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A B S T R A C T 

Using stacking of images obtained at different epochs, we studied the variability properties of linear polarization of active 
galactic nucleus (AGN) jets on parsec-scales. Our sample is drawn from the MOJAVE programme, and consists of 436 AGNs 
manifesting core-jet morphology and having at least five VLBA observing epochs at 15 GHz from 1996 January through 2019 

August, with some additional archi v al VLBA data reduced by us. We employed a stacking procedure and constructed maps of (i) 
standard deviation of fractional polarization and electric vector position angle (EVPA) o v er epochs as the measure of variability 

and (ii) median polarization degree to quantify typical values in time. The distributions of these values along and across the 
jet were analysed for the whole sample for the first time. We found that core EVPA variability is typically higher than that of 
the jet, presumably due to component blending and outflow bends in the core. The BL Lacertae object cores have lower EVPA 

variability, compared to that of quasars, possibly due to lower Faraday rotation measure, suggesting a stronger ordered magnetic 
field component. The EVPA becomes more stable down the jet. Most of the sources showing this trend have a time co v erage 
of more than 12 yr and at least 15 epochs. The possible cause could be the increase of stability in the magnetic field direction, 
reflecting an increase in the fraction of the magnetic field that is ordered. There are no significant optical-class-dependent or 
spectral-class-dependent relations in the EVPA variability properties in AGN jets. 

Key words: polarization – galaxies: active – BL Lacertae objects: general – galaxies: jets – quasars: general – radio continuum: 
galaxies. 
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 I N T RO D U C T I O N  

 large-scale magnetic field plays a key role in launching relativistic 
ets (Blandford & Znajek 1977 ; Blandford & Payne 1982 ; Lovelace,

ang & Sulkanen 1987 ), and its toroidal component ef fecti vely
ollimates the jets (Benford 1978 ; Chan & Henriksen 1980 ). The
agnetic field manifests itself through linearly polarized synchrotron 

mission and the Faraday rotation effect. 
In BL Lac objects (BL Lacs), the electric vector position an- 

le (EVPA) often aligns with the local jet direction (Gabuzda, 
ushkarev & Cawthorne 2000b ; Lister & Homan 2005 ; O’Sulli v an &
abuzda 2009 ), while quasars show a distribution with no preferred 
irection (Lister & Homan 2005 ). The analysis of first-epoch maps 
f 133 extragalactic jets (mainly quasars and BL Lacs) obtained 
ithin the MOJAVE VLBA programme at 15 GHz showed that 
 E-mail: di.zobnina@gmail.com 
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he typical fractional polarization of AGN jet components varies 
rom 3 per cent for quasars to 10 per cent for BL Lacs (Lister &
oman 2005 ). The gap between quasars and BL Lacs is large,
ith a possible reason being the more common presence of strong,

ransverse shocks (Lister & Homan 2005 ; Aller, Aller & Hughes
017 , and references therein) or a stronger helical field component
n BL Lacs. Wardle ( 2013 ) considered a combination of uniform and
sotropic random magnetic field. In this scenario, the difference in 
ractional polarization could be explained by a difference in viewing 
ngles provided that the quasar viewing angle is on average larger
han the BL Lac one. Pushkarev et al. ( 2023 ) studied time-averaged
olarization properties of AGN jets using the same observational 
ata, as in this paper. Their analysis showed comparable fractional 
olarization of quasar and BL Lac jets starting from hecto-parsec 
e-projected scales and be yond. Also, the y confirmed the tendency
f the EVPAs to align with the local jet direction for BL Lacs; for
uasars, the EVPAs are predominantly orthogonal to the ridgeline. 
hey found a significant rise of the typical fractional polarization 
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M

Table 1. Optical and synchrotron peak classifications. 

LSP ISP HSP Unknown Total 

Quasars 251 5 ... 3 259 
BL Lacs with known z 41 11 22 ... 74 
BL Lacs with unknown z 34 24 4 ... 62 
Radio galaxies 20 3 ... 1 24 
Narrow-line Seyfert 1 gal. 5 1 ... ... 6 
Unidentified 8 1 ... 2 11 
Total 359 45 26 6 436 
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ownstream in the jet and toward its edges. The latter could be a
anifestation of a helical magnetic field or a shear layer. 
AGNs are known to be extremely variable in total intensity

nd polarized emission in the radio band, with the time-scales of
ariations ranging from less than one day to several years. The
ntraday variability can be either intrinsic (e.g. Gabuzda et al. 2000a ;
abuzda, Kochenov & Cawthorne 2000c ; Kravchenko et al. 2020 ) or
roduced by scintillation in the ionized interstellar medium (Rickett,
oles & Bourgois 1984 ) or gravitational microlensing (Nottale
986 ). An example of intrinsic variations is the recent Event Horizon
elescope observations of 3C 279 with ∼20 μas angular resolution
t 230 GHz (Kim et al. 2020 ), which reveal significant closure phase
ay-to-day changes, which seem to be connected to two components
on-radially propagating down the inner jet. Some observations show
he correlation of EVPA rotations on the time-scales of several days
ith a new superluminal knot emerging from the core (e.g. a re vie w
aper by Park & Algaba 2022 ). 

Our study considers long-period linear polarization variability
ith a median time co v erage of about 7 yr. Such variations may
e associated with a bright feature moving along the magnetic field
Marscher et al. 2008 ) or along bent trajectories (G ́omez, Alberdi &

arcaide 1994 ). Cohen et al. ( 2018 ) analysed ∼180 ◦ EVPA rotations
f the blazar OJ 287 and interpreted them using a steady polarized jet
odel with two successive outbursts with counter-rotating EVPAs.
lso, variability could be related to geometric effects such as Doppler
oosting changes due to jet precession, magneto-hydrodynamic
hocks propagating through the jet or they could reflect spatial and
emporal evolution of the magnetic field. The main goals of our
tudy are to investigate the statistical properties of linear polarization
ariability o v er the parsec-scale AGN jets to quantify the magnitude
nd understand the reason for the variations. 

Hodge et al. ( 2018 ) studied linear polarization variability in the
ore region using MOJAVE data at 15 GHz. The core at 15 GHz
s a partially optically thick region near the jet base. One of their
esults is that the core components exhibiting the highest fractional
olarization and lowest variability in fractional polarization also have
table EVPAs that align closely with the local jet direction. The
uthors suggested a standing transverse shock as an explanation of
uch magnetic field topology and its stability. Also, they found that
he EVPAs of BL Lac cores are less variable compared to those of
at spectrum radio quasars (FSRQs) and are often well-aligned with

he local jet direction in contrast to FSRQs which have a tendency for
isalignment. The authors suggested to explain this observation by

nherent differences in shock strength and geometry of the emission
egion between the two optical classes. 

This paper is comprised of the following parts: the observational
ata and our sample are described in Section 2 ; the procedure used
or the construction of variability maps is presented in Section 3 ;
he results of the analysis are given and discussed in Section 4 ;
NRAS 523, 3615–3628 (2023) 
ection 5 is a summary; the detailed description of our uncertainty
stimation approach is presented in Appendix A ; the procedure
f beam full width at half-maximum (FWHM) size calculation is
iven in Appendix B ; Appendix C presents notes on AGNs which
how atypical behaviour of median fractional polarization, EVPA or
ractional polarization variability along the jet ridgeline (Section 4.2 ).

 O U R  SAMPLE  

e formed a sample of AGNs using observational data from the
OJAVE VLBA programme. 1 The sample is biased in fa v our of

he AGNs with bright compact radio emission on milliarcsecond
cales and is described in detail in Lister et al. ( 2018 ). For our
olarization variability study, we selected 438 AGNs which have at
east five VLBA epochs between 1996 January 19 and 2019 August
. This is the minimum number of epochs for which, on the one
and, the estimator of variability as a standard deviation is evaluated
ccurately and, on the other hand, the number of AGNs with a lower
umber of observations is small (7 per cent of the full sample). One
f the sources, quasar 2023 + 335, was found to be affected by strong
efracti ve-dominated scattering (Pushkare v et al. 2013 ), which alters
he observed position and the properties of the core. Therefore, we
xcluded 2023 + 335 from the sample. Also, the epochs where the
otal intensity ( I ) image had an rms noise exceeding three times
he median rms noise (as determined from the images at all available
pochs of a source) were remo v ed because these noisy maps increase
he rms of the total intensity images averaged over the epochs. For
329 −126, this requirement left only four epochs; hence, it was
xcluded from the sample too. Finally, we have 436 sources with
846 maps and 367 individual epochs. Mostly, these are quasars
59 per cent, 259 sources) and BL Lac objects (31 per cent, 136
ources), also 6 per cent (24 sources) are radio galaxies. The rest
re narrow-line Seyfert 1 galaxies and optically unidentified sources
Table 1 ). The classes of the synchrotron peak position in the spectral
nergy distribution (SED) are low-synchrotron-peaked (LSP) if the
est-frame peak is at a frequency below 10 14 Hz, intermediate-
ynchrotron-peaked (ISP) if the peak is between 10 14 and 10 15 Hz and
igh-synchrotron-peaked (HSP) if the peak is abo v e 10 15 Hz. The
ample is strongly dominated by LSP sources because one of the
election criteria for an object to be included in the pool of MOJAVE
argets was the VLBA flux density at 15 GHz to exceed 1.5 Jy. HSP
GNs tend to be weak in the radio band since their SED is skewed

owards higher frequencies. The synchrotron peak classification of
ur sample is given in Table 1 . For BL Lacs with unknown redshift z,
he synchrotron peak position class was estimated using the median z
f AGNs of this optical class from the sample (0.27). These BL Lacs
re shown in a separate row in Table 1 . In the case of sources
ith unidentified optical class, the median redshift of the sample
GNs (0.79) w as tak en. The vast majority of AGNs have apparent
ne-sided jet morphology due to Doppler boosting effects; nine
ources (0128 + 554, 0238 −084, 0305 + 039, 0316 + 413, 1228 + 126,
413 + 135, 1509 + 054, 1957 + 405, and 2043 + 749) exhibit counter-
et features on milliarcsecond scales. 

