A&A, 709, A208 (2026)
https://doi.org/10.1051/0004-6361/202558066
© The Authors 2026

tronomy
Astrophysics

Connecting the long-term variability behaviour of active galactic
nuclei to their central engines

S. Kankkunen!2-*®, M. Tornikoskil®, and T. Hovatta!-?-3

! Aalto University Metsihovi Radio Observatory, Metsihovintie 114, FI-02540 Kylmils, Finland
2 Aalto University Department of Electronics and Nanoengineering, PO Box 15500, 00076 Aalto, Finland
3 Finnish Centre for Astronomy with ESO, FINCA, University of Turku, Turku FI-20014, Finland

Received 11 November 2025 / Accepted 17 March 2026

ABSTRACT

Aims. Analysing the long-term radio variability of active galactic nuclei (AGNs) is essential to understanding the physics of relativis-
tic jets launched by supermassive black holes. We aim to connect the characteristic timescales obtained from a prior power spectral
density (PSD) analysis to the decomposed timescales of the light curves. In addition, we probe for potential associations between the
timescales and the physical characteristics of the relativistic jet as well as the central engine.

Methods. We decomposed the long-term radio light curves of 54 sources observed at the Aalto University Metsdhovi Radio Obser-
vatory into individual flares to understand which timescale of variability is related to the low-frequency bend in the PSD. In addition,
we used the obtained rise times of the brightest flares to look for associations between the emission-region size in the jet and different

central engine parameters.

Results. We found that the inverse of the PSD bend frequency of radio light curves best corresponds to the mean duration of the
brightest flares. For some sources, the mean flare separation had a similar timescale. Using the flare durations and separations as
proxies for the PSD timescale, we found a positive correlation with black hole mass divided by the normalised mass accretion rate.
This suggests that the variability timescales obtained from the PSDs of radio light curves are associated with the central engine.
Furthermore, when comparing the obtained rise times of the brightest flares to the jet and central engine parameters, we found weak
tentative correlations, but they may be driven by a common dependency on redshift.
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1. Introduction

Active galactic nuclei (AGNs) are highly luminous centres of
active galaxies and are known for their multi-wavelength vari-
ability. In the radio domain, the variability has been attributed
to shocks in jets (Marscher & Gear 1985), where the observed
luminosity and rate of variability are boosted by relativistic
flow velocities and the jet orientation being close to the line
of sight. The continuum observations of flares have been con-
nected to very long baseline interferometry (VLBI) observa-
tions of ejected features in the jet (e.g. Tiirler et al. 1999;
Savolainen et al. 2002; Lindfors et al. 2006).

The time variability of AGNs has been studied extensively
in all wavelength domains (e.g. Hughes et al. 1992; Uttley et al.
2002; McHardy et al. 2006; Hovatta et al. 2007; Kelly et al.
2009; Ramakrishnan et al. 2015). Typically, variability studies
attempt to look for so-called characteristic timescales of variabil-
ity. A characteristic timescale describes the typical variability in
the light curves, such as how often the source flares and for how
long the flaring lasts. These timescales may be connected to the
physical conditions in AGNs, and they are an important piece
in understanding the drivers of AGN variability over different
wavelengths.

One typical way to estimate characteristic variability from
observed light curves is to analyse their power spectral densities
(PSDs). The PSD gives the power content of a signal (or noise) in
frequency space, and it can be estimated using the periodogram.

* Corresponding author: sofia.kankkunen@aalto.fi

The PSD of an AGN is typically modelled as a red noise power
law with a potential bend after which the slope turns over to a
flatter power-law slope or converges to white noise in low fre-
quencies. This observed low-frequency flattening is expected in
real physical processes to avoid infinite integrated power (e.g.
Van der Klis 1989).

A bend in the bending power law is considered to be the
inverse of a physically meaningful characteristic timescale; in
black hole X-ray binaries (BHXRBs), the emergence of jets is
associated with changing X-ray spectral states (e.g. Fender et al.
2004), and their light-curve PSDs have either one or two observ-
able bends (e.g. Belloni & Hasinger 1990; McHardy et al. 2006;
Wilkinson & Uttley 2009). The location of the bend has been
connected to central engine parameters of both BHXRBs and
AGNs (e.g. Uttley et al. 2002; Papadakis 2004; McHardy et al.
2006; Gonzalez-Martin & Vaughan 2012; Paolillo et al. 2023).
Specifically, McHardy et al. (2006) found the X-ray PSDs of
radio-quiet AGNs to be similar to the soft-state PSDs of
BHXRBs with a single bend. They found the location of the PSD
bend to scale with the black hole mass and mass accretion rate.
This scaling was also found to apply to the PSD of the blazar
3C273 (McHardy 2009). Thus, of interest is to analyse whether
the PSD bend of radio light curves can also be associated with
the central engine.

In Kankkunen et al. (2025) (hereafter Paper I), we were able
to identify 11 sources for which there was a constrainable char-
acteristic timescale. Due to the small sample of sources with
a PSD bend, we attempt to extract the characteristic timescale
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from the light curves via light-curve decomposition. We test
the hypothesis that the timescale we obtain from the PSD, the
inverse of the bend frequency, is connected to either the dura-
tions of flares or to their temporal separations. The idea that the
longest timescales are related to the flare durations is supported
by the preliminary analysis in Paper I, where we compared the
PSD timescales to the longest times a knot component was vis-
ible in very long baseline interferometry (VLBI) 43 GHz data
(Weaver et al. 2022). Similarly, Park & Trippe (2017) found that
introducing longer-duration flares to their simulated light curves
moved the bend location to lower frequencies. On the other hand,
Mukherjee et al. (2019) used simulated data and light curves to
analyse the connection between the PSD timescale and the light-
curve characteristics and found the PSD bend to be the inverse of
the intervals between consecutive shocks moving down the jet.
Thus, it is not clear, which timescale observed in the light curve
corresponds best to the PSD bend, and different timescales may
also be blended. Nevertheless, if a connection is found, we can
use the corresponding timescale as a proxy for the PSD bend and
test for a connection with the central engine with a larger sample
of sources.

In addition to the connections between the PSD timescale
and the central engine, we analyse whether the jet and cen-
tral engine parameters can be related to the emission region
size. For example, a study by Potter & Cotter (2015) found
compelling evidence of a connection between the bulk Lorentz
factor of the jet and the radius of the jet transition region.
The transition region is defined as the region where the jet
shape changes from parabolic to conical and is in equiparti-
tion. A transition between the jet shapes has been observed in
multiple AGNs (e.g. Asada & Nakamura 2012; Kovalev et al.
2020; Boccardi et al. 2021; Okino et al. 2022). Kovalev et al.
(2020) suggest that the transition region likely coincides with
the location of a recollimation shock. In millimetre wave-
bands, the radio core is often considered to be a standing rec-
ollimation shock (Daly & Marscher 1988), although in some
sources it may still be the 7 = 1 surface (e.g. Kutkin et al.
2014; Frommetal. 2015). With simplifications and assum-
ing a direct relationship between the length of the parabolic
region and the width of the jet shape transition region (e.g.
Vlahakis & Konigl 2003; Beskin & Nokhrina 2006; Lyubarsky
2009; Potter & Cotter 2015), we incorporate light-travel time
arguments to use the decomposed flares and their emission-
frame rise times as proxies for the width of the radio core. We
estimate whether the rise times can be related to the jet bulk
Lorentz factor, the black hole mass, the accretion disk luminos-
ity, and/or the mass accretion rate.

