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ABSTRACT. The system of ten radio telescopes
VLBA (Very Large Baseline Array), with a maximum
baseline of about 8,600 km, of the National Radio
Astronomy Observatory of the USA (NRAO USA) carries
out systematic monitoring observations of about 500
active galactic nuclei (AGN), the results are presented in
the MOJAVE database. The resulting angular resolution
(~0.47 arcseconds at a frequency of 15.4 GHz) is enough
to separate the close surroundings of the AGN and its jet.
The results of corresponding observations make it possible
to compare the features of movement in the jet with the
processes of activity of the AGN, as well as to study its
spatial structure.

The MOJAVE database contains the spectral densities
of the radio fluxes of the AGN, radio images for each
epoch of observations at the frequency of 15.4 GHz, and
"Separation jet" diagrams (showing the angular separation
of the jet components over time). This information makes
it possible to study the movement of these components. In
this work, a general analysis of movement patterns of the
components of the 3C 273 jet was performed. In the
published papers of the MOJAVE team, a similar analysis
wasn’t presented for all jet’s features.

Keywords: Active galactic nucleus,
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AHHOTALIA. Cucrema 3 JecaTd pagioOTEIECKOIIIB
VLBA (Very Large Baseline Array), 3 MakCHMaIbHOO
noBXKHMHOIO 0a3u  Omm3pko 8,600 kM, HamioHnansHOT
Pamioactponomiunoi O6cepsaropii CIIIA (NRAO USA)
MPOBO/INTh CUCTEMATHUYHI MOHITOPHHIOBI CIIOCTEPEKEHHS
o6mm3spko  500-ta  akTMBHHX smep Tamaktuk (AL,
pe3yabTaTH SKUX MpeacrasicHi y 6asi mannx MOJAVE.
PesynpTyrouoi kyToBOi posminbHoi 3matHocti (~0.47
THUCAYHUX KyTOBOI CekyHmu Ha yactori y 15.4 ITn)
JIOCTAaTHBO JUIsl pO3JIeHHsT O01mu3bkoro oroueHHs ASI Ta
Horo mkera. Pe3ynbTaTu BIANOBITHHMX CIIOCTEPEXEHD
JIO3BOJISIIOTH  3ICTABISITH OCOOJMBOCTI PyXy Y JDKETi 3
npouecamMu aktuBHocTi ASI, a TakoxX BHBYAaTH HOTO

MPOCTOPOBY CTPYKTYDY.

Y 06a3i ganux MOJAVE mpezacraBneHi cneKkTpajibHi
urineHOCTI  pamionotokiB AL, pamio300paxkeHHs Ha
KOXKHY €IOXy crocTepexenb Ha uactoti 15.4 I'Tn Tta
miarpamu “Separation jet” (o AeMOHCTPYIOTh KyTOBE
BiIXMJICHHS KOMITOHEHT [keTa y 4aci). Lls inpopmamis i
JIO3BOJISIE BHBYATH PyX HUX KOMIIOHEHT. Y Hid poOoTi,
Oylo TpOBENEHO 3araJbHUN aHANi3 MaTepHIB pyXy
komnoHeHT mkera 3C 273. B omyOmikoBaHUX CTaTTAX
xomaamu MOJAVE, moniOHmii mpoBeneHOMY aHaNi3 HE
OyJI0 MPEenCTaBICHO IS YCiX 0COOIMBOCTEH JIXKETIB.

KuarouoBi ciaoBa: AKTHBHI sifjpa TaNaKTHK, PO3AUICHHUN
JDKET, pensaTuBicTchkuit mxet, 3C 273, 3MiHHICTS.

1. Introduction

The high level of radiation and kinetic energy of the
Active Galactic Nuclei (AGN) jets is provided by active
processes in the "accretion disk — core — jet" system.
According to the AGN standard model (Fig. 1), the source
of its huge energy release is the gravitational energy of an
accretion disk matter, which falls on the supermassive
black hole in the center. The accretion disk is formed from
surrounding matter (gas clouds, stars) that falls on the
central supermassive black hole. The core is the region
where matter is injected into the jet. Here active processes,
that lead to the appearance of jets, are realized.

