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1. Introduction

N Blazars are a subclass of active galactic nuclei (AGN) with pow-

erful and energetic jets pointed towards our line of sight (Bland-

| ford et al. 2019). Due to the alignment of their jets, blazars

= are among the brightest and most variable sources from low-

Q frequency radio all the way to very high-energy y-rays. Their jets

show complex structures from the smallest (e.g., Kim et al. 2020)

to the largest scales (e.g., Kharb et al. 2010) with radio emission

- = being an ever present piece of the relativistic jet puzzle. Under-

> standing radio variability on diverse scales can therefore be a

'>2 potential probe of many aspects of jet microphysics. It is there-

fore not surprising that several attempts have been made to un-

a derstand the variability properties of blazars in the radio regime

from different perspectives e.g., spectral and multiwavelength

variability, variability amplitudes, and beaming effects etc. (e.g.,

Angelakis et al. 2010; Richards et al. 2014; Liodakis et al. 2017c,
2018).

Jets in blazars are highly relativistic with Lorentz factors (I')

from a few to a few tens (e.g., Hovatta et al. 2009; Liodakis

& Pavlidou 2015a; Liodakis et al. 2017b; Jorstad et al. 2017).

Whether the jets are launched with such high I or are accelerated

to the velocities measured at parsec scales is still an open ques-
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ABSTRACT

Context. Supermassive black holes can launch highly relativistic jets with velocities reaching Lorentz factors as high as I' > 50. How
the jets accelerate to such high velocities and where along the jet do they reach terminal velocity are open questions that are tightly
linked to their structure, as well as launching and dissipation mechanisms.

Aims. Changes in the beaming factor along the jets could potentially reveal jet acceleration, deceleration, or bending. We aim to (1)
quantify the relativistic effects in multiple radio frequencies and (2) study possible jet velocity — viewing angle variations at parsec

Methods. We used the state-of-the-art code Magnetron to model light curves from the University of Michigan Radio Observatory
and the Metsidhovi Radio Observatory’s monitoring programs in five frequencies covering about 25 years of observations in the 4.8
to 37 GHz range for 61 sources. We supplement our data set with high-frequency radio observations in the 100-340 GHz range from
ALMA, CARMA, and SMA. For each frequency we estimate the Doppler factor which we use to quantify possible changes in the

Results. The majority of our sources do not show any statistically significant difference in their Doppler factor across frequencies.
This is consistent with constant velocity in a conical jet structure, as expected at parsec scales. However, our analysis reveals 17
sources where relativistic beaming changes as a function of frequency. In the majority of cases the Doppler factor increases towards
lower frequencies. Only 1253-053 shows the opposite behavior. By exploring their jet properties we find that the jet of 0420-014 is
likely bent across the 4.8-340 GHz range. For 0212+735 the jet is likely parabolic, and still accelerating in the 4.8-37 GHz range. We
discuss possible interpretations for the trends found in the remaining sources.

Key words. Physical data and processes: Relativistic processes — Galaxies: active — Galaxies: jets

tion. Most likely the jets are highly magnetized when launched
and are accelerated through the conversion of magnetic to kinetic
energy (Vlahakis & Konigl 2004; Vlahakis 2004; Komissarov
et al. 2007; Zhang & Giannios 2021). The jet is confined by ei-
ther magnetic hoop stress (e.g., Spruit et al. 1997) or the pressure
of the external medium (Lyubarsky 2009, 2010; Liodakis 2018)
into a parabolic shape which favors acceleration. Acceleration
continues until the jet magnetization parameter (o) i.e., the ra-
tio of the magnetic to the kinetic energy flux, becomes o, < 1
when it likely stops (Vlahakis & Konigl 2003, 2004; Lyubarsky
2009; Nokhrina et al. 2020). Contrary to observations, which
are typically taken in flaring states, relativistic magnetohydro-
dynamic (RMHD) simulations typically yield I" of only a few
(e.g., Chatterjee et al. 2019). Very Long Baseline Interferometry
(VLBI) observations show that the jet in M87 has a parabolic
shape up to the HST-1 region (e.g., Biretta et al. 1999) and then
transitions to conical (Asada & Nakamura 2012). Recent obser-
vations of other nearby radio galaxies have found similar geome-
tries suggesting this is a common feature of AGN jets (Kovalev
et al. 2020; Boccardi et al. 2021), while theoretical works predict
differences in the location of the transition region between blazar
subclasses (Potter & Cotter 2015). Based on our current under-
standing of blazar jets (e.g., Blandford & Konigl 1979; Marscher
1995; Marscher et al. 2008) GHz radio emission should arise at
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parsec scales where the jets are likely conical and nonacceler-
ating. However, accelerating jet components found by the MO-
JAVE program at 15 GHz challenge this interpretation (Homan
et al. 2009, 2015). Moreover, the “Doppler crisis”, i.e., the dis-
crepancy between Doppler factors measured in the radio bands
and that required to explain the high-energy emission in high-
synchrotron peaked sources, has been interpreted either as the
result of decelerating (e.g., Georganopoulos & Kazanas 2003) or
structured jets (e.g., Piner & Edwards 2018). The Doppler factor
(6) is a function of the velocity and the viewing angle of the jet
defined as 6 = 1/(I'[1 — Scos 8]) where 8 is the viewing angle,
BB = u/c where c is the speed of light, and T" = 1/ /(1 - 8?).

