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ABSTRACT

Context. With the increase in the sensitivity and resolution of radio interferometry within recent years, the study of the collimation
and acceleration region of extragalactic jets in active galactic nuclei (AGN) has come into focus. Whereas a large fraction of AGN jets
show a change from parabolic to conical collimation profile around the Bondi radius, there is a small number of sources that display
a deviation from this standard picture, including the radio galaxy NGC 1052.
Aims. We study the jet width profile, which provides valuable information about the interplay between the central engine and accretion
disk system and the formation, acceleration, and collimation of the jets.
Methods. We observed the double-sided, low-radio-power active galaxy NGC 1052 at six frequencies with the VLBA in 2017 and at
22 GHz with RadioAstron in 2016. These data are combined with archival 15, 22, and 43 GHz multi-epoch VLBA observations. From
ridge-line fitting we obtained width measurements along the jet and counter-jet which were fitted with single and broken power laws.
Results. We find a clear break point in the jet collimation profile at ∼104 RS (Schwarzschild radii). Downstream of the break, the
collimation is conical with a power-law index of 1.0−1.2 (cylindrical 0; parabolic 0.5; conical 1) for both jets. On the other hand, the
upstream power-law index of 0.36 for the approaching jet is neither cylindrical nor parabolic, and the value of 0.16 for the receding
jet suggests this latter is close-to cylindrical. For both jets we find a large opening angle of ∼30◦ at a distance of ∼103 RS and well-
collimated structures with an opening angle of <10◦ downstream of the break.
Conclusions. There are significant differences between the upstream collimation profiles of the approaching (eastern) and receding
(western) jets. Absorption or scattering in the surrounding torus as well as an accretion wind may mimic a cylindrical profile. We need
to increase the observing frequencies, which do not suffer from absorption, in order to find the true jet collimation profile upstream of
104 RS.
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1. Introduction

The most prominent features of radio-loud active galactic
nuclei (AGN; see e.g. Zensus 1997) are their relativistic jets
(Blandford & Königl 1979). To unveil the physical processes
behind their formation and evolution, radio astronomical studies
have focused on imaging the region around the central engine
by means of high-frequency observations. To investigate the jet-
forming region requires high spatial resolution as well as pre-
cise knowledge of the location of the central engine. The most
famous example is M 87. Its close distance and high-mass cen-
tral supermassive black hole (SMBH) enabled imaging of the jet
base very close to the central engine and its black hole shadow
(EHT Collaboration 2019; Kim et al. 2018).

In recent years, extensive studies of the acceleration and col-
limation region revealed a transition from a parabolic to con-
ical collimation at distances of ∼104−106 Schwarzschild radii
(RS), where RS = 2 G MBH/c2. This is close to the gravita-

? FITS data of images are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/658/A119

tional sphere of influence of the black hole for several sources,
including ten nearby sources of the mojave sample and M 87
(Kovalev et al. 2020; Asada & Nakamura 2012). There are sev-
eral sources deviating from this standard picture. For example,
in NGC 315 the transition is with ∼5 × 103−5 × 104 RS much
closer to the central engine than the Bondi radius (Boccardi et al.
2021; Park et al. 2021). The high resolution provided by Very
Long Baseline Interferometry (VLBI) at millimetre (mm) wave-
lengths (see Boccardi et al. 2017), in this case by the Global mm-
VLBI array (GMVA), reveals very small transversal jet widths
(e.g. M 87, Kim et al. 2018) and wide jet bases (e.g. Cyg A,
3C 84 Giovannini et al. 2018; Boccardi et al. 2016a). This sug-
gests that jet launching through the ergosphere of the black hole
and by the accretion disk play an important role in jet formation
(Blandford & Payne 1982; Blandford & Znajek 1977).

In contrast to these sources, the twin jet in NGC 1052
(PKS B0238−084, MCG−01−07−034, J0241−0815) does not
show a parabolic collimation region. However, recent findings
are controversial. On the one hand, by fitting the jet width at mul-
tiple frequencies at single epochs, Nakahara et al. (2020) found a
cylindrical collimation with a power-law index of k = 0 (k = 0.5:
parabolic; k = 1: conical) at distances smaller than 104 RS, while
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farther out the jets become conical. 3C 84 is the only other source
with a similar collimation profile (Giovannini et al. 2018). On
the other hand, based on a stacked 15 GHz Very-Long-Baseline
Array (VLBA) image, Kovalev et al. (2020) found a power-law
index closer to a parabolic collimation profile for the upstream
jet of k = 0.391± 0.048. In this paper, we combine single-epoch
and stacked multi-frequency data of NGC 1052 in an attempt to
solve the puzzle of the upstream collimation profile.

NGC 1052 is classified as a low-ionisation nuclear emission-
line region object (LINER) based on its optical spectrum
(Fosbury et al. 1978; Ho et al. 1997). It is located at a red-
shift of z = 0.005037 (assuming a systemic velocity of vsys =

1507 km s−1; Jensen et al. 2003). Due to the close distance of the
source, all our calculations are based on the redshift-independent
distance of D = 19.23 ± 0.14 Mpc (Tully et al. 2013), leading
to a linear scale of 0.093 pc mas−1. NGC 1052 hosts a SMBH
with a mass of 108.2 M� (Woo & Urry 2002). Recently, a signif-
icantly lower mass of 105.51 M� was suggested assuming viri-
alised Broad Line Region (BLR) movements (Kovalev et al.
2020). However, this method may be biased by optical obscu-
ration of the central region. In addition, Kameno et al. (2020)
infer a mass of (2.13 ± 0.09) × 109 M� inside the circumnu-
clear disk based on the measurement of the rotation curve of the
circumnuclear disk. Considering this, and for consistency with
our earlier work, we assume a mass of 108.2 M� throughout the
paper.

