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Millimeter VLBI of NGC 1052: Dynamics
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Abstract: The LINER galaxy NGC 1052 is an ideal target to study the innermost regions of active
galactic nuclei (AGN), given its close distance of about 20 Mpc. The source was observed at 29 epochs
from 2005 to 2009 with the Very Long Baseline Array (VLBA) at 43 GHz. Here, we present a kinematic
study of its twin-jet system from a subset of 9 epochs at 43 GHz carried out in 2005 and 2006, finding
a bright central feature as the dynamic center. The resulting mean velocities of 8 = v/c = 0.46 = 0.08
and B = 0.69 & 0.02 for the western and eastern jet, respectively, give hints towards higher velocities
in the eastern jet.
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1. Introduction

New developments and continuous improvements of current facilities make it possible to observe
at short radio wavelengths of millimeters (mm) and sub-mm with dynamic ranges up to 10, resulting
in sensitivities of tens of y Jy/beam. This provides the opportunity to study the innermost regions
in active galactic nuclei (AGN) at high angular resolution. The AGN in NGC 1052 has a luminosity
distance of ~21.7 Mpc, therefore 1 mas corresponds to ~0.11 pc. NGC 1052 hosts a supermassive black
hole (SMBH) with a mass of ~1082 M, [1] and is classified as a low-ionization nuclear emission-line
region (LINER) [2—4]. Its double-sided jet system is oriented close to the plane of the sky, thus the
bias due to Doppler boosting is tiny for the relatively low speeds observed in this source. Velocities
of B ~ 0.26 have been reported [5,6]. A circumnuclear torus with a column density of 10%?> cm 2
to 10%* cm~2 [6-8] covers large parts of the western jet. This leads to free-free absorption, which
results in the occurrence of an emission gap between the two jet cores in radio images obtained with
very-long-baseline interferometry (VLBI) up to 43 GHz. Given an optical depth of 7 gr1, ~300 to
1000 [8,9], its impact gets smaller toward higher frequencies, with only small absorption effects at
43 GHz and close to none at 86 GHz. Therefore, VLBI observations at mm wavelength peek through
the absorbing structure and reveal the innermost regions around the central engine in NGC 1052.

The twin-jets were first detected at 86 GHz by [10]. In this work, we discuss a subset of a 43 GHz
campaign carried out by the VLBA over 4 years, that reveals morphological similarities to the 86 GHz
map. We present the dynamics of both jets at subparsec scales and discuss this in context of the jet
morphology at 86 GHz.

Galaxies 2016, 4, 48; doi:10.3390/ galaxies4040048 www.mdpi.com/journal/galaxies


http://www.mdpi.com/journal/galaxies
http://www.mdpi.com
http://www.mdpi.com/journal/galaxies

Galaxies 2016, 4, 48 20f6

2. Observation and Data Reduction

NGC 1052 was observed frequently during 2005 to 2009 at 43 GHz with the Very Long Baseline
Array (VLBA). Standard calibration in AIPS with the implemented VLBA package was used to correct
for residual errors in phase and amplitude. Maps have been produced in DIFMAP [11] using the
CLEAN-algorithm and applying amplitude and phase self calibration iteratively. Two-dimensional
Gaussian functions have been fitted to the visibility data.

We assumed an error on the position of the Gaussian components depending on the remaining
noise in the clean and modelfit maps, the size of the components and the beam axis along the position

angle (P.A.) of the jet .
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with by, the beam axis and ap,j the component axis along the jet P.A. of 64°. (S/N)cn is the
signal-to-noise ratio of the map peak to the residual noise in the clean map and (S/N)ym is the
signal-to-noise ratio of the component peak to the residual noise in the modelfit map. In the case of

very small errors for small component sizes we set a lower boundary to the positional error of 1/10th
the beam size [12].

3. Results

An excerpt of the 43 GHz CLEAN maps with Gaussian components overlaid is shown in Figure 1.
In comparison to observations at lower frequencies, the maps reveal no significant emission gap, but
one central, bright feature. There is a clear change in morphology when comparing the maps from 2005
and 2006 to those in 2007: in 2005 both jets emanate symmetrically to the north-east and south-west
with an extent of about 4 mas. Starting in 2007 the structure becomes asymmetric. The eastern jet is
shorter in comparison to the western one, in addition the overall structure is less extended. This can be

‘\\ t T
%0(}7040

2007.17 |

a hint for internal asymmetries in the jet production.

2005.20

Date [yr]
Date [yr]

bt -
RA [mas]
(@)

Figure 1. Selected clean maps of NGC 1052 from a 43 GHz campaign with the VLBA. The fitted
two-dimensional Gaussian functions are plotted on top of the clean contours. (a): maps from 2005
showing highly symmetric jets, with one bright central feature; (b) maps from 2007; the jets are shorter
and asymmetric. Map parameters are shown in Table 1. The contour lines begin at three times the
noise level (see column 3 in Table 1) increase logarithmically by a factor of 2.
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Table 1. Image parameters for all analyzed observations at 43 GHz with natural weighting. The RMS is
taken from DIFMAP.

