorption features on the continuum images.

3. Result & Discussion

Fig1 (left) shows the 6 GHz continuum image of NGC 3079, which reveals four distinct
structural components A, B, C, and D (D is termed as E in M07). These components are known
and were previously seen in the 5 GHz and 15 GHz images shown by MO7. The peak intensity of
the new map is 46 mJy beam™!, and the rms noise level is 0.05 mJy beam™!. The high brightness
temperatures of the continuum components (>4 x 10’K) indicate synchrotron emission from the
AGN jet. The recovered VLBI flux density in the EVN observations was 145.2 mJy. The continuum
components are aligned at a position angle 126.2° (A-C-B) and 87.3° (B-D). These position angles
are consistent with previous measurements reported in MO7. The component A is partially resolved
and appears elongated; between A and C also a small gap of emission is seen. The B component is
known to be stationary from the phase referencing VLBI observations of M07.

3.1 6 GHz continuum jet and OH absorption lines

The B component was used as the reference position to measure the angular distance between
the others. The angular distances between A-B (29.7 mas) and B-D (25.3 mas) were measured
by Gaussian fittings on the intensity profiles along the position angles, connecting two continuum
components (see Fig.1). Fig2 shows the angular distance variation between the A-B and B-
D components measured at 5 GHz (2000-2006) from the literature and at 6 GHz for this study
[8, 9, 15-17]. The increments of the angular distance are +1.83+0.3 mas (A-B) and -0.49+0.3 mas
(B-D) over 15 years. The B and D components seem to be stationary. The angular separation rate
of the A component with respect to the B component between 1999-2002 is 0.129+0.03 mas yr~!,
which is translated into an apparent speed of 0.034c. The apparent speed of the A component
between 2004-2019 has decreased by a factor of ~2.5 compared to the previous measurement
(0.32+0.03masyr !, v, pp = 0.084 c) between 1999-2002 [8]. Interestingly, the flux density of the
A component has roughly doubled, whereas the flux densities of the B and D components remained
almost constant.

In the EVN observations we detected the 6.030 GHz and 6.035 GHz OH absorption lines.
The systemic velocity of NGC 3079 has been estimated from HI (1116 kms™!), the H,O maser
(1125kms™"), and the CO and HCN disks (1147kms™1) [9, 11, 18, 19]. In the following we
adopt 1147kms™! as the systemic velocity of NGC 3079 because the sub-kpc scale HCN disk
provides a better constraint on the systemic velocity of a compact AGN compared to the extended
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Figure 1: Left: The self-calibrated continuum map of NGC 3079 at 6.0 GHz. Four separated continuum
components are labeled with A, B, C, and D. The peak flux density is 46 mJy/beam, and the lowest contour
is at 1% of the peak flux with subsequent contours increasing by a factor of 2. The dashed line indicates the
location of the H,O maser disk (PA = 82°), and the solid lines show the alignment between A-B and B-D
components. The dynamical center of the H,O maser disk is marked with a cross [9]. Slices along the B-D
and A-B components are shown in the right panel. Right: The intensity profile along the lines connecting
the peak position of the component D-B and A-B.

kpc scale HI disk. From this we obtain Doppler velocities of the two OH absorption features at
-29kms~! (hereafter C1) and -130kms~! (hereafter C2), respectively. The absorption features are
shown in Fig.3. The small beam size of the EVN observations resulted in higher absorption depths
of the 6 GHz OH absorption lines (blue), when compared with the spectra from our single-dish
observations (red). The C2 component shows broader line widths and deeper absorption depths than
Cl. Fig4 shows the spatial distribution of the two OH absorption features. C2 (Vpeax:-130 km s7h
is located at the A component, and C1 (Veax:-29 km s™') was detected at the A and B components.
If the absorbing gas is a part of the circumnuclear disk, red-shifted absorption would be expected
at the A component [19], but we detected a blue-shifted absorption feature. Therefore, the most
plausible explanation of the 6 GHz OH absorption on the A component is a molecular outflow
which is related to or even driven by the expanding radio jet.

