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ABSTRACT

Context. The flat spectrum radio quasar 3C 454.3 is known for its high variability across the electromagnetic spectrum, showing
structural and flux variability in its parsec-scale jet and correlated variability among frequency bands.

Aims. This study aims to identify the structure, dynamics, and radiative processes common to the innermost regions of the blazar 3C
454.3. We investigate whether any jet component can be associated with y-ray emission and variability. Additionally, we compare the
flux variability of the parsec-scale jet components found in the VLBA observations to the variability in the y-ray emission.

Methods. We analyzed the relationship between the variable y-ray emission and parsec-scale jet properties in 3C 454.3 by combining
y-ray data spanning twelve years with contemporaneous VLBA multi-epoch images at 15 and 43 GHz. We conducted Spearman’s
rank correlation tests to determine if the flux variability of any jet component is associated with y-ray variability.

Results. The core emission at 43 and 15 GHz strongly correlates with y-ray emission. The 43 GHz core (QO) contributes around
37% of the observed y-ray variability, while the 15 GHz core (KO) accounts for 30%. A quasi-stationary component at 43 GHz,
at a projected distance of 4.6 pc, correlates with the y-ray flux, accounting for 20% of its emission between 2016 and 2021. We
found a mobile component (Q3 between 2010.18 and 2011.16) at 43 GHz with a projected distance between 0.8 and 2.3 pc and
an apparent velocity of B,,, = 9.9 + 1.1 ¢ that accounts for approximately 28% of the y-ray emission. The observed simultaneous
variability in emission regions beyond the central parsec strongly suggests synchrotron self-Compton as the primary mechanism for
y-ray production in these regions.

Conclusions. Our findings demonstrate the existence of multiple y-ray emission regions within the blazar jet but also suggest that
some of these regions are non-stationary over time. Additionally, our study pinpoints the exact locations of these emission regions
within the blazar itself. These results are valuable for theoretical models and for gaining a deeper understanding of the complex nature
of blazars.
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1. Introduction

Blazars (Angel & Stockman 1980) are among the least common
class of active galactic nuclei (AGN), and their emission is dom-
inated by radiation from non-thermal plasma moving at a rela-
tivistic speed in a direction close to the line of sight. Given the
small viewing angle of the jet (e.g., Hovatta & Lindfors 2019),
blazar emission shows relativistic effects such as beaming and
Doppler boosting that cause the jet components to move with
apparent superluminal speeds of up to ten times the speed of
light (e.g., Jorstad et al. 2017). Although blazars make up the
majority of discrete y-ray sources seen by the Fermi Large Area
Telescope (Abdollahi et al. 2022), such questions as what the
mechanisms of y-ray production are, where they occur, and if
there can be different mechanisms operating even in the same
object remain open. The spectral energy distribution of blazars
shows two peaks (Ghisellini 1989; Dermer & Schlickeiser 1993;
Sikora et al. 1994). The first one is due to synchrotron emission,
and the second one, at higher energies, is generally attributed
to inverse Compton (IC) scattering. The origin of the IC seed
photons has been a topic of years-long debate. They could come

* Corresponding author; epalafox.astro@gmail.com

from the accretion disk emission or from the broad-line region
(BLR; Sikora et al. 1994) or from the dusty torus (Sikora et al.
2008), a process known as external IC (EIC) scattering. Alterna-
tively, the seed photons can originate from synchrotron emission
produced in the jet itself, a mechanism called synchrotron self-
Compton (SSC, Maraschi et al. 1992; Bloom & Marscher 1996).
Hadronic mechanisms for producing the second peak have also
been proposed (e.g., Mannheim 1993).