To shed more light on the beaming profiles of the jets, we
model the flux-density variations in multiple radio frequencies.
Because of synchrotron self-absorption, the emission at differ-
ent frequencies probes different locations along the jets. Hence,
quantifying the relativistic effects as a function of frequency
can help us identify changes in the jet velocity or orientation at
parsec scales. As flux-density variations occur predominately in
the radio cores (Savolainen et al. 2002), this allows us to study
sources where their jet structure is unresolved through VLBI.
In section 2 we discuss the sample and the tools used for the
analysis of the radio light curves. In section 3 we explore the rel-
ativistic effects as a function of frequency, and in section 4 we
explore the possible origin of the relativistic beaming variations
and discuss our results. Our conclusions are presented in section
5. Through the paper we have adopted a ACDM cosmological
model with Q,, = 0.27, Qx = 1-Q,, and Hy = 71 kms™! Mpc‘1
(Komatsu et al. 2009).

2. Data and light-curve modeling

We use data from the Metsidhovi and University of Michigan
(UMRAO) Radio observatories for five frequencies: 4.8, 8, 14.5,
22, and 37 GHz covering a few decades of observations (Aller
et al. 1985, 1999, 2014; Salonen et al. 1987; Terasranta et al.
1992; Teraesranta et al. 1998; Terisranta et al. 2004, 2005)!.
Our sample consists of 61 common sources, 35 of which are Flat
Spectrum Radio Quasars (FSRQs), 22 are BL Lac objects (BL
Lacs), 3 are radio galaxies and one is unidentified. Our earliest
observations start in 1965 at 8 GHz and the latest end in 2018
at 14.5 and 37 GHz. The light curves were analyzed using Mag-
netron’. Here we provide a brief description, more details can be
found in Huppenkothen et al. (2015); Liodakis et al. (2018).
Magnetron decomposes the light curves into a series of
flares superimposed on a Ornstein—Uhlenbeck type stochastic
background. Each flare has decoupled exponential rise and ex-
ponential decay profiles fully described by four free parame-
ters: position, rise time, amplitude, and flare skewness (decay
time/rise time ratio). The parameter space is efficiently explored
through diffusive nested sampling (Brewer et al. 2009; Brewer
& Foreman-Mackey 2016). Magnetron does not deliver a best-
fit solution for each source, but rather a posterior distribution of
~ 10? models of flares and backgrounds. These models repre-
sent the different realizations of the flaring activity and under-
lying stochastic variability in a source given the overall uncer-
tainty in the flare parameters and flare blending, which becomes
even more severe at the lower centimeter-band wavelengths. The
number of flares is also a free parameter that can vary for dif-
ferent frequencies as shown in Fig. 1. Panels (a-d) show one
randomly selected realization of the flares in each frequency for

! https://dept.astro.Isa.umich.edu/datasets/umrao.php
2 https://github.com/dhuppenkothen/magnetronhierarchy
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16334382 (also know as 4C 38.41). Purely stochastic models
using a single or a combination of multiple OU-processes have
been used on y-ray light curves (e.g., Sobolewska et al. 2014;
Burd et al. 2021). However, there is strong evidence that mul-
tiwavelength flares, and especially radio flares, are connected
to the ejection of jet components (e.g., Savolainen et al. 2002;
Marscher et al. 2008; Liodakis et al. 2020) suggesting that a
combination of flares and stochastic variability, such as the one
used by Magnetron, is a more appropriate model.

For every frequency and for each source, we use the posterior
distribution of flares to estimate the distribution of the highest
brightness temperature from which we estimate the median and
confidence intervals. During the fitting, we use all the available
observations for a given source. However, the time period during
which a source was observed by the Metsidhovi and University
of Michigan Radio observatories varies not only for each source,
but also for each frequency. Hence, it is possible for the light
curves of one observatory to include flares not observed by the
other. This can introduce a bias when looking for variations of
the Doppler factor across frequencies. Therefore, in our analysis
we only consider flares during the common observing periods
between the observatories. The earliest flare we consider is at
MID 44401 (June 1980) while the latest is at MJD 53179 (June
2004). The variability brightness temperature is estimated as,

d%ASOb(v)

Tygr = 1.47 - 107 —L—2""_ K|
e v22,(1 + z2)*

ey

where dp, is the luminosity distance (Mpc), ASp(v) the flare am-
plitude (Jy), v the observing frequency (GHz), t,,, the flare rise
time (days), and z is the redshift. We find a wide range of ob-
served brightness temperatures across frequencies. The values
range from 10% — 10°K all the way to ~ 10'°K, with the median
for each frequency to be about 10'3 — 10*K. We estimate the
Doppler factor by marginalizing over the observed T\, distribu-
tion and the Gaussian model for the maximum intrinsic bright-
ness temperature (Tjpmax) found in Liodakis et al. (2018) with
mean u = 2.78 x 10"'K and o = 0.72 x 10" using,

Ty,
Ovar = (1 +2) | —2—.
Tim,max

This process gives us a distribution of Doppler factors for each
source from which we quote the median and 68% confidence in-
tervals in Table A.1. An example of the posterior dy, distribution
in all frequencies for 0716+714 is shown in Fig. 2 (top panel).
The range of Doppler factors is also wide, starting below unity
for some radio galaxies, up to almost sixty. The median value
across frequencies is ~ 10 (Fig. 2 bottom panel).