Our sample includes both the constrained sources of Paper 1
as well as a larger sample of additional sources for which a con-
strained timescale was not found. Comparing the results between
the decompositions and the PSD timescales, or lack thereof,
should help in further understanding the characteristic variabil-
ity and its dependence on jet physics. The paper is divided as
follows: In Section 2, we describe the used data and sample. In
Section 3, we describe the methods, followed by the results in
Section 4. In Section 5 we discuss the results and their connec-
tion to previous studies. Section 6 gives the conclusions obtained
from the analysis.

2. Data

The Aalto University Metsdhovi Radio Observatory (MRO)
hosts a 14-metre telescope that is used to observe AGNs predom-
inantly in 37 GHz. Observations have been conducted regularly
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for over 40 years, with a few sources having their first observa-
tion already in 1979. Because of this long-term monitoring, the
MRO sample of light curves allows us to analyse the time vari-
ability of the most energetic relativistic jets with high accuracy.
More detailed information on MRO and the observed sample is
presented in Terédsranta et al. (1998) and in Paper 1.

In Paper I, we compiled a sample of 123 sources from the
objects monitored at MRO, which had a minimum of 10 years of
consecutive observations, a minimum of 100 data points, and at
least a 1 Jy maximum flux density. For this work, we constructed
a subsample by including the 11 constrained sources with a con-
strained timescale obtained from the PSD analysis, and a sub-
set of 40 well-sampled unconstrained sources as a further com-
parison sample. We also included three borderline sources from
Paper I, which are sources that had a timescale in the PSD but
did not meet all strict criteria to be considered reliable. The addi-
tional sources in the analysis were chosen from Paper I with the
following criteria: a minimum of 500 data points, no multiple
long gaps in the light curve, and prominent flares for the decom-
position analysis. Including this larger sample of sources should
allow for further confirmation of their timescales and potentially
relate the results to the central engine of the sources. The entire
sample consists of 54 sources and they are listed in Table A.1.

Because we are interested in comparing characteristic
timescales obtained from the PSD to the light-curve decomposi-
tion, we used the same cut-off date as in Paper I (1 January 2023),
leading to a median light-curve length of ~39 years. The source
types in the sample can be divided based on optical classifica-
tion into flat-spectrum radio quasars (FSRQs), BL Lac objects
(BLOs), and radio galaxies (GALSs).

3. Methods
3.1. Light-curve decomposition

To connect our results from the PSD analysis in Paper I to the
specific timescales in the light curves, we applied a decom-
position algorithm. Decomposing the light curves into individ-
ual flares has been shown to be a viable method for estimating
radio light curve parameters (e.g. Lihteenmiki & Valtaoja 1999;
Hovatta et al. 2009), and it allows us to compare the light curve
characteristics to the PSD timescales. Using both the results
from the flare decomposition and the PSD analysis may help
in understanding whether the light curve is sufficiently long to
describe the source behaviour. If no bend is visible in the PSD,
it suggests that the amplitude of the long-term variations in the
observed light curve is still increasing (e.g. Press 1978), and thus
the behaviour of the source cannot be fully characterised.

The Magnetron' code (Huppenkothen et al. 2015) decom-
poses light curves into separate flares, with an exponential rise
and decay, with no a priori information on the number of flares or
the parameters of the exponential function. The algorithm uses
Bayesian hierarchical modelling and diffusive nested sampling
(DNest4, Brewer et al. 2011; Brewer & Foreman-Mackey 2018)
to determine the number of components and the parameters of
individual components independently of each other and to cre-
ate samples from the posterior. For the list of priors and other
assumptions used, we refer the reader to Huppenkothen et al.
(2015).

As described in detail in Liodakis et al. (2018), the mod-
ification of the Magnetron software to blazar analysis uses

! https://github.com/dhuppenkothen/magnetron2/tree/
blazars/
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the Ornstein-Uhlenbeck (OU) process to model the under-
lying background variability unrelated to flaring events. The
OU process is a mean-reverting stochastic stationary process
(Uhlenbeck & Ornstein 1930). If no OU process is modelled
for the underlying large-scale variability, the program tries to fit
each small variation in the light curve with an exponential flare.
The OU background should thus help in avoiding fitting expo-
nential flares to minor variations due to turbulent processes or to
the extended diffuse emission from the jet.

Figure 1 shows an example of a single realisation of the
decomposition drawn from the posterior sample of source
0415+379. The posterior sample includes several possible
decompositions with different numbers of individual flares and
varying flare parameters. This way the method accounts also for
the uncertainty in the number of flares in any given light curve as
often multiple variations of flare superpositions fit the light curve
equally well. The number of obtained posteriors varied between
~250-1250, with a median of 517 samples across all sources.
For each observed light curve, the plots of the posterior weights
were monitored to decide when a run was successfully finished
(see Brewer & Foreman-Mackey 2018). All of the decomposed
flares are described by their peak position and amplitude, e-
folding timescale (time constant) and skewness. The e-folding
timescale is related to the rise of the flare, whereas the decay
time is obtained from multiplying the timescale with the skew-
ness factor.

Upon visual examination of some of the decompositions, we
noticed that some posterior draws included suspiciously large
spikes and occasionally extremely low flare amplitudes. The Dif-
fusive Nested Sampling algorithm (Brewer & Foreman-Mackey
2018) used by the Magnetron code, is a Markov chain Monte
Carlo method with inherent statistical randomness, so it may
be possible that a different run of the code results in a differ-
ent fit. Therefore, we ran the decomposition on some of the
sources twice and found that the results of the test runs were
within the standard deviations of the original run. Thus, we con-
cluded that the posterior distributions were sufficiently consis-
tent between different runs. To mitigate the effect of the fast
spikes, we required the e-folding timescale of each flare to be
longer than the median cadence in the light curve for the flare to
be included in the analysis.

3.1.1. Flare durations and separations

We estimate whether the PSD timescale can be associated with
something easily measurable in the decomposed AGN light
curves. It is possible that multiple timescales can be extracted
from the PSD; however, in Paper I, we only probed for a single
low-frequency bend in the PSD. To find the potential timescale
associated with the PSD timescale, we test two simple param-
eters obtained from the light curves: the flare durations and
the separations of their peaks. The separations obtained from
the peaks roughly correspond to the intervals between flare
onsets, with the exception of a few sources that only include a
small number of exceptionally long flares whose onsets are not
included within the observing windows.

Because the red noise nature of AGN PSDs indicates that
the amplitude of variations is increasing over longer and longer
timescales (e.g. Press 1978), we focus the analysis on the bright-
est flares. We analyse those flares that have an amplitude above
the mean amplitude in a given posterior draw. This decision
allows a sufficient number of flares to be included in analysing
both the mean durations and the flare peak separations; how-
ever, this criterion may underestimate the maximum separations

in case there are only a small number of very bright flares. An
example of flare decomposition with the mean-amplitude cri-
terion is given in Fig. 1. The figure also shows an example of
the flare separation, visualised between two adjacent flares. The
durations are determined from when the flare has reached 1% of
its maximum amplitude on the rise and decay sides. This limit
was also used in Huppenkothen et al. (2015) with count rates. To
determine the timescales from the durations and separations of
the most dominant flares, we took their means for each posterior,
and then similarly the means from all drawn posteriors.