A common phenomenon for AGNs are relativistic jets
— collimated jets of relativistic plasma that are ejected in
a direction (mostly) perpendicular to the plane of
accretion disk and are observed at distances up to tens or
hundreds of kiloparsecs from the core.

Behind the disk plane there is a dust torus, which
makes a significant contribution to the IR emission of
many AGNS.

The use of aperture synthesis systems and VLBI
observations in radio astronomy (including space radio
telescopes) has made it possible to study the structure of
jets and the processes occurring there. They include the
presence of compact plasma releases from the core, shock
waves, plasma flows, standing knots, etc. Currently, the
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structure of jets is also being studied using orbital space
telescopes in the optical, X-ray, infrared and gamma-ray
bands (Hubble and Webb Space Telescopes, Chandra X-
ray Space Telescope, etc.).

The mechanism by which the matter of the accretion disk
is accelerated to relativistic speeds, leading to the formation
of jets, remains a subject of debate (especially if we are
talking about a specific source), but the most likely
mechanisms are those associated with strong magnetic fields
in the vicinity of the black hole and its rotation. Particularly
notable are the Blandford-Znajek (Blandford & Znajek,
1997) and Blandford-Payne (Blandford & Payne) processes.

The BZ process can serve as a mechanism for the
rotational energy of a black hole extraction through its
magnetosphere, while the BP process can serve as a
mechanism for extracting the rotational energy of an
accretion disk through the MHD process. However, the
processes of jet formation under various conditions of
interaction between the accretion disk and the black hole are
studied in more detail using numerical calculations within
MHD approach, generalized to the case of general relativity
(for additional information, please refer to Yosuke, 2022).

Shock waves that appear as a result of ejections of matter
into the jet and manifestation of core activity, as well as
magnetic fields in the jet, accelerate relativistic particles
that produce synchrotron radiation (mainly in the radio
band) (Marcher, 2009). Overall, all these processes form
the observed radio image of the core-jet system (Fig. 2).

Active galactic nuclei and their jets aren't isolated
systems. The surrounding galactic and extragalactic
medium have a direct influence on AGN and jets. As the
results of numerical simulations show, galactic matter
feeds the central engine, and extragalactic medium (and
galactic too) can slow down the particles of the jet’s
matter, as a result significantly shortening it or even
preventing its formation (Tanner & Weaver, 2022).

Active galactic nuclei include objects such as radio
galaxies, Seyfert galaxies, quasars and blazars. The
difference between them, in general terms, is explained by
the orientational unification AGN model due to the
different angles of disk-jet system to the observer’s line of
sight. The blazar is observed when the angle of the radio

Figure 2: Parsec-scale radio image of 3C 273 obtained
from the MOJAVE VLBI observing program database

Figure 3: Very Long Baseline Antenna Array (VLBA)

loud jet is close to the line of sight. Otherwise, if there is
the loud radio jet, a quasar (one-sided jet) or a radio
galaxy (when relativistic jets are visible from both poles
of the disk) is observed. If there is a weak jet, Seyfert (I or
Il type) is observed (Urry & Padovani, 1995).

2. VLBI program for monitoring active galactic
nuclei jets (MOJAVE)

The monitoring of relativistic jets of AGNs (MOJAVE)
program has a database of ~500 radio sources (radio
galaxies, quasars, blazars, Seyfert galaxies) observed by
the VLBA radio interferometer of the National Radio
Astronomy Observatory (NRAO USA).

VLBA is a radio interferometric network of ten 25-
meter radio telescopes of the same design. Observations
are carried out at frequencies from 0.3 GHz — 96 GHz
with the largest base of 8.611 km, which allows achieving
angular resolutions up to 0.17 — 22 thousandths of an arc
second (https://public.nrao.edu/telescopes/viba/).
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Figure 4: Diagram of Separation jet of the 3C 273

Based on the interferometric picture that is taken as a
result of observations by the VLBA network, the image is
restored by fitting Gaussian surfaces into the brightest
ejected components. The accuracy of image reconstruction
is confirmed by cross-identification between epochs and
authors. The entire process of obtaining radio images is
described in detail in the papers (Lister et al., 2009; 2019;
2021).