Epoch VLBA Code RMS [m]y-beam ] Speak [Jy - beam™!] Sy [Jyl bmaj [mas]l by [mas]  PA[°]
1) ) 3) @) (5) (6) (7) ()]

2005-03-11 BRO99A 0.68 0.33 0.80 0.46 0.20 6.25

2005-07-18 BR099D 0.60 0.52 1.00 0.52 0.18 —11.36
2005-11-13 BR099G 0.50 0.26 0.80 0.50 0.18 -9.89
2006-04-09 BR119B 0.81 0.41 1.04 0.48 0.18 -7.16
2007-01-14 BR120A 0.71 0.21 0.74 0.61 0.26 10.05

2007-03-04 BR120B 0.56 0.24 0.69 0.41 0.17 -3.73
2007-05-05 BR120C 0.46 0.25 0.49 0.40 0.16 -5.15
2007-06-17 BR120D 0.53 0.30 0.64 0.51 0.17 —8.27

(1) date of VLBA observation, (2) VLBA experiment code; (3) rms noise level of image; (4) peak flux density;
(5) total flux density; (6) FWHM major axis of restoring beam; (7) FWHM minor axis of restoring beam;
(8) position angle of major axis of restoring beam.

Given the strong symmetry in the beginning of the 43 GHz campaign we analyzed the dynamics
in the jet for the observations in 2005 and 2006. All maps show one prominent feature in-between both
jets. To proceed on the assumption that this component is the center of both jet bases, all maps have
been shifted such that its location is at the map origin. Because of the dominance in brightness and the
compactness, this is the most likely choice. The Gaussian model components have been cross-identified
by comparing between adjacent observations. This allowed us to apply linear fits to the trajectories for
derivation of velocities in both jets (see Figure 2). We included errors on the component position 6 in
the least-square fits in accordance with Equation (1). Only components that could be tracked over at
least 4 observations have been fitted. The components have been labeled starting with “ej” or “wj” for
the eastern and western jet, respectively, and with numbers from 1 to 7 when going from the outer
components to the inner ones.
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Figure 2. Component core-separation evolution for observations from 2005 and 2006.

From the linear fits, individual mean velocities for the western and eastern jet have been derived
tobe B = 0.46 £0.08 and B = 0.69 & 0.02, respectively, giving a higher overall velocity for the eastern
jet. Notice that the apparent velocities at 43 GHz are significantly higher than the § ~ 0.26 seen at
lower frequencies [5,6].

4. Discussion

4.1. Dynamics in a Twin-Jet System

The fits to the trajectories of the components in this twin-jet help us to understand the dynamics
of the system. The velocities of single components in the jet flow are given by the slope of the linear
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fit. The intersection of the line with the core position reveals the most likely date of ejection of a
new component.

The differences in speed between eastern and western jet is clearly seen in Figure 3. Even though
the western jet components follow different velocity systems, the western jet velocities are on the
average clearly below these of the eastern jet. Given the differences in velocities in the western jet, the
derived mean value is not a good representation. Instead it points out a change of the jet dynamics.
This is not the case for the eastern jet, where all velocities have a spread of only 0.05c around the
mean value.
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Figure 3. Velocity of tracked Gaussian components plotted over the mean separation of each trajectory
from the center. The mean velocities are given by the dashed and dashed-dotted lines for the eastern
and western jet respectively.

While the eastern jet components draw a consistent picture of the jet dynamics over time, the
components in the western jet evolve in a different way. The components wij3 and wj4 are the slowest
ones with B ~ 0.27; wj5 gets ejected with a faster velocity of B ~ 0.59 that is similar to wj2.

The ejection times of new components are not clearly synchronized (See Table 2 for the estimated
component ejection dates). Only the components wij5 and ej4, as well as wj6 and ej5 are ejected at
a similar time. All other component ejections seem not to be related to each other. The dynamics
support the picture of asymmetric jets, as was already suggested based on the morphological changes.
The difference in averaged velocities can be explained by intrinsic asymmetries in the jet dynamics.
However, external absorption or disturbance is possible, too, but this is difficult to determine within
the observations discussed herein.

Table 2. Ejection times of jet components ej1 to ej6 and wjl to wj6. The errors on the ejection times are
typically ~0.1 years.

Eastern jet Western jet

Component Ejection Time [Year] Component Ejection Time [Year]

ej1 2004.4 wj1l 2004.1
ej2 2004.7 wj2 2004.1
ej3 2005.0 wj3 2003.1
ej4 2005.2 wj4 2003.7
ej5 2005.5 wj5 2005.1

ej6 2005.6 wj6 2005.3
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4.2. Comparison 86 GHz Image

The central feature, which is the brightest over all observations, is likely the dynamic center of the
source. That result has direct implications on the 86 GHz image, as the morphology is quite similar at
both frequencies. Finding the dynamic center at one frequency defines the center at the other frequency,
too. The stacked image of all 43 GHz observations between 2005 and 2009 results in a smooth map
that can easily be compared to the tapered 86 GHz map. The maps at both frequencies are shown
in Figure 4. In favour of an easy comparison, the tapered 86 GHz map has been convolved with the
common beam from all 43 GHz images that had been used for the stacked image. Both maps show one
central, bright peak, and clearly detect both jets, which have a smaller extent in the higher frequency
image. The impacts of these findings are discussed in detail in [10], which leads to an upper limit on
the distance of central engine to jet base of 100 Schwarzschild radii (Rg) and a magnetic field strength
at 1 Rg between 200 and 8.3 x 10* Gauss.

43 GHz stacked
24 epochs
2005-2009

86 GHz tapered
1 epoch in 2004

1mas ‘

Figure 4. Top: stacked (multi-epoch) 43 GHz image; Bottom: tapered 86 GHz image, setting more weight
to the shorter baselines. Both maps are restored with the common beam for all 24 analyzed 43 GHz
epochs. Both maps show one central bright feature. Verifying this as the dynamic center at 43 GHz
pinpoints the location of the central supermassive black hole (SMBH) at 86 GHz.
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