3.1.2. Flare rise times

The brightest flares have been linked to so-called core flares
associated with ejections of VLBI components (Savolainen et al.
2002). As a simplified assumption, the rise times of the bright-
est flares should give the best representation of variability
timescales within the radio core. We exclude the fainter flares as
they have been associated with knots further downstream of the
core (e.g. Savolainen et al. 2002). With the following reasoning
and light-travel time arguments, we use the e-folding timescale
of the most dominant flares as a proxy for the upper limit of
the relative emission region size. The e-folding timescale corre-
sponds to approximately 37% of the flare maximum amplitude,
and we quote it as the rise time. This portion of the flare is indi-
cated in Fig. 1.

Here, we narrow down the number of flares included to
only consider the ones whose peak amplitudes exceed 50% of
the highest-amplitude flare in a given decomposition. This is
to ensure that a minimal number of flares being formed further
downstream are included in estimating the size of the radio core.
From each posterior draw, we take the median rise time of the
considered flares and then take the median over the sampled pos-
teriors. To scale the rise times to the emission frame, we used

Trise,obs * Ovar
1+z2

) ey

Trise,em =

where Tyise obs 15 the decomposed rise time in the observed frame,
Ovar the variability Doppler factor, and z the redshift.

To be able to compare the rise times of the flares and thus the
sizes of the emitting regions between sources, we made several
simplifications in our assumptions. First, we assume that syn-
chrotron opacity has a negligible effect on the flare timescales.
In addition, to compare the obtained results to previous studies,
we assume that the emitting region corresponds to the location
of the jet transition region and that the upper limit of the emitting
region size is a sufficient proxy for the jet width at that location.

3.2. Doppler factors

Lihteenmiki & Valtaoja (1999) discussed different methods for
estimating Doppler factors. One approach involves directly mea-
suring the brightness temperatures from VLBI data and com-
paring them to the theoretical maximum equipartition bright-
ness temperature (Readhead 1994). Another option is to use
total flux density flares through light-curve decomposition
(e.g. Terasranta & Valtaoja 1994; Lahteenmiki & Valtaoja 1999;
Hovatta et al. 2009), where the intrinsic brightness temperature
Thine is compared to the variability brightness temperature 7%, v,y

We estimate the Doppler factors following the prescrip-
tion in Liodakis et al. (2021), using the cosmological parame-
ters Q, = 0.315, Qp = 0.685, and Hy = 67.4kms‘1Mpc‘1
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Fig. 1. Example of one decomposition of the 37 GHz light curve of 0415+379 drawn from the posterior sample. The OU process has been
subtracted from the decomposition. The flares coloured in blue and cyan have an amplitude higher than the mean amplitudes of all flares in the
posterior, and the flares coloured in cyan have amplitudes above 50% of the maximum amplitude in the given posterior. The magenta line shows
the fit of the decomposition. In the top right, the inset shows an example of the portion of the flare used to determine the flare duration (cyan) and

the portion of the flare used for the rise time (magenta).

(Planck Collaboration VI 2020) as

d2ASep(v)

Tovar = 1.47 - 1083 =—L—2"" g,
b V221 +2)*

@

where dy, is the luminosity distance in Mpc, ASqp(v) the flare
amplitude in Jy, v the observing frequency in GHz, ¢, the flare
rise time in days, and z the redshift (Liodakis et al. 2021). From
each posterior draw, the maximum T} v, is chosen. We use the
e-folding timescale as the rise time and consequently the differ-
ence between the maximum flux density of a flare and the flux
density at the e-folding timescale as AS,,(v). To account for the
uncertainty in Ty, We follow Liodakis et al. (2018) and use a
Gaussian distribution with mean z = 2.78 - 10'' K and standard
deviation o = 0.72 - 10'' K and draw samples from it. The vari-
ability Doppler factor dy,, was obtained from

Tb var
Ovar = (1 + Z) [
‘ V Thint

by random sampling from the distribution of Ty yar and T ne
and constructing the median. The d,,; and the respective 68%
confidence intervals are reported in Table A.1. Two sources,
3C84 and ON231, had a Doppler factor less than one, suggest-
ing that their intrinsic brightness temperature is likely lower than
indicated in the distribution derived in Liodakis et al. (2018).
Thus, we excluded the values from the table. We also note that
the Doppler-factor estimate for 0836+710 is high, with a value
Ovar = 78.6, and it is possibly an artefact of the decomposition
procedure due to some gaps in the beginning of the light curve.

3

3.3. Lorentz factor

We derived the Lorentz factors for each source through the cal-
culated Doppler factors and the apparent jet speeds (B.pp) from

the MOJAVE survey (Lister et al. 2018, 2019) using
Bipp + Ot + 1
=22 . (4)
26var

As there is no reported redshift for 0716+714 in Lister et al.
(2019), we adopt z 0.2304 from Pichel et al. (2023). For
S20109+22, we used z = 0.49 (Koljonen et al. 2024).
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Through Egs. (3) and (4), we were able to estimate the
Lorentz factor for 50 sources, reported in Table A.l. The
given apparent speeds in units of ¢ have been converted using
Q, = 0315, Q4 = 0.685, and Hy = 67.4kms™' Mpc™!
(Planck Collaboration VI 2020).

3.4. Central engine parameters

To compare the size of the emission region to the central engine
parameters of the sources, we estimated the accretion disk lumi-
nosities, Ly, and black hole masses, Mgy, of the sources mainly
using broad-line luminosities (Zamaninasab et al. 2014 and ref-
erences therein). When available, we use the HB line for the
accretion disk luminosity, otherwise the MglII line or the OIIL
line.

3.4.1. Black hole mass

The observed optical continuum emission of radio-loud AGNs
includes synchrotron emission from the jet; thus, we needed
to use the broad-line luminosities to obtain an estimate for the
disk emission. This was done through a power-law relationship
between the line luminosities and the continuum, which is con-
structed through observations of radio-quiet sources. To obtain
an estimate for the ALy, 4 continuum emission, we used the for-
mula from Liu et al. (2006) and for the AL,,,, 4 continuum emis-
sion from Shen et al. (2011). The estimate for AL;,,, 4 Was mea-
sured from total line luminosities, but according to Shen et al.
(2011), the power-law relationship is similar enough that broad
emission lines can be used. We only substituted the observed
continuum emission with the estimate from the broad emission
lines, if the line estimate gives a smaller luminosity.

The formulae for an estimate of Mgy are (Zamaninasab et al.
2014, and references therein)

ALoox |*® [FWHMy; |
Mgy ~ 4.82 51004 Y M, 5
B [ 10% ergs~! km s~! ° ©)
ALso0 & 047 FWHM\en 2
Mpgy =~ 3.37 Mo, 6
B [1044 ergs™! kms~! ° ©

where FWHMygp is the width of the HB, and FWHMyg is the
width of the MglI emission line.
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Fig. 2. Power spectral density (PSD) timescales against the mean flare durations and separations. The coloured data points are for the constrained
sources and the grey ones for the unconstrained sources. The dashed line indicates the one-to-one correspondence between the timescales.

