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Περὶληψη

Τα εξωγαλαξιακά αντικείμενα που γεννήθηκαν ταυτόχρονα ή/και στον ίδιο χώρο, πι-

στεύεται ότι έχουν παρόμοια χαρακτηριστικά όσον αφορά στη μορφολογία και στον προ-

σανατολισμό τους στον τρισδιάστατο χώρο. Υπάρχει ιδιαίτερο ενδιαφέρον για τους Ενερ-

γούς Γαλαξιακούς Πυρήνες (ΕΓΠ) και την κατεύθυνση των πιδάκων τους σε σχέση με τον

προσανατολισμό του γαλαξία στον οποίο ανήκουν, αλλά και σε σχέση με το τοπικό και ευ-

ρύτερο περιβάλλον τους. Σε αυτήν την εργασία, μελετάμε ένα μεγάλο σετ δεδομένων για

πίδακες κλίμακας parsec. Χρησιμοποιούμε μεθόδους γνωστούς από τη βιβλιογραφία που

χρησιμοποιήθηκαν σε παρόμοιες έρευνες ώστε να ερευνήσουμε πιθανές ευθυγραμμίσεις σε

μεγάλες γωνιακές κλίμακες. Σε αντίθεση με υπάρχοντες αποδείξεις για ευθυγραμμίσεις

πιδάκων κλίμακας kiloparsec, δε βρίσκουμε παρόμοια συμπεριφορά σε κλίμακες parsec.

Προσεγγίζουμε την τοπική κατεύθυνση του κοσμικού ιστού και τη συγκρίνουμε με την

κατεύθυνση του εκάστοτε πίδακα, χωρίς να βρίσκουμε κάποια συσχέτιση. Τέλος, συ-

γκρίνουμε την κατεύθυνση των πιδάκων με την προβολή των αξόνων του γαλαξία στον

οποίο ανήκει, χωρίς να προκύπτουν στοιχεία για κάποια προτιμητέα κατεύθυνση.



Abstract

Extra-galactic objects which were born together in time and/or space are thought
to have similar characteristics primarily related to their morphology and orientation in
space. There is particular interest for Active Galactic Nuclei and their jets orientation
with respect to the host galaxies and the local or broad environment. In this work, we
obtain and study a large data set of parsec-scale radio jets. We use methods used in
previous studies to investigate possible alignments at large angular scales. In contrary
to existing evidence for alignments found in kiloparsec-scale jets, we do not find a
similar behavior in parsec scales. Furthermore, we approximate the direction of local
cosmic web filaments around our objects and compare it with the jet direction, finding
no signs of correlation. Finally, we compare the jet orientation with the optical axes of
the host galaxy and find no preference of alignment with the major or the minor axis,
as it has been suggested in the past.
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1
Introduction

Finding the largest scale structures in the Universe is of high interest for cosmology.
Characterization of such structures allows to place stringent constraints on cosmolog-
ical models and their parameters (e.g. Multamäki et al., 2004; Pavlidou et al., 2014).
Additionally to detection via clustering of cosmological sources (Balázs et al., 2015;
Clowes et al., 2013; Gott et al., 2005) the large scale structures can be identified using
coherence of characteristics of objects embedded in the cosmic web. For instance, there
have been attempts made to discover global alignments of optical and radio polariza-
tion planes of active galactic nuclei (AGN) along with alignments of their morphological
axes.

Hutsemékers (1998) demonstrated that optical polarization planes in a sample of
170 quasars are coherently oriented at very large spatial scales. This effect was later
confirmed at higher significance levels with larger data samples (Hutsemékers et al.,
2005; Hutsemékers & Lamy, 2001) and independently using different methods (Jain
et al., 2004).