@

3. Doppler factor versus frequency

Figure 1 (e) shows an example of the Doppler factor versus fre-
quency in log-log space for 1633+382. The resulting posterior
distributions for the Doppler factor in individual sources are of-
ten asymmetric as shown in Fig. 2 (0716+714, top panel). We
take that asymmetry into account when trying to statistically es-
tablish a persistent Doppler factor versus frequency trend for
each source by randomly sampling the posterior dy,, distribu-
tion for each frequency. We create a new Doppler factor ver-
sus frequency relation and then use the Pearson correlation test®

3 The Pearson correlation test yields a correlation coefficient p defined
between [-1,1] where -1 denotes a perfect anti-correlation, O no cor-
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Fig. 1. Example of light-curve fitting for 16334382 for all frequencies (Panel a-e). The red solid line shows the overall fit in each panel, whereas
the blue lines show one randomly selected realization of the flares having after subtraction of the background. Here we only consider flares from
June 1982 to June 2004. Panel (f) shows the Doppler factor versus frequency relation in log-log space. The black dashed line shows the best-fit
line, and the red dashed lines show the uncertainty of the fit by randomly drawing from the joint posterior distribution of the slope (S) and intercept

.

to estimate the correlation coefficient p and the probability (p-
value) of a random correlation. We additionally fit a linear model
(y = S*x +1) in log-log space. We repeat this process 10* times
to create the posterior distribution for p, p-value, S, and I from
which we estimate median and 68% confidence intervals. The

relation and 1 a perfect correlation. The accompanying p-value is the
random chance probability of such correlation. For any p-value>0.05
the correlation is not considered statistically significant.

results of the correlation coefficient, p-values, and best-fit line
coefficients are given in Table A.2.

Following this procedure, we find that out of the 61 sources
only 17 (27.8%, 10 FSRQs and 7 BL Lacs) show a statistically
significant trend of dy,; changing with frequency. We discuss our
interpretation for the trends below. Based on the Pearson corre-
lation p-values (P), we can estimate the false-positive rate, i.e.,
the number of sources where a significant trend could have been
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Fig. 2. Top panel: Posterior Doppler factor distribution for 0716+714.
Bottom panel: Median Doppler factor distribution for all frequencies
for the sources in our sample. For both panels solid blue is for 4.8,
dashed-dotted green for 8, solid black for 14.5, dashed red for 22, and
dotted magenta for 37 GHz.

N

falsely identified, as (3, P;)/N. We find our false-positive rate to
i=1

be 18% (3/17 sources).

4. Origin of the Doppler factor trend

Through the analysis discussed above we can identify three dif-
ferent trends:

— No statistically significant trend. This is true for the ma-
jority of the sources in our sample (hereafter Sample A, 44
sources) suggesting no variation of the Doppler factor across
frequencies.

— Doppler factor increases towards lower frequencies. This
trend is found for 16 out of the 17 sources (hereafter Sample
B) that show a statistically significant trend.

— Doppler factor increases towards higher frequencies.
This trend is found for only one of the Sample B sources.

The fact that the majority of the sources in our sample do
not show a statistically significant trend (Sample A) is consistent
with the frequently used assumption of a straight conical jet with
constant velocity. For the Sample B sources, the most common
trend of an increasing dy, towards lower frequencies has been
noted by Liodakis et al. (2017a) based on multiwavelength ra-
dio observations from the F-GAMMA program (Fuhrmann et al.
2016). Only 1253-055, also known as 3C 279, from Sample B
shows the opposite trend i.e., increasing oy, towards higher fre-
quencies. This trend is also confirmed by ALMA observations
at 100 GHz (Fig.5 panel C). The origin of the trends found in
Sample B can be attributed to either acceleration or jet bending.
We discuss the possible interpretations below. For our compar-
isons we use the Kolmogorov-Smirnov (K-S) test*. We also use

* The Kolmogorov-Smirnov test under the null hypothesis that two
samples are drawn from the same parent distribution yielding the cor-
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Fig. 3. Comparison of the innermost jet position angles at 15 and 43
GHz for Sample A (black) and Sample B (green). The red dashed line
shows the 1-1 relation.

the k-sample Anderson-Darling® (A-D) test to cross-check our
results.

4.1. Changes in the viewing angle

To understand whether this trend is due to variations in the view-
ing angle produced by jet bending we compare the innermost
jet position angle (PA) at 15 GHz from the MOJAVE survey®
(Pushkarev et al. 2012) and 43 GHz from the Boston University
monitoring program’ (Jorstad et al. 2017). Figure 3 shows that
comparison for the common sources in Sample A (22 sources)
and Sample B (5 sources). Only 0420-014 from Sample B shows
a discrepancy in the jet position angles suggesting the trend we
find is due to a viewing angle change. A curved jet geometry
for this source has already been noted in Britzen et al. (2000).
The remaining four sources from Sample B, namely 0716+714,
0954+658, 1253-055 and 1749+096, show similar position an-
gles. Hence, the trend we detect in those sources, if real, is likely
due to a velocity variation. Interestingly 0851+202 (also known
as OJ 287) in Sample A shows a slightly different position an-
gle between 15 and 43 GHz. However, the source is known to
change its jet position angle on timescales of 1-2 years (Co-
hen 2017; Britzen et al. 2018). Hence, this difference can be
attributed to non-simultaneous PA measurements at the two fre-
quencies.

responding probability. We accept that for p-values > 0.05 we cannot
reject the null hypothesis

5> The k-sample Anderson-Darling test operates under the same null
hypothesis as the K-S test. Similarly, we do not reject the null hypoth-
esis for p-values > 0.05. The A-D test is more sensitive to the tails of
the distributions, whereas the K-S test is more sensitive to the median
values.