The majority of the emission lines and full width at half
maximums (FWHMs) are obtained from Torrealba et al. (2012),
supplemented by values from Shaw et al. (2012), Stickel et al.
(1993), and Cohen et al. (1987). We obtained an estimate for the
black hole mass for 30 sources; the references for the emission
lines are reported in Table A.1. We do not include black hole
masses derived through other methods to avoid any additional
biases in the analysis.

3.4.2. Accretion disk luminosity and mass accretion rate

The formulae to calculate the accretion disk luminosity Ly
from emission-line luminosities are (Zamaninasab et al. 2014,
and references therein)

10210 Lace = (1232 £ 0.32) + (0.78 = 0.01) log,, L, 7
10810 Lace = (16.76 + 0.26) + (0.68 = 0.01) log,( Lytgr. (8)
10810 Lace = (26.50 + 0.32) + (0.46 + 0.01) log,, Lon. 9)

The mass accretion rates can be calculated from the
disk luminosities following the relation for thin disks
(Shakura & Sunyaev 1973):

= LL‘; (10)

ne

where M is the mass accretion rate, L, the accretion disk lumi-
nosity, and 7 the radiative efficiency. We adopt the value = 0.4,
similarly to Zamaninasab et al. (2014), albeit it is somewhat
unimportant in the upcoming analysis as the efficiency is kept
the same for each source. It is noteworthy that this formula is
intended for thin disks, and as such it may not work for BLOs.
Nevertheless, because we are using the same scaling factor for
each source, the mass accretion rate will have the same relation-
ship with the observed values as the accretion disk luminosity.
We obtained the accretion disk luminosity for 34 sources.

We calculated the normalised mass accretion rates using the
accretion disk luminosity and the black hole mass through the
formula

M Lacc
m= — = —, (11)
Mgaa  MLeaa
where Lgqg ~ 1.3 - 107 13§BA3® is the Eddington luminosity (e.g.

Bottcher et al. 2012).
We note that the accretion disk luminosities obtained through
the methods discussed in Zamaninasab et al. (2014) give a larger

value than those obtained through spectral energy distribution
(SED) modelling (Ghisellini et al. 2011, 2014). This also results
in the normalised mass accretion rates being relatively large.
However, this should not affect the results of our correlation
analysis as the values are calculated in the same way for each
source.

4. Results

We decomposed the light curves of 54 sources to estimate the
mean flare duration and separation of the brightest flares of each
source. These timescales are given in Table A.2.

We used the Kendall’s 7 rank correlation to test for mono-
tonic associations between parameters. We opted for a typical
significance level of 0.05, but we also report the exact p-values.
We considered a correlation weak if 0.1 < 7 < 0.3, moderate if
0.3 < 7 < 0.6, and strong if 7 > 0.6.

4.1. Flare durations and separations

In Paper I, the characteristic timescales were fitted with a bend-
timescale grid of 500 days up to 7000 days, with an additional
coverage of 100, 200, 400, and 800 days. The coverage was cho-
sen to be sparse because it is difficult to extract exact values from
the periodogram, and the uncertainties were correspondingly
large. Figure 2 shows the results from the flare decomposition
against the obtained PSD timescales. The plots suggest that the
flare durations have a better overall one-to-one agreement with
the PSD timescale. To quantify this, we performed the Kendall
rank correlation test between the PSD timescales and the flare
durations and separations. Because most of the PSD timescales
of the unconstrained sources are near or at the upper limit of
the tested scale (7000 days), we conducted two tests, one with
only the constrained sources and one with all of the sources with
an estimated PSD timescale. This analysis specifically probes
whether the flare durations and/or separations increase with the
PSD timescale. We assumed that for the unconstrained sources
the PSD timescale is longer than for the constrained sources. The
correlation analysis results are reported in Table 1.

We obtained significant correlations with both the flare dura-
tions and separations when using all of the sources. For the
11 constrained sources, the correlation is not significant with
the flare durations, likely owing to the two sources 3C120 and
3C454.3 with shorter flare durations compared to the obtained
best-fit PSD timescales. For the separations, the correlation with
the PSD timescale is strong but does not follow the one-to-one
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Table 1. Results from the Kendall rank correlation analysis for associa-
tions between the PSD timescale and flare durations and separations.

Tpsp T p

T qur anl 0.379 2.803-107*
Tsep,all 0.279 0.008
Tdur,const 0.366 0.161
Tsepconst  0.691 0.007

Notes. Ty an (mean flare duration) and T (mean flare separation)
include all sources with an estimated PSD timescale and Ty const and
T'sep,const include only the constrained sources.

7000 H 4> 10 ~
H §<10 7
8000 H—— 111 //’
— -
5000 i
0 AT
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Fig. 3. Mean flare separations against the mean flare durations obtained
from the decomposition of the light curves using the mean-amplitude
limit. Source 3C84 is excluded from the plot for visual reasons, due to
a much longer estimated mean flare duration and separation compared
to the other sources.

correspondence. Overall, for five of the constrained sources, the
mean flare duration matches the PSD timescale better than the
flare separation. For four of the sources, both timescales are very
close to each other. Mukherjee et al. (2019) show that if both
separations between the flares and the electron cooling times
(resulting in longer flare decays) are of a similar magnitude, they
may both contribute to the bend causing a smoother turnover.
The constrained sources are also within the 25 sources with the
shortest flare durations. Using the flare separations, the scatter is
larger.

The flare durations are, on average, twice the length of the
separations. However, for the 11 constrained sources this ratio
is smaller with ~1.3. Figure 3 shows the flare separations plot-
ted against the flare durations for each light curve. The solid
line is the equivalence of twice the duration compared to the
separation, whereas the dashed line gives the one-to-one equiv-
alence. We obtained a strong positive correlation, with 7 = 0.58
and p ~ 7.9 - 1070, Given the longer values obtained for the
flare durations, it seems likely that the PSD bend constrained in
Paper I is more closely related to the durations. Even if there
was a second bend at higher frequencies, we expect the bending
power law used in Paper I to rather estimate the low-frequency
bend, where the flattening to white noise is expected. However,
it is also possible that the flattening observed in some of the
sources is not to white noise but to a slope of 1, in which case
the flare durations could be probing the high-frequency bend
instead. This is potentially the case with 3C120; The best-fit
PSD bend of 3C120 is at 2500 days, but its mean flare duration
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and separation are only ~500 and ~1000days, respectively. If
only the very brightest flares are considered, that is, those with
amplitudes over 50% of the maximum amplitude in a given pos-
terior draw, the mean separation is ~2600 days. It is then possible
that using a two-bend model for the PSD of 3C120 could reveal
a high-frequency bend better associated with the durations. We
leave this analysis for future studies.

Connection with the central engine

Due to the found connection between the light-curve decompo-
sition results and the PSD timescales, we used both the mean
flare durations and separations as potential proxies for the PSD
timescale. This is because the number of constrained sources
(11) is too low for the analysis and is reduced to only eight
for the ones with a black hole mass estimate. Motivated by
McHardy et al. (2006), who found the PSD timescales of AGNs
in the X-ray domain to scale as lelg'Iflz /%8, we estimated the
PSD timescale association with Mpy/ri2 using the black hole
masses in units of solar mass (see Fig. 4).