The correlated variability between different wavelengths can
help locate the y-ray emission region within a jet. However,
Very Long Baseline Interferometry (VLBI) offers an even more
powerful tool. VLBI observations at millimeter and radio wave-
lengths achieve the highest spatial resolution, thus allowing the
exact location, or “blazar region”, where y-rays are produced
to be identified (see review by Boccardi et al. 2017). Several
studies have provided valuable insights into the location and
physical processes responsible for y-ray emission in AGN. For
instance, Jorstad et al. (2001), Lahteenméki & Valtaoja (2003),
Leén-Tavares et al. (2011), Fuhrmann et al. (2014) suggest that
radio emission often occurs at the same time or after y-rays.
On the other hand, y-ray emission has been detected from
the blazar 3C 84 in multiple locations (Hodgson et al. 2018;
Paraschos et al. 2023) as well as from the blazars 1633+382 and
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Fig. 1. Multi-wavelength light curves of 3C 454.3. Each panel shows the blazar emission at a different wavelength (indicated by the label and
color). The data source is specified within each panel. The solid vertical lines mark y-ray flare events that appear to coincide with the passage of jet
components K09 and K10 through the VLBI core (Jorstad et al. 2013). The dashed vertical line indicates the ejection of a relativistic component
from the radio core (K14; Liodakis et al. 2020). The dotted vertical line represents the time at which a knot crossed the 43 GHz core (K16;

Weaver et al. 2019).

3C 345 (Ramakrishnan et al. 2015). Ledn-Tavares et al. (2013)
linked variations in the Mg II 42800 emission line with radio
emission from superluminal jet material in 3C 454.3. This find-
ing suggests the presence of broad emission line material well
beyond the inner parsec close to the radio core. Similarly,
Isler et al. (2013) provided evidence for a y—emitting region
interior to the broad-line region (BLR) during flares in 2009
and 2010 for the same object. Recent VLBI observations have
revealed even more complexity. Patifio-Alvarez et al. (2019)
studied 3C 279 and found, for the first time, evidence for a non-
stationary y-ray emission region located about 42 pc from the
core. Their results suggest that the y-ray emission may originate
from different places within the jet. Likewise, Chavushyan et al.
(2020) found evidence of BLR clouds at about 25 pc from the
supermassive black hole in CTA 102. Further supporting the
dynamic nature of blazar jets, Traianou et al. (2024) analyzed
VLBI data of 3C 454.3 at high frequencies (43 GHz and 86 GHz)
between 2013 and 2017. They observed four jet knots that seem-
ingly disappeared upon reaching a quasi-stationary component
at about 0.6 mas. The authors propose that this could be due to
the jet folding back onto itself and thus redirecting the plasma
toward our line of sight.

Notably, 3C 454.3 is known as one of the brightest sources
in the y-ray sky. Between 2009 and 2010, it presented a series of
important y-ray flares (Ackermann et al. 2010; Vercellone et al.
2011). The late-2010 flare stands out as the brightest ever
recorded at the time, reaching a peak flux of F = 8.5 + 0.5 X
1073 photons cm~2s~! (Abdo et al. 2011). This translates to an
isotropic luminosity of approximately 10°ergs™' (Sahakyan
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2021), solidifying its place among the brightest y-ray sources
known. Extensive research has confirmed a strong correlation
between the y-ray variability and radio frequencies, as well as
other wavelengths (e.g., Jorstad et al. 2010; Ledn-Tavares et al.
2013; Liodakis et al. 2020; Amaya-Almazan et al. 2021). The
passage of a plasma component down the jet is believed to
be a primary driver for most y-ray flares (e.g., Marscher et al.
2010; Jorstad et al. 2013, 2017; Weaver et al. 2019). In some
cases, the flares coincide with the interaction of superlumi-
nal components within the jet, such as their passage through
a quasi-stationary feature or the core (e.g., Agudo et al. 2011).
For instance, Jorstad et al. (2013) proposed that the 2009-2010
flares in 3C 454.3 might be linked to the emergence and prop-
agation of two knots within the jet, designated as K09 and K10
and identified through analysis of monthly Very Long Baseline
Array (VLBA) images. Similarly, Weaver et al. (2019) identified
K16, a component ejected around four months before the y-ray
flare of 2016, which was also observed in optical. They suggest
that K16 is likely responsible for the 2016 outburst when its lag-
ging end moved past a standing shock in the core. More recently
Liodakis et al. (2020) reported that the y-ray flare of 2014 might
be the result of a traveling shock, the component K14, when it
crossed a standing re-collimation shock observed as the radio
core. These events are illustrated in Fig. 1 with vertical lines.
This study investigates the blazar 3C 454.3 using data from
VLBA at radio frequencies of 43 GHz and 15 GHz. We ana-
lyze these observations alongside y-ray flux variations in order
to explore the jet structure, dynamics, emission mechanisms,
and the location of y-ray production regions. Section 2 details
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the observational data and the analysis methods employed.
Section 3 presents our results and discusses the jet’s physi-
cal properties. Finally, Sect. 4 summarizes our key findings.
The cosmological parameters adopted throughout this paper
are Hy = 71kms'Mpc™!, Q4 = 0.73, and Q,, = 0.27
(Planck Collaboration XVI 2014). At a redshift of z = 0.859,
the distance to 3C 454.3 is estimated to be 5.489 Gpc. Given
this distance, 1 mas on the sky corresponds to a physical size of
7.7pc.