Table 2 provides general information on the sample sources. The
istribution of the number of epochs per source is wide, ranging
rom 5 to 139, with a median number of 9 (Fig. 1 ). The time period
etween the first and the last epoch of observations of each individual
ource is distributed from 1 to 24 yr (Fig. 2 ). There are two main sub-

https://www.cv.nrao.edu/MOJAVE
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Table 2. General characteristics of the AGN sample. 

Source Alias Opt. class SED peak class z z and/or opt. class reference 
(1) (2) (3) (4) (5) (6) 

0003 −066 NRAO 005 B LSP 0.347 Jones et al. ( 2005 ) 
0003 + 380 S4 0003 + 38 Q LSP 0.229 Stickel & Kuehr ( 1994 ) 
0006 + 061 TXS 0006 + 061 B LSP ... Rau et al. ( 2012 ) 
0007 + 106 III Zw 2 G LSP 0.089 Sargent ( 1970 ) 
0010 + 405 4C + 40.01 Q LSP 0.256 Thompson et al. ( 1992 ) 

Note. Columns are as follows: (1) Source name; (2) Alias; (3) Optical class: quasar (Q), BL Lac (B), radio galaxy 
(G), narrow-line Seyfert 1 galaxy (N), unidentified (U); (4) Class of synchrotron peak position in SED; (5) Redshift; 
(6) Redshift and/or optical class reference. This table is available in its entirety in a machine-readable form in the 
Supplementary data online and at the CDS VizieR. The first five entries are shown here for guidance. 

Figure 1. Histogram of the number of VLBA epochs per AGN. 

Figure 2. Histogram of the distribution of the time periods between the first 
and the last VLBA epochs for all sources in the sample. 
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Figure 3. Histogram of the distribution of the time intervals between 
successive VLBA epochs for all sample sources. 
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amples here: (i) one consisting of γ -ray-bright sources with high- 
onfidence associations with sources detected by the Fermi -LAT 

fter 2008 (Acero et al. 2015 ), which were observed with a narrower
ime co v erage, and (ii) AGNs monitored on longer time-scales, from
he archi v al VLBA observ ations and the MOJAVE programme. We
im to probe the full jet width to study the polarization variations
ot only along but also across the jet. The jet width revealed by
tacking depends on the time co v erage. The longer a source is
bserved, the wider the jet appears on the map until eventually 
he entire jet cross-section is filled. Pushkarev et al. ( 2017 ) found
hat a time co v erage � 5 years typically allo ws re vealing the full jet
ross-section in total intensity at 15 GHz. About 60 per cent of our
ample meets this condition. We assume that the full width of a jet
tructure is seen on the total intensity maps averaged over epochs;
o we ver, the increase in the jet cross-section with time co v erage
ould be explained by instabilities de veloping do wn the jet or by
he oscillatory behaviour of the inner jet orientation seen in some
requently observed sources (Lister et al. 2013 , 2021 ). 

Although the time intervals between successi ve observ ations 
Fig. 3 ) varies widely from several months up to 17 yr, the peak
nd the median sampling interval are about half a year. In the
OJAVE programme, the cadence for a source is chosen in such a
ay that the sources with faster morphological changes are observed 
ore frequently. The quasar 0306 + 102 (15 epochs) and the BL Lac

147 + 245 (eight epochs) have one epoch at 17 and 15 yr apart
rom the other epochs, respectively. This does not strongly affect the
ariability estimates as typical variations are measured. The redshift 
s known for 357 AGNs (259 quasars, 74 BL Lacs, and 24 radio
alaxies) in our sample (Table 2 ). The redshifts range from 0.05 to
.40 for the quasars, from 0.02 to 1.67 for BL Lacs, and from 0.004
o 0.266 for radio galaxies. The median redshift of the sample is 0.79.

 VARI ABI LI TY  A N D  MEDI AN  MAPS  

e used the MOJAVE programme data and the archi v al VLBA
bservations at 15 GHz performed between 1996 January 19 and 
019 August 4. In total, this amounted to 5846 data sets for individual
MNRAS 523, 3615–3628 (2023) 
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ources at various epochs. The data reduction and imaging process
re described in Lister et al. ( 2009 ). The maps for 419 AGNs have
 field of view of 40 mas × 40 mas. The remainder were imaged
ith a larger field to account for their extended structure. All images
ere gridded with a pixel size of 0.1 mas. The maps of the Stokes
arameters I , Q , and U were restored with a circular Gaussian beam
ith a FWHM beam size equal to the arithmetic average of the beam
ajor and minor axes, which were estimated using the procedure

escribed in Appendix B . For better tracing of the brightest parts of
he jet, we constructed the total intensity ridgeline, with each point
eing the intensity-weighted average over the azimuthal slice at a
iven distance from the core (Pushkarev et al. 2017 ). The azimuthal
lices were taken with a step of one-pixel size. A circular restoring
eam was applied to remo v e a possible ridgeline dependency on the
eam shape if it is highly elongated, thus influencing the ridgeline
y the direction of the major axis of the beam. The comparison of
he maps convolved with a circular beam with the maps convolved
ith a mean elliptical beam o v er the epochs showed that the change
f the beam shape does not have a strong influence on the data
the median difference is less than 1 per cent). The contrast depends
n source declination: the median difference is maximum for the
GNs with declination < 0 ◦ (up to 4 per cent for EVPA standard
eviation, 6 per cent for median fractional polarization, and 2 per cent
or relative fractional polarization variability), and it decreases with
he declination increase. The maps for different epochs were then
ligned on the VLBI core position found by the structure modelling
n the ( u , v)-plane by means of the modelfit procedure in the
altech Difmap package (Shepherd 1997 ). The modelling approach

s described in Lister et al. ( 2021 ). In our study, the core position
as assumed to be stable with time. Ho we ver, small changes of its
osition might be produced by the component emergence. The noise
evels I rms , Q rms , and U rms for the corresponding individual maps
ere estimated in four outer quadrants, each of 1/25 of the image

rea. Then the median of the three smallest rms values was taken as
n rms o v er the map. A four-rms-lev el cutoff was chosen for I images
s this is the minimum level at which there are few noise contours in
aps. 
The next step was to construct individual images of the linearly

olarized intensity P = 

√ 

Q 

2 + U 

2 and the electric vector position
ngle EVPA = 0 . 5 arctan ( U/Q ) which lies in a range from −π /2 to
 π /2. The noise of P of the individual images ( P rms ) was estimated

s ( Q rms + U rms )/2 (Hovatta et al. 2012 ). We blanked the P maps at
he 3.4 P rms level because P follows a Rayleigh distribution, and the
.4 rms level corresponds to a 3 σ cutoff for this distribution. Also,
ixels with total intensity higher than 4 I rms were blanked for further
alculations of fractional polarization. The same requirements of
lanking were applied to the EVPA images. 
Due to a non-Gaussian distribution of polarization noise, the

ndividual P maps are subject to a Rician bias (Wardle & Kronberg
974 ). It increases the observed P , especially for the low signal-to-
oise ratio regions, while for the high signal-to-noise ratio areas, the
ifference between the observed and true values can be neglected.
e corrected the individual P maps for this bias following Wardle &
ronberg ( 1974 ) 

 true = P obs 

√ 

1 − ( P obs , std /P obs ) 2 , (1) 

here P true and P obs are the corrected and observed polarization
ntensity , respectively , P obs,std is the standard deviation evaluated as
n average between the Q and U standard deviation, which was
stimated following the same procedure as Q rms and U rms . For a
 σ cutof f, the dif ference between the observed and true values
f the polarization intensity is up to 6 per cent. A more detailed
NRAS 523, 3615–3628 (2023) 
nalysis of the Rician bias influence on the polarization data can
e found in Pushkarev et al. ( 2023 ). It is important to blank the
ndividual P images first and then correct them for the bias because
he latter changes the noise distribution, so our estimate of P rms as
n average between Q rms and U rms would be incorrect for a Rayleigh
istribution. We then constructed the fractional polarization 
aps m = P / I . 
For each source in our sample, we constructed images of the
edian P and m o v er the epochs in each pixel (median maps P med 

nd m med ) to derive typical values o v er observations. The mo ving and
uasi-stationary components could influence the median polarization
ap. In particular, this leads to a non-monotonic distribution of
edian values along the jet (see Section 4.2 ). The EVPA and m

ariability images were produced using the standard deviation of the
alues for the individual epochs in each pix el. F or the EVPA standard
eviation, circular statistics (Mardia 1972 ) were used to treat the π
mbiguity. Circular statistics is a sub-field of statistics which takes
nto account the periodic behaviour of angular values. The circular
tandard deviation σ EVPA was calculated as 