NGC 1052 is one of the few sources revealing a double sided
radio jet. The radio structure inside the optical galaxy spans over
about 3 kpc and ends in diffuse lobes (Kadler et al. 2004a). At
lower frequencies, the intrinsic total radio power of this galaxy
is a factor of 10−100 lower than the radio power of FR I radio
galaxies, such as M 87 and NGC 315 (with radio structures larger
than 1 Mpc). In comparison to powerful FR II radio galaxies,
such as Cygnus A, its radio power is even about 104−105 times
lower. The symmetric radio jets in NGC 1052 are mildly rela-
tivistic (β . 0.6) in comparison to the highly relativistic jets in
FR I and FR II radio galaxies. Based on several kinematic studies
we adopt a viewing angle of >80◦ (Vermeulen et al. 2003; Böck
2012; Baczko et al. 2019). At centimetre wavelengths, a torus
with an optical depth of τ1 GHz ∼ 300 to 1000 and a column
density of 1022 cm−2 to 1024 cm−2 covers ∼0.1 pc towards the
eastern, approaching jet and ∼0.7 pc towards the western, reced-
ing jet (Kameno et al. 2001; Vermeulen et al. 2003; Kadler et al.
2004a,b; Sawada-Satoh et al. 2008; Brenneman et al. 2009).
This is consistent with a globally averaged column den-
sity of (1−2) × 1023 cm−2 estimated from X-ray observations
(Baloković et al. 2021). This results in an emission gap between
both jet cores at frequencies below 43 GHz; see modelling by
Fromm et al. (2018, 2019). At centimetre(cm)-wavelengths the
mean speeds of features in both jets have been derived as β ≤
0.39 (Vermeulen et al. 2003; Böck 2012; Lister et al. 2019). Four
years of 43 GHz VLBA observations revealed higher apparent
velocities of βej = 0.53 ± 0.04 and βwj = 0.34 ± 0.04 for the
eastern and western jets, respectively, following an asymmet-
ric evolution (Baczko et al. 2019). The jets were first detected
at 86 GHz by the GMVA in 2004, revealing a nearly symmet-
ric jet–counter-jet morphology with an unresolved central fea-
ture containing about 70% of the total flux density (Baczko et al.
2016).

In this paper, we focus on the collimation profile of
NGC 1052 derived from quasi-simultaneous VLBI observa-
tions at frequencies from 1.5 GHz to 43 GHz. We combine
the approaches by Nakahara et al. (2020) and Kovalev et al.
(2020) in our analysis, in that we include quasi-simultaneous

multi-frequency observations and stacked images at 15, 22, and
43 GHz. The multi-frequency observations and their data reduc-
tion is presented in Sect. 2. In Sect. 3 we give an overview of the
methods used to derive the physical quantities, which are further
discussed in Sect. 4. Finally, in Sect. 5 we summarise our results
and provide an outlook.

2. Observation and data reduction

The frequency-dependent free–free absorption of the jet emis-
sion in the torus blocks our view onto the inner jet regions of
NGC 1052 at frequencies below 43 GHz (Kadler et al. 2004b).
On the other hand, higher frequency observations cannot image
the extended, optically thin emission of the outer jet. There-
fore, in order to connect jet properties such as collimation
and opening angle on parsec to milliparsec scales we observed
NGC 1052 at multiple frequencies from 1.5 GHz up to 43 GHz
with the VLBA and a global array joining the RadioAstron
(RA) mission. In the following sections, we briefly summarise
our individual observations, including data calibration and
imaging.

2.1. Multi-frequency VLBA observations

We observed NGC 1052 with the VLBA at frequencies of 1.5,
5.0, 8.4, 15, 22, and 43 GHz on April 4, 2017. The data were
recorded with the Roach Digital Backend (RDBE) at dual polar-
isation with eight sub-bands per polarisation band with a band-
width of 32 MHz and a data rate of 2 Gbps. The correlation
was performed at the National Radio Astronomy Observatory
(NRAO) at the Array Operation Center of the VLBA in Socorro,
NM, USA. In order to calibrate the NGC 1052 data the sources
0234+285, 3C 454.3, and 4C 39.25 were observed.

For calibration, we applied dedicated procedures for the
VLBA within the Astronomical Image Processing System
(AIPS; Greisen 1990). Delay and phase offsets between the sin-
gle intermediate frequencies (IFs) were removed through fringe
detection on a strong calibration source. In order to perform a
priori amplitude correction, the task apcal was applied using
system temperatures provided by the array, which included cor-
rections for the opacity. We performed global fringe fitting on
all sources to solve for residual delays and rates. The calibrator
source 3C 454.3 was used to correct for the bandpass shape over
frequency bands. After these calibration steps, persistent offsets
between IFs were corrected by an additional round of fringe
fitting. To enhance the fringe detection, a preliminary image
was produced in difmap (Shepherd et al. 1994), which served
as an input model for the (AIPS) fring task while repeating the
fringe-fitting procedure for NGC 1052. Following the calibration
procedure, data were averaged over frequency for each IF. To
ensure the same calibration routine for all frequencies, a Python
script was applied, which automated the calibration process as
much as possible. The script makes use of the ParselTongue
Python interface to AIPS (Kettenis et al. 2006).

Afterwards, the data were read into difmap (Shepherd et al.
1994) for imaging and model fitting. Spurious data were flagged,
followed by time averaging. Thanks to the use of preliminary
images during the fringe detection in AIPS, the phases were suf-
ficiently stable that we did not have to apply initial self calibra-
tion with a point-source model in difmap. The final images (cf.
Fig. 1) were produced using standard clean and self-calibration
steps for phase and amplitude. The image parameters for the nat-
urally weighted maps are listed in Table 1.
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Fig. 1. Final clean image of VLBA observations at all six frequencies restored with a circular beam (calculated as b =
√

bmaj × bmin with the major
and minor beam according to Cols. 7 and 8 of Table 1) with ridge lines plotted on top (red dots). The contours start at 4, 4, 4, 3, 2, and 3 times the
noise level for 1.5, 5.0, 8.4, 15, 22, and 43 GHz (compare Table 1 Col. 3), respectively, and increase logarithmically by factors of two.

2.2. RadioAstron observation

On November 5, 2016, NGC 1052 was observed with the 10-
m Space Radio Telescope (SRT) Spekt-R of the RadioAs-
tron space-VLBI mission (Kardashev et al. 2012) and a large
ground array consisting of antennas from the VLBA, Very Large
Array (VLA), European VLBI Network (EVN), and the Long-
Baseline Array (LBA) at 22 GHz. The participation of the Sar-
dinia radio telescope, Effelsberg, Green Bank Telescope, and
phased Karl Jansky Very Large Array added high-sensitivity
dishes to the array. The correlation was performed at the DiFX
software correlator in Bonn. The final set of telescopes was very
heterogeneous, with different frequency setups. This resulted in
different band widths and an inconsistent number of bands for
individual telescopes. To allow correlation of the experiment

we used zoom-bands, which divides larger bands to match nar-
rower bands and therefore produce a consistent frequency band
width for all telescopes (Deller et al. 2011). We did not detect
any significant fringes on baselines to the space antenna Spekt-R
at the Bonn correlator. Additional attempts using the geodetic
software package pima (Petrov et al. 2011) did not improve the
correlation. This can be explained by either (1) the large gap of
∼4 earth diameters between ground–ground and ground–space
baselines which reduces the signa-to-noise ratio (S/N) of possi-
ble fringes or (2) the complex extended structure of NGC 1052
at 22 GHz at the projection angle sampled by the RadioAstron
baselines, which might be resolved in space-ground baseline (cf.
Fig. 2). Hence, the spatial scales sampled by the ground-ground
baselines and the ground-space baselines are different. There-
fore, solutions from the ground-ground fringe fitting cannot be
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Table 1. Image parameters for all analysed VLBA observations from
April 4, 2017, with natural weighting.