With a sample of 30 sources, we find that both the flare
durations and separations have a moderate positive correlation
with Mpy/m (Table 2). The correlations may be driven by the
black hole mass, as no correlations exist with the mass accretion
rate riz and either timescale. However, for the flare separations,
the correlation with Mgy is marginally weakened (r = 0.254,
p = 0.052) compared to Mgy /rii. Thus, we cannot definitively
exclude the need for the division by 7z and a larger sample of
sources or more accurate estimates for the black hole mass and
accretion rate are required to analyse the connection further.

If the flare durations and separations are corrected to the
emission frame, the correlation is weakened for the flare dura-
tions and for the flare separations we cannot reject the null
hypothesis of no association (Table 2). The implications are dis-
cussed in Sect. 5.2.

4.2. Jet and the central engine

We analysed the data for an association between the black hole
mass and the width of the transition region approximated from
the median rise time, Ts, of the most dominant flares. Fig. 5
shows the black hole mass against the rise time in both the
observed frame Tz obs and the redshift and Doppler-corrected
emission frame Tjg em- We applied the Kendall rank correlation
analysis to probe for an association between Mgy and Tyiseem
and were not able to reject the null hypothesis (Table 3). How-
ever, if the source 0235+164 with weak emission lines and thus
uncertain black hole mass is removed from the analysis, a sig-
nificant weak positive correlation, with 7 = 0.29 and p = 0.03,
is obtained. A similar correlation, including all of the sources, is
obtained for Tyise obs and Mpp.

As in the previous analysis, we used Tyjge em as a proxy for the
emission-region size, and we calculated the accretion disk lumi-
nosity for 34 sources with estimated Doppler factors. Figure 6
shows in the top row the accretion disk luminosity L,.. against
both the observed and the emission-frame rise times. We found
a weak significant positive correlation between L, and Trise.em
(Table 3). The result is the same as for the mass accretion rate M,
when using the same radiative efficiency for all sources. We cal-
culated the normalised accretion rate riz using the accretion disk
luminosity and the calculated black hole masses for 30 sources.
Figure 6 shows 7i7 against the observed and emission-frame rise
times. Here, we could not reject the null hypothesis of no correla-
tion. Neither parameter has a significant correlation with Trige obs-
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Table 2. Results from the Kendall rank correlation analysis for associa-
tions between Mpy /1 and flare durations and separations.

MBH /m T )2

Tdur,obs 0.398 0.002
Tsep,obs 0.310 0.016
Taurem  0.260 0.045
Tepem 0.126  0.338

Notes. Tqurobs are the observed mean flare durations and T gy em the flare
durations corrected for both redshift and Doppler boosting. Tep qps are
the observed mean flare separations and Ty, cm the flare separations cor-
rected for redshift.

With the 51 sources for which we were able to determine the
Lorentz factor, and testing for an association with the emission-
frame rise time Ty em, We found a weak positive correlation
(Table 3). No association was found with 7y obs- Figure 7 shows
the bulk jet Lorentz factor I against Trise.obs and against Tyise em.

5. Discussion

We have analysed the decomposed light curves to understand
which timescales could correspond to the PSD timescales found
in Paper I and whether they can be connected to the black hole
mass and accretion rate. We have also used a simplified assump-
tion that the derived rise times can be used as a proxy for the
emission region size of the jet and that it corresponds to flares
observed to begin at the transition region. Here, we discuss some
of the implications of the potential correlations as well as the
caveats in the analysis. Because the number of BLOs and espe-
cially GALSs is small in the sample, we cannot make strong infer-
ences between the source types.

5.1. Associations with the emission region size

Kovalev et al. (2020) analysed VLBI data to look for jet shape
transitions from parabolic to conical. They found the transition
region in ten sources, three of which are included in our sam-
ple: 0415+379, 3C120, and BL Lac. Comparing the emission-
frame rise times of the three sources to the jet widths given
in Kovalev et al. (2020), the width of the transition region in
parsecs agrees in ordering with the rise times obtained from
the light-curve decomposition: In our analysis, BL Lac has the
longest emission-frame rise time with 411 days, 0415+379 with

186 days, and 3C120 with 134 days. We note that the estimated
rise times in our analysis are medians, and we use the e-folding
timescale instead of a double-folding timescale. While the num-
ber of sources is too low to make inferences, this result is in
agreement with our simplified assumption that the rise times can
be used as a proxy for the width of the transition region.

5.1.1. Lorentz factor

Previous studies have suggested that the jet bulk Lorentz fac-
tor of AGNs may be higher for sources with longer accelera-
tion regions (e.g. Vlahakis & Konigl 2003; Beskin & Nokhrina
2006; Lyubarsky 2009; Kutkinetal. 2019). Consequently,
Potter & Cotter (2015) showed that a larger width of the tran-
sition region is connected to higher Lorentz factors. A related
conclusion was obtained by Malzac et al. (2018), who analysed
the behaviour of a BHXRB with a shell-shock model and found
that a higher average jet Lorentz factor caused shocks to be
formed further downstream of the jet increasing the observed
timescales. Their analysis did not consider any specific emission
regions in relation to the Lorentz factor, but the conclusion of
larger jet Lorentz factors connected to larger jet radii may sug-
gest a similar effect on AGN observations. While we found an
association between the Lorentz factor and the rise times, the
strength of the correlation is low. This could be in part due to
different scaling factors between the length of the accelerating
region and the width of the transition region for different sources;
Kovalev et al. (2020) also estimated the deprojected break loca-
tions from the central black hole and found 0415+379 to have
a longer parabolic region compared to BL Lac. This may then
indicate a more complex relationship between the length of the
accelerating region and the width of the transition region.

5.1.2. Black hole mass

We found a potential weak positive correlation between the rise
times and the black hole masses. Assuming a simple relation-
ship with the length of the accelerating region and width at
the jet shape transition, we may expect to observe a relation-
ship. This is because some studies have found the location of
this transition to coincide with the Bondi radius or the sphere
of gravitational influence (SGI) (e.g. Asada & Nakamura 2012;
Tseng et al. 2016; Kovalev et al. 2020). However, this relation is
likely complicated: Okino et al. (2022) analysed the location of
the jet collimation break in 3C273 and compared it to the jet
shape transition regions obtained for other sources in relation to
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the location of the SGI. For 3C273, they found the transition in
the jet shape to be downstream of the SGI, and the other sources
had a large scatter in the locations of the jet shape transitions
around their respective SGIs. Okino et al. (2022) note that this
scatter in the locations indicates that the surrounding environ-
ment contributes to the location of the transition. Boccardi et al.
(2021) suggest that an upstream location of the jet break (from
the Bondi radius) could occur especially with low-luminosity
sources, and Fariyanto et al. (2025) discuss how this could be
connected to a lower accretion rate, which may also affect the
collimation profile of the jet.