The MOJAVE database contains both radio images of
active nuclei with their jets at a frequency of 15.4 GHz
and “Separation jet” diagrams (for most radio sources,
Fig. 4). They represent the angular separation of
individual components (marked in different colors) from
the core over time (https://www.cv.nrao.edu/MOJAVE/
allsources.html).

3. Research results of quasar 3C 273

The subject of research in this paper is the kinematics
of jet based on the “Separation jet” diagram of the quasar
3C 273 from the MOJAVE VLBI monitoring database.
The observational data obtained by the MOJAVE team
allow a detailed analysis of the variability of the spatial
structure of its jet. In Fig. 5, VLBI radio images of 3C 273
are shown with an interval of ~4 vyears between
“neighbouring” ones. They show the ejection of bright
components into the jet, their movement and escape from
visibility over time.

The “Separation jet” diagram of quasar 3C 273 in
Figure 4 is very representative, since it contains both
moving components and slow and stationary ones.

Quasar 3C 273 is located in the constellation Virgo at
z~0.1576 redshift and is one of the most actively
studied AGNSs, as well as one of the closest and brightest
quasars (Schmidt, 1963).

A team of authors (Ryabov et al., 2016) carried out
studies of this object to identify the main periods of radio
flux variability based on monitoring observations from the
Michigan Radio Astronomy Observatory using wavelet
analysis approach. Subsequently, in paper (Zabora et al.,
2022), using observational data on variations of the core
flux of this source according to MOJAVE data, changes in
the core and jet fluxes were separated. The article (Volvach

Figure 5: Evolution of 3C 273 radio images over time

et al., 2023) considers the possibility of the presence of a
binary black hole in 3C 273, and also calculated the
masses of black holes in the binary system based on
quasiperiods of variability of radio fluxes at different
frequencies. The results of these calculations are in good
agreement with calculations based on spectroscopic
observations (Paltani & Turler, 2005).

Many works have been dedicated to the study of the
kinematics and structure of the 3C 273 jet. For example,
in work (Okino et al., 2022) the kinematics of the jet and
the break of its collimation were researched, a similar was
studied in work (Akiyama et al., 2018). In paper
(Savolainen et al., 2006), was considered the velocity
gradient in the direction perpendicular to the jet axis, and
the non-ballistic motion of certain components was also
determined. The article (Qian et al., 2001) discusses
variations of the Lorentz factor of jet 3C 273 and also
proposes descriptive models.

Also, the kinematics of the components of AGN jets of
a large sample was descripted by participants in the
MOJAVE program in a series of articles (Lister et al.,
2009; 2019; 2021). In these works, a general statistical
analysis was carried out, the methodology for constructing
radio images, “Separation jet” diagrams, etc. was
described.

4. Results of research of the “core-jet” system
kinematics of 3C 273

For the 3C 273 quasar, from the “Separation jet”
diagram, an angular distance of components (from the
core) of its jet in time were obtained. A total of 31
components were studied over a 25-year observation
period from 1995 to 2020 (Fig. 4). For each of them the
speed of their radial motion in the jet was determined. The
results are presented in Table 1.

The table shows the observation time interval for each

of the components, their average speed V' in thousandths
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of arcsec per year; average speed for the jet in the same