Array ν rms (1a) rms (1b) S peak
(2) S tot

(3) bmaj
(4) bmin

(5) PA (6) DR (7)

[GHz]
[

mJy
beam

] [
mJy
beam

] [
Jy

beam

]
[Jy] [mas] [mas] [◦]

VLBA 1.5 0.07 0.19 0.33 0.62 13.22 5.37 −5.9 1737:1
VLBA 5.0 0.05 0.08 0.48 1.04 3.89 1.65 −5.0 6000:1
VLBA 8.4 0.07 0.10 0.36 1.12 2.30 0.99 −5.0 3600:1
VLBA 15.3 0.06 0.08 0.25 0.82 1.26 0.55 −6.3 3125:1
VLBA 22.2 0.08 0.09 0.18 0.80 0.86 0.34 −5.0 2000:1
VLBA 43.1 0.10 0.10 0.15 0.59 0.45 0.19 −4.4 1500:1
RA-G (a) 22.3 0.04 0.04 0.11 0.42 0.44 0.39 44 1000:1

Notes. (1)(a) Root-mean-square (rms) noise level of image (b) rms inside
a structure-free window far away from the source structure. (2)Peak
flux density. (3)Total recovered flux density. (4)−(6)Major and minor axes
and major axis position angle of the restoring beam. (7)Dynamic range:
ratio between the map peak and the rms inside a structure-free window
far away from the source structure. (a)RadioAstron ground-array image
parameters.

Fig. 2. (uv) coverage of the RadioAstron observation. We did not detect
fringes on space-baselines.

applied to the long ground-space baselines. Also, fringe fit-
ting directly on the ground-space baselines was not possible
because of the very low S/N. The final correlator output there-
fore includes the RadioAstron data without delay correction and
29 antennas on the ground.

In order to calibrate this data set using AIPS, we fol-
lowed a standard procedure similar to our approach described
in Sect. 2.1 (following a standard approach as described in e.g.
Vega-García et al. 2020). Because the array is large and hetero-
geneous, the calibration had to be planned with care not to lose
any visibility data. The final correlation output revealed het-
erogeneous frequency coverage with a different number of IFs
and only half the full bandwidth for a subset of antennas. In
order to correct for atypical slopes and offsets in the visibility
amplitude, we applied a bandpass calibration using the autocor-
related data. To improve the phase-calibration, a rough map of
the data after an initial calibration served as an input model for
an additional round of fring for the target source NGC 1052.
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Fig. 3. Naturally weighted clean contour map of RadioAstron observa-
tion of NGC 1052 at 22 GHz in November 2016, restored with a circular
beam (calculated as b =

√
bmaj × bmin with the major and minor beam

according to Cols. 7 and 8 of Table 1). The ridge-line is plotted on top
(red dots). Contour lines begin at four times the noise level (compare
with Table 1 Col. 3) and increase logarithmically by factors of two.

As a last step, the finally calibrated ground array and the rough
image were used as input to attempt fringe detection on base-
lines to RadioAstron. However, at this stage, still no fringes were
detected.

Thanks to the large ground array, this observation provides
the highest resolution image at 22 GHz of NGC 1052 to date with
a dynamic range of 1000:1. The inclusion of southern stations
enhanced the north–south resolution with a nearly circular beam
of 0.443× 0.392 (mas) at a position angle of 44◦. All parameters
of the final clean map are listed in Table 1. The final natural
weighted clean map is shown in Fig. 3.

2.3. Stacked VLBA observations

In addition to the new VLBA and RadioAstron observa-
tions, we make use of four years of VLBA observations at
15 GHz, 22 GHz, and 43 GHz from 2005 to 2009 of NGC 1052,
which have already been presented in Baczko et al. (2019) and
Lister et al. (2019). To analyse the overall collimation profile
along the twin jet, we produced stacked images at all three fre-
quencies by restoring with a common circular beam of diam-
eter b =

√
bmaj × bmin. Based on the alignment presented

in Baczko et al. (2019), the 22 GHz images were shifted with
respect to the 43 GHz images before deriving the mean image.
In the case of the archival 15 GHz data, the individual observa-
tions are not close enough to the 43 GHz or 22 GHz observations
to align between frequencies. Assuming the centre of the gap
between both jet cores is very close to the central 43 GHz peak,
we aligned the 15 GHz images on this position before estimat-
ing the mean image. The stacked images are shown in Fig. 4 and
their image parameters are listed in Table 2. The total flux den-
sity of the RadioAstron ground image is significantly lower than
the VLBA-only image at the same frequency. This could be true
variability, as NGC 1052 already showed strong variability in its
total flux density within only a few months in previous obser-
vations. In addition, the RadioAstron observation suffered from
several flux-scaling problems. Significant changes of the visibil-
ity amplitude over the IFs adds a large uncertainty on the total
flux density scaling of the image.

3. Results

3.1. Image alignment of VLBA observations

We applied a 2D cross-correlation in Fourier space, pairwise
at adjacent frequencies, in order to align all images (making
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Fig. 4. Stacked images based on four years of VLBA observations at
15 GHz, 22 GHz, and 43 GHz (Baczko et al. 2019; Lister et al. 2019)
restored with a circular beam. The ridge lines are plotted on top (red
dots). The contours start at 0.5 times the noise level for 15 GHz, 22 GHz,
and 43 GHz, which is derived as the mean rms from the individ-
ual images and increases logarithmically by a factor of two (compare
Cols. 2 and 5 of Table 2).

Table 2. Image parameters for stacked VLBA maps.

ν rms (1) S peak
(2) S tot

(3) beam2

[GHz]
[

mJy
beam

] [
Jy

beam

]
[Jy] [mas]

15 0.23 0.36 1.07 0.87
22 0.73 0.36 1.01 0.67
43 0.63 0.34 0.79 0.39

Notes. (1)The mean of the rms from all images used in the stacking.
(2)Circular beam FWHM equivalent to the median of the common cir-
cular beams for each image. (3)Total recovered flux density.

use of the scikit and ehtim packages van der Walt et al. 2014;
Chael et al. 2016, 2018). The images were produced by convo-
lution of the clean component delta functions with the natu-
ral restoring beam of the lower frequency image on a grid with
the pixel size and field of view of the higher frequency image.
This approach ensures that the cross-correlation is most sensitive
for the source structure and not the noise. The free–free absorp-
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Fig. 5. One example of the alignment procedure of the VLBA images
for the frequency pair 8.4 and 15 GHz. Top: images of the cleanmodel
convolved with the natural restoring beam, with a mask applied for
8.4 GHz (left) and 15 GHz (right). Including the eastern jet emission
resulted in a small nonphysical shift. Hence a mask was used to cut out
the whole eastern jet and to only account for the emission of the west-
ern jet for the alignment. Bottom: contour maps without (left) and with
applied shift (right).