√ −2 ln R (Berens 2009 ),
here R is the resultant vector length on the unit circle. The circular

tandard deviation was evaluated using the PYTHON SCIPY statistics
ibrary (Virtanen et al. 2020 ), which correctly accounts for the
ircular range of our EVPA data from −90 ◦ to + 90 ◦. We note
hat when calculated this way, the circular standard deviation can
e arbitrarily large. Ho we ver, for our data, its values range up to a
aximum of about 100 ◦. 
The standard deviation of m and EVPA, σ m and σ EVPA , were

ssessed only in the pixels unblanked for three or more epochs. As
ractional polarization m is positive, its variations have an asymmetric
istribution for close to zero m values, and the corresponding σ m 

ikely underestimates the v ariability. Ho we ver, m is small mainly in
he core area. Therefore, σ m can still be used for the analysis. Addi-
ionally, we compared the standard deviation with the interquartile
ange, which is more robust. This range is defined as the difference
etween the 75th and 25th percentile of the data. It turned out that
he interquartile range in the jet is closely matched to the standard
eviation and does not show any changes downstream of the outflow.
A correction for the bias produced by the CLEAN algorithm [see

ppendix A and Pushkarev et al. ( 2023 ) for more details] was
pplied to the P med , m med , and σ m maps; σ EVPA was found to be
eakly affected by the bias (Pushkarev et al. 2023 ). The CLEAN
ias correction leads to ne gativ e values for m med and σ m in some
ixels, numbering less than 3 per cent of the unblanked pixels for
early all of the sample sources. Moreo v er, the vast majority of
e gativ e values differ insignificantly from zero. Hence, all ne gativ e
alues of m med and σ m images were set to zero. 

We also constructed mean total intensity I mean maps (mean I
 v er epochs in each pixel), following Pushkarev et al. ( 2017 ), and
orrected them for the CLEAN bias as well. They found that the
tacked maps generally reveal a more complete jet cross-section.
e note that the I mean maps play a supporting role in this study,
here they are used for ridgeline construction and presentation of the
olarization maps. To exclude the noisy pixels from the analysis, the
ollowing requirements of blanking were applied: (i) 4 I mean,rms on all
tacked and standard deviation maps, where I mean,rms is the noise level
f I mean image and is estimated following the same procedure as I rms ,
nd (ii) 3.4 × median( P rms ) on median and standard deviation maps,
here P rms is the rms of the polarization intensity of the individual

pochs. The maps of σ m / m med were produced to characterize relative
ractional polarization variability. 

After all blankings were made, 11 AGNs had no unblanked
ix els, i.e. the y are essentially unpolarized down to the level of
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Table 3. Unpolarized AGNs. 

Source Alias Opt. class SED peak class z 

(1) (2) (3) (4) (5) 

0055 + 300 NGC 315 G LSP 0.017 
0111 + 021 UGC 00773 B LSP 0.047 
0128 + 554 TXS 0128 + 554 G ... 0.036 
0238 −084 NGC 1052 G LSP 0.005 
0329 + 654 TXS 0329 + 654 B HSP ... 
0615 −172 IVS B0615 −172 B ISP 0.098 
0646 + 600 S4 0646 + 60 Q LSP 0.455 
0742 + 103 PKS B0742 + 103 Q LSP 2.624 
1128 −047 PKS 1128 −047 G LSP 0.266 
1331 + 170 OP 151 Q LSP 2.085 
1404 + 286 OQ 208 G LSP 0.077 
1413 + 135 PKS B1413 + 135 B LSP 0.247 
1509 + 054 PMN J1511 + 0518 G LSP 0.084 
1637 + 826 NGC 6251 G LSP 0.024 
1833 + 326 3C 382 G ISP 0.058 
1845 + 797 3C 390.3 G LSP 0.056 
1957 + 405 Cygnus A G LSP 0.056 
2013 −092 PMN J2016 −0903 B ISP ... 
2021 + 614 TXS 2021 + 614 G LSP 0.227 
2031 + 216 4C + 21.55 Q LSP 0.174 
2043 + 749 4C + 74.26 Q ... 0.104 
2047 + 098 PKS 2047 + 098 B LSP 0.226 

Note. Columns are as follows: (1) Source name; (2) Alias; (3) Optical class: quasar 
(Q), BL Lac (B), radio galaxy (G); (4) Class of synchrotron peak position in SED; (5) 
Redshift. 
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ur sensitivity . Additionally , there are 11 AGNs with only a few
olarization pixels unblanked in one or two epochs where poor 
eakage term solutions created possibly spurious polarization. All 
f these sources are listed in Table 3 . In Pushkarev et al. ( 2023 ),
ulti-epoch mean Stokes parameter maps are used to construct 
 mean instead of individual epoch m maps we used to derive m med .
he images of m mean have more unblanked pixels than the m med 

aps. The polarization cutoff of m mean is at 4 P mean,rms level, where
 mean,rms is the noise estimate of the mean total intensity map P mean .
or m med , the cutoff is at 3.4 × median( P rms ) level. The noise of
 mean image is lower than the rms of the polarization intensity of the

ndividual P maps as noise decreases while averaging. Consequently, 
he cutoff of m med is higher than that of m mean . If one follows the
pproach of Pushkarev et al. ( 2023 ), the number of sources with no
etected polarization is 23. There are two AGNs (0710 + 196 and
722 + 401) in which an EVPA rotation is ≈90 ◦ in the core region
eading to a cancellation of polarization for the method based on the
ean Stokes parameters, while for our approach, m med is detected 

n those two sources as there is significant fractional polarization at 
ome epochs. Quasar 0742 + 103 turned out to be unpolarized in our
ethod because of the bias of P med ; after correction for this bias, all

nblanked pixels became negative. 
The details of the observations and the properties of the stacked 
aps corrected for the CLEAN bias are listed in Table 4 . Fig. 4

hows these maps and also variability images for 2254 + 074 as
n example. This AGN has nine epochs, the median number of
pochs of our sample. In Fig. 5 , polarization variability and median
mages are given for 2200 + 420, the source with the maximum
umber of epochs. The uncertainties of m med , σ m , and σ EVPA were 
stimated, as described in Appendix A . We estimated σ m / m med 

ncertainty as 

 σm 

/m med ) uncertain . = 

√ (
σm, uncertain . 

)2 

+ 

(
σm 

m med , uncertain . 
2 

)2 

. (2) 

m med m med s
 RESULTS  A N D  DI SCUSSI ON  

.1 Core and jet polarization direction variability 

e investigated the EVPA variability properties of the linearly 
olarized emission in the core and jet regions. The Gaussian model
tted core component size averaged over the epochs and convolved 
ith the beam was taken as the FWHM core size on the image. We

stimated the distance from the I mean map peak along the ridgeline
t which the core contributes less than 50 per cent to the observed
 med to divide the source polarization structure into the core and

et regions. The core was considered as a 1D Gaussian function
ith the FWHM of the FWHM core size, while the maximum and

ts position are the peak of P med map and its position, respectively.
he jet polarized emission dominates that of the core, starting from
.5 times the FWHM core size on the image from the map centre.
e set the boundary between the core and the jet to be perpendicular

o the ridgeline at that distance. The median σ EVPA o v er the core
nd the jet regions were calculated. Their distributions are shown in
ig. 6 . We used the median as a measure of the EVPA variations
 v er the jets because, on average, σ EVPA does not show systematic
endencies along and across the ridgeline (see Sections 4.2 and 4.3 ).
he core regions have a wide spread of median σ EVPA distributed 
p to ≈60 ◦ with the median at ∼25 ◦. For the jets, the distribution is
uch narrower: the interquartile range is 9 ◦, compared to 20 ◦ for the

ores. The maximum and the median values for the jets are ≈50 ◦ and
bout 10 ◦, respectively. The non-parametric Kendall’s τ correlation 
est (Kendall 1938 ) does not show any significant correlations with
 redshift for the whole sample or for the optical and synchrotron-
eak classes separately. For the analyses in this paper, we assumed
he dependence to be significant if the p -value is lower than 0.05.
ualitatively, the same results were found for the overlap between 

he complete flux density limited sample MOJAVE 1.5 Jy Quarter 
entury (Lister et al. 2019 ) and our sample. We will refer to the
 v erlap between the two samples as the MOJAVE 1.5JyQC sub-
ample. This sub-sample consists of 207 AGNs (about 90 per cent
f the MOJAVE 1.5 Jy Quarter Century sample; about 47 per cent
f our sample). About 76 per cent of the sources of this sub-sample
re LSP quasars, 18 per cent of the sources are BL Lacs, the rest of
he sources are radio galaxies, optically unidentified sources, and a 
arrow-line Seyfert 1 galaxy. The fraction of LSP BL Lacs relative
o all BL Lacs in the MOJAVE 1.5JyQC sub-sample is 78 per cent.
t is larger in comparison to our sample (Table 1 ). 