2. Observational data and analysis

This section describes the long-term radio and y-ray datasets
used in our analysis of 3C 454.3 as well as the methods we
employed to analyze them. All the corresponding light curves
are presented in Fig. 1.

2.1. Gamma rays

We obtained y-ray data for 3C 454.3 from the Fermi Large Area
Telescope public archive, covering energies between 0.1 and
300 GeV (Abdo et al. 2010). To process and analyze these data,
we used the Fermitools software (version 2.0.8). During the anal-
ysis, we considered all y-ray sources within a 15-degree radius
of 3C 454.3, as listed in the 4FGL-3DR catalog (Abdollahi et al.
2022). We allowed the model to freely adjust the intensity of
these nearby sources. For sources even closer (within a 5-degree
radius), we allowed the model to adjust all their spectral param-
eters in addition to the intensity. This helped account for poten-
tial contamination from other y-ray emitters in the region closer
to our source of interest. For our main analysis, we focused on
vy-ray flux measurements centered on the specific dates when
VLBA observations were made. Additionally, to illustrate the
variability in the y-ray emission, we created a weekly light curve
spanning from August 2008 to late 2020. This light curve is
shown in Fig. la, but it is important to note that this light curve
is for demonstration purposes only and that it was not used in the
analysis.

2.2. VLBA observations at 43 and 15 GHz

We used 137 VLBA maps at 43GHz (7 mm wavelength)
from the Boston University VLBA Blazar monitoring program
(VLBA-BU-BLAZAR) and its successor, Blazars Entering the
Astrophysical Multi-Messenger Era (BEAM-ME; Jorstad et al.
2017), to study the parsec-scale jet kinematics and structural
evolution during the same period as the y-ray light curve (2008—
2020)'. The program details, observations, and data reduction
are described in Jorstad et al. (2017). VLBA observations at
43 GHz typically achieve angular resolutions on the order of
microarcseconds (nas) and sensitivities around a few tens of
wly per beam. In the case of 3C 454.3, the angular resolution is
on the order of ~0.1 mas.

Additionally, we included 54 images at 15 GHz from the pro-
gram Monitoring of Jets in Active Galactic nuclei with VLBA
Experiments (MOJAVE; Lister et al. 2009)?. The images were
taken from mid-2008 to late 2021. However, data from 2019
was excluded due to a known systematic effect causing a 10%
decrease in the flux density starting from the first half of 2019°.

I http://www.bu.edu/blazars/BEAM-ME.html

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

3 See also: https://science.nrao.edu/enews/14.4/index.
shtml#vlba_flux

VLBA observations at 15 GHz can achieve sensitivities in the
range of tens to hundreds of uJy/beam and angular resolution on
the order of tens to hundreds of pas. For 3C 454.3 the angular
resolution varies depending on the number of available antennas
and their configuration, but it has a typical value of ~0.3 mas.

2.3. OVRO 15 GHz observations

To complement the high-resolution VLBA data, we also exam-
ined the total flux density of 3C 454.3 at 15 GHz using data from
the Owens Valley Radio Observatory (OVRO) blazar monitoring
program (Richards et al. 2011)*. This data provides a broader
view of the blazar emission compared to the VLBA observations,
which focus on jet features. The light curve showing the varia-
tions in the total flux density at 15 GHz is included in Fig. 1d.