6 http://www.physics.purdue.edu/astro/MOJAVE/allsources.html

7 https://www.bu.edu/blazars/VLBAproject.html
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Fig. 4. Distance of the 15 GHz core from the black hole in gravitational
radii for Sample A (black) and Sample B (green). We do not find a
statistically significant difference between the two samples (K-S test p-
value=0.5)

4.2. Transverse velocity structure

Recent observations of M87 revealed a transverse velocity struc-
ture (Mertens et al. 2016). A similar spine-sheath jet structure
has been invoked to explain the discrepancy between 6y, implied
by radio observations and spectral energy distribution modeling
(e.g., Ghisellini et al. 2005). It is not unlikely that different fre-
quencies not only probe different regions, but also a different un-
derlying jet flow. In the standard spine-sheath model where the
spine is characterized by a faster flow we would expect an in-
crease of 0y, towards higher frequencies which is only observed
in 1253-055. Mertens et al. (2016) found a more complex slow-
fast-slow configuration in M 87. In this case, higher frequencies
could be dominated by the innermost slower flow with lower fre-

quencies dominated by a faster flow, thus creating the observed
trends.

4.3. Parabolic versus conical geometry

The shape of the jet can be studied using VLBI observations and
by determining the width of the jet d as a function of distance
r from the radio core. This is usually modeled with a power-
law function d o ¥, where d can be estimated from a Gaus-
sian fit to the transverse brightness profile with a FWHM D and
the FWHM of the restoring beam b so that d = (D> — b*)!/?
(Pushkarev et al. 2017). In a conical jet k = 1, while in a
parabolic jet k = 0.5. According to the jet-transition model, the
acceleration zone in blazars is expected to end at ~ 10° gravita-
tional radii (Rg, Marscher et al. 2008; Asada et al. 2014), where
the jet is expected to change from parabolic to conical.

We estimate the distance from the black hole to the 15 GHz
core in R, using the de-projected core distance estimates from
Pushkarev et al. (2012) and black hole masses from Liodakis
& Petropoulou (2020). There are 18 sources in Sample A and
7 in Sample B with an available Ry estimate. Most of the
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Fig. 5. Doppler factor versus frequency in log-log space for 0234+285
(panel a) 0420-014 (panel b), 1253-055 (panel c) and 2251+158 (panel
d). The red dashed line shows the best-fit relation estimated in the 4.8-
37 GHz range.The dashed black line in panel c is the best-fit relation
estimated in the 100-350 GHz range.

sources cluster around ~ 103 R, (Fig. 4). One of the sources
in Sample B has a distance < 10° R, (0212+735). Interestingly
0212+735 also shows a geometry at 15 GHz closer to parabolic
(k-index=0.53). 0804+499 in Sample A shows a slightly lower
value, although we do not detect a Doppler factor versus fre-
quency trend. However, it is likely that the distance to the tran-
sition region (~ IOSRg) is not universal. The transition from a
parabolic to a conical geometry can be different for different
sources and occur closer to the black hole (Boccardi et al. 2016,
2021). Different VLBI studies can also produce discrepant re-
sults depending on the time-span used in the analysis (e.g., Boc-
cardi et al. 2021; Park et al. 2021)). Interestingly, Boccardi et al.
(2021) find a parabolic geometry (k-index < 0.6) for four sources
common with our Sample A, namely 0316+413, 04304052,
0415+379, and 1807+698 (3 radio galaxies and 1 BL Lac ob-
ject), where we do not detect a significant trend. This discrep-
ancy could be related to either the caveats discussed below (sec-
tion 4.5) or due to their low d,; < 5 preventing us from identi-
fying any trend.

To further test the jet-transition scenario we turn to high
frequency (>37 GHz) observations. If the sources in Sample
B are in the parabolic geometry regime we expect the trend
we find in the dy, versus frequency plane to continue towards
higher frequencies consistent with the best-fit trend. On the other
hand, if the sources in Sample A are in the conical regime, to-
wards higher frequencies we expect to find a transiting trend to-
wards lower values for dy,,. We use data from the ALMA cal-
ibrator continuum observations catalog (Bonato et al. 2018)3
and CARMA at ~100 GHz (21 sources), and SMA (Gurwell

8 https://almascience.eso.org/sc/
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et al. 2007)°'° at 225 (45 sources), and 340 GHz (14 sources)
to estimate dy, following the same procedure as above (sec-
tion 2). There are a few additional sources from our sample in-
cluded in those databases. However, those typically have less
than 40 observations in total. We therefore excluded them from
our analysis. The earliest ALMA and CARMA observation is at
MIJD 55701 (May 2011) and the latest is at MJD 59292 (March
2021). For the SMA observations, the earliest is at MJD 52431
(June 2006) while the latest is at MJD 59267 (February 2021).
Table A.3 lists the high-frequency oy, estimates.

Overall, we find that the high-frequency estimates for Sam-
ple A tend to be lower than the best-fit trend. From Sample B,
0716+714, 0736+017, and 1749+096 show lower 8y, similar to
Sample A sources. On the other hand, 0234+285 and 0420-014
from Sample B show the expected behavior (Fig. 5 panels a, b).
Given the difference in the innermost position angles found for
0420-014, this can then be interpreted as a continuously curved
jet across the GHz range. Interestingly, 1253-055 shows a de-
creasing trend at high frequencies, although this is not statisti-
cally significant ( p =-0.88 p-value=0.3, Fig. 5 panel c). One
interpretation could be that the jet is reaching terminal velocity
close to 100 GHz and then decelerating. Recent Event Horizon
telescope (EHT) observations at ~230 GHz (Kim et al. 2020)
found that the jet is likely bent. This could explain the change
of trends from the high to the low frequencies. Unlike 0420-014,
the similar jet position angle between 43 and 15 GHz suggests
that the trend of lower dy, at lower frequencies is most likely
due to deceleration. However, we note that the time window of
the light curves used for the high-frequency modeling is shorter
with little time overlap with the 4.8-37 GHz observations. Such
a time difference can lead to the underestimation of the ¢, at
the highest frequencies. Although tantalizing, our results for the
higher frequencies should be treated with caution.