Table 3. Shifts of frequency pairs resulting from 2D cross-correlation
on optically thin regions.

νlow [GHz] νhigh [GHz] RA [mas] Dec [mas]

1.5 5.0 −3.920 3.360
5.0 8.4 −1.080 0.720
8.4 15 −0.450 0.000
15 22 −0.450 0.375
22 43 0.152 0.076

tion of a surrounding torus has a strong impact on the innermost
region at frequencies below 43 GHz. For the cross-correlation,
these areas have to be excluded to align only on optically thin
structures. To account for this, we applied a mask to remove
the obvious optically thick regions during the cross-correlation
process. Figure 5 shows the alignment. The upper panels show
the re-gridded and blurred images at 8 GHz and 15 GHz with
an elliptical mask applied. In the lower panels, the contours of
both maps are plotted without shift (left) and shifted according
to the alignment (right). The derived pairwise shifts are listed in
Table 3.

Previous observations of NGC 1052 revealed highly inverted
spectral indices at the location of the emission gap between both
jet bases, exceeding a spectral index of α = 2.5 (where S ν ∝ ν

α),
which is explained by the obscuring torus resulting in free-free
absorption. The same is observed for our new VLBA observa-
tions. Figure 6 shows a spectral index map derived from the 8
and 15 GHz images. Perpendicular to the jet axis, the distribu-
tion of spectral indices is smooth and consistent with previous
observations, which is evidence that our alignment is correct.
The same holds for the other frequency pairs.

Based on these shifts, all images have been aligned with
respect to the 43 GHz image. This approach assumes the
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Fig. 6. Spectral index map between 8.4 GHz and 15 GHz. The contours
in the maps correspond to the lower frequency of the pair and start at
three times the noise level.

brightest component at 43 GHz to be the dynamic centre of the
source following Baczko et al. (2019). These shifted images are
used throughout the entire analysis when comparing the proper-
ties of the jets at different frequencies.

3.2. The ridge line in NGC 1052

To derive the ridge line that connects the local flux density
maxima along both jets, for each image we followed the sub-
sequent steps for each frequency using the naturally weighted
images that detect the outer jet structures with a high S/N: (1)
The images were restored with a circular beam of diameter
b =

√
bmaj × bmin which maintains the beam area. All following

procedures were run by a ParselTongue script (i.e. using AIPS
tasks): (2) The images were rotated by 24◦ to align the main
jet axis with the x-axis using the task lgeom; (3) These images
were sliced perpendicular to the jet axis at each pixel with the
task slice; (4) One Gaussian was fitted to the slices with slfit.
From these fits, we obtained the ridge line as well as the jet width
(equal to the deconvolved full width at half maximum (FWHM)
of the fitted slices) and peak flux density along the ridge line.
We include only fits with (i) a FWHM larger than the circular
beam size and (ii) a peak flux density higher than three times the
noise level. The ridge line is plotted on top of the clean images
in Figs. 1 and 3. The uncertainty on the deconvolved FWHM
is estimated to be a combination of the error propagation of the
fitting error and the imaging error, which we assumed to be one-
tenth of the beam size (cf. Park et al. 2021). This is reasonable
because of the high dynamic range of our images and the limita-
tion to width measurement with a S/N ≥ 3. The uncertainty on
the apparent opening angle was derived by error propagation.

In Fig. 7 we compare jet width (top), peak flux density (mid-
dle top), apparent opening angle (middle bottom), and residu-
als (bottom) for all single-epoch observations for the eastern jet
(left) and western counter-jet (right). The ridge lines were shifted
according to Sect. 3.1 with respect to the 43 GHz image. We
assumed the same shift for both 22 GHz observations from the
VLBA and RadioAstron. The width and apparent opening angle
as derived from the three stacked images are shown in Fig. 8. To
examine the collimation profiles we fitted power laws to the jet
width with distance. A first test fit of a single power law to both
jets shows several deviations of the data from the model (com-
pare Fig. 9). At distances closer than ∼104 RS, the fitted power
law with index k = 1.05 ± 0.03 does not describe the measured
width. Given this clear deviation from a single power law, we fit

the data with a broken power-law model (see e.g. Nakahara et al.
2020):

w(z) = W02(ku−kd)/s
(

z
zb

)ku
[
1 +

(
z
zb

)s](kd−ku)/s

. (1)

Here, W0 is the width at the break point, ku/d are the power-law
indices for the upstream and downstream parts (w ∝ zk) of the
jet, that is, between dynamic centre and break point and beyond
the break point, respectively, and zb is the break location. The
parameter s allows us to define the degree of sharpness. The fit-
ting revealed no significant dependence of the results on sharp-
ness for values between 10 and 100 for this parameter. In order
to compare our results to Nakahara et al. (2020) we fixed s to a
value of 10.

In addition, the residuals in the lower panel of Fig. 9
clearly indicate differences between the eastern and western jets.
Whereas the western jet at distances >104 RS is fitted well, the
eastern jet would require a steeper gradient of around k ∼ 1.2.
Hence, in the following we only discuss our results based on bro-
ken power-law fits to both jets individually. The fitting results are
listed in Tables 4 and 5.

4. Discussion

4.1. Collimation profiles

In order to study the collimation profile of the jets in NGC 1052
we fitted a broken power law to the width along both jets individ-
ually, as described in Sect. 3.2 (cf. Fig. 7). Assessing the good-
ness of the fit is difficult for a number of reasons. First of all,
the fitted model is non-linear. Moreover, as we took measure-
ments of the width of the jet in each pixel, which is smaller
than the beam size, neighbouring measurements are likely corre-
lated. Hence, the reduced χ2 does not provide a reliable method
for estimating the goodness of the fit. Therefore, we assess the
residuals, plotted in the bottom panel of Fig. 7, to evaluate the
goodness of the fit. Based on this approach we favour the bro-
ken power law. The single power law shows a clear discrepancy
with the data points from the fit at distances <2 mas from the
centre (cf. Fig. 9 as an example for a single power-law fit to both
jets).

We also cross-checked the smoothly broken power-law fit
with the following procedure. For both jets, we generated 104

random break points along the entire jet length drawn from all
frequencies. For each break point, we applied a single power-law
fit in the inner and outer jet region. After all runs, we applied
quality filters for the fits 0.8 ≤ X2

red ≤ 3 and prohibited cases
where the inner or outer region would be fitted with more than
80% of the data along the jet length. From the remaining fits, we
calculated the median and the mean for both jets (see Table 6),
which is consistent with the findings for the smoothly broken
power law.