The k -sample Anderson–Darling test (Scholz & Stephens 1987 ) 
ndicates significant differences between the core and the jet EVPA 

tandard deviation both for the whole sample and separately for the
uasars, BL Lacs, LSP sources (70 per cent of which are quasars), ISP
ources (80 per cent of which are BL Lacs). Significant differences
ere also found for the LSP quasars, LSP BL Lacs, ISP BL Lacs and a

ombination of ISP and HSP (ISP + HSP) BL Lacs. About 60 per cent
f ISP + HSP BL Lacs are ISP sources, which drives the significance
f the core–jet difference for the combination. We verified our results
y comparing them with a randomization test (Edgington 2011 ). 
or a randomization test, we made 10 000 resamplings from the
ombination of the σ EVPA sets of the core and the jet. The p -value was
stimated as the proportion of the resampled data sets which have the
nderson–Darling test statistic larger than that for the original data 

et. The randomization test p -values turned out to be very close to that
f the Anderson–Darling test for the initial sets. Table 5 presents the
esults of the randomization test for σ EVPA of our sample for various
ptical and SED classes. The results for the MOJAVE 1.5JyQC sub-
ample are consistent with these results. 
MNRAS 523, 3615–3628 (2023) 
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Table 4. Observational and multi-epoch properties of the AGN sample. 

Source First epoch τ N b I mean,peak I mean,rms P med,peak Median P rms 

(yr) (mas) (mJy beam 

−1 ) (mJy beam 

−1 ) (mJy beam 

−1 ) (mJy beam 

−1 ) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

0003 −066 2003–02–05 9.9 18 0.93 1242.82 0.05 85.77 0.21 
0003 + 380 2006–03–09 7.5 10 0.73 462.12 0.06 5.64 0.20 
0006 + 061 2011–12–29 1.4 5 0.88 149.60 0.07 6.09 0.20 
0007 + 106 2004–02–11 9.4 13 0.86 869.31 0.05 4.98 0.18 
0010 + 405 2006–04–05 5.3 12 0.72 508.14 0.06 3.05 0.17 

Note. Columns are as follows: (1) Source name; (2) First epoch observed; (3) Time co v erage τ (yr); (4) Number 
of epochs N ; (5) Beam FWHM size b ; (6) I mean peak (mJy beam 

−1 ); (7) I mean rms (mJy beam 

−1 ); (8) P med peak 
(mJy beam 

−1 ); (9) Median epoch P rms (mJy beam 

−1 ). This table is available in its entirety in a machine-readable 
form in the Supplementary data online and at the CDS VizieR. The first five entries are shown here for guidance. 
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The reason for higher σ EVPA values of the core might be blending
f several components with appreciably different EVPAs within the
nresolv ed core re gion. F or instance, if the EVPAs of components
re aligned with the jet and the jet is bent, then the components have
ifferent EVPAs on the sky and the blending produces a change in
he polarization direction. The blending of the components decreases
ractional polarization as well (e.g. Lister & Homan 2005 ; Helmboldt
t al. 2007 ). As these unresolved components move and change their
pacity o v er time, the net blending effect on the EVPA and fractional
olarization of the core region will also evolve with time. Direct
ancellation between sub-components may produce nulls or flips in
he net core polarization, and in rare cases, high opacity of individual
ub-components may flip the EVPA of that sub-component, although
ardle ( 2018 ) has shown that a purely opacity-induced EVPA flip is

ery difficult to observe under conditions normally present in AGN
ores. 

Another factor which may contribute to less stable EVPA in the
ore is the strong variability of the observed EVPAs due to temporal
hanges in the Faraday rotation measure (e.g. Lisakov et al. 2021 )
n the core re gion. Ho vatta et al. ( 2012 ) found that the AGN cores
how significantly higher Faraday rotation measures than the jets. It
ould also provide the difference between typical σ EVPA seen in the
wo regions. Large EVPA rotations are seen in a model consisting of
 steady ‘jet’ and a variable ‘burst’ (Cohen & Savolainen 2020 ). 

We also study the behaviour of the core EVPA standard deviation
s a function of the optical class. Hodge et al. ( 2018 ) found that
he polarization direction of the BL Lac cores is more stable than
hat of quasars for a smaller sample with shorter time co v erage.
he Anderson–Darling test confirms a significant difference between

he EVPA standard deviation of the quasar and BL Lac cores for
ur sample, as can be visually seen in Fig. 6 (bottom left): the
VPA of the BL Lac cores is more stable than that of quasars. The

andomization test gives the p -value of less than 0.0001. The higher
VPA variability in the quasar cores can be caused by, on average,
igher Faraday rotation measures compared to those in BL Lacs
s found by Hovatta et al. ( 2012 ). This is also consistent with a
tatistically lower fractional polarization observed in the quasar cores
Pushkarev et al. 2023 ). The quasars and BL Lacs selected from a
edshift range of 0.1 < z < 0.5 do not show any significant difference
n σ EVPA of the core regions (Fig. 6 , bottom right). This result is driven
y two BL Lacs with the highest median EVPA standard deviation in
he core. Consequently, the EVPA standard deviation remains higher
or the quasars if sources in a matched redshift range are considered.

The quasars and BL Lacs from the LSP-dominated MOJAVE
.5JyQC sub-sample do not show any difference in the core EVPA
NRAS 523, 3615–3628 (2023) 

v  
tandard deviation (the randomization test gives the p -value of 0.12).
he lack of BL Lacs with a more stable core EVPA in the MOJAVE
.5JyQC sub-sample leads to an increase in the median EVPA
tandard deviation of the BL Lac core region and makes it comparable
o that of a quasar. 

.2 Variability in EVPA, fractional polarization, and m med 

long the ridgeline 

e analysed the statistics of jet variability along the outflow
idgeline. The sources were divided into the core and the jet regions,
ollowing the same procedure as in Section 4.1 . We studied the
hanges of m med , σ m / m med , and σ EVPA along the jet ridgelines beyond
he core region. The fractional polarization standard deviation σ m was
ot considered because it was found to significantly correlate with the
edian fractional polarization. This dependence might occur due to

he influence of noise at the low signal-to-noise regions. In the inner
et, the correlation between m med and σ m might be intrinsic. It could
e explained by means of the magnetic field produced by turbulent
ells (Marscher 2014 ): higher observed fractional polarization could
e due to a smaller number of independent magnetic field regions
ithin the beam or along the line of sight. The low values of
m / m med would then correspond to the locations in the jet with less

nfluence from stochastically changing fields. Relative variability
m / m med is a better measure of magnetic field order changes than σ m 

ecause it measures variations relative to the local degree of order
s characterized by m med and is not expected a priori to depend on
he distance from the core, as σ m does. For the correlation analysis,
e used the Kendall’s τ test, considering the p -values less than 0.05

o be significant. It is crucial to consider only independent pixels to
 v oid false significant dependencies. Thus, a single pix el ev ery half
f the beam size along the ridgeline was taken. 
Ho we ver, the K endall’s τ test does not consider the associated

ncertainty. Hence, to exclude cases when a correlation is formally
ignificant but the uncertainties are so large that this correlation
ight be spurious, we eliminated the jets if all analysed pixels along

he ridgeline have the same value of the considered quantity within
 1 σ uncertainty. We considered only the jets having five or more
olarization-sensitiv e pix els in their profiles along the ridgeline after
ll restrictions described abo v e were applied. 

In Fig. 7 , we present the Kendall’s τ distribution for m med against
he distance along the ridgeline from the core r along . In total, there
re 123 AGNs. For 38 of them, there is a significant trend in m med 

ith r along . Almost all the significant trends (correlations), with p -
alues < 0.05, are positive, i.e. m med increases with distance from the
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Figure 4. Variability and m med images. The complete figure set of 436 images is available from the Supplementary data online. Here, we show for guidance 
the source with nine epochs (the median number of epochs of our sample), 2254 + 074. The vertical ticks in the top line correspond to the epoch dates. Top row: 
median fractional polarization m med (left), fractional polarization standard deviation σm (centre) and EVPA standard deviation σEVPA in degrees (right). Middle 
row: median fractional polarization uncertainty (left), fractional polarization standard deviation uncertainty (centre) and EVPA standard deviation uncertainty 
(right). Bottom ro w: relati ve fractional polarization v ariability σm / m med (left), relati ve fractional polarization v ariability uncertainty (centre) and the number 
of epochs (right) when m and EVPA are unblanked in a given pixel. In all images, the black contours show I mean contours in increasing powers of two from 

4 I mean,rms ( I mean,base ); a single ne gativ e contour at lev el −I mean,base is shown in gre y. The gre y dots denote the mean total intensity ridgeline. The distribution of 
the epochs in the polarization maps is non-uniform. The bottom right image shows the number of epochs when m and EVPA are unblanked in each pixel. In all 
maps, only the pixels unblanked in three or more Monte Carlo realizations are shown (Appendix A ). The scale range of the colour bars is the same for the value 
and its uncertainty. The blue circle in the bottom left corner of the images denotes the beam FWHM size. 
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ore. This is also typically seen in the m -maps at individual epochs
e.g. Cawthorne et al. 1993 at 5 GHz, Lister & Homan 2005 at
5 GHz, Lister & Smith 2000 at 22 GHz). In the case of σ m / m med 