areset _ e S amplitude velocities for a component V.,V .. and their
units (V) relative deviation of the average for the corresponding relative deviations from the average for the
V-V V.-V
component from the average for the jet <\7<> > same component %
Table 1: Main parameters of the components of jet 3C 273.
\7, \7 < _> Vmax ! Vmin !
Observation @ — % Vmax__\7 @ Vmin__\7
Ne interval, years year < > year \Y] year V
1| 1995.57 —2000.32 0.79 -0.02 3.60 3.54 -3.22 -5.05
2 | 1995.57 —2009.56 0.78 -0.03 8.57 9.94 -7.96 -11.15
3| 1995.57 — 2000.61 1.04 0.28 3.15 2.03 -0.48 -1.47
4| 1995.57 — 1996.93 1.31 0.62 2.63 1.01 0.23 -0.83
51 1995.57 — 2000.61 1.44 0.78 2.23 0.55 0.33 -0.77
6 | 1995.84 —1996.93 1.00 0.24 1.48 0.48 0.45 -0.55
7| 1996.37 —1996.93 0.66 -0.19 1.02 0.55 0.30 -0.55
8 | 1997.65—1999.73 0.54 -0.34 151 1.80 -0.14 -1.27
9| 1998.83 —2019.28 1.06 0.31 5.42 4.09 -2.65 -3.49
12 | 2001.99 —2019.28 0.93 0.15 6.46 5.92 -2.91 -4.11
13 | 2002.74 — 2004.92 0.60 -0.26 1.45 1.41 -0.68 -2.12
15 | 2004.44 —2007.29 0.90 0.11 3.02 2.35 -0.20 -1.22
16 | 2005.37 —2007.29 0.62 -0.23 2.05 2.30 -0.27 -1.44
17 | 2006.45 —2007.29 0.30 -0.63 0.79 1.67 -0.22 -1.76
18 | 2005.87 —2007.29 0.23 -0.71 0.88 2.74 -0.03 -1.14
19 | 2008.33 —2010.89 0.73 -0.10 4.00 4.50 -0.80 -2.10
21 | 2001.99 —2006.92 0.50 -0.38 1.43 1.87 -0.65 -2.31
22 | 2009.62 —2019.28 0.92 0.14 2.18 1.37 0.26 -0.71
24 | 2008.33 —2009.93 0.71 -0.12 2.60 2.64 0.27 -0.62
25 | 2008.33 —2009.92 0.51 -0.37 2.80 4.47 -0.63 -2.23
26 | 2001.2 -2019.29 0.99 0.22 12.57 11.73 -6.27 -7.35
27 | 1997.65 —2000.61 1.18 0.45 2.64 1.24 0.18 -0.85
29 | 2008.33 —2019.29 0.72 -0.11 7.61 9.50 -2.28 -4.14
30 | 2010.07 —2014.42 0.88 0.09 2.44 1.77 0.06 -0.93
31| 2010.82 —2015.35 0.81 0.00 1.73 1.13 -0.26 -1.32
32 | 2012.33 - 2013.95 0.16 - 0.60 - -0.63 -
35| 2012.32 —2019.28 0.00 - 0.86 - -2.52 -
36 | 2016.74 —2019.28 0.98 0.21 2.20 1.26 -0.20 -1.21
37 | 2013.96 —2019.28 0.93 0.15 2.82 2.03 0.27 -0.71
38 | 2015.9-2019.28 0.83 0.03 2.80 2.38 -1.11 -2.34
39| 2015.9-2017.39 0.58 -0.28 1.38 1.36 0.21 -0.64
V. -V
— —-=0.34 min_ =222
(V)=0.81 (V) v ‘
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At the end of table, the standard deviation S; of the
average velocity of components from the average for jet,
normalized to the average speed over the jet (V), is

placed. It is indicative in the context of dispersion of the
velocities of the components in the jet.
The average absolute deviations of amplitude velocities

v =V
%D of the components are also placed.
Despite the somewhat complex concept, they are
indicative in the context of spread of velocities for one
component on average over the jet.
Stationary and slow-moving components
(V <~0.2 mas/ year ) were not taken into account when

calculating the values at the end of the table.

The results show a predominance of moving
components. Stationary and slow-moving components in
the picture plane are presented: No. 32 and 35 according
to MOJAVE numbering.

The standard deviation of the average velocities shows
significant variation in velocities between components.
However, the speed of the component varies, as a rule, by
an order of magnitude greater than the average speed of
the components in the jet.

Figure 6 shows a histogram of the distribution of
average velocities of the moving components (except for
the 32nd and 35th) in comparison with the normal

distribution with parameters (V)=0.81 and s, =0.28.

The observed distribution is close to normal. This may
indicate that the process of ejection of components into
the jet is quasi-regular.

Fig. 7, 8 show diagrams of distributions of peak
(maximum/minimum) velocities of the components of jet
3C 273. They are showing significant asymmetry

(A= ~2.1, A ~-23).
The overwhelming majority of events associated with
the achievement of maximum speed by the jet components

i mas,
are in the range of up to 4 Aear .