Alternatively, acceleration at parsecs scales in a conical ge-
ometry can occur in a striped jet model with reversing toroidal
magnetic field polarities (Zhang & Giannios 2021). In this case,
jet acceleration is powered by magnetic energy dissipation via
magnetic reconnection between stripes and can continue even
after tens of parsecs from the black hole. This would suggest
that Sample B sources likely host slower spinning supermassive
black holes with a smaller stripe width spectral index (a). We
test this scenario using the spin estimates from Liodakis (2018).
There are 32 sources from Sample A and 12 sources from Sam-
ple B with an available estimate. We find no statistically signif-
icant difference between the two samples (K-S p-value=0.97).
We note that the spin estimates from Liodakis (2018) are model
dependent and might not be representative of the “true” black
hole spin of the sources.

4.4. Overall VLBI properties

We additionally discuss below the VLBI properties of the two
samples using data from the MOJAVE survey (Kovalev et al.
2005; Pushkarev et al. 2012; Hovatta et al. 2014; Homan et al.
2015; Pushkarev et al. 2017; Hodge et al. 2018; Lister et al.
2019). In the majority of cases we do not find a statistically sig-
nificant difference, hence, we highlight only a few interesting
comparisons.

° http://smal.sma.hawaii.edu/callist/callist.html

10 The SMA observations for a given source are taken at slightly dif-
ferent frequencies (a dispersion of typically a few GHz). Here we quote
the median frequency for all sources.

Article number, page 6 of 15

We compare the median relative parallel and perpendicu-
lar acceleration (to their proper motion vector, see Egs. 5 &
6 in Homan et al. 2015) of jet components in the two sam-
ples (28 sources from Sample A and 12 from Sample B). Par-
allel acceleration is often considered to reflect changes in the
flow speed while perpendicular acceleration is believed to reflect
changes in the direction. Starting from the relative parallel accel-
eration, we do not find a statistically significant difference (K-S
p-value=0.33) between the two samples. If the measured acceler-
ation of the jet components is representative of the jet bulk flow,
one might expect Sample B sources to show higher acceleration.
This would likely suggest that either Sample B is a mixture of ac-
celerating sources and sources with changing viewing angles or
that the acceleration of jet components reflects velocity changes
of hotspots moving within an underlying, quiescent flow (e.g.,
Ghisellini & Tavecchio 2008). Interestingly, Sample B sources
show on average higher relative perpendicular acceleration (K-
S test p-value=0.03). This would be in favor of either velocity
stratification or jet bending producing the observed trends (see
above).

Sample B sources are on average more core dominated (K-S
p-value=0.023, Kovalev et al. 2005). At the same time, the Oy,
distributions at 15 GHz do not show a significant difference (K-S
test p-value=0.56). This is in tension with the common assump-
tion of the core dominance being a proxy for higher beaming, but
our small sample size can also affect our conclusions. Sample A
sources have on average higher maximum apparent jet velocity
(Bappmax» Lister et al. 2019). The K-S test rejects the null hy-
pothesis when comparing the distributions for the two samples
(p-value=0.024) whereas the A-D test does not reject it, albeit,
marginally (p-value=0.056). Excluding 1253-055 (which shows
the opposite trend to the rest of the Sample B sources), both tests
reject the null hypothesis (p-value< 0.026).

Using Buppmax and dyqr,15 We can estimate the viewing angle
and Lorentz factor distributions. We do not find a significant dif-
ference in the viewing angle distributions (K-S p-value=0.065).
For the Lorentz factor distributions the Sample B sources have
on average lower values according to the K-S test (p-value=0.02)
which is not confirmed by the A-D test (p-value=0.062). How-
ever, this trend is confirmed by both tests (p-value<0.023) when
excluding 1253-055. This could suggest that, on average, the re-
maining sources in Sample B (i.e., sources that show higher 6y,
towards lower frequencies) have not yet reached Lorentz factors
as high as those of Sample A sources at 15 GHz, i.e. they are still
accelerating.

4.5. Caveats

In the statistical analysis presented above, we used the available
literature values. This often results in at least one sample (most
often Sample B) having approximately or even fewer than 10
sources hampering the discriminating strength of the K-S and
A-D tests.

The cadence of the observations used for the light-curve
modeling, if insufficient, can lead to an underestimation of the
true Doppler factor in a given source (Liodakis & Pavlidou
2015b). Sources in our sample have varying average cadence,
from a few days to a few weeks. Combined with the fact that flare
rise times are expected to be shorter at higher frequencies, this
can lead to the underestimation of the 22 and 37 GHz Doppler
factors creating an artificial trend. Out of Sample B, 0458-020,
1739+522, 1803+784, 2007+777, and 21214053 have a factor
of two lower cadence at both high frequencies; hence the results
from those sources should be treated with caution. The majority
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of our sources have comparable sampling, bu it is nevertheless
possible, although unlikely, that for some sources we are under-
estimating Oy, at the lower frequencies, hence destroying any
intrinsic trend. If we are systematically underestimating the Oyy,
at 22 and 37 GHz, this would most likely suggest that the ma-
jority of our sources have decelerating jets or jets steering away
from our line of sight.