5.1.3. Accretion disk luminosity

We also found a weak significant positive correlation between
the optical accretion disk luminosity (and thus un-normalised
mass accretion rate) and flare rise times. In X-ray variabil-
ity studies of AGNs, it has been shown that a higher X-
ray luminosity corresponds to a longer variability timescale
(e.g. Barr & Mushotzky 1986; Lawrence & Papadakis 1993;
Green et al. 1993). Barr & Mushotzky (1986) compared the dou-
bling times of the intensity of the X-ray emission to the
2—-10keV X-ray luminosity, finding a clear positive correlation.
Similarly, Hovatta et al. (2007) found that higher radio luminosi-
ties lead to longer variability timescales. Sbarrato et al. (2014)
analysed a sample of blazars and GALs and found the BLR lumi-
nosity to be closely correlated with radio luminosity. Thus, our
results of the connection between accretion disk luminosity and
flare rise times are not surprising, given the correlation found in
Hovatta et al. (2007) and may point to a common dependency
between source luminosity and variability timescales across the
electromagnetic spectrum.

5.1.4. Redshift

The found correlations are mostly weak, and their significances
in either direction are typically driven by a small number of
sources. We examined whether the correlations between the rise
time and the jet and central engine parameters could be driven
by a common dependency on redshift. The results from the cor-
relation analysis are given in Table 4. The positive correlations
between redshift and emission-frame rise time, black hole mass,
accretion disk luminosity, and normalised mass accretion rate
are significant. Thus, we performed a partial correlation analy-
sis using the ppcor R-package (Kim 2015) to examine whether
redshift explains the correlation between the emission-frame rise
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the emission frame (right).

Table 3. Results from the Kendall rank correlation analysis for associa-
tions between flare rise time and jet and central engine parameters.

Trise,obs T p Trise,em T )4

Mgy 0.291 0.026 Mgy 0.235 0.071
Locc 0.211 0.083 Ly 0.260 0.032
m 0.131 0.321 m 0.214 0.101
r 0.058 0.626 T 0.211 0.030

time and black hole mass and accretion disk luminosity. Indeed,
neither correlation is significant when considering redshift as a
third variable (v = 0.126, p = 0.337 and T = 0.075, p = 0.541,
respectively), and we can conclude that the original correlations
are driven by redshift. While the Lorentz factor correlation with
redshift is not significant, the margin to the significance limit is
very small. If a partial correlation accounting for redshift is per-
formed between the Lorentz factor and the rise time, the associ-
ation weakens to 7 = 0.156 and p = 0.110.

5.2. PSD timescales

We found that both the observer-frame flare separations and
durations correlate with Mpy/m, which is potentially driven by
a correlation with Mpy. The association between the observer-
frame rise times and black hole masses is then likely related to
the correlation with the flare durations. However, if only FSRQs
are considered in the analysis, a statistically significant associ-
ation persists only between the timescales and Mgy /1. Further
analyses are thus required to understand the connection better.
The correlation with the redshift-corrected flare separations
and Myy/m did not persist. This is surprising as the redshifts
have a relatively narrow range of values and the resulting cor-
rections to the timescales are moderate; a correlation anal-
ysis between Mg/t and only redshift-corrected flare dura-
tions gives a similar result as the analysis between Mpy /i1 and
observer-frame flare durations. Thus, we examined whether a
common association with redshift may affect the results. Indeed,
the Doppler- and redshift-corrected flare durations have a posi-
tive association with redshift whereas the redshift-corrected flare
separations have a negative correlation with redshift (Table 5).
While the positive association between Mpy/m and redshift
is not significant (7 = 0.230, p = 0.077), it is possible that this
association then affects the analysis. Using redshift as a third
variable, we find that the correlation between Mpy/m and the
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Table 4. Results from the Kendall rank correlation analysis for associa-
tions between redshift and emission-frame rise time, Lorentz factor, and

central engine parameters.

z T P
Trseom 0369  1.177- 107
Mgy 0446 6.088- 107
Lec 0634 1529-107
i 0318 0015
r 0.184  0.058

Doppler- and redshift-corrected flare durations decreases to 7 =
0.204 and p = 0.120, whereas with the redshift-corrected flare
separations the correlation is increased to T = 0.222 and p =
0.090. Nevertheless, we cannot reject the null hypothesis of no
correlation.

As McHardy (2009) suggested, a connection with the X-ray
PSD bend of a blazar implies that a central-engine source mod-
ulates the variations in the jet. This is especially understandable
with the flare separations as the rate of ejections of superluminal

sion frame (right).

Table 5. Results from the Kendall rank correlation analysis for associ-
ations between redshift and emission-frame flare durations and separa-
tions.

Z T p
Tourem 0410  1.894-107°
Toepem —0.355 1.552- 10~

knots could be related to the central engine properties and mat-
ter infall (Marscher et al. 2002; Chatterjee et al. 2009, 2011). On
the other hand, the association with the flare durations and the
black hole mass could be partially explained by the emission
region size being further out from the black hole, as explained in
Sect. 5.1.2. The mass accretion rate could then also be related to
the location of the emitting region (e.g. Fariyanto et al. 2025).

While we cannot verify the emission-frame timescale asso-
ciation, the results are intriguing as they suggest that the bend
seen in the PSDs of radio light curves may have a connection to
the central engine, similarly as in the X-ray domain.
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5.2.1. Connection between flare durations and separations

Lister (2001) hypothesised that, assuming similarity of sources,
higher Doppler-boosting factors would lead to shorter observed
flare durations compared to their separations. However, we find
no correlation between the Doppler factor and T qur,obs/ T sep,obs
(Fig. 8). One potential explanation is that the flare durations are
longer in the emission frame for sources with higher Lorentz
factors, related to the increased width of the transition region
(Potter & Cotter 2015). This could then naturally counteract the
otherwise increasing ratio between the flare durations and sep-
arations. Of course, this interpretation assumes that the rate of
ejections is not significantly different between sources.

As mentioned above, the results in Table 5 suggest that the
intrinsic flare durations are longer for the more distant sources,
and that the intrinsic rate of ejections increases (flare separations
decrease) with a higher redshift. The former association is driven
by BLOs and GALSs, as the association weakens and is no longer
significant with FSRQs alone. The negative correlation between
the intrinsic rate of ejections and redshift is for both the two
source divisions (FSRQs and BLOs/GALSs) and the entire sam-
ple. The division to BLOs/GAL:s is due to their generally smaller
redshifts in the sample and because the number of sources is too
low to isolate them into two groups. The increasing flare dura-
tions with redshift may also be a sample bias as we have chosen
sources that have discernible flares. Lister (2001) notes that due
to severe overalapping of flares in low-beamed sources, they will
typically have fairly stable observed flux densities.

Because of this opposite correlation between the emission-
frame flare durations and redshift and redshift-corrected flare
separations and redshift, the two correlations could counteract
each other and explain why we do not see longer observed flare
separations with shorter observed flare durations for the more
Doppler-boosted sources, which generally are at higher red-
shifts. On the other hand, if redshift is accounted for through par-
tial correlation, the emission-frame flare durations and redshift-
corrected Qare separations also correlate weakly (v = 0.29,
p=~3-107°).