Later, a number of studies have been performed in order to find similar alignments in
much larger samples of AGN with measured radio polarization. Joshi et al. (2007) ana-
lyzed data on polarization angles of 4290 sources from 8.4-GHz JVAS/CLASS (Jackson
et al., 2007) radio surveys and found no systematic alignments. They also determined
jet position angles from VLBI observations of 1565 sources and tested this sample for
the global alignments. No significant signal was detected in this sample either. How-
ever, Tiwari & Jain (2013) and Pelgrims & Hutsemékers (2016) using largely the same
JVAS/CLASS data presented evidence of the global alignments of polarization vectors
in their samples. Moreover, Pelgrims & Hutsemékers (2016) demonstrated that the ra-
dio polarization position angles of quasars are aligned with axes of large quasar groups
where they belong. Tiwari & Jain (2019) analyzed high frequency 86 and 229 GHz
polarization measurements of 211 AGN from Agudo et al. (2014). They found that
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1. Introduction

the polarization orientations are consistent with the assumption of isotropy for scales
larger than or equal to ∼800 Mpc.

Several studies reported that morphological structures of radio sources are aligned
at cosmological scales. Jagannathan & Taylor (2014) using 615 MHz survey performed
at the Giant Meter-wave Radio Telescope (GMRT) of the ELAIS N1 field identified a
sample of 65 sources with extended radio jets. They found that these jets directions are
correlated at scales up to 1.8◦, which corresponds to 53 Mpc at a redshift of 1. Con-
tigiani et al. (2017) analyzed a sample of position angles corresponding to preferential
directions of 30059 radio sources. This sample was created within the Radio Galaxy
Zoo project using images of the Faint Images of the Radio Sky at Twenty-centimeters
survey (Becker et al., 1995). They found that the position angles on angular scales
1.5◦ - 2◦ are aligned at 3.2σ significance level. This angular scale roughly corresponds
to a spatial scale of 19 - 39 Mpc for their sample. At the same time Contigiani et al.
(2017) did not detect similar alignment in a sample of 11674 extended sources from the
TIFR GMRT Sky Survey (Intema et al., 2017). It was explained by the sparsity of this
sample.

Global alignments of polarization vectors at large angular scales can be explained
either by propagation effects or by coherent orientation of extragalactic sources. For
instance, the Galactic magnetic field produces a large-scale alignment of the dust parti-
cles, which preferentially attenuate a particular polarization component of the electro-
magnetic waves (e.g. Heiles, 1996). Hence if intrinsic polarization of sources is small,
the interstellar polarization may give a rise to polarizations that are aligned over large
distances over the sky. However, existing studies are usually aware of this effect and no
evidence of its significant contribution to the found polarization alignments has been
confirmed (Pelgrims, 2019). Moreover, the Galactic extinction, is unable to explain
the redshift dependence of the polarization alignments (Hutsemékers et al., 2005). An-
other possible effect modifying the polarization of light along the line of sight is the
mixing of photons with axion-like particles (Das et al., 2005). However, due to the ab-
sence of comparable circular polarization, this mechanism has been essentially ruled out
(Hutsemékers et al., 2011). Therefore, supported by the reported alignments of mor-
phological structure of radio sources, the second scenario of the polarization alignment
caused by coherent orientation of extragalactic sources appears to be more favourable.

Hutsemékers et al. (2014a) found that AGN polarization vectors are either paral-
lel or perpendicular to the large-scale structures (large quasar groups) to which they
belong, and thereby the polarization vectors of neighbouring sources are correlated.
Under the assumption that AGN polarization is either parallel or perpendicular to the
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accretion disk axis as a function of inclination, they inferred that quasar spin axes are
likely parallel to their host large-scale structures. This conclusion is in agreement with
both observations showing alignments of galactic spins with the cosmic web (Jones
et al., 2010; Tempel & Libeskind, 2013) and modeling of co-evolution of galaxies with
their host large-scale structures (Catelan et al., 2001; Wang et al., 2018).

There have been studies investigating connection between radio jets, optical po-
larization and morphological structure. For instance, Stockman et al. (1979) showed
there is correlation between the morphological axis of double-lobed radio sources and
their optical polarization, while Rusk (1990) displayed the correlation between optical
polarization and the structural axis of a galaxy. There have also been several attempts
to compare radio and optical emission from galaxies. Battye & Browne (2009) stud-
ied radio and optical major axes for a sample of ∼ 14000 galaxies and found a strong
preference of the radio structures to be aligned with the optical minor axis. Recently,
Vazquez Najar & Andernach (2019) display evidence of kiloparsec-scale radio jets’ di-
rection to be preferentially parallel to the optical minor axis of their host. However, it is
not clear if there is a similar relation for parsec-scale jets. Numerous observations show
misalignment of jet direction between the parsec and kiloparsec range (e.g. Appl et al.,
1996; Conway & Murphy, 1993; Pearson & Readhead, 1988), explained as a projection
effect due to jet bending. We discuss this case in Sect.4.1.