3.2 Jet-ISM interaction in NGC 3079

The radio jet and their ambient OH cloud(s) which are revealed by these EVN observations
likely mark jet-ISM interaction in the Seyfert galaxy NGC 3079. We find that the jet component
A is decelerating and its flux density is increasing. Jet-ISM interaction can cause jet deceleration
via momentum transfer from jet to the interacting medium. The jet-ISM interaction compresses the
ambient medium and increases the external pressure on the jet, which could lead to the observed
flux density increase [8]. The broader line width and higher column density of the blue-shifted
OH absorption (C2) with respect to the non-outflow absorption (C1) manifests an increased local
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Figure 2: Left: The angular separation between the continuum components A-B and B-D plotted versus
time for the past 20 years. Flux density and location of the individual jet components were taken from MO7.
The lines connecting the data points show the proper motion. Right: Variation of the flux density for the
three jet components.
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Figure 3: Left: Comparison of the 6 GHz OH absorption lines from the Effelsberg (red) and the EVN
observations (blue) in Dec 2018, and Oct 2019, respectively. The EVN spectrum was observed towards the
A component. Right: 6.030 GHz and 6.035 GHz OH absorption lines aligned on the velocity axis. The
systemic velocity of NGC 3079 (1147 kms~!) is marked by the dotted vertical line.

column density and velocity dispersion of the jet-driven outflows. Blue-shifted SiO and H'3CN
absorption lines detected at 3 mm from NOEMA observations show blue-shifted feature up to
350km s~!, further supporting the presence of molecular outflows [11].

The dynamical mass of the circumnuclear HCN disk was estimated to be ~10%3M [11].
The escape velocity at the measured radius of the HCN disk (at 112pc) is 391kms~!. If the
jet component A is located within a few pc from the jet launching region and no further kinetic
energy is transferred from the jet, the jet-driven OH outflow (130kms~!) will not propagate over
the circumnuclear disk. A bright ionized emission, which is well aligned with the radio jet axis
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Figure 4: Spatial distribution of the 6 GHz OH absorption lines. Right: Averaged OH absorption spectra
towards the A and B continuum components. The C1 (Vpeax:-29 km s‘l) and C2 (Vpeak:-130 km s‘l) features
are detected towards A, but towards B only the C1 feature is seen.

about 250 pc from the jet-launching region [2], is attributed to the results of previous episodic
radio jet activities. We note that the jet-driven molecular outflow occurs at a distance of a few
pc from the central engine, disrupting the ambient medium. Therefore, the molecular outflow
might facilitate AGN fueling by removing angular momentum of the rotating circumnuclear disk
or clumpy molecular clouds. In this process, the relative geometry of radio jet and circumnuclear
disk is an important factor, determining the significance of jet-ISM interaction [20].

4. Conclusions

We carried out a high-resolution VLBI study on the circumnuclear gas of the Seyfert galaxy
NGC 3079. 6 GHz OH absorption observations using the EVN reveal a strong interaction between
propagating jet and its ambient medium on the sub-pc scale. The main findings are summarized as
follows:

1. Two separated absorption features were detected in both the 6.030 and 6.035 GHz OH lines.
Absorption around the systemic velocity of NGC 3079 (C1 = OHy,) appears in both ap-
proaching and receding jets, but the blue-shifted (C2 = OHp;,) absorption is only present
in the approaching jet. The OHpy,. is interpreted as a jet-driven outflow, considering the
rotation direction of the circumnuclear disk of NGC 3079.

2. Higher OH absorption depths and broader line widths are measured in the C2 feature rather
than in C1. This may indicate an enhanced local density and turbulence of nuclear gas
caused by jet-ISM interactions at the working surface of the outward propagating jet. The
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molecular outflow might be confined at sub-pc scales, but it would increase the accretion rate
by removing angular momentum from the circumnuclear disk in NGC 3079.

. The impact of the jet-ISM interaction on the radio jet properties is also seen in the continuum

VLBI data. The propagating jet component A shows significant deceleration, and a bright-
ening flux density at the south-eastern end of the jet. These findings support a frustrated
jet scenario, in which a low power radio jet works against the ambient medium of a Seyfert
galaxy.
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