There are significant differences between the eastern and
western jets, especially at 1.5 GHz and 5 GHz. Therefore, we
only discuss our results from fitting the width of each jet individ-
ually. Downstream of the break point at around 104 RS, the jets
become almost conical. Upstream, they are close to cylindrical
with a power-law index of ku ∼ 0.17. This kind of break in
the collimation profile has been found for a number of (mostly
one-sided) AGN jets. This includes low-luminosity AGN such as
M 87 and 3C84, as well as high-luminosity radio galaxies such as
Cygnus A. Assuming that the jet phenomenon is indeed univer-
sal, we expect to observe a similar behaviour for AGN jets with
different radio powers. This makes a comparison of NGC 1052 to
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a)

b)

c)

d)

Fig. 7. Jet parameters obtained from the ridge line fitting of the Global and VLBA images. (a) Jet width, (b) peak flux density, (c) apparent opening
angle, and (d) residuals of the data with the best fit along the jet ridge lines. Error bars are derived from a linear combination of the fitting and
imaging error and are only plotted if exceeding the marker size. The values of RS are computed assuming a black hole mass of 108.2 M�.

other low-power and high-power sources extremely valuable for
our understanding of the underlying physical processes behind
the formation and collimation of jets at all scales.

For ten sources in the MOJAVE 15 GHz sample,
Kovalev et al. (2020) found a break point in a typical range
of rbreak ∈ (105, 106) rS, at which the shape changes from
parabolic to conical. The same region was found in a few

single-source studies, including NGC 6251 (Tseng et al. 2016)
and M 87 (Kim et al. 2018). Within this comparison, NGC 1052
stands out by not showing a parabolic expansion. One of the
very few other sources with a similar cylindrical geometry
is 3C 84 with a collimation profile of r ∝ z0.17±0.08 at dis-
tances of 180 RS < z < 8000 RS, measured with RadioAstron
(Giovannini et al. 2018). The findings of Nagai et al. (2014)
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Fig. 8. Jet parameters obtained from the ridge line fitting of the stacked 15 GHz, 22 GHz, and 43 GHz VLBA images. Top: jet width. Middle: peak
flux density. Bottom: apparent opening angle along the jet ridge lines. Error bars are derived from a linear combination of the fitting and imaging
error and are only plotted if exceeding the marker size. The values of RS are computed assuming a black hole mass of 108.2 M�.

support a cylindrical profile down to at least 5 × 104 RS for
this source. Similar wide but parabolic evolving jet bases are
found in Cyg A with a minimum jet width of 227 ± 98 RS
(Boccardi et al. 2016a). In Sect. 4.6, we further discuss the
impacts of these findings on the collimation and acceleration
zone.

The low-frequency data in the western jet are not consis-
tent with a power law as the width is not simply decreasing
upstream of the jet, but follows a step pattern. This cannot
be observed in the eastern jet. We can exclude that this is
due to an artefact of our analysis, as the slice profile clearly
shows one peak and is fitted accurately with a single Gaus-
sian. A similar larger width was also found by Nakahara et al.
(2020) for the western jet. We therefore assume that this is a
common feature observable in NGC 1052 and not due to the
morphology of the source at the time of the observation. Assum-

ing this effect is not intrinsic to the jet, interaction with the sur-
rounding medium is a likely explanation. Several authors found
a dense plasma torus which covers larger parts of the west-
ern jet with respect to the eastern jet (see e.g. Kameno et al.
2001; Kadler et al. 2004a; Sawada-Satoh et al. 2008). Coincid-
ing with the torus, H2O maser emission was found (see e.g.
Claussen et al. 1998). In addition, recent ALMA observations
at submm wavelengths found a massive molecular torus with
Mtorus = (1.3 ± 0.3) × 107 M� inside a gas-poor circumnuclear
disk (Kameno et al. 2020); with a radius of 2.4 ± 1.3 pc and
a thickness ratio of 0.7 ± 0.3, it covers the part of the west-
ern jet with deviating width measurements. Previous observa-
tions already connect the excess of absorption in between the jet
cores with free–free absorption in a surrounding plasma torus
(Kameno et al. 2001). With increasing observing frequency, its
impact gets smaller and at around 43 GHz is almost negligible
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Fig. 9. Jet parameters obtained from the ridge line fitting of the Global
22 GHz and VLBA 15, 22, and 43 GHz images. Top: jet width, (middle)
apparent opening angle, and (bottom) residuals of the data with the best
fit along the jet ridge lines for both jets. The black line in the upper
panel shows the best fit for a single power law. Error bars are derived
from the fitting error and imaging error of one-tenth of the beam size
and are only plotted if exceeding the marker size. The values of RS are
computed assuming a black hole mass of 108.2 M�.

(Baczko et al. 2019). This absorption effect is larger for the west-
ern jet. With respect to the molecular torus, we may not only
expect absorption but also scattering of the jet emission. As
both effects are frequency dependent, this explains the large
deviation of the widths at ν < 15 GHz from a power law. To
exclude this effect, we further focus on the collimation profile
derived from our images with observing frequencies ≥15 GHz.
The corresponding best-fit result is shown in Fig. 10 and
Table 7.

The residuals still show deviations at larger distances. How-
ever, their amplitude is smaller and they spread symmetrically

Table 4. Fitting results from a broken power-law fit to the jet width at all
frequencies for the single-epoch VLBA and RadioAstron observations.

Fit to W0 ku kd zb [mas]

Eastern jet 0.21± 0.02 0.17± 0.09 1.01± 0.01 1.51± 0.19
Western jet 0.16± 0.01 0.17± 0.06 1.22 ± 0.02 1.88± 0.15
Both jets 0.19± 0.02 0.18± 0.06 1.11± 0.01 1.73± 0.14

Table 5. Fitting results from a broken power-law fit to stacked 15, 22,
and 43 GHz VLBA images.

Fit to W0 ku kd zb [mas]

Eastern jet 0.24± 0.02 0.22± 0.06 0.80± 0.01 1.40± 0.18
Western jet 0.26± 0.02 0.21± 0.05 1.22± 0.05 2.66± 0.22
Both jets 0.24± 0.02 0.20± 0.05 0.90± 0.01 1.79± 0.15

Table 6. Collimation profile results from cross-checks.

Fit to ku kmed
u ku kmed

u zb [mas] zmed
b [mas]

Eastern jet 0.96 0.96 0.29 0.18 1.77 1.12
Western jet 0.92 0.93 0.26 0.16 2.0 1.74

Table 7. Fitting results from a broken power-law fit to the jet width at
frequencies ≥15 GHz.