In this work we obtain and study the largest to date set of 6393 parsec-scale AGN
radio jet position angles. The aim of the work is three-fold: (1) we characterize how
these jets directions are related to the projected position angle of their host galaxies;
(2) we investigate whether the position angles of jets are correlated with the shape of
the cosmic web; (3) we investigate whether the position angles of jets are aligned at
large angular scales.

The values of the cosmological parameters adopted throughout this work are H0 =
67.8 km s−1 Mpc−1, Ωm = 0.308 and ΩΛ = 1−Ωm (Planck Collaboration et al., 2016).
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2
Data and data reduction

2.1 Jet directions
We used data from the Astrogeo VLBI FITS image database1, which contains images
of compact radio sources, mainly AGN, obtained by various very long baseline interfer-
ometry (VLBI) experiments. We obtained the Astrogeo data set version on March 30,
2019, when it contained 92220 brightness distributions of 14078 compact radio sources.
We found the jet direction in these sources using the procedure described below.

Original images in the Astrogeo database are convolved with elliptical beams. Since
our jet determination procedure operates in the image plane, the beam elongation could
bias results (Pushkarev et al., 2017). Therefore, every image was re-convolved with a
median (if multiple epochs were present) circular beam calculated as r =

√
ab, where a

and b are the elliptical beam dimensions. After that, images for different epochs were
aligned in such a way that the maximum pixel was at the image central pixel and were
stacked as a median.

In the stacked images we fitted the main (central) source component with a Gaus-
sian. The standard deviation σ of this Gaussian defined a stripe of 3.5σ pixels in length
and 2 pixels in width that was starting at the central pixel and pointing towards the
North pole of the celestial frame. Rotating the stacked image with interpolation 720
times by 0.5◦ and summing counts within the stripe we obtained the azimutal distri-
bution of surface brightness for each source and each frequency. Two examples of such
distributions are shown in Fig. 2.1. In the case when the maximum of the flux density
profile distribution was 2.4 times larger than its standard deviation, the jet was con-
sidered to be detected and its position angle was defined by the image rotation angle
corresponding to the maximum (left column of Fig. 2.1).

1http://astrogeo.org/vlbi_images/
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2. Data and data reduction
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Figure 2.1: Examples of the jet detection procedure results. The left column is the
X-band image of J2340+2708 (top) and its azimuthal brightness distribution (bottom).
The right column presents similar plots for J1251-2515. The red lines indicate determined
PAjet. The solid black line shows azimuthal brightness distribution for the source, while 5
gray lines show the same value calculated in random positions within 40 milli-arcsec from
the source.
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2.2 Position angle

In the case when 2.4 standard deviations were not exceeded by the maximum of
the flux density distribution (right column of Fig. 2.1), another procedure of the jet
detection was called. This procedure masked the central circular area with 3.5σ radius
used in the first procedure. Then it identified the flux density maximum of the masked
image. In the case when the brightness peak was 3σ above the surrounding background,
another Gaussian centered at this secondary peak was fitted to the image. If the later
fitting procedure converged and the Gaussian width was in the range 0.6mas < σ <

5mas then the jet position angle was considered to be equal to the Gaussian peak
position angle. The second procedure of jet detection was implemented in order to
handle sources with a symmetric core and a bright stand-along knot in the jet similar
to the case of J1251-2515 shown in the right panel of Fig. 2.1. All the numerical
parameters used in both procedures were found empirically under the condition of
maximization of the jet detection efficiency.

We found that the algorithm described above is faster and gives more robust de-
termination of the internal jet position angle compared to the ridge line determination
and smoothing using slices within concentric annuli. Caveats related to the algorithm,
jets bending and frequency dependence of position angles are discussed in Chapter 3.