(V) Distribution

mas

0 5 . IL__ T —

0.4 06 0.8 1.0 1.2 14 16 year

Figure 6: Distribution of average velocities of the moving
components of jet 3C 273
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Figure 7: Distribution of maximum velocities of the
moving components of jet 3C 273
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Figure 8: Distribution of minimum velocities of the
moving components of jet 3C 273

Higher velocities occur sporadically and will be the
subject of further research.

The values of the minimum component velocities may
reflect braking processes in jets. The overwhelming
number of such events correspond to speed intervals (-2 to
+2), which may reflect the presence of a quasi-regular
structure of the jet, which determines the deceleration of
the movement of the components.

5. Features of the motion kinematics of individual
components of jet 3C 273

Farther, to determine the average values of the angular
velocity of movement of some components, a single three
points linear smoothing was performed. This allows to
reduce the influence of random errors on its values.

The 2nd component (Fig. 9) over 15 years shows a
monotonic increase in angular velocity on average 0.79

mas with an acceleration of 0.02 masz .
year

year

A smoothed diagram of the dependence of angular
velocity on time shows the variable nature of its changes:
we can suspect its three-year cyclicity. From 1996 to

1999, the angular velocity was 0.68 mas , from 2000 to
year
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Figure 9: Smoothed “Separation jet” for the 2nd

component, comparison with linear and quadratic
approximation of the initial points
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Figure 10: Smoothed “Separation jet” for the 26th
component, comparison  with  piecewise linear
approximation

2003, the angular velocity was 0.73 M3 , from 2003 to
year

2006, 0.90 22 from 2006 to 2009, 1.09 "% n 1996,
year year
1999, 2003, 2006 and 2009 there are time intervals of the
order of a month, during which the angular velocity of the
component is nearly unchanged.
The 26th (Fig. 10) component in 2001-2010 moves with a

constant angular velocity of O.SYE, then the speed
year
increases o 1.56 12> , but in 2013 it decreases to 0.65 mas
year year

The 9th (Fig. 11) component during the observation
period shows a changing angular velocity: in 2001-2003 it

was 1.09 185 , then a significant slowdown follows. Speed
year

returns to 1.09 T2 jn 2003-2009, in 2009 the component
year
almost stops. From 2009 to the end of 2012, the angular

velocity is about 112 From the end of 2012 to 2019,
year

. mas
the angular velocity decreases on average to 0.90 —— .

year

— [r=1.0873x - 21737, R* = 0.9952]
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Figure 11: Smoothed “Separation jet” for the 9th

component, comparison  with  piecewise linear
approximation
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Figure 12: Smoothed “Separation jet” for the 37th
component, comparison with linear and quadratic
approximation of the original points

The 37th (Fig. 12) component moves with an average

speed of 0.93 185 , but throughout the entire observation
year
interval the angular velocity decreases with an
acceleration of 0.06 ma52 .
year

6. Conclusion

The MOJAVE project has unigue data from long-term
monitoring observations of a sample of ~500 active
galactic nuclei, which make it possible to study the
variability and structures of them and their jets. In this
work, the kinematics of the jet components of the quasar
3C 273 was studied. A number of results were obtained:

1. Data were obtained on the angular distances from
the core of the 31 components of jet 3C 273 on the
observation epochs for the 1995 — 2020-time
interval (~25 years) for further calculation of their
velocities and the dynamics of their changes.

2. The “Separation jet” diagram demonstrates the
presence of both stationary/slow and fast
components, the number of which predominates.
Calculations show that the average velocities of the
jet components differ significantly from each
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other. However, not as much as the velocities of
the components themselves change.

3. The average component velocities have a
distribution that is close to normal, this can reflect
quasiregular nature of core activity.

4. The nature of minimum/maximum component
velocities changes don’t correspond to the normal
distribution and correspond to episodic processes
of manifestation of AGN activity and variations in
the spatial structure of the jet.

5. The individual features of changes in velocities of
the selected components of jet 3C 273 were
analyzed. They demonstrate episodes of
acceleration, braking and stationary states. Thus,
the components of the jet are also “test bodies” that
reflect the spatial structure of the magnetic fields
in the jet.
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