Throughout this work, we have assumed the same value for
the Tin.max for all frequencies. It could be possible for Ty max to
be different for different frequencies, if for example the balance
between particle and magnetic field energy densities changes
with distance from the core. However, recent VLBI results at
86 GHz suggest a Tiy¢max ~ 3.7 X 10" K (Nair et al. 2019), con-
sistent within the uncertainties from the 15 GHz value we used
in this work. Hence, any Tiymax Vvariations in the 4.8-37 GHz
range are unlikely to have a significant impact on our results.

The 6y, estimates found in this work represent an on av-
erage Oy, for a given observing period. Individual flares, can
nevertheless yield both higher and lower dy,,. Changes in the
viewing angle by factors of 2-3 during individual events have
been noted in previous studies (e.g., Larionov et al. 2010; Rai-
teri et al. 2017; Uemura et al. 2017; Liodakis et al. 2020). Vari-
ations in other geometric and physical parameters of the emis-
sion region (e.g., Lorentz factor, magnetic field strength etc.) are
also possible. This is likely imprinted in the shape of the flares
(Roy et al. 2019), which we find to have both symmetric and
asymmetric (either fast-rise-slow-decay or slow-rise-fast-decay)
profiles. The aforementioned d,, variations are reflected in the
estimates’ accompanying confidence intervals (Table A.1, A.3)
which should not be treated as statistical, but instead as the pos-
sible range of dy, for a given source.

5. Conclusions

We studied the relativistic effects across five radio frequencies
from 4.8 to 37 GHz for 61 sources. By quantifying the Doppler
factor in each frequency we are able to study variations possibly
related to acceleration, deceleration, or jet bending. The major-
ity of the sources in our sample do not show any such variations
across frequencies. This would be consistent with nonacceler-
ating conical jets. However, we identify 17 interesting sources;
16 show higher Doppler factor towards lower frequencies and
one shows the opposite trend. To test the different possible ori-
gins of dy,, versus frequency trends we use the VLBI properties
and high-frequency observations of the sources (100, 225, and
340 GHz, 45 sources have at least one high-frequency estimate)
to estimate Oy, at such high frequencies for the first time. Our
analysis suggests that the trend found in 0420-014 is likely due
to jet bending, while the trend in 0212+735 is likely due to the
jet accelerating in a parabolic geometry. 1253-055 shows a com-
plex behavior that is likely attributed to a bend in the innermost
jet probed by the highest frequencies, while decelerating at the
4.8-37 GHz range. For the remaining sources, our results are
broadly consistent with the expectations from a transitioning ge-
ometry model with a few exceptions. However, the much shorter
time-span of the high-frequency observations prevents us from
coming to strong conclusions. Simultaneous high-cadence mon-
itoring across the entire GHz-millimeter range, which will be
available in the future with the Simons observatory (Ade et al.
2019) and CMB S4 (Abazajian et al. 2016), will provide an
unprecedented opportunity to study the structure of blazar jets
through their multiwavelength radio variability.
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Table A.1. Median Doppler factor estimates and their 68% confidence intervals
for all the sources in our sample. Column (1) is the B1950 name, column (2) is
the redshift, column (3) is ¢,,, at 4.8 GHz, column (4) is é,,, at 8 GHz, column
(5) is 6,4 at 14.5 GHz, column (6) is 6,,, at 22 GHz, and column (7) is d,,, at

37 GHz.
Name z Ovards Ovar8 Ovar,14.5 Ovar22 Ovar37
0048-097  0.635 1333} 14.34*12%6 8357771 40440 -
0059+581  0.644 49.18%87¢  29.65*8%0,  23.05+L1%  12.69737¢  8.34%37
0106+013 2107 20.0673%%° 22.46%1571  19.2278%¢ 14597390 1336370
0109+224 0265 4557500 624718 55108 473817 55048
0133+476  0.859 29717128 9.14*1761  16.47*¢07  16.967375  18.99*%33
0202+149  0.834 149993 5367308 12197035 69935 8.451)%
0212+735 2367 - 40955872 257341231 2278700 10.81%32¢
0234+285 1213 24711530 21713800 1770200 15947356 12.98+19
0235+164 094 5371936 3477225 26.46%)92, 27.24%673  27.54*188
0300+470  0.475 8917977 441778 784300 224070 17148
0306+102  0.863  823*217  7.6973% 95474 437430 27548
0316+413  0.018 02730 022%0%8 019707 0256 0.13%)%,
0336-019  0.852 22.82%04¢ 1628739 18.993%7  7.85%317  13.79%}3
0415+379  0.048  1.92%0%)  2.94*070 2467333 236705 348708
0420-014 0915 57.92°2320 33.26%2922  21.8*85% 159271488 17.9+75¢
0422+004 0268  7.25*42 6981372 514%12% 4047102 3797142
0430+052  0.033 2827297 1817 % 259708 287 248407
0458-020 2291 37.66737%) 1266778 8.52715%1 4577013 3367393
0528+134 207 39.98°)373 40.23*20¢ 359208 47267333 28.0173) 12
0605-085  0.872  2.53*3  6.653.1 271997 20675, 2.89721
0716+714 031 1994715 16717651 13.647345  13.83%305  12.41%55
0735+178 0424 239%80) 6183 593*88  531+de 3933
0736+017  0.191  7.61*335  7.8%300 619775 55714 5.6347
0754+100 0266 447430 743719 487l 48400 3.0670%
0804+499 1436 36.61*1%73 12557142  30.49*19  284*18 308478
0814+425 1381 19347098 31.027339 94373 135773 7.0557
0851+202 0306 15.17*237  25.16752°  17.047737  19.46* 4% 27.97*13%
0954+658 0367 21.61775° 141753 6657152 44678 587737
1055+018  0.888 127871128 12757639 9.49*1135  154%331  18.05%)7%
110143828 0.03 3337590 319773 22575, 2817903 2557140
11564295 0.729  19.047870. 32.82+130+  22.09%39%  15.6273%  33.32+)848
12194285  0.102  0.8670¢,  0.6%32 1457080 047709, 047703
12224216 0435 67739, 348783 413734 33179 3437233
12264023 0.158 42728 5717433 44359 6077 425739
1253-055 0536 549703 557758 6.5 8251kt 14234338
1308+326 0997 104708 1338442 919737 13.947787  13.8777)
1335-127 0539 95733 13.27°1%7 1029779 6.627)0% 5951
1413+135 0247 405723, 5367838 74177352 4677050 2.6370%
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1418+546
1502+106
1510-089