Results of the automatic jet position angle detection procedures were verified vi-
sually by the authors. To this end we created a web-service conceptually similar to
interfaces of citizen-science projects (e.g. Banfield et al., 2015). At every web-page
reload a user could see the results of the jet detection algorithm for a single random
source similar to those shown in Fig. 2.1. Plots for all available bands were shown
together with corresponding stacked fits images. The later ones were demonstrated in
JS91 windows, which allowed to change the dynamic range levels, the zoom, the scale
etc. Moreover, users were able to click at one of four buttons "Good", "Bad", "No jet"
and "Unclear" after inspection of the images. Images of each source in the database
were inspected at least by one user and the corresponding choice was recorded.

2.2 Position angle
For the purpose of cross-correlating jet direction of radio sources with the position
angle (PA) of their host galaxy, we used data from HyperLeda2 (HL) catalog of po-
sition angles. We matched radio sources with sources from HL on condition that the
separation angle between them is not more than 1′′. For some galaxies of the matched

1https://js9.si.edu/
2https://leda.univ-lyon1.fr//
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2. Data and data reduction

sample there were more than one measurements for its PA. For these cases, we calcu-
lated the average value (PAavg) and standard deviation (σPA). We considered only
sources with σPA ≤ 15◦. PAs are available for the major axis in HL catalog and are
measured North-East, in the range of [0◦, 180◦]. We transposed the data with respect
to the minor axis by adding 90◦ when PA < 90◦ and subtracting 90◦ when PA ≥ 90◦.
In that sense, if the difference between a given jet angle and PA is found to be zero,
then the jet is perpendicular to the projection of the major axis of its host. We then
calculated the difference between the jet direction and the PA for each matched source,
in degrees, and transposed the result in the [−90◦, 90◦] range, by adding or subtracting
180◦ when the difference was less than −90◦ or more than 90◦ respectively.

In addition to HL, we collected data on PAs from SDSS DR14 (Abolfathi et al.,
2018). PAs in SDSS are available for the major axis and are measured North-East in
the range [−90◦, 270◦], which we transposed to the range [0◦, 180◦]. We then transposed
these values with respect to the minor axis as described in the paragrpah above. We
collected information for different SDSS filters (u, g, r, i, z). We calculated the difference
of the jet angle with PA in each filter separately. Moreover, we calculated PAavg

and σPA for each source, and calculated differences from jet angle for sources with
σPA ≤ 15◦. All differences were transposed to [−90◦, 90◦] range as described earlier.

2.3 Cosmic web filaments direction
In order to compare jet direction angle with filament direction of the cosmic web, we
followed the procedure described below.

1. We gathered data from SDSS DR14 for galaxies and QSOs in the redshift range
of [0.1,3.5] and selected radio sources in the range of [0.2,3.0].

2. For both radio sources and field sources from SDSS we calculated the comoving
coordinates in 3-D space (Hogg, 1999) and split the data to smaller datasets,
by redshift, to minimize computing time. For each of the radio sources in each
dataset, we found the local group by applying a modified version of the friend of
friend (FoF) algorithm (originally introduced by Huchra & Geller (1982)). Let us
note here that we are not interested in actual clusters or group of galaxies, but
in the direction of the local filament of the cosmic web. However, we are going
to refer to galaxies found together by FoF as ’groups’.

The only parameter needed to perform the FoF procedure is the linking distance.
The process starts by selecting one source (in our case radio sources with detected
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2.3 Cosmic web filaments direction

jets) and search within a radius for other sources (neighbors). Neighbors found
are appointed to a group along with the starting source. For each of the new
sources the search for neighbors is repeated with new neighbors appointed to
the group. The process stops when no other neighbors are found. The linking
distance (or linking length) is the radius within which the search for neighbors is
performed.

We set the linking distance to a starting value and performed the FoF algorithm.
In the case when there were less than 9 sources found in the group, we increased
the value of the linking distance by some step and repeated the FoF procedure
for the same source. Repetitions stopped when there were at least 9 sources in
the group or the linking distance exceeded 100 Mpc. If the group had less than
9 sources when the linking distance was 100 Mpc, the group was dropped from
the analysis.