2.4. Sub-Millimeter Array 230 and 350 GHz

To complement the radio data, we analyzed the blazar emission
at higher frequencies of 230 and 350 GHz (wavelengths of 1.3
and 0.8 millimeters). The data was obtained from the publicly
available Sub-Millimeter Array archive’. The light curve show-
ing the variations in flux density at this frequency is included in
Fig. 1b. For details on the observations and data processing, we
refer the reader to Gurwell et al. (2007).

2.5. Jet structure model fitting

To characterize the parsec-scale jet structure from the
VLBA images, we followed the methodology described in
Patifio-Alvarez et al. (2019). We used the Common Astronomy
Software Applications (CASA) task IMFIT to model the emis-
sion of each component, including the core, using 2D elliptical
Gaussian components. A model feature was considered a detec-
tion if it equaled or exceeded 60 from the background emis-
sion. For both frequencies, we identified the core as the eastern-
most component along with other relevant knots in each map.
Each component was cross-identified between different epochs
by comparing the integrated flux and position relative to the core.

The jet components, or knots, were named according to the
frequency at which they were observed. Specifically, Q desig-
nates those observed at 43 GHz and K indicates those identified
at 15 GHz. Knots were assigned sequential numbers according
to the order in which they were observed within the jet. These
designations also reflect the distance of the knot from the core,
although this is not always the case. Components identified in
fewer than five epochs were omitted (such as the components
Q9 and Q16).

For comparison, we present the light curve of the total
43 GHz flux in Fig. 1, panel (c), alongside the core light curve at
the same frequency. The core light curve for the 15 GHz VLBA
maps is shown in panel (d) of the same figure, along with the
total flux at 15 GHz obtained from OVRO single-dish data.

The observations made using high angular resolution VLBA
revealed that 3C 454.3 can be categorized as core-dominated
between 2008 and 2020, though with a few exceptional time
intervals where the flux is dominated by some other component
and displays an intricate multi-component jet structure. Figure 2
illustrates the results of modeling using the task IMFIT near the
core of 3C 454.3 within a margin of 2 and 10 mas at 43 and
15 GHz, respectively. We also tracked the temporal evolution of

4 https://sites.astro.caltech.edu/ovroblazars/
3 http://smal.sma.hawaii.edu/smaoc.html
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Fig. 2. Left panel: VLBA intensity map at 15 GHz showing the position of K6 on November 21, 2020, convolved with a beam of 1.1 x 0.5 mas? at
PA = 1°. Middle panel: Fitting result of the observed emission. Right panel: Residual image. The gray lines correspond to contour levels of 0.5, 3,

5, 30, 60, 75, and 95% of the peak total intensity.

the radial separation between the different jet components and
the radio core between 2008 and 2020 (see Fig. 3), enabling the
calculation of their proper motions and apparent velocities (see
Fig. 4). The light curves of all the identified jet components in
3C 454.3 at 43 and 15 GHz are shown in Fig. 5.

3. Results and discussion
3.1. Jet structure and kinematics

In our analysis of the VLBA maps at 43 GHz, we characterized
the core (Q0), which we assumed to be a stationary element situ-
ated at the eastern end of the jet, along with several other notable
features (see Fig. 3). We observed a quasi-stationary component
oscillating between 0.5 and 0.6 mas, which was visible during
two different time intervals: Q8 between 2011 and 2014 and Q21
from 2016 to 2020. This component was previously observed
and labeled as St (e.g., Jorstad et al. 2005, 2013) or region C
(e.g., Jorstad et al. 2017; Traianou et al. 2024). Additionally, we
identified 20 moving components, labeled as Q1, Q2, and so
on up to Q24 (excluding Q8 and Q21, as already mentioned).
Most of the modeled components are consistent with knots dis-
cussed in earlier studies. Tables 1 and 2 provide a detailed
overview of the kinematic parameters. Figure 3 presents four
different epochs where we identified component Q3, which was
ejected from the core in early 2010. This ejection coincides with
the y-ray flare observed between September 2009 and January
2010. Previously, Jorstad et al. (2013) identified this component
as K09, and its passage through the core was associated with
a multi-wavelength outburst in 3C 454.3 (Ledn-Tavares et al.
2013; Jorstad et al. 2013; Amaya-Almazan et al. 2021).