Fit to W0 ku kd zb [mas]

Eastern jet 0.35± 0.02 0.36± 0.05 1.76± 0.12 3.30± 0.24
Western jet 0.16± 0.01 0.16± 0.06 1.17± 0.04 1.78± 0.17
Both jets 0.32± 0.02 0.42± 0.04 1.70± 0.09 3.45± 0.19

around zero. Due to the absorbing effect of the surrounding
torus, our data are sparse upstream of the break point and con-
tain larger uncertainties in the western jet. There are now sig-
nificant differences between the respective power laws of the
eastern and western jets. In the approaching, eastern jet the
break point of 3.3 mas and the upstream power-law index of
ku = 0.36±0.05 are consistent with the findings of Kovalev et al.
(2020), whose measurements are based on 15 GHz VLBA data
from the eastern jet. As the break point is found to be rela-
tively far outside, the downstream power-law index is fitted with
higher accuracy using all frequencies. Hence, from Table 4 and
Fig. 7 this results in a downstream power-law index for the east-
ern jet of kd = 1.01 ± 0.01. The western jet changes from a
more collimated jet to a conical expansion at a closer distance
of 1.8 mas.

Further, our results are comparable to the findings by
Nakahara et al. (2020) who derived the collimation parameters
together for both jets based on archival observations. However,
their work suggests a flatter profile close to ku = 0. In addi-
tion, they did not find differences between the two jets, but sug-
gest a symmetrical evolution. This discrepancy may be explained
by the higher sensitivity of our data set in comparison to the
older, archival data which were obtained in 2000 and 2001.
Multi-epoch VLBA data at 43 GHz revealed changes in the mor-
phology of the source within four years, being symmetrical in
the beginning, and developing an asymmetric structure within
one year. This resulted in the western counter-jet being brighter
than the eastern jet (Baczko et al. 2019). Therefore, it cannot be
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Fig. 10. Jet parameters obtained from the ridge line fitting of the Global 22 GHz and VLBA 15, 22, and 43 GHz images. Jet width (top) and
apparent opening angle (bottom) along the jet ridge lines. The same parameters for the GMVA 86 GHz observation from 2004 are plotted on top,
without being taken into account for the fit. Error bars are derived from a linear combination of the fitting and imaging error and are only plotted
if exceeding the marker size. The values of RS are computed assuming a black hole mass of 108.2 M�.

excluded that the morphology – as well as the jet collimation – of
the source in our observations is different from what is suggested
by the data from 2001.

To study whether these differences between the two jets are
a common feature or specific at this time of observation, in the
following we discuss the outcomes from fitting the stacked
VLBA images at 15, 22, and 43 GHz. In comparison to the
higher frequency single-epoch images (Fig. 10), the fitting to
the stacked images (Fig. 8) reveals consistent results for both
jets, with a close-to cylindrical upstream power-law index of
ku = 0.21 and a conical downstream power-law index of kd =
0.80 and kd = 1.22 for the eastern and western jets, respectively.
The widths of the western jet at 22 GHz and 15 GHz are slightly
greater than those of the eastern jet. This points towards scat-
tering at 15 GHz and 22 GHz in the western jet. In the eastern
jet, the 15 GHz and 22 GHz widths upstream of ∼104 RS do not
decrease with decreasing distance to the core but follow a clear
cylindrical profile. At distances closer than 0.3 mas, the widths
measured at 43 GHz deviate from this and clearly decrease. Fit-
ting only the width of the 43 GHz stacked image at distances
z < 2 mas results in power-law indices of ku = 0.30 ± 0.03
and ku = 0.22 ± 0.02 for the eastern and western jets, respec-
tively, which is similar to the fitting results obtained for the
single-epoch observations. This difference between 43 GHz and
lower frequencies suggests that different layers of the jet may
be responsible for the emission at the individual frequencies.
In Sect. 4.6 we briefly discuss the possibility of differential
expansion.

4.2. The advantage of stacked images

Previous findings on the collimation profile of the jets in
NGC 1052 are controversial. While multi-frequency but single-
epoch observations found a cylindrical collimation profile with
ku = 0 upstream of 104 RS (Nakahara et al. 2020), the power-law
index based on a 15 GHz stacked image is, with ku = 0.391 ±
0.048, closer to a parabolic shape (Kovalev et al. 2020). On the
one hand, Kovalev et al. (2020) only analysed the profile for the
approaching jet and therefore the symmetry of the source was not
studied. On the other hand, Nakahara et al. (2020) found both jets
to be symmetric within errors; although the sampling of width
measurements upstream of the break point is sparse and the bro-
ken power-law fit is largely guided by large-scale structures.

In our analysis we include the same VLBA 15 GHz images as
Kovalev et al. (2020), applying a slightly different approach for
alignment. Whereas the stacked images used in Kovalev et al.
(2020) are aligned on the VLBI core, we shifted all images
about the centre of the emission gap between both cores, where
the 43 GHz core is assumed to reside (Baczko et al. 2019). This
allows us to make a combined analysis of the 15, 22, and 43 GHz
stacked images. Furthermore, the multi-frequency VLBA obser-
vations presented here are of improved sensitivity in comparison
to the observations used by Nakahara et al. (2020), which were
obtained more than ten years earlier. This results in detection of
fainter jet emission in the outer parts of the jets and therefore in
more pronounced differences between both jets.

With upstream power-law indices of 0.16 ≤ ku ≤ 0.35,
we cannot confirm a truly cylindrical profile as proposed by
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Fig. 11. Uniform weighted GMVA image from 2004 restored with a
circular Gaussian of 0.3 mas (Baczko et al. 2016).

Nakahara et al. (2020), but taking into account only observa-
tions at frequencies ν ≥ 15 GHz, the power-law profile of
the approaching, eastern jet is consistent with the findings of
Kovalev et al. (2020). However, the stacked 43 GHz width pro-
file indicates a more complicated structure, with a conical profile
at z ≥ 104 RS, a cylindrical profile at 3 × 103 RS ≤ z ≤ 104 RS,
and a quasi-parabolic profile at z ≤ 3 × 103 RS.

A comprehensive study of multi-epoch 43 GHz observations
of NGC 1052 revealed a dramatic change of the source mor-
phology from being symmetric to asymmetric within timescales
of about one year (Baczko et al. 2019). This suggests intrinsic
asymmetric ejection of jet plasma into both the approaching and
receding jets. As a consequence, the collimation profile might
change depending on the observation date. This could explain
the discrepancy between our multi-epoch observations and the
findings by Nakahara et al. (2020). These temporal asymmetries
of single-epoch observations make studies of jet collimation dif-
ficult. In contrast, our results from the multi-frequency stacked
images suggest that the averaging allows us to measure the width
of the whole jet channel, and therefore the true collimation pro-
file, which can be connected to physical models of jet formation.
Hence, in the case of NGC 1052, these kinds of studies have to
be made with stacked images, especially at higher frequencies,
to ensure that the whole jet channel is included in the analy-
sis. Only then can reliable statements about the large-scale jet
physics be made.