Fig. 8 ), only nine jets out of 100 exhibit a significant dependence on
 along : five sources show an increase as a function of distance, whereas
our AGNs show a decrease. We also analysed a correlation between 
EVPA and r along . A distribution of the corresponding Kendall’s 
values (Fig. 9 , left) shows that 22 sources out of 106 have a

ignificant, predominantly ne gativ e, correlation. In Fig. 9 (right), we 
resent an example of a source with a typical significant tendency. 
lthough the majority of m med and EVPA standard deviation trends 
ith r along are insignificant, the correlations with p -value < 0.05 have
 preferable sign of the coef ficient: negati ve v alues for σ EVPA and
ositi ve v alues for m med . Hence, the increase in the EVPA stability
nd the median polarization degree appear to be typical of AGN jets.
therwise, the number of significant correlations and anticorrelations 
ould be comparable. AGNs with more extended projected jets tend 

o have a larger fraction of significant correlations for all considered
uantities than AGNs with short projected jets. 
MNRAS 523, 3615–3628 (2023) 
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Figure 5. Variability and m med images of 2200 + 420, a source with a maximum number of epochs. The vertical ticks in the top line correspond to the epoch 
dates. Top row: median fractional polarization m med (left), fractional polarization standard deviation σm (centre), and EVPA standard deviation σEVPA in degrees 
(right). Middle row: median fractional polarization uncertainty (left), fractional polarization standard deviation uncertainty (centre), and EVPA standard deviation 
uncertainty (right). Bottom ro w: relati ve fractional polarization variability σm / m med (left), relative fractional polarization variability uncertainty (centre) and the 
number of epochs (right) when m and EVPA are unblanked in a given pixel. The grey dots denote the mean total intensity ridgeline. The blue circle in the bottom 

left corner of the images denotes the beam FWHM size. 
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We estimated the dependence of the fraction of significant corre-
ations between σ EVPA and r along on the AGN time co v erage for the
ources with a comparable epoch number in a range of 10–20. For the
ime co v erage less than 12 yr, the fraction of significant correlations
s about 0.10; whereas for the full sample, the fraction is 0.21. The
ources observed on longer time-scales show the fraction increase
ith increased time co v erage. Hence, the time co v erage of at least
2 yr is needed to show the EVPA standard deviation trend along
he jet. The analysis of the dependence of fraction of significant
orrelations on the number of epochs for the sources with a time
o v erage of 10–15 yr shows that at least 15–20 epochs is needed to
eveal the EVPA standard deviation tendency. The increase in the
raction of significant correlations with the time co v erage and the
umber of epochs gi ves e vidence that the EVPA standard deviation
istribution is sensitive to these parameters. A similar analysis for
NRAS 523, 3615–3628 (2023) 
 med against r along shows that there is no dependence of the fraction
f significant correlations on either time co v erage or epoch number.
herefore, the median fractional polarization remains more or less

he same with the increase in the time co v erage and the number
f observations. About 77 per cent (17 out of 22) of significant
orrelations between σ EVPA and r along are for AGNs with a time
o v erage of at least 12 yr and more than 15 epochs. Consequently,
VPA standard deviation needs enough time and observation epochs

o exhibit the trend. 
Both bright features and jet bends contribute to the lack of

ignificant correlations in some sources. Appendix C gives notes
n several sources which show a significant anticorrelation of m med ,
 significant correlation of σ EVPA or a significant dependence of
m / m med with r along . 

art/stad1481_f5.eps


Polarization variability in AGN jets 3623 

Figure 6. Histograms of median σEVPA of the cores and of the jets for the whole sample (top row). Histograms of median σEVPA of quasar and BL Lac cores 
(bottom left) and of quasar and BL Lac cores with a comparable redshift in a range from 0.15 to 0.5 (bottom right). The dashed line in the histograms on the top 
ro w sho ws the median EVPA standard de viation. 

Table 5. Randomization test results on core and jet σEVPA . 

Test Result P -value Number of sources of each type 
(1) (2) (3) (4) 

Cores versus jets (whole sample) Y < 0.0001 402 versus 328 
Quasar cores versus quasar jets Y < 0.0001 251 versus 211 
BL Lac cores versus BL Lac jets Y < 0.0001 126 versus 98 
LSP cores versus LSP jets Y < 0.0001 338 versus 278 
ISP cores versus ISP jets Y 0.0001 39 versus 32 
LSP quasar cores versus LSP quasar jets Y < 0.0001 244 versus 207 
LSP BL Lac cores versus LSP BL Lac jets Y 0.0003 72 versus 55 
ISP BL Lac cores versus ISP BL Lac jets Y 0.0003 33 versus 27 
ISP + HSP BL Lac cores versus ISP + HSP BL Lac jets Y < 0.0001 54 versus 43 

Quasar cores versus BL Lac cores Y < 0.0001 251 versus 126 

Quasar jets versus BL Lac jets N 0.9995 211 versus 98 

Note. Columns are as follows: (1) Test for the difference of median EVPA standard deviation between two sub- 
samples; (2) Result of the test for our sample: Y – difference is significant, N – difference is insignificant; (3) 
P -value of the result; (4) Number of sources in each sub-sample of our sample used in the comparison. For the 
MOJAVE 1.5JyQC sub-sample, the results of the tests listed in this table are consistent with those for the full 
sample. 
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Near the jet base, low m med may be the consequence of strong
araday depolarization, and high EVPA standard deviation could be 

he manifestation of component blending and jet bends on small 
cales. The observed m med and σ EVPA maps convolved with the 
eam reflect the magnetic field distribution and evolution with beam 
esolution. Low m med and high EVPA standard deviation near the 
ore could reflect a less ordered magnetic field with a less stable
irection, whereas the trend of an m med increase and σ EVPA drop 
uggest the growth of order and stability of a magnetic field along
he jet. Also, near the jet base, new components with various EVPAs
MNRAS 523, 3615–3628 (2023) 
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Figure 7. Histogram of the distribution of the Kendall’s correlation coefficients for the median fractional polarization m med against the distance along the 
ridgeline from the core r along (left) and the m med image of 1150 + 497 (right) as an example of a source showing a positive significant correlation between 
m med (distribution according to the colour bar) and r along . The filled bins on the histogram correspond to all considered correlations, whereas the hatched ones 
correspond to significant correlations, i.e. the coefficients from the hatched histogram are included in the light blue histogram. The arro w sho ws the bin where the 
correlation coefficient of 1150 + 497 lies. On the map, the white and grey lines denote the mean total intensity ridgeline in the core and jet regions, respectively. 
The blue circle in the bottom left corner of the map denotes the beam FWHM size. 

Figure 8. Histogram of the distribution of the Kendall’s correlation coef- 
ficients for relative fractional polarization variability σm / m med against the 
distance along the ridgeline from the core r along . The filled bins correspond to 
all considered correlations, whereas the hatched ones correspond to significant 
correlations. 
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merge producing low m med and high σ EVPA due to not being resolved
et. The jet expands downstream; hence, the components become
ore extended. This leads to a progressive increase in m med and
 decrease in the EVPA standard deviation downstream in the jet.
nother explanation for the fractional polarization increase could be

he change of the helical field pitch angle, as shown by Porth et al.
 2011 ) in their relativistic MHD simulations of jets. 

Both internal and external Faraday rotation can cause depolar-
zation (Burn 1966 ). Hovatta et al. ( 2012 ) rewrote the expressions
or both cases as ln m = ln m 0 − b λ4 for the rotation measures
ot exceeding 800 rad m 

−2 , where m 0 is the maximum m in the
pecific magnetic field configuration, b is 2RM 

2 for the internal
epolarization and 2 σ 2 for the external depolarization, where σ
s the standard deviation of the RM fluctuations, and RM is the
otation measure. Thus, a completely uniform external Faraday
NRAS 523, 3615–3628 (2023) 
otation would not produce depolarization. The median fractional
olarization m med near the jet base is about 0.04 for our sample,
nd it increases o v er the ridgeline up to approximately 0.18, which
ould require a change in the rotation measure along a ridgeline
f about 2200 rad m 

−2 . Ho we v er, the observ ed change is about
 few hundred rad m 

−2 (Hovatta et al. 2012 ). A RM value of
00 rad m 

−2 gives a rise of m of less than 2 per cent. Consequently,
his mechanism can contribute only a little to the observed increase
f m med . The variations of the rotation measure RM can lead to
hanges of EVPA as σ EVPA ∼ σ RM 

λ2 . For a typical decrease of
EVPA from 28 ◦ in the inner region to 8 ◦ in the outer region of the

et beyond the core, RM variability drops from 1225 rad m 

−2 to
50 rad m 

−2 . Other observ ations gi ve RM v ariations along the jet
f several hundreds of rad m 

−2 (e.g. Zavala & Taylor 2001 ; Hovatta
t al. 2012 ; Zamaninasab et al. 2013 ). 