5.2.2. VLBI timescales

In Paper I, we found a potential association between the PSD
timescale and the longest time a 43GHz VLBI knot was
observed for, and we hypothesised that the timescale may be
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related to the flare durations. This association is now strength-
ened with the good correspondence between the flare durations
and the PSD timescales. However, in general, the VLBI knot
ejections have been associated with the decay times of the flares
rather than their durations (e.g. Tiirler et al. 1999; Lindfors et al.
2006). This is because the flare is expected to peak at the radio
core, only after which an associated knot can be observed to sep-
arate from the core. We do not have an answer for this appar-
ent conflict; it is possible that these most-dominant flares are
low-peaking ones (Valtaoja et al. 1992) in which case the shock
becomes optically thin already before the peak amplitude. It is
then related to the resolution of the VLBI network and the dis-
tance of the source, which determine when the knot is observed.
On the other hand, how long the knot is visible in the VLBI
image also depends on the sensitivity of the array and the ability
to model it as a separate feature, and therefore it may be consid-
ered a part of the flare in the 37 GHz single-dish data for a longer
time.

Another explanation is that the preliminary correspondence
between the PSD and VLBI knot timescale is only at an approx-
imately correct value: In this analysis, we did not isolate and
measure the absolute longest high-amplitude flares, but included
all of the brightest flares to approximate the most dominant flare
durations and separations. Thus, it is possible that the VLBI knot
and PSD timescales also correspond to the decay time of a single
dominant bright flare and it is approximately of a similar value
as the combined durations of a selection of the brightest flares.

6. Conclusions

We have analysed 54 sources to compare the decomposed
flare durations and separations either to the constrained PSD
timescales or to the unconstrained estimates obtained in Paper L.
We found the strongest one-to-one association between the PSD
timescale and the mean duration of the brightest flares, whereas
the flare separations also correlate with both the PSD timescale
and the flare durations. However, as only 11 of the sources in
the sample have a constrained PSD timescale, we cannot make
definitive statements on whether the durations or separations are
more closely associated with the PSD bend.

A connection with the PSD timescale and Mgy /2 was found
through using the flare durations and separations as proxies for
the PSD timescale. While both of the decomposed timescales
had a significant association with Mpy /72 when using observer-
frame values, the association was no longer significant in the
emission frame. Further analyses are thus required to understand
the connection better and whether the accuracy of the estimated
central engine parameters affects the results.

We also found that both the emission-frame flare durations
and separations correlate with redshift, with both the flare dura-
tions and the rate of flares increasing for higher redshift sources.
Curiously, if redshift is accounted for, longer intrinsic flare dura-
tions are associated with longer intrinsic flare separations (lower
rate of flares). It is unclear, whether this association is then
driven by differences in the sources or whether these connections
are induced by, for example, a sample bias.

Using the flare rise times as a proxy for the emission region
size, we found weak correlations between the emission-frame
flare rise times and the jet and central engine parameters. How-
ever, the associations appear to be driven by a common depen-
dency on redshift. This does not necessarily mean that no corre-
lation exists, as the analysis may be limited by the sample being
both relatively small and including only bright sources at higher
redshifts.
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Appendix A: Tables

Table A.1. Variability Doppler factors, jet bulk Lorentz factors, and central-engine parameters.

Kankkunen, S., et al.: A&A, 709, A208 (2026)

Source Alias Type =z Ovar Bapp (¢) T log Ly (erg/s) logMpu(M©O) m ref
0007+106 PGO007+106 ~ GAL  0.089 2.913;% 17 21 45.6jg;§ 8.2 o.43jé32§ Torl2
0059+581  0059+581 FSRQ 0.644 20.0f41§ 86 119 463%0) 8.4 1.60%%2  Shal2
0106+013 0106+013 FSRQ 2.110 18.4j§j4 25.9 27.5

0109+22  S20109+22  BLO 049 875 03 44

0133+476  0133+476 FSRQ 0.859 19.7j;;;;‘ 170 172 46.1j8:§ 8.7 0.45j§;g§ Torl2
0234+285 0234+285 FSRQ 1.206 14.8%1‘3‘ 25.1 28.7 46.8j§:; 8.9 1'43::1421 Shal2
0235+164  0235+164 BLO 094 262%%7 269  27.0 45997 7.9 2.11%%22 Coh87
0316+413 3C84 GAL 0.018 0.43

0333+321  0333+321 FSRQ 1.259 11.8*43 134  13.6 47.9*07 9.4 5.5531;6 Tor12
0336-019  CTA026 FSRQ 0.848 15.0%‘;@ 250 284 46.5707 8.7 1304322 Torl2
0355+508 0355+508 FSRQ 1.52 17.8%&7 8.8 11.1

0415+379  0415+379 GAL  0.049 3.2jg;~; 79 114 45.8j§;§ 8.3 0.65j§;§; Tor12
0420-014  0420-014 FSRQ 0914 13373 56 7.8 46.4*07 8.6 1217387 Torl2
0422+0036 PKS0422+0036 BLO 0.268 2.8j$:§ 0.8 1.7

0430+052  3C120 GAL 0.033 3.3t9 66 83 452707 7.5 0.847377 Torl2
0528+134 0528+134 FSRQ 2.07 23.0fi$:§ 18.6 19.0

0552+398 0552+398 FSRQ 2.363 18.77.° 1.3 9.4

0642+449 0642+449 FSRQ 3.396 25.71’%91'4 8.6 14.3

0716+714 0716+714 BLO 0.230 23.9%8 34.5 36.9

0735+17  PKS0735+17 BLO 0.424 5.73;8 69 71

0736+017  0736+017 FSRQ 0.189 5.5;1,;§ 125 169 45.6j§;§ 7.9 1.01j§;gg Tor12
0804+499 0804+499 FSRQ 1.436 19.6%5 1.0 9.8 46.5ﬁ8:7 9.0 0.53’:2%2 Tor12
0827+243  0J248 FSRQ 0941 165735 20.3 208 46.4+07 8.7 L0138 Torl2
0836+710 0836+710 FSRQ 2.198 78.6ﬁ{l'§ 21.7 42.3

0851+202  0J287 BLO 0.306 16.9%2 158 159 45.7j§;é Sti93
0923+392  4C39.25 FSRQ 0.696 1.8*)2° 2.7 33 462+03 8.8 0.45*214 Torl2
09534254 09534254 FSRQ 0.708 5.0*12 104 133 46.4j§% 8.5 13923 Torl2
1055+018 1055+018 FSRQ 0.892 17.5j§ 6.8 10.1 46.4ﬁ8:7 8.8 O.75f§j§§ Tor12
1156+295  4C29.45 FSRQ 0.725 18.1*7% 254  26.8 46.3*07 8.6 1.08*4% Torl2
1219+285 ON231 BLO 0.102 8.6

12224216  PKS1222+216 FSRQ 0433 51735 227 526 46.2j§;§ 9.1 0.25j§ég Tor12
1226+023 3C273 FSRQ 0.158 S.Iﬂ:g 15.5 26.5 46.67¢ 9.1 0.59f0:43 Tor12
1253-055 3C279 FSRQ 0.536 10.9%% 21.2 26.1

1308+326  1308+326 FSRQ 0995 113547 28.1 407 46.2+97 8.6 0.9036) Torl2
1413+135 PKS1413+135 BLO 0.247 5.9%12 1.8 3.3