In the case when the FoF algorithm found more than 100 sources within a group,
the group was dropped from the analysis as well. This is because of the way the
algorithm works. If the linking distance is increased over a certain value (differ-
ent value for each case), FoF algorithm will find a significant number of group
members and, in some occasions, the process of adding new members continues
infinitely. Therefore, we set the 100 members limit. That means that when a
group reaches 101 members, the process stops and the group is automatically
discarded.

The constrains on group member number were implemented in order to be able
to perform a trustworthy fitting (see next step). Too few or too many sources
would give unreliable fitting. For each dataset we used different starting value
and step for the linking distance. All the values used in the FoF process were
found empirically.

3. For each group found, we fitted a line in the RA-DEC plane using orthogonal
distance regression (ODR), which is the assumed direction of the local filament
projected on the sky, following the approach of Hutsemékers et al. (2014b). Then,
we computed the angle of the fitted line North-East (in the range [0◦, 180◦)). We
found the difference from the jet by subtracting this value from the jet direction
angle. The result was then transposed to [−90◦, 90◦] range as described in 2.2.

ODR finds the best line (y = αx+ β) to fit by using some starting values for the
parameters α and β and measures the mean orthogonal distance (MOD) of the
points from the fitted line. Then, it changes α, β and performs the same test.

9



2. Data and data reduction

Iterations continue until the MOD is minimized. However, there is a maximum
number of iterations that can be applied. In some cases, these maximum number
is reached before the minimization of the distance. Therefore, these cases were
dropped from further analysis.

4. Since the determination of filaments with this technique is a rather dubious pro-
cess, we visually examined the produced plots and selected groups with well de-
fined direction and small dispersion. Examples of a selected and discarded group
are shown in Fig. 2.2

2.4 Global alignments of jet directions
A variety of methods have been proposed for characterization of alignments of polariza-
tion planes (for a review see Pelgrims, 2016). Jain et al. (2004) introduced a coordinate
invariant statistics that eliminated dependence of statistical tests and interpretation on
a particular coordinate system choice. Since their method was applied to various data
sets including polarization data in different bands Jain et al. (2004); Tiwari & Jain
(2013, 2019) and data on radio axes Contigiani et al. (2017), we used the same method
to be able to make direct comparisons with previous works.

Briefly the method describes as follows. 1) For every two sources s1 and s2 in our
sample we calculated three quantities: the angular separation, ζ1 - the angle between
directions to s2 and to the North Pole from the position of s1, ζ2 - the angle between
directions to s1 and to the North Pole from the position of s2; 2) For a given i-th
source we defined n closest neighbours,including itself, using the angular separations
and calculated the following quantity:

di,n = 1
n

( n∑
k=1

cos 2α′k

)2

+
(

n∑
k=1

sin 2α′k

)2
1/2

, (2.1)

where α′k = αk + ζi − ζk is the jet position angle of k-th source after being transported
to location of i-th source, while αk is the original PAjet of k-th source at its initial
location. The position angle changes due to the procedure of parallel transport, which
is essential for the method and guarantees the coordinate invariance of the result.

For a sample of N sources we defined the following statistics.

Sn = 1
N

n∑
i=1

di,n (2.2)
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2.4 Global alignments of jet directions

Figure 2.2: Example of selected group (top) and discarded group (bottom). Points
represent galaxies of the group in the RA-DEC plane. The red line is the fitted line using
ODR. Sources with radio jet are depicted with the yellow star.
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2. Data and data reduction

With this expression we measure the average dispersion of the position angles of each
set of the i-th source and its neighbours. For N � n � 1 it is expected that the
distribution of Sn is normal with the variance

σ2 = 0.33
N

, (2.3)

as reported by Jain et al. (2004). Sn behaves as the deviation of σ2, i.e.

Sn ∝
1√
N

(2.4)

In order to compensate for this dependence we follow Contigiani et al. (2017) and define
the following significance level (S.L) of the Sn statistics.

S.L. = 1− Φ
(
Sn − 〈Sn〉MC

σn

)
(2.5)

Φ represents the cumulative normal distribution function. 〈Sn〉MC is the value found
for Sn through Monte Carlo (MC) simulations, assuming no alignments. 2σ, 3σ and
4σ confidence level correspond roughly to S.L. = −1.3, S.L. = −2.5 and S.L. = −4.2
respectively.