4.3. Comparison to 86 GHz GMVA observations

In order to ascertain the true collimation profile upstream of the
break point and to exclude the effect of absorption and scattering,
higher frequency images are needed, which suffer less from the
surrounding plasma and molecular torus. The only detection of
the jets at 86 GHz so far is from a GMVA observation from 2004
(Baczko et al. 2016). Given the 13 years between both observa-
tions and the close distance of this region to the central engine,
those data are not included in the fitting, as this would require the
assumption that no substantial changes took place over that inter-
val. To still compare our results with the high-resolution image
from 2004, we applied our ridge-line analysis to the archival
data. We convolved the 86 GHz uniform weighted image with
a circular beam of 0.3 mas, which is slightly smaller than the
major axis of the beam (see restored image in Fig. 11).

The very elliptical beam produces non-physical, knotty
structures perpendicular to the jet axis, if taking b =√

bmaj × bmin, as defined in Sect. 3.2. We assumed the 86 GHz
centre to be located at the same position as the 43 GHz centre

and plotted the measurements on top of the higher frequency
results in Fig. 10. We did not include the GMVA widths in the fit.
The 2004 GMVA image has a gap between the innermost, unre-
solved bright component and the two jets, which have significant
emission at distances z > 0.2 mas. Hence, we only include width
measurements of both jets at these larger distances. Despite the
13-year difference between the two observations, the 86 GHz
widths fit remarkably well to the power-law fits. Although the
jets are only detected from 0.2 mas distances outwards, we can
still compare the collimation profile with the upper limit on the
size of the unresolved central 86 GHz core of 150 µas (∼1000 RS)
(Baczko et al. 2016). This value is consistent with the widths of
the jets at the break point. Given that this is an upper limit, we
cannot draw further conclusions about whether the jets continue
with a close-to cylindrical profile down to the jet base or tran-
sition into a parabolic expansion at closer distance. In order to
estimate the initial opening angle and the collimation at distances
closer than 103 RS, higher sensitivity observations with a higher
north–south resolution are decisive.

4.4. Apparent opening angle

Downstream of the break point, the jet is well collimated with a
full apparent opening angle of φapp < 10◦. As before for the col-
limation profile, the western jet deviates from the overall trend at
larger distances and at lower frequencies, being inconsistent with
the assumption of a collimated outflow. In both jets, the appar-
ent opening angle upstream of the break increases approach-
ing the centre. However, with increasing observing frequency,
the apparent opening angle decreases, being smallest at 43 GHz.
Assuming that the image at 43 GHz is less affected by absorp-
tion and offers the highest resolution, it should provide the most
accurate measurement of the innermost jet opening angle and jet
width. As the central region is unresolved, we exclude measure-
ments at distances z < 0.15 mas, which is equivalent to half the
restored, circular beam at this frequency. This leads to an appar-
ent opening angle at a distance of 0.15 mas of φapp ∼ 30◦ for both
jets. Taking into account a viewing angle of i > 80◦, the intrin-
sic opening angle is given by φintr = 2 arctan

(
sin i tan(φapp/2)

)
(Pushkarev et al. 2017). Based on the large viewing angle, the
intrinsic angle, with φintr ≥ 29.6◦, is nearly identical to φapp.

4.5. The straightness of the jets

Figure 12 shows all ridge lines at frequencies of ν ≥ 15 GHz
plotted on top of each other. The ridge lines are found to
be exceptionally straight at all scales over the whole set of
observing frequencies. This is remarkable in comparison to
other AGN sources. Many radio galaxies, such as Cyg A and
3C 84, have wide jet bases and are edge-brightened down to
the closest measurable distances to the central engine (see
e.g. Giovannini et al. 2018; Boccardi et al. 2016a). Bends and
more complicated structures are a common feature observed
for other AGN sources (e.g. CTA 102, 3C 345, PKS 0735+178
Fromm et al. 2013; Agudo et al. 2006; Pötzl et al. 2021). Kine-
matic studies of NGC 1052 revealed higher velocities at 43 GHz
(β ∼ 0.5) (Baczko et al. 2019) than at 15 GHz (β ∼ 0.2)
(Lister et al. 2019). Assuming that we observe an inner, faster
layer of the jets at higher frequencies, this suggests jet strat-
ification. This could be explained by assuming that the outer,
slower moving layer consists of less energetic particles which
are not emitting at 43 GHz and are therefore invisible. However,
jet stratification is not visible in either the jet morphology or
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Fig. 12. Jet ridge lines compared for Global 22 GHz and VLBA 15, 22,
43 GHz observations.

the spectral index distribution. This non-detection of an edge-
brightened structure might very well be explained by insufficient
resolution. For example, the edge-brightened structure in Cen-
taurus A was first discovered at the highest possible resolution
obtained with the EHT (Janssen et al. 2021) and was not observ-
able at lower frequencies.

There is one feature common to all images, which deviates
slightly from the overall straight jet evolution. At −2.5 mas, the
western jet changes its direction slightly towards the south to
change back to the original position angle at −5 mas. There is
nothing comparable in the eastern jet. This directional change
coincides with the location of the break point in the collima-
tion profile. In accordance with the previous section, we assume
this not to be intrinsic to the jet plasma, but to be an effect of
the surrounding ionised plasma. A similar, slight jet bending in
the proximity of the break is also observed in 43 GHz images of
Cyg A (Boccardi et al. 2016b).

4.6. The collimation and acceleration zone

The break of the broken power-law fit in both jets is located at
around 104 RS with a width at this location of ∼0.2 mas. This is
about two orders of magnitude closer than the sphere of grav-
itational influence (SoI) RSoI = 9.6 × 105 RS for NGC 1052
(Kameno et al. 2020). Hence, as the break location is clearly
independent of the black hole influence, there remain two main
mechanisms that can explain the observed jet properties.

First, as suggested by numerical simulations and observa-
tional considerations, the break most likely marks the position
at which the jet transitions from being magnetically dominated
to particle-dominated (Potter & Cotter 2015; Komissarov et al.
2009; Kovalev et al. 2020). However, it has been claimed that
magnetic collimation is not the main collimation mechanism in
extragalactic jets, as it would imply a strong toroidal magnetic
field, which would make the jet very unstable (Mizuno et al.
2009, 2012; Perucho et al. 2017; Perucho 2019, and references
therein). This is in clear contrast to the exceptional straightness
of the jets.