Similarly, Q10, Q17, Q19, and Q18 seem to align with
the knots referenced by Traianou et al. (2024) as the disappear-
ing knots observed at 43 and 86 GHz. These four components
ejected from the core in February 2014, July 2014, February
2015, and May 2015, respectively, seemed to vanish once they
approached the quasi-stationary component Q21 (or region C in
their study), as depicted in Fig. 4. Traianou et al. (2024) pro-
posed that this disappearance might be attributed to the bending
of the jet at that specific location, thus causing the plasma to shift
toward the observer’s line of sight.

At this particular frequency, the emission is mainly domi-
nated by QO, with only occasional periods when this is not the
case. For instance, in August 2010, Q3 reached a maximum
flux of 16.9 Jy/beam (see Fig. 3), which corresponds to just over
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Table 1. Kinematic parameters of the identified jet components in the

VLBA maps at 43 GHz.
ID Teject Icross H Bapp deore
(2] Or) (masyr™") (©) (pc)
Ql 2003.8 2007.4 0.21+0.04 98+1.9 -
Q2 2008.4  2009.2 0.69 +0.03 322+1.6
Q3 2009.7  2012.7 0.21+0.02 99+1.1 -
Q4 1977.0 1987.6 0.29+0.23 13.6+11.0 —
Q6 2008.6  2010.0 0.42+0.02 195+1.1 -
Q7 2005.1 2006.5 0.46 +0.07 21.7+3.1 -
Q8 - - 0.02 +0.06 - 4.14+0.17
Q10  2014.1 2015.6 0.42+0.03 19.6 1.6 -
QI1  2015.8 2022.7 0.12+0.03 58+1.2 -
Q12  2013.3 20148 0.38 +0.06 18.2+3.0 -
QI3  2012.7 2014.2 0.39+0.05 18.5+2.5 -
Q14  2008.3 2011.7 0.25 +0.06 11.7+2.8 -
QIl5 1997.3  2018.2 0.20+0.03 95+14.2 -
Q17 20145 2015.8 0.55+0.01 259+5.2 -
QI8 20154 2016.8 0.63+0.52 29.9+24.5 -
Q19  2015.1 2014.6 0.59 +0.08 27.6 +3.7 —
Q20 2013.5 2014.6 0.52+0.07 242+3.6 -
Q21 - - -0.02+0.03 - 428+0.13
Q22  2009.7 2013.6 0.25+0.11 119+54 -
Q23  2009.2 2018.5 0.08 +0.02 3.9+0.8 —
Q24 2015.8 2017.7 0.3+0.02 143+0.9 -
Notes. Columns from left to right: (1) component ID, (2) estimation

of the time in which it was ejected from the core, (3) time at which
it crosses the quasi-stationary region, (4) proper motions, (5) apparent
speed, and (6) projected distance to the core in pc. Q8 and Q21 are the
quasi-stationary components identified between 2011-2013 and 2016—
2020, respectively.

170% of the core flux at the same time. Between 2014 and 2016,
the flux was primarily dominated by the mobile component Q10,
which surpassed the core flux by a factor of seven. In 2016, the
emission was primarily dominated by the quasi-stationary com-
ponent Q21 and had an average flux twice that of the core for
that year.

Figure 2 presents the results of model fitting applied to 3C
454.3 at 15 GHz. The image reveals a complex jet structure ori-
ented toward the northwest that exhibits subtle variations over
time. This finding is further supported by observations from
August 2008 to the end of 2020, which consistently depict the
source as core dominated with a persistent one-sided jet.
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Table 2. Kinematic parameters of the identified jet components in the
VLBA maps at 15 GHz.

ID Teject M ﬂapp deore
(yr)  (masyr’") () (pe)

K1 - 0.01 +£0.02 2.83+0.26

K2 19951 0.17+0.04 8.0+1.7 -

K3 19847 0.18+0.01 7.7+0.6 -

K4 - 0.01 +£0.02 50.0+0.03

K5 - 0.03+0.03 — 64.9 +0.05

K6 1997.8 0.22+0.25 - 3.9+0.1

K7 20079 0.18+0.02 83+1.2 -

K8 - 0.09 +0.09 - 53.18 £0.01

Notes. Columns from left to right: (1) Component ID, (2) estimation of
the time in which it was ejected from the core, (3) proper motions, (4)
apparent speed, and (5) projected distance to the core in parsecs.