For more detailed and mathematically accurate explanation of the method we for-
ward readers to Jain et al. (2004) and Contigiani et al. (2017).

We conducted the MC simulations for the determination of 〈Sn〉MC in two different
ways. (1) In the first approach, we shuffled the PAjet values within the sample, i.e.
every source was assigned a value of another random source of our sample. This is the
process used in similar studies for generating random data (e.g. Hutsemékers, 1998;
Hutsemékers & Lamy, 2001; Jain et al., 2004). For each set we computed Sn. We
repeated the procedure 10000 times and for each set, we used the average Sn derived
by the simulation. (2) In the second approach, we used the procedure described above,
but instead of shuffling PAjet values, we assigned to each member of the sample a
random value between 0◦ and 180◦.

12



3
Results

3.1 Jet directions
After the verification procedure we obtained 9836 confident jet direction detections
for 6393 sources. For 2723 sources the jet position angle was detected and confirmed
at more than one frequency. The jet position angle is known to be variable in time
(Lister et al., 2013). Since we stacked data for different epochs when avalable, this
variablity was partially averaged. Also the jet at parsec- and kiloparsec-scales is often
misaligned (Kharb et al., 2010) and, moreover, even at parsec-(milliarcsecond)-scale
significant jet bending is not uncommon (e.g. Rastorgueva et al., 2009). In order to
estimate uncertainties in the derived inner PAjet we calculated pairwise differences of
their values at separate frequencies and constructed distributions of these differences.
These distributions are shown in Fig. 3.1 and their standard deviations are listed in
Table 3.1. Two highest frequency bands Q (43 GHz) and W (86 GHz) are not presented
there because there is only one source with PAjet determined in each of them. The
standard deviation of PAjet differences between bands do not exceed 16◦. Moreover,
for adjacent (in frequency) bands it is < 10◦. Therefore, this value can be considered
as a characteristic uncertainty of PAjet determination in our data set.

Due to jet bending and opacity effects (Kovalev et al., 2008) observations at higher
frequency must give better approximation for the internal jet direction. Therefore,
for each source with PAjet determined in more than one band we selected the value
corresponding to the highest available frequency. The number of sources with PAjet

determined at each particular band is listed in Table 3.2.
Figure 3.2 shows the distribution of PAjet. There are two visible minima in the

histogram around 90◦ and 270◦. However, according to the Kolmogorov-Smirnov
(KS) test the distribution of PAjet cannot be certainly considered as non-uniform (p-
value=0.018). This pattern is presumably caused by geometric configuration of antenna
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3. Results

Table 3.1: Standard deviations of distributions of pairwise differences in derived jets
position angles measured in degrees.

Band L S C X U K
Freq. (GHz) 1.4 2.3 4.3 8.4 15.4 24.4
L - 9.2 12.1 13.6 15.2 15.9
S 9.2 - 9.7 12.0 13.1 12.4
C 12.1 9.7 - 9.7 10.0 10.8
X 13.6 12.0 9.7 - 7.9 8.8
U 15.2 13.1 10.0 7.9 - 5.9
K 15.9 12.4 10.8 8.8 5.9 -
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Figure 3.1: Distributions of pairwise differences of detected jet directions at different
frequencies.
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3.2 Jet and morphology of the host

Table 3.2: Distribution of 6393 sources in the sample over frequencies where the PAjet

was determined.

Band Freq. (GHz) N
L 1.4 3
S 2.3 567
C 4.3 1591
X 8.4 3725
U 15.4 482
K 24.4 23
Q 43.3 1
W 86.2 1

arrays that performed observations presented in the Astrogeo database. Similar non-
uniformity was found by Contigiani et al. (2017), who obtained a triple peaked pattern
associated to the Very Large Array (VLA) shape and possibly to the side lobes struc-
ture created by it (Helfand et al., 2015). Since the non-uniformity is marginal and it is
not a local effect, this will not affect our analysis (Contigiani et al., 2017).

Since we are interested in jet plane orientation, in the further analysis we reduced
the PAjet values range from [0◦, 360◦) to [0◦, 180◦).