1418+546  0OQ530 BLO 0.152 26,08 1.0 17 45.5+07 Stio3
1502+106 PKS1502+106 FSRQ 1.834 17.4%12 17.5 17.6

1510-089 PKS1510-089 FSRQ 0.36 18.4f3:; 29.2 32.4 46.1ﬁ§:§ 8.4 0.92‘:;:2% Tor12
1606+106  1606+106 FSRQ 1.235 14233 183  19.0 46.5%V7 8.7 1.247%% Torl2
1611+343  DA406 FSRQ 14 11.6773 317  49.0 46.7j§;; 8.9 1.11j§;§g Tor12
1633+382  4C38.41 FSRQ 1.815 30.6%%5 313 313 46.6j8;§ 8.9 1.06t9;§g Torl2
1637+574 1637+574 FSRQ 0.751 12.94:2:6 11.5 11.6 46.4f0:8 8.8 0.84%;8g Tor12
1641+399  3C345 FSRQ 0.594 7.670° 20.1 303 45.9*03 8.4 0.572%2 Torl2
1730-130  1730-130 FSRQ 0.902 17.71’2‘% 28.1 31.1
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Table A.1. Continued.

Source Alias Type z Ovar Bapp (©) T log Ly (erg/s) logMpy(M®) ref
1741-038 1741-038 FSRQ 1.054 16.1+]!

1749+096 PKS1749+096 BLO 0.322 13.2{2:% 7.1 8.6 45.6%08 Sti93
2005+403 2005+403 FSRQ 1.736 16.777¢ 9.9 11.3

2144+092 21444092 FSRQ 1.113 6.73é 0.9 3.5

2145+067 2145+067 FSRQ 0.999 11.8f9‘3 3.2 6.4 47.1707 9.2 1.53+631 Torl2
2200+420 BL Lac BLO 0.069 4.7f1-§' 105 143 45.2’;8:; ©Sti93
2201+315 22014315 FSRQ 0.295 7.81%}5 9.0 9.2 45.5j§{§ 8.2 0.38*177 Torl2
2223-052 3C446 FSRQ 1404 155727 18.1 183

2230+114 2230+114 FSRQ 1.038 22.5f§;g 205 20.6 46.6707 8.7 1.53*%13 Tor12
2251+158 3C454.3 FSRQ 0.859 225195 17.5  18.1 46.8*07 8.9 1.3323% Torl2

Notes. The references for the line luminosities (and FWHMs when available) are Torl12: Torrealba et al. (2012), Shal2: Shaw et al. (2012),
Sti93: Stickel et al. (1993), Coh87: Cohen et al. (1987). The apparent speeds in units of pas/y and the redshifts, apart from the redshifts for
0716+714 (Pichel et al. 2023) and S20109+22 (Koljonen et al. 2024), were obtained from the MOJAVE database, maintained by the MOJAVE
team (Lister et al. 2018). The median Doppler factor dy,, is given with the 68 % confidence interval. For L, and 72 the limits were obtained from
Eq. 7-9.

Table A.2. Obtained timescales.

SOUI’CC TPSD Tdur,obs Tsep.obs Trise,obs

0007+106  1000*)00" 828 + 115 487 £ 124 83%3)

0059+581 6000”,200 1198 + 145 478 £ 60 953%

0106+013 70007 3436 £564 12334209 368724

4500
0109+22 6500i2§§8 832 +214 507 £ 113 88’_"%%
0133+476 6000%%88 2103 £ 310 820 + 105 54+
0234+285 5000~ 2246 £ 411 942 £ 221 220+23

-149

—4200
02354164 1000700  §74+142 699+ 65 144211

0316+413 70007, 1368372  12093=16 153772
0333+321 300032%% 2730 £358  775+156  409*%
0336-019 550071390 13971624 7634101  72*

~4700 20
0355+508 7000~ 4463+ 1182 2375+ 665 64922

—4500

0415+379  1500°5%  1261+295 696+ 75 60"

0,
0420-014 70007y, 3935332 1201 £23 350ﬁ;‘§9
042240036 1000°0%0 1299 £326 524178  1467L3

04304052 25007900 512+ 69 1051 +139 4171
0528+134 70007, 2158+232 813124 323"
0552+398 2358 +827 805 + 337 879j§§9
0642+449 700075, 2377+ 1547 1943 + 680 101j155
0716+714 5005500 339+ 29 342 £ 18 39+110
0735+17 70007, 3186712  1239+462  276+.%
07364017  1000*1%%0 575 +75 523 + 101 614

0804+499 6500%%2%8 520 + 134 598 + 161 35+
0827+243 25007 959 + 145 528 £ 85 87+%

~2000
0836+710 7000~ 635 £ 81 426 + 42 75

0851202 3oooi§§§§ 814 = 40 864 + 49 7221§2
0923+392 12009 +3696 4054 + 1085  2232+1%
0953+254 3000740 1804+678 899217 1762l
1055+018 70007, 1895+993 1104+ 159 140%%9

1156+295  1500°0% 1698 +187  1082+131  127°
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Table A.2. Continued.

Source Tpsp Tdur,obs Tsep,obs Trise,obs

1219+285 65007300 2042+964 1371+ 614 4311%3
12224216 700075, 31482625 1364222 503
12264023 700075, 2522112 1454115 240%1

1253-055 4500735 2566325 1107109 144+12

1308+326 65007300 3329+ 1065 971272 374
14134135 7000”5, 808155 42158 6892
1418+546 65007200 1164 £375 698 + 193 159tg§J
1502+106 60001}§§§ 2179587 951169  362*1!
1510-089 6000~ 784+ 119 62584  46'3

-5600 -11

1606+106 700075, 944237  395+82 743

16114343 70007, 30334739 1208282 24945
1633+382 60007100 2541 £ 879 1315288 1547C]

1637+574 6000§i§§§ 2269 +968 729335 57710

16414399 700075, 4240+ 588 18734407 3747
1730-130 70007y, 12525402 731+167 5567
1741-038 600071900 2270 +486 497133  210*1
17494096 1000750 11264116  687+54 18375,
2005+403 5672+ 1212 2865+ 984  259730)
21444092 800*120 1098 +666 535196 96
2145+067 6655974 1948 +332 19578

2200+420  7000” 1589 + 153 1187+ 112 9428
2201+315 5000i§§§§ 2509 £ 762 1876 + 637 95;%2
2223-052  7000%,.,, 2870+448 736203 9347339
2230+114 1000+§08 1069 £ 153 1045 + 158 152+3%

- —17
20514158 30007000 1530141 1621+772 1407

Notes. Tpsp is the PSD timescale obtained in Paper I, Tgy. o5 is the mean flare duration, T o1 is the mean flare separation and 7 ops is the median
rise time. The 90 % confidence limits for Tpgp of constrained sources (in bold) include the limits given by the best-fit PSD slope. For the other
sources, the confidence limits give any Tpgp in the parameter space of possible slopes. The symbol > in Tpsp indicates that the upper confidence
limit is at the maximum timescale analysed in Paper I and thus may be longer. Both Tgyrops and T'gepops are given with standard deviations, and
Trise.obs inCludes the 68 % confidence interval. The timescales are all given in days.
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