The distributions of the correlation coefficient of polarization
ariability against r along , which are seen for the whole sample, remain
ualitatively the same for quasars, BL Lac objects, radio galaxies and
SP , ISP , and HSP sources if considered separately. The results for

he MOJAVE 1.5JyQC sub-sample are consistent with those for the
ull sample. 

.3 Variability in EVPA, fractional polarization, and m med 

ransverse to the ridgeline 

e also analysed the behaviour of m med , σ m / m med , and σ EVPA along
he slices transverse to the ridgeline for 312 jets whose width
xceeded three beam sizes at least in one slice. Following Hovatta
t al. ( 2012 ), this requirement was chosen as a criterion for very
ell transv ersely resolv ed AGN jets. The same profile selection
rocedure was applied as in the case of the profiles along the ridgeline
Section 4.2 ). To have a sufficient number of points, both sides of the
lice were analysed together against the absolute distance from the
idgeline in the transverse direction. The slices were constructed at
ach ridgeline pixel, and the distance between the adjacent pixels is
.1 mas. 
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Figure 9. Histogram of the distribution of the Kendall’s correlation coefficients for EVPA standard deviation σEVPA against the distance along the ridgeline 
from the core r along (left) and the σEVPA image of 1222 + 216 (right) as an example of a source showing a significant anticorrelation between σEVPA (distribution 
according to the colour bar) and r along . The filled bins on the histogram correspond to all considered correlations, whereas the hatched ones correspond to 
significant correlations, i.e. the coefficients from the hatched histogram are included in the light blue histogram. The arro w sho ws the bin where the correlation 
coefficient of 1222 + 216 lies. On the map, the white and grey lines denote the mean total intensity ridgeline in the core and jet re gions, respectiv ely. The blue 
circle in the bottom left corner of the map denotes the beam FWHM size. 

Figure 10. Distribution of m med across the jet of 0336 −019 at 4 mas from 

the core along the ridgeline. r across is a distance from the ridgeline to the 
edges. The Kendall’s τ test gives a correlation coefficient of 0.9 and a p -value 
of 0.003, i.e. the median fractional polarization significantly increases toward 
the jet edges. For the test, both sides of the slice are folded over. 
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For m med , 82 AGN jets have at least one slice appropriate for this
nalysis, while 70 of those have two or more slices. The median
umber of slices per jet is ten. These sources are mostly quasars.
bout 40 sources have slices with significant trends in m med from the

idgeline toward the jet edge ( p -values for the correlations < 0.05).
e used the Kendall’s τ test to estimate the significance of the 

rends. An example of a slice with a significant tendency is given
n Fig. 10 . These correlations are predominantly positive, i.e. closer 
o the jet axis, m med is lower than at the jet edge. Our analysis
hows that m med displays increases toward the jet edges in more than
0 per cent of cases. Such a distribution could be evidence for a helical
agnetic field (e.g. Clausen-Brown, Lyutikov & Kharb 2011 ). We 

etected regions where m med is significantly higher at the jet edges 
han in the jet axis in seven AGNs that show significant transverse
otation measure gradients (G ́omez et al. 2011 ; Hovatta et al.
012 ; Gabuzda, Reichstein & O’Neill 2014 ; Gabuzda, Knuettel &
eardon 2015 ; Gabuzda et al. 2017 ; Gabuzda, Nagle & Roche
018 ): 0430 + 052, 0735 + 178, 1226 + 023, 1611 + 343, 2037 + 511,
200 + 420, and 2230 + 114. Both the increase in the fractional
olarization toward the jet edges and the transverse rotation measure 
radient provide evidence of a toroidal or helical magnetic field (e.g.
 re vie w paper of Gabuzda 2021 ). A more detailed consideration of
his effect together with the corresponding interpretations for more 
GNs is given in Pushkarev et al. ( 2023 ). 
For σ m / m med , only 0454 −234 (one out of 65 sources) has more

han 50 per cent of significant correlations (six out of ten slices show
ignificant anticorrelation). Hence, the median fractional polarization 
ecomes relatively more stable farther from the ridgeline. In the 
ase of σ EVPA , there are 2 out of 65 AGNs with more than half
f significant correlations: 0208 + 106 and 0738 + 313. The BL Lac
bject 0208 + 106 has one slice in total, which is significant, and
738 + 313 has two slices in total, one of which is significant.
he large number of insignificant correlations is explained by 

he different behaviour of polarization variability and the median 
ractional polarization at the opposite sides of slices due to, for
xample, asymmetric interaction with the ambient medium and non- 
onotonic distribution across the jet. Also, lower signal-to-noise 

atio at the jet edges, compared to the ridgeline, can increase the
umber of insignificant correlations. Consistent results were found 
or sources comprising the MOJAVE 1.5JyQC sub-sample. 

 SUMMARY  

e produced and analysed the VLBA images of linear polarization 
ariability ( σ m / m med and σ EVPA ) and the median fractional polar-
zation m med of 436 AGNs at 15 GHz. The median and standard
eviation were chosen as measures of typical values and variability, 
espectively. The maps were corrected for the Rician and CLEAN 

iases. They lead to increased fractional polarization in the low 

ignal-to-noise regions. The uncertainties of σ m , σ m / m med , σ EVPA , 
nd the m med maps were estimated using Monte Carlo simulations. 
MNRAS 523, 3615–3628 (2023) 

art/stad1481_f9.eps
art/stad1481_f10.eps


3626 D. I. Zobnina et al. 

M

 

h  

t  

f  

t
 

c  

r  

r  

i  

p  

m
 

E  

a  

s
 

d  

s  

t  

s  

c  

O  

l  

s  

f  

t  

m  

c  

m  

i  

d  

t  

t  

r  

p
 

E  

a  

f
 

j  

f  

f  

P  

r

A

W  

m  

t  

w  

i  

R  

p  

F  

p  

N  

h  

u  

P  

u  

O  

o  

F  

g  

u  

o  

T  

A  

R  

F  

U  

o  

p  

a

D

T  

1  

i  

L

R

A
A
B
B
B
B
B  

B
C  

C
C
C
C
D
E  

G
G  

G  

G  

G
G
G  

G
G
G  

H
H  

2 https:// www.cv.nrao.edu/ MOJAVE 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/3/3615/7170064 by H
elsinki U

niversity of Technology user on 03 July 2023
The main results of our study are as follows: 

(i) EVPA standard deviation of the core is found to be significantly
igher than that of the jet for the whole sample and separately for
he sources of different optical and SED classes. The main reason
or this could be several components blending and jet bending within
he core. 

(ii) For BL Lac cores, the EVPA is more stable than that of quasars,
onfirming the earlier finding of Hodge et al. ( 2018 ). This result
emains if we compare BL Lacs and quasars in a matched redshift
ange of 0.1 < z < 0.5. Lower Faraday rotation measure in BL Lacs
n comparison to quasars (Hovatta et al. 2012 ) can lead to more stable
olarization direction in their cores, suggesting a stronger ordered
agnetic field component. 
(iii) We found no correlation with the redshift for the median

VPA standard deviation of the core and the jet for the whole sample
nd for the quasars, BL Lacs, LSP, ISP, and HSP AGNs if considered
eparately. 

(iv) For 19 out of 106 AGNs, σ EVPA decreases along the ridgeline
own the jet. The median fractional polarization m med shows a
ignificant, preferential increase with distance from the core along
he ridgeline for 38 out of 123 sources. These trends of EVPA
tandard deviation and m med are typical of sources as significant
orrelations have a preferable sign of the correlation coefficient.
therwise, there would be comparable number of significant corre-

ations and anticorrelations for each of these quantities. The EVPA
tandard deviation correlations with the jet distance are stronger
or observations spanning time-scales longer than 12 yr with more
han 15 epochs of observations. The reason for high σ EVPA and low
 med in the core could be strong Faraday depolarization, blending of

omponents and jet bending on small scales. On the other hand, a
agnetic field that becomes more ordered and stable in direction with

ncreasing separation from the core could explain the EVPA standard
eviation decrease and m med increase down the jet. The change of
he helical magnetic field pitch angle along the jet also might give
he trend of the m med , as shown in Porth et al. ( 2011 ). These results
emain qualitatively the same if we consider optical and synchrotron
eak classes separately. 

(v) A large number of AGNs have insignificant tendencies of
VPA standard de viation, relati ve fractional polarization v ariability,
nd median fractional polarization downstream in the jet. Bright jet
eatures and jet bends might contribute to the complex behaviour. 

(vi) For AGNs with a resolved transverse structure, the vast ma-
ority of slices show an increase in the median fractional polarization
rom the ridgeline towards the edges. This could provide evidence
or helical magnetic field in the jet (e.g. Clausen-Brown et al. 2011 ;
orth et al. 2011 ). The physical scenarios of fractional polarization
ising to the jet edges are considered in Pushkarev et al. ( 2023 ). 