Secondly, the geometric transition might result from a
confinement of the jet through an external pressure profile
(Lyubarsky 2009; Beskin et al. 2017; Kovalev et al. 2020).
The complex inner structure of NGC 1052 is in favour of this
explanation. NGC 1052 is surrounded by an optically thick
plasma torus which covers the inner ∼2 mas around the nucleus
(Sawada-Satoh et al. 2008; Kameno et al. 2001) and a massive
molecular torus inside a gas-poor circumnuclear disk

(Kameno et al. 2020). The outer extent of the plasma torus
is in agreement with the location of the break in the colli-
mation profile. In addition, NGC 1052 most likely hosts an
advection-dominated accretion flow (ADAF) inside an optically
thick, geometrically thin accretion disk, which is truncated at
a distance of rtr ≥ 13 RS (Reb et al. 2018; Falocco et al. 2020).
This might explain the atypical close-to-cylindrical collimation
profile.

In addition, following Globus & Levinson (2016), collima-
tion through a disk wind could also take place, which requires
relatively large wind powers. On the other hand, emission from
the disk wind itself might contribute to the imaged radiation,
which has the potential to prevent us from detecting the true,
intrinsic jet structure. Furthermore, deviations of the appar-
ent opening angle and width with frequency upstream of the
break point can be explained by differential expansion, which
is required by magnetic acceleration (Vlahakis & Königl 2004;
Komissarov et al. 2009; Komissarov 2012; Anglés-Castillo et al.
2021). Therefore, as we identify the region of differential expan-
sion with the upstream jets at distances .104 RS, we expect the
jet acceleration to take place in that region. Indeed, Fig. 6 of
Baczko et al. (2019) shows some indication of flow accelera-
tion within these inner 2 mas in both jets. This is most evident
in the western jet components wj5, wj6, wj9, wj10, and wj12–
15 and the eastern jet components ej3–5, ej12, and ej13 shown
in this latter figure. Beyond this region, component trajectories
are clearly linear, which coincides with the region in which the
apparent opening angles merge for all observing frequencies
within the present study. The observations presented are lim-
ited by resolution and absorption processes. To further investi-
gate a possible differential expansion accompanied by accelera-
tion, multi-epoch observations at frequencies >43 GHz have to
be conducted to perform detailed kinematic studies upstream of
104 RS.

In summary, external confinement and differential expansion
are the most likely mechanisms driving the observed jet geom-
etry in light of the deviation from a parabolic expansion and
the possible jet acceleration upstream of the break point. It is
especially interesting that, at 43 GHz, the profiles and opening
angles are similar for the eastern and western jets. In contrast,
the significant differences seen at lower frequencies make the
double-sided jet system of NGC 1052 a very interesting target
for further study of the impact of the surrounding material, such
as that of the torus–accretion disk system, on the width mea-
surement. This is not possible in one-sided jet sources. In addi-
tion, the width along both jets for the stacked 43 GHz image
suggests an even more complex structure with a second break
at around 3× 103 RS, which is more pronounced in the east-
ern jet. To further investigate this, higher sensitivity images at
frequencies ν > 43 GHz are required, which resolve structures
closer to the black hole. With the high sensitivity of our multi-
frequency and stacked images our results are the ideal start-
ing point to study a possible jet collimation mechanism and the
impact of a change in the outer pressure profile in greater detail
by comparing with and guiding high-resolution 3D numerical
simulations.

5. Summary

We present a detailed study of the ridge line and collimation
profile of NGC 1052 over a frequency range from 1.5 GHz to
86 GHz observed with the VLBA and a large global array sup-
porting a RadioAstron observation. Further, we compare the
low radio power AGN NGC 1052 with powerful FR I and FR II
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sources (e.g. 3C 84, M 87, and Cygnus A). The comparison
between low- and high-power jets is extremely important for
testing the universality of the jet phenomenon. Our main con-
clusions are summarised as follows:

– In accordance with previous observations we find a remark-
ably straight, low-velocity double-sided jet. There is no hint
of any double ridge line depicting an edge-brightened struc-
ture as observed in other nearby AGN with highly relativistic
jets, such as Cyg A, M 87, or 3C 84.

– There is a change from a nearly cylindrical to conical outflow
at a break point of ∼2 mas or 104 RS, which is slightly differ-
ent for the eastern and western jets. This is much closer than
the SoI of the black hole and we do not find any trace of a
parabolic jet shape. NGC 1052 most likely hosts an ADAF
inside a thin, truncated disk surrounded by a dense torus
(Kameno et al. 2001, 2020; Reb et al. 2018). This makes the
most likely scenario one in which the jets are confined by an
outer pressure gradient.

– At lower frequencies <15 GHz there are significant differ-
ences between the eastern, approaching jet and the west-
ern, receding jet. On the one hand, the eastern jet is well
described as displaying a conical expansion outside the
break point over all frequencies. On the other hand, width
measurements in the western jet at 1.5 GHz and 5 GHz
deviate strongly from the conical expansion, showing a
much wider jet as is expected, suggesting scattering from
the dense molecular torus found by ALMA observations
(Kameno et al. 2020).

– Width measurements of archival 86 GHz data from 2004 are
in agreement with the cylindrical jet shape upstream of the
break point. However, the limited sensitivity and unresolved
central component prevent us from drawing conclusions at
distances <103 RS to the central engine.

– With increasing frequency, the apparent opening angle
decreases. In combination with a flow acceleration within
the inner 2 mas, which is indicated in Fig. 6 in Baczko et al.
(2019), this can be explained by differential expansion,
which is required by magnetic acceleration. We do not
detect an edge-brightened structure. This can be explained
by insufficient resolution as is the case for Centaurus A,
where edge-brightening could only be revealed with high-
frequency observations with the EHT.

– At frequencies >15 GHz, the single-epoch observations
reveal significant differences between the eastern and west-
ern jets, which are not observed by Nakahara et al. (2020).
However, by fitting stacked images, the upstream profile,
with ku = 0.19, is close to cylindrical for both jets and the
downstream profiles are, with ku = 0.83 and ku = 0.98, close
to conical for the eastern and western jets, respectively. This
suggests that the full jet width can only be probed by stacked
images. Still, the 15 GHz and 22 GHz stacked images reveal
larger widths in the western jet in comparison to the east-
ern jet. Moreover, at distances <0.2 mas the 43 GHz widths
get smaller and their profiles of ku = 0.30 ± 0.03 and
ku = 0.22 ± 0.02 for the eastern and western jets, respec-
tively, deviate from the cylindrical profile observed at 15 and
22 GHz.

In order to investigate the jet shape upstream of the break point
in more detail, high-frequency multi-epoch observations at fre-
quencies ≥86 GHz with a higher north–south resolution will be
decisive. The same holds for estimation of the initial opening
angle.
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