1553+113
16114343
1633+382
16414399
1642+690
1730-130

1739+522
1741-038

1749+096
1803+784
1807+698
18234568
2005+403
2007+777
21214053
2200+420
2223-052

2230+114
2251+158
2254+074
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0.152
1.839
0.36
0.36
1.397
1.814
0.593
0.751
0.902
1.379
1.057
0.322
0.68
0.051
0.664
1.736
0.342
1.941
0.069
1.404
1.037
0.859
0.19

5.57
TIT3%

9.59
9.97% ¢

9.76
247535

3.5
15633

4.64+17

28.3
29.02+337

23.99
6.13*7%]

4.94
5.247756

55.67,3:

16.
51'9t13.él

22.15
20.21+22)

19.654312

10.86
26.941059

0.73
234706

8.23433

7.94
21.66*79

12.391347

15.49
48.047 23

6.46
8.4370¢8

29.59
10.0872%3

26.39
31.82752)

5.53
27.72433

222
2.14%¢¢

+1.66
5'9—1.77

26.44
258771015

23,0438

2.68
0.34755%

9.25*847

37891303

5.93*1-12

10.15%333

22.06
12.22+22

13.6
24.68% %)

13.75
18.46% "¢

4.5
18.75+437

19.35+1523

+2.09
4'272.94

+10.13
9‘4—6.87

2224
34.5177%s

13.57*)37

20.05
47.097053

343
9.75%35

50.69
37.38+306

14.49
23.45% 3¢

2.53
14.82+23

2657134

0.76
372755

13.3
31.21%1337

22944103

0.68+368

12.87
11.12+128

39.07*1%48

32553

271
4.57f2;4

+13.02
9'7—4.79

10.51
27.13*193

21.51
22.761575

6.6
17.06*6¢7

5.59
19.24733
0.93
1.08+0%3

3.07
5235

+18.52
14'8714.01

6.225%

16.61
277571304

3.91
7.93%%

20.54
21.0%5 7%

18.41 ﬁfg:;

13.5
1333772

0.46
1.52%55,

27873

6.4
10.02+64,

20.58+776

1.05
L1374

+5.55
74753

15.97
24.997 555

458'18)

3.58+241

458
4.43% 58

12.955%

9.33
15384933

.06
17.22+79

2.54
6.81173;

0.47
1217047

1.79
2.88%4¢

6.56
21.08+63¢

42314

6.01
11.34760!

3.51
7345033

6.12
13387612

26.51%)17

11.83
11.917118

0.96
1.527 ¢

25503

8.19
12.27+519

24.02+6.40,

9.54+247

23.92
451575 4¢

3.79
7.58%5 ¢

3.26
378459

+4.71
9.57, %8

246
8.287379

7.74
23.1147 78

13.98+51¢

833308

034
0.8775

1.86
3.671%

8.01
12755035

2.94* 11

5.46
14.3272°8

9.95+3:9

7.95
21.687793

26578

20.46
26.78715%¢

0.58
111793
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Table A.2. Doppler factor versus frequency correlation results. Column (1) is
the B1950 name, column (2) is the median Pearson correlation p, column (3) is
the median Pearson correlation p-value, column (4) is the median best-fit slope,
column (5) is the median best-fit intercept, and column (6) is the sample desig-
nation. “A” is for sources that do not show a statistically significant trend, “B” is
for sources that do.