3.2 Jet and morphology of the host
Cross-matching between radio sources and HL catalog of position angles returned a
sample of 319 sources with reliable PA measurements. The distribution of the absolute
differences between the jet angles and PAs is presented in Fig.3.3. There seems to be no
observable preference for the parsec-scale jet with respect to the projection of the minor
axis. We applied the KS test to check for uniformity of the distribution and found a
p-value of 0.062. This is indicative that the distribution can not be distinguished from
the uniform. Similar studies for kpc-scale jets (e.g Condon et al., 1991; Vazquez Najar
& Andernach, 2019) suggest that the majority of jets are ejected within 30◦ of the
minor axis. In our case (pc-scale jets) only ∼ 38% of the sources display such behavior.

In the case of SDSS data we got 2731 matches with our sample of radio sources. We
calculated the absolute differences between jet angle and PA in every available filter of
SDSS separately. Distributions show no correlation, with KS test for uniformity giving
p-values between 0.38 and 0.94 for all cases. Jets ejected within 30◦ of the minor galaxy
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Figure 3.2: Distribution of the jets position angles PAjet.
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Figure 3.3: Distribution of absolute differences between jet angle and PA for the HL
sample. Displayed is also the p-value of the KS test for uniformity.
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Figure 3.4: Distribution of absolute differences between jet angle and PA for the SDSS
sample. Displayed is also the p-value of the KS test for uniformity.

axis account for ∼ 33%− 34% for all filters.

For each matched source with SDSS we calculated the average PA and standard
deviation between different bands and considered sources with σPA ≤ 15◦. We found
319 galaxies matching this criterion. There are 109 common sources with HL sample
and their PA values are well correlated. The corresponding distribution is presented in
Fig. 3.4. Only ∼ 34% of the sources’ jets are ejected within 30◦ from the minor axis.
The KS test for uniformity returned a p-value of 0.661, which implies that it can’t be
distinguished from the uniform distribution.

3.3 Comparison to filament direction

After performing the FoF algorithm, we found 616 groups with the desired number
of members. After the cuts described in Sec. 2.3 we ended up with 89 groups.The
distribution of absolute differences between jet angle and filament angle is presented in
Fig. 3.5. We find no correlation between the said angles which is confirmed by the KS
test for uniformity (p-value=0.78).
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Figure 3.5: Distribution of absolute differences between jet angles and filament angles
along with the p-value of the KS test for unifomity.

3.4 Global alignments of jet directions
We computed S.L. for each set of sources and for different number of neighbors, grouped
by redshift, in order to put together the closest objects in three-dimensional space. We
present the results in Fig. 3.6. For all subsets of redshift we used manner (1) to compute
〈Sn〉MC (described in Sect. 2.4) in order to make direct comparison to other studies.
For the whole sample we used both manner (1) and (2). In Fig. 3.7 we present the
median angular radius for different number of closest neighbors (n), as a function of n.

We observe no significant alignments in any of our sub-samples, nor in the collective
sample. We discuss possible reasons in Sect. 4.3.
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Figure 3.6: Significance level (S.L.) of the Sn statistics as a function of n the number of
neighbours for different samples. all corresponds to the whole sample and use of manner
(1) to calculate 〈Sn〉MC , described in Sect. 2.4. random all corresponds to manner (2).

Figure 3.7: Median of the radii including n closest neighbours as a function of n. The
gray area represents 1σ deviation from the median.
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4
Discussion

4.1 Jet angle and morphology
We compared parsec-scale jets directions of VLBI-detected radio sources with the po-
sition angle of their host galaxies. Data for position angles were collected from two
different catalogs (HyperLeda and SDSS) and were examined separately. Our results
show that the jet is ejected randomly with respect to the galaxy major/minor axis. This
contradicts the recent findings by Vazquez Najar & Andernach (2019), who present ev-
idence of alignment of kpc-scale jets with the minor axis of their host.