C K N OW L E D G E M E N T S  

e thank the anonymous referee for helpful suggestions on the
anuscript, the members of the MOJAVE team for discussions of

he paper, Eduardo Ros for valuable comments on the manuscript as
ell as Elena Bazanova for language editing. The analysis presented

n this paper was supported by the Russian Foundation for Basic
esearch grant 20–32–90108. The estimation of the uncertainties
resented in the Appendix A was supported by the Russian Science
oundation grant 21–12–00241. The MOJAVE project was sup-
orted by NASA–Fermi grants NNX08AV67G, NNX12A087G, and
NX15AU76G. This work is part of the M2FINDERS project which
as received funding from the European Research Council (ERC)
NRAS 523, 3615–3628 (2023) 
nder the European Union’s Horizon 2020 Research and Innovation
rogramme (grant agreement No 101018682). This research made
se of the data from the University of Michigan Radio Astronomy
bservatory (UMRAO), which was supported by the University
f Michigan and by a series of grants from the National Science
oundation, most recently No. AST–0607523 and by a series of
rants from the NASA Fermi G.I. Program. This research made
se of the NASA/IPAC Extragalactic Database (NED), which is
perated by the Jet Propulsion Laboratory, California Institute of
echnology, under contract with the National Aeronautics and Space
dministration. The Long Baseline Observatory and the National
adio Astronomy Observatory are facilities of the National Science
oundation operated under a cooperative agreement by Associated
niversities, Inc. This work made use of the Swinburne University
f Technology software correlator (Deller et al. 2011 ) developed as
art of the Australian Major National Research Facilities Programme
nd operated under licence. 

ATA  AVAI LABI LI TY  

he fully calibrated images of the Stokes parameters I , Q , and U at
5 GHz from the MOJAVE programme and EVPA standard deviation
mages are available online. 2 Results of model fitting are taken from
ister et al. ( 2021 ). 

EFERENCES  

cero F. et al., 2015, ApJS , 218, 23 
ller M. , Aller H., Hughes P., 2017, Galaxies , 5, 75 
enford G. , 1978, MNRAS , 183, 29 
erens P. , 2009, J. Statist. Softw. , 31, 1 
landford R. D. , Payne D. G., 1982, MNRAS , 199, 883 
landford R. D. , Znajek R. L., 1977, MNRAS , 179, 433 
riggs D. S. , 1995, PhD thesis, The New Mexico Institute of Mining and

Technology 
urn B. J. , 1966, MNRAS , 133, 67 
awthorne T. V. , Wardle J. F. C., Roberts D. H., Gabuzda D. C., 1993, ApJ ,

416, 519 
han K. L. , Henriksen R. N., 1980, ApJ , 241, 534 
lausen-Brown E. , Lyutikov M., Kharb P., 2011, MNRAS , 415, 2081 
ohen M. H. , Sa v olainen T., 2020, A&A , 636, A79 
ohen M. H. et al., 2018, ApJ , 862, 1 
eller A. T. et al., 2011, PASP , 123, 275 
dgington E. S. , 2011, Randomization Tests. Springer, Berlin, Heidelberg, p.

1182 
abuzda D. C. , 2021, Galaxies , 9, 58 
abuzda D. C. , Kochenov P. Y., Kollgaard R. I., Cawthorne T. V., 2000a,

MNRAS , 315, 229 
abuzda D. C. , Pushkarev A. B., Cawthorne T. V., 2000b, MNRAS , 319,

1109 
abuzda D. C. , Kochenov P. Y., Cawthorne T. V., 2000c, MNRAS , 319, 1125
abuzda D. C. , Reichstein A. R., O’Neill E. L., 2014, MNRAS , 444, 172 
abuzda D. C. , Knuettel S., Reardon B., 2015, MNRAS , 450, 2441 
abuzda D. C. , Roche N., Kirwan A., Knuettel S., Nagle M., Houston C.,

2017, MNRAS , 472, 1792 
abuzda D. C. , Nagle M., Roche N., 2018, A&A , 612, A67 
 ́omez J. L. , Alberdi A., Marcaide J. M., 1994, A&A, 284, 51 
 ́omez J. L. , Roca-Sogorb M., Agudo I., Marscher A. P., Jorstad S. G., 2011,

ApJ , 733, 11 
elmboldt J. F. et al., 2007, ApJ , 658, 203 
odge M. A. , Lister M. L., Aller M. F., Aller H. D., Kov ale v Y . Y ., Pushkarev

A. B., Sa v olainen T., 2018, ApJ , 862, 151 

http://dx.doi.org/10.1088/0067-0049/218/2/23
http://dx.doi.org/10.3390/galaxies5040075
http://dx.doi.org/10.1093/mnras/183.1.29
http://dx.doi.org/10.18637/jss.v031.i10
http://dx.doi.org/10.1093/mnras/199.4.883
http://dx.doi.org/10.1093/mnras/179.3.433
http://dx.doi.org/10.1093/mnras/133.1.67
http://dx.doi.org/10.1086/173254
http://dx.doi.org/10.1086/158368
http://dx.doi.org/10.1111/j.1365-2966.2011.18757.x
http://dx.doi.org/10.1051/0004-6361/201936907
http://dx.doi.org/10.3847/1538-4357/aacb31
http://dx.doi.org/10.1086/658907
http://dx.doi.org/10.3390/galaxies9030058
http://dx.doi.org/10.1046/j.1365-8711.2000.03400.x
http://dx.doi.org/10.1046/j.1365-8711.2000.03932.x
http://dx.doi.org/10.1046/j.1365-8711.2000.03933.x
http://dx.doi.org/10.1093/mnras/stu1381
http://dx.doi.org/10.1093/mnras/stv555
http://dx.doi.org/10.1093/mnras/stx2127
http://dx.doi.org/10.1051/0004-6361/201732136
http://dx.doi.org/10.1088/0004-637X/733/1/11
http://dx.doi.org/10.1086/511005
http://dx.doi.org/10.3847/1538-4357/aacb2f
https://www.cv.nrao.edu/MOJAVE


Polarization variability in AGN jets 3627 

H  

H
J
K
K
K
L  

L
L
L
L
L  

L
L  

L
M  

M
M
N
O
P
P
P
P
P  

P
R
R
R
S
S
S  

S
T
V
W
W
W
Z  

 

Z

S

S

T
T
s
F

P  

o
A
c

A
U

T  

e
f
s
M
a
H  

r  

t
t

 

s

 

a  

t  

fi

m
t  

1

t
c
t  

a
m  

p

t  

e  

d  

D
n
t  

D
B

p  

w

 

t  

(
o
i
u  

a
u  

m  

v
m  

l  

f  

r  

t  

t  

p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/523/3/3615/7170064 by H
elsinki U

niversity of Technology user on 03 July 2023
ovatta T. , Lister M. L., Aller M. F., Aller H. D., Homan D. C., Kov ale v Y.
Y., Pushkarev A. B., Sa v olainen T., 2012, AJ , 144, 105 

ovatta T. et al., 2014, AJ , 147, 143 
ones D. H. , Saunders W., Read M., Colless M., 2005, PASA , 22, 277 
endall M. G. , 1938, Biometrika , 30, 81 
im J.-Y. et al., 2020, A&A , 640, A69 
ravchenko E. V. et al., 2020, ApJ , 893, 68 
isakov M. M. , Kravchenko E. V., Pushkarev A. B., Kov ale v Y. Y., Sa v olainen

T. K., Lister M. L., 2021, ApJ , 910, 35 
ister M. L. , Homan D. C., 2005, AJ , 130, 1389 
ister M. L. , Smith P. S., 2000, ApJ , 541, 66 
ister M. L. et al., 2009, AJ , 137, 3718 
ister M. L. et al., 2013, AJ , 146, 120 
ister M. L. , Aller M. F., Aller H. D., Hodge M. A., Homan D. C., Kov ale v

Y . Y ., Pushkarev A. B., Sa v olainen T., 2018, ApJS , 234, 12 
ister M. L. et al., 2019, ApJ , 874, 43 
ister M. L. , Homan D. C., Kellermann K. I., Kov ale v Y. Y., Pushkarev A.