Name P p-value slope intercept ~ Sample
0048-097  -0.9  0.0998 —0.8570%%  1.84+042 A
0059+581 -0.99 0.0014 —0.83702) 225702 B
0106+013 -0.88  0.0504 —0.387035  1.68*243 A
0109+224 0.14  0.8271 -0.037035  0.76:93¢ A
01334476 -0.11 0.8654 —0.1702% 144702 A
0202+149 -0.31  0.6098 —0.17703*  1.1570:3% A
0212+735 -0.97 0.0313 —0.87703 244704 B
0234+285 -1.0  0.0002 -0.36703%  1.647037 B
0235+164 -0.85 0.0664 —0.27+035  1.8703 A
03004470 -0.83  0.0809 —0.87704%  1.6370:33 A
0306+102 -0.81 0.0951 -0.5793) 1337032 A
0316+413  -0.77 0.1303  0.4872¢1  —1.07+033 A
0336-019 -0.65 0.2305 -0.3792  1.537% A
04154379 0.67 02114  0.197017 022702, A
0420-014  -093 0.0213 -0.57*337  2.067032 B
04224004 -0.97 0.0058 -0.367037 11570 B
0430+052  0.16  0.7962 —0.08*326  0.497033 A
0458-020  -0.98 0.0044 -1.0670%0 2267032 B
0528+134 -046 04346 —0.047042  1.6570% A
0605-085 -0.32  0.5977 —-0.1670%  0.7703* A
0716+714 -0.96 0.0092 -0.2793, 1387031 B
0735+178 035 0.5591  0.073% 075705 A
0736+017 -0.92 0.0258 —0.19701  1.03702! B
0754+100 -0.59 02914 —0.257012  0.9570% A
0804+499 -0.84 0.0733 -0.17701°  1.6970% A
0814+425 -0.79 0.1134 —0.64702°  1.8870%8 A
08514202 0.58 0.3099  0.22%2% 107032 A
0954+658 -0.91 0.0313 -0.72702%  1.7570%8 B
1055+018  0.54 03491  0.16*937  0.96*04 A
1101+384  -0.68 02022 -0.15*33;  0.59*032 A
1156+295 0.18 07758  0.1*043  1.23%03 A
12194285 -044 04578 -02570% 021708 A
12224216  -0.75 0.1479 -0.197237 09708 A
12264023 0.02 09727  0.08*04  0.62*0% A
1253-055 091 0.0322 043*923 0423 B
1308+4326 047 04237  0.06%03  1.01*0# A
1335-127  -0.78 0.1236  -0.370%  1.33*03% A
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1413+135
14184546
1502+106
1510-089

1553+113
16114343
1633+382
1641+399
1642+690
1730-130

1739+522
1741-038

1749+096
1803+784
1807+698
18234568
2005+403
2007+777
21214053
2200+420
2223-052

2230+114
2251+158
22544074

-0.38
-0.98
-0.12
-0.38
-0.07
0.59
0.33
0.04
-0.65
-0.78
-0.95
0.11
-0.93
-0.88
-0.8
-0.87
-0.65
-0.96
-0.91
0.04
0.17
-0.47
-0.13
-0.88

0.5244
0.0026
0.8482
0.528
0.9331
0.2927
0.5925
0.9452
0.2395
0.1202
0.0127
0.864
0.0222
0.0473
0.1023
0.0549
0.2305
0.0089
0.0339
0.9439
0.7883
0.4209
0.8358
0.0471

0.26%03
0.62+03

0.48
0. l4io.37

—0.08+023

_ +0.82
0.2%5%

036
0.26%3

004703

0.4
-0.25%; 4;

036033

09303

08693,

032
-0.04733

0.28
—0.13%5¢

024
-0.66753

0.25
-0.62%53

0.44
-0.6175]

0.26
-0.31 io.37

023
=0.79755%

0.26
-0.75%5,

0.41
-0.01%3,

051
=0.17" 76

0.43
—0.1573:

~0.017925

037
-0.4374

09403

+0.41
1'3—0.44

13908

0.28
1447053

0.3570%85

0.66f8:25

1491037

0.61
108709
1.12+046

+0.38
2'2’70.41

0.26
2.29%0%9

0.39
13603
1 .4+0.32

-0.37

+0.27
1'9—0.32

+0.28
0'9—0.33

0.46
LA175<y

035
1.68%)32

0.28
173705

0.28
2.254028

035
0.967 <2

0.61
1L.51%5¢;

0.41
1.547)<s

0.28
1.29%)7%

0.45
0.74% 2
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Table A.3. High-frequency Doppler factor estimates for the sources in our sam-
ple. Column (1) is the B1950 name, column (2) is 6,,, at 100 GHz, column (3) is
Ovar at 225 GHz, column (4) is 6,,, at 340 GHz.

Name 6var,100 6var,225 61/(1" ,340
0048-097 ] 047402, -
0059+581 ) 411717 -
0133+476 ] 3781972 -
0234+285 526744 425139 -
0235+164  6.847281 5967128 9 93+061
0300+470 - 1367042 -
0306+102 - 1977078 -
0316+413 059702 0.28*013  0.0870%
0336-019 - 2.6%09° -
0415+379 ; 1.57+926 0.29+908
2.69 E g

0420-014 9787269 52714 1881038
0430+052 - 0.517011 -
0458-020 - 3.2241%9 -
0528+134 - 7.82:273 3.5t14
0605-085 - 1.68*33 -

0716+714  2.447105  2,01+052 )

0736+017 253703 0.95+022 ;

—-0.36 -0.18

0814+425 - 0.79%03% -
08514202  5.6570  3.16:061  1,68+07
0954+658 - 4.7 -

0.94 . 1.29
10554018 6.67:99% 5351117 1374129
1101+384 097702 - -
11564295 715235 3354093 -
12224216 2.15*111 1,180 -
1226+023  3.357068 547221 213405
1253-055 1535733 9.87'557  2.21004¢
1308+326 - 2.3%0% -
1335-127 331713 38119 -
1413+135 - 0.517017 -
1418+546 ] 0317018 -
15024106 - 3.32+10 -
1510-089  3.68*137  2.99+084 -
1611+343 - 1.54+08, -
1633+382 - 4.53%2 -
16414399 494157 4234071 -
16424690 - 1.7+ -
1730-130 847207 5241236 213108
1741-038 - 5.83+138  0.9570%
1749+096  5.53*138 365113 1,01+02
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1803+784 - 228703 -
1807+698 - 0.257011 -
2121+053 - 1.54%97 -
22004420 1.8970%7  1.84*03%  0.6670 7
2223-052 - 3.2570% -
2230+114  10.59%295  7.52%14 -
2251+158  16.47*250  9.967336  9.69739
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