However, these are not necessarily controversial conclusions. It is not uncommon
that black hole (BH) and disk rotational axes are misaligned (e.g. Liska et al., 2018).
Moreover, McKinney et al. (2013) demonstrated that the jet is aligned with the BH spin
near the BH but in larger scale, it changes direction and can even become parallel to
the disk rotational axis. This is a result of a "magneto-spin alignment" mechanism that
causes magnetized disks and jets to align with the BH spin near BHs and further away
to reorient with the outer disk. This change of direction can be due to interaction of the
jet with the disk’s material. This mechanism is potentially consistent with the diverse
observational results in different scales, since in parsec-scale we observe persumably
the part of the jet aligned with the black hole spin (which can be randomly tilted with
respect to the galaxy spin axis) and in kpc-scale the part that is preferentially aligned
with the galaxy spin axis. (For more information on the "magneto-spin alignment"
mechanism please refer to McKinney et al. (2013)).

Nevertheless, we cannot rule out the probability that our findings may be partially
due to projection effects. There have been a number of observations of misalignment of
parsec and kiloparsec-scale jets, explained by jet bending which results in the change of
projected PAjet on the plane of the sky. Appl et al. (1996); Conway & Murphy (1993);
Pearson & Readhead (1988) have presented observational evidence for a bimodal dis-
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tribution of such misalignments with the peaks at 0◦ and 90◦, while for an independent
sample, Kharb et al. (2010) found a smooth distribution with a marginal peak around
90◦. However, Conway & Murphy (1993); Singal (2016) argue that projection effects
are unlikely to produce the observed distribution mentioned above. In addition, Singal
(2016) states that the observed changes in the relative brightness of the jet before and
after the bending are not consistent with expected values for such distributions.

This kind of effect is probably present in our data set, but it is hard to account for
it and estimate its exact influence on our results.

4.2 Jet angle and cosmic web filaments

For our set of radio sources we found neighboring galaxies and quasars using a modified
version of the friend-of-friend algorithm. For each group, we fitted a line in the RA-DEC
plane, which was the assumed projected direction of the local filament. We visually
examined the results and selected the best-fit cases (89 groups). We compared the
filament direction with the jet direction of radio sources and found no relation between
them.

Nevertheless, the used method is based on linear fitting to determine the average
filament direction, ergo it may not be accurate enough to probe the very local envi-
ronment of the studied quasars. Their groups have typical sizes in the order of ∼ 100
Mpc, 6 orders of magnitude grater than the scale of their jets.

There have been theoretical studies (e.g. Dubois et al., 2014) which suggest that
galaxy spin axes are parallel or perpendicular to the cosmic filaments. Moreover, it has
been confirmed by observations that galaxy spin axes are indeed aligned with large-scale
structures (Tempel & Libeskind, 2013; Zhang et al., 2013). However, if we take into
account that parsec-scale jets are not an accurate proxy for probing galaxy spin axis
and are not in fact correlated (see Sect.4.1), we wouldn’t expect naturally to find any
correlation between jet angles and cosmic filaments. Arguably, if we consider parsec-
scale jets to be aligned with the BH spin, our results may suggest that the tilt between
the BH spin (and the surrounding accreting material) and the galactic spin can be
anything between 0◦ and 180◦.
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4.3 Jet angle and global alignments

4.3 Jet angle and global alignments
We followed the approach by Contigiani et al. (2017) to examine the possibility of
aligned radio-jet directions of neighboring quasars. Despite that they find alignment
in large angular scales, we do not observe similar behavior in our sample. Controversy
of the results may be explained by the arguments stated in Sect. 4.1. In Contigiani
et al. (2017), as in other works (e.g. Taylor & Jagannathan, 2016), authors study the
behavior of kpc-scale jets, while we studied pc-scale jets. Radio jets may follow different
directions at different distances from their host (McKinney et al., 2013). Thus if kpc-
scale jets are aligned with their neighbors, that does not necessarily mean that pc-scale
jets are also aligned. Diversity of the results may also be due to the wider redshift
range of our sample in comparison to samples in other studies.

We noticed in Fig. 3.6 that normalization using the random method gives sig-
nificantly different results than the shuffling method (methods described in Sect.2.4).
That implies that shuffling the values of PAsjet within our sample may not provide
the complete randomness needed for normalization. In future work we plan to redo
the analysis for our data set using different test for alignments. We also plan to check
for alignments in physically close sources by employing a similar procedure to the FoF
algorithm using real three-dimensional space coordinates for analysis.
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