B., Ros E., Sa v olainen T., 2021, ApJ , 923, 30 
o v elace R. V. E. , Wang J. C. L., Sulkanen M. E., 1987, ApJ , 315, 504 
ardia K. , 1972, Probability and Mathematical Statistics: A Series of

Monographs and Textbooks, Statistics of Directional Data. Academic 
Press, Cambridge, Massachusetts, US, p. 18 

arscher A. P. , 2014, ApJ , 780, 87 
arscher A. P. et al., 2008, Nature , 452, 966 
ottale L. , 1986, A&A, 157, 383 
’Sulli v an S. P. , Gabuzda D. C., 2009, MNRAS , 393, 429 
ark J. , Algaba J. C., 2022, Galaxies , 10, 102 
ashchenko I. N. , 2019, MNRAS , 482, 1955 
orth O. , Fendt C., Meliani Z., Vaidya B., 2011, ApJ , 737, 42 
ushkarev A. B. et al., 2013, A&A , 555, A80 
ushkare v A. B. , Kov ale v Y . Y ., Lister M. L., Sa v olainen T., 2017, MNRAS ,

468, 4992 
ushkarev A. B. et al., 2023, MNRAS , 520, 6053 
au A. et al., 2012, A&A , 538, A26 
ickett B. J. , Coles W. A., Bourgois G., 1984, A&A, 134, 390 
oberts D. H. , Wardle J. F. C., Brown L. F., 1994, ApJ , 427, 718 
argent W. L. W. , 1970, ApJ , 160, 405 
cholz F. W. , Stephens M. A., 1987, J. Am. Stat. Assoc., 82, 918 
hepherd M. C. , 1997, in Hunt G., Payne H., eds, ASP Conf. Ser. Vol. 125,

Astronomical Data Analysis Software and Systems VI. Astron. Soc. Pac., 
San Francisco, p. 77 

tickel M. , Kuehr H., 1994, A&AS, 103, 349 
hompson D. J. , Djorgovski S., Vigotti M., Grueff G., 1992, ApJS , 81, 1 
irtanen P. et al., 2020, Nat. Methods , 17, 261 
ardle J. F. C. , 2013, Eur. Phys. J. Web Conf. , 61, 06001 
ardle J. , 2018, Galaxies , 6, 5 
ardle J. F. C. , Kronberg P. P., 1974, ApJ , 194, 249 

amaninasab M. , Sa v olainen T., Clausen-Bro wn E., Hov atta T., Lister M. L.,
Krichbaum T. P., Kov ale v Y . Y ., Pushkarev A. B., 2013, MNRAS , 436,
3341 

avala R. T. , Taylor G. B., 2001, ApJ , 550, L147 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

able 2 . General characteristics of the AGN sample. 
able 4 . Observational and multi-epoch properties of the AGN 

ample. 
igure 4 . Variability and m med images. 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the 

orresponding author for the article. 
PPENDI X  A :  ESTIMATION  O F  

NCERTAI NTI ES  

o estimate the uncertainties of the stacked as well as individual
poch images of total intensity, linearly polarized flux, EVPA, and 
ractional polarization, as well as their variability measured by the 
tandard deviation of the individual epoch values, we employed 

onte Carlo (MC) simulations. Pashchenko ( 2019 ) found this 
pproach statistically more optimal than the conventional approach of 
ovatta et al. ( 2012 ) for individual epoch images. The main idea is to

eplicate the observed data sets a large number of times and to assess
he impact of different noise realizations across data replications on 
he resulting stacked or individual epoch map. 

To obtain the artificial visibility data set at a specific epoch in a
ingle MC realization, we do the following steps: 

(i) Create model visibilities using I , Q , and U CLEAN models
nd uv -co v erage obtained from the real data set. Here, we shifted
he models to put the phase centre to the core position estimated by
tting a Gaussians model to visibility (Lister et al. 2021 ). 
(ii) Add thermal noise estimated from the observed data to the 
odel visibilities. We employed the successi ve dif ferences approach 

o estimate the noise at each baseline from the observed data (Briggs
995 ). 
(iii) Model the residual uncertainty of the amplitude scale of 

he individual antenna gains, scale amplitudes of the parallel and 
ross-hand correlation on a random factor. For this procedure, draw 

wo random scale factors C R and C L (corresponding to R and L
ntenna polarization) from the Normal distribution N (0, 0.035) and 
ultiplied hand XY on a factor C X C Y . This corresponds to the 5

er cent uncertainty estimated by Hovatta et al. ( 2014 ). 
(iv) Model the residual polarization leakage (D-terms) uncer- 

ainty, draw the real and imaginary part of the residual D-term for
ach polarization ( R , L ) for each IF for i th antenna from a Normal
istribution N (0, σ D ), where σ D was estimated from the scatter of the
-term solutions of the MOJAVE experiments for each antenna. For 
on-VLBA antennas (VLA single station at eight epochs), we used 
he median value of σ D for the VLBA antennas. Add the obtained
-terms into the data using linear approximation (Roberts, Wardle & 

rown 1994 ). 
(v) Model the uncertainty of the absolute EVPA of the linear 

olarization, rotate EVPA to a random value drawn from N (0, σ EVPA ),
here σ EVPA = 3 ◦ was estimated in Hovatta et al. ( 2012 ). 

The generated artificial data sets were imaged in Difmap , using
he same script as the observed data. Then the median estimation
for polarized flux and fractional polarization) and the construction 
f standard deviation maps from the obtained individual epoch 
mages were performed. We estimated the dispersion (i.e. the random 

ncertainty) at each single pixel by the scatter of the pixel values
cross MC realizations. We also estimated the bias (i.e. systematic 
ncertainty) due to the CLEAN algorithm as a difference between the
ean of the images obtained from the MC realizations and the ‘true’

alue. To create ‘Ground Truth’ images, we employed the CLEAN 

odels which were used to create MC realizations (see item (i) in the
ist abo v e) convolv ed with a CLEAN beam. The bias estimation is not
easible within the conventional approach (Hovatta et al. 2012 ), as it
equires knowledge of the true model. A more detailed description of
he CLEAN bias and a comparison of the uncertainty estimates with
he analytical ones (Hovatta et al. 2012 ) can be found in a companion
aper (Pushkarev et al. 2023 ). 
MNRAS 523, 3615–3628 (2023) 
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igure B1. Spline fits for the maximum b maj (top) and the minimum b min 

bottom) FWHM dimensions of the naturally weighted elliptical restoring
eam versus declination δ. Red points denote the restoring beam FWHM
imensions from the observations. 

PPENDIX  B:  BEAM  SIZE  FITS  

e used spline fits to the major b maj and minor b min FWHM dimen-
ions of the naturally weighted elliptical restoring beam with the
ource declination for several thousand 15 GHz VLBA observations
ade within the MOJAVE programme to define the size of the

ircular beam with which the I , Q , and U maps are convolved. The
ts for b maj is 

 . 28 − δ × 8 . 95 × 10 −3 − δ2 × 7 . 91 × 10 −5 + δ3 × 1 . 24 × 10 −6 , 

(B1)

or b min : 

 . 52 + δ × 1 . 01 × 10 −3 + δ2 × 8 . 88 × 10 −6 − δ3 × 5 . 57 × 10 −8 , 

(B2)

here δ is the source J2000 declination in degrees. The plots of these
unctions together with the restoring beam FWHM dimensions from
bservations against declination are shown in Fig. B1 . Being a fixed
rray of ten antennas, the VLBA yields interferometric co v erage
hich depends specifically on the source declination. The FWHM

ize of the circular Gaussian beam was taken as the arithmetic mean
f b maj and b min . 
NRAS 523, 3615–3628 (2023) 
PPENDI X  C :  NOTES  O N  I N D I V I D UA L  AG N  

ere, we give the notes on AGNs which exhibit a significant
nticorrelation of median fractional polarization m med , a significant
orrelation of EVPA standard deviation σ EVPA and a significant
rend of relative fractional polarization variability σ m / m med with the
istance from the core r along . The maps of polarization variability and
 med for the mentioned sources are given in the Supplementary data
nline. 
0106 + 678: The significance of the positive correlations of the

VPA standard deviation and σ m / m med with r along is driven by
wo pixels in the region at 3.5 mas from the core in which the
olarization direction and the degree are less stable in comparison
o the rest of the jet. The maps of individual epochs of the source
how that the narrower the region with the detected polarization at
.5 mas core separation, the better the EVPA aligns with the local jet
irection. It might suggest that at different epochs the polarization
as detected predominantly from the central spine or combined with
olarized emission originated from the sheath surrounding the jet.
he magnetic field pitch angle or viewing angle change can also
ontribute to the σ EVPA and σ m / m med rise. 

0118 −272: Significant positive correlation of σ EVPA versus r along 

s due to non-uniformity on a scale comparable to the beam size and
he uncertainty of the ridgeline construction near the jet edge. 

0316 + 413: A few pixels with large uncertainties cause a signifi-
ant rise of σ m / m med along the ridgeline. 

0415 + 379: Relative fractional polarization variability σ m / m med 

nd EVPA standard deviation significantly drop along the ridgeline. 
0430 + 052: The positive tendency of σ m / m med with the distance

rom the core appears to be intrinsic. The radio galaxy also exhibits
 significant increase of m med with r along . 

0738 + 313: The positive trend of relative fractional polarization
 ariability do wn the jet is due to a bright feature on the averaged
otal intensity map. The EVPA standard deviation rises there as 
ell. 
0923 + 392: This quasar appears to have an intrinsic decrease

f σ m / m med . There is a region with both reduced σ m / m med and
EVPA on one side of the bright feature on the I mean map. This

et region manifests a transversely resolved complex structure and
ould be a mixture of several components or related to plasma
urbulence. 

1253 −055: Median fractional polarization, EVPA standard devi-
tion and σ m / m med decrease with r along in this quasar. 

1803 + 784: Relative fractional polarization variability rises with
 along because of non-uniformity on a beam scale. 

1926 + 611: The significant positive trend of σ m / m med with r along 

eems to be due to a jet bend. 
2128 −123: The source shows a significant anticorrelation of m med 

ith r along : m med reduces and σ EVPA rises in the jet region around
 mas. 
2230 + 114: The positive significant correlation of σ EVPA versus

 along is caused by the EVPA standard deviation increase in the quasi-
tationary component at about 8 mas from the core [see fig. 3 for
230 + 114 in Lister et al. ( 2021 )]. 
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