The brightest component, designated as KO, is followed by
K1, a quasi-stationary jet feature located on average 0.4 mas
away. Notably, K1 remained attached to the core from mid-2008
to 2013. By the end of 2020, a new component, K6, emerged.
K6 originated from the initial position of K1 and moved away
from KO, and it is potentially linked to the y-ray emission, as we
discuss later. Given that we excluded the 15 GHz VLBA 2019
data from our analysis (due to the reported flux discrepancies),
we cannot definitively confirm if K6 originated from the same
K1 component observed earlier. In addition to the moving com-
ponents and the core, we identified two other quasi-stationary
features, K4 and K5, located at approximately 6.5 mas and 8.5
mas from the core, respectively.

We calculated the apparent speed (B.pp) of the moving com-
ponents following the relationship

uDy
c(1+7z)°

Bapp = (1)
where u is the proper motion in radians per second, Dy is the
luminosity distance in meters, z is the source redshift, and c is
the speed of light in meters per second.

3.2. Correlation analysis

The connection between the y-ray state of blazars and their
parsec-scale jet behavior is well established. Studies by
Ledén-Tavares et al. (2011) suggested that the brightest y-ray
flares in blazars might be triggered by the initial stages of
millimeter-wavelength outbursts. To quantify the potential link
between the variability of the parsec-scale jet knots in 3C 454.3
and its y-ray emission, we performed Spearman’s rank corre-
lation tests. This non-parametric test assesses the strength and
direction of a monotonic relationship between two variables,
independent of their underlying distributions. To account for the
possibility of rapid y-ray variations reported in previous stud-
ies (e.g., Ackermann et al. 2016; Pittori et al. 2018), we imple-
mented an adaptive time binning approach. We calculated the
y-ray fluxes within time bins centered on the exact observation
times of the VLBA data. The bin sizes were iteratively increased,
starting small and always maintaining the VLBA observation
date as the center. This process continued until the test statis-
tic for each bin exceeded a threshold of 25. We consider a given
correlation as significant if the probability of obtaining a spe-
cific correlation coefficient due to statistical fluctuations is less
than 5% (i.e., p-value <0.05). This approach ensured we cap-
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Fig. 3. Sample sequence of the VLBA images at 43 GHz. Red ellipses
across images show the position of the moving component Q3 at four
different epochs.

tured potential correlations while maintaining the temporal res-
olution necessary to detect rapid variability.

To further test the robustness of the observed correlations and
minimize potential biases from individual data points or small
subsets, we performed a jackknife analysis on each compo-
nent. This analysis, which involves iteratively removing one data
point and recalculating the correlation, demonstrated consistent
results. The mean correlation coefficients and p-values obtained
from the jackknife analysis were in good agreement with those
presented in Tables 3 and 4 in all cases. Also, to assess the reli-
ability of the presented correlations, we adopted the methodol-
ogy described in Alexander et al. (1997). We conducted 10 000
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Fig. 4. Relative distance to the core versus time of all the identified jet components in 3C 454.3 at 43 GHz (upper panel) and 15 GHz (lower panel).
The gray shadowed area represents the position of the quasi-stationary region reported by this and previous studies. The dashed horizontal line

shows the typical angular resolution.

Table 3. Spearman rank correlation coefficients obtained between the
component fluxes in the VLBA maps at 43 GHz and the simultaneous
y-ray fluxes.

2 p-value o

0.519%99:2

ID P P
Q0 0.52 027 24x107°

Ql  -033 0.1 027  -0.26700%
Q2 010 001 070 0.123+00%
Q3 053 028 0.01  0.51070024
Q4 -042 0.17 026 —0.483+00%
Q5 -054 029 027 —0.543700%
Q6 —030 0.9 021 —0306+00%
Q7 031 0.10 035  0.26400%
Q8 005 0.00 090  0.150%0169
Q9 020 0.04 070  0.200+0124
QI0 045 0.0 0.14 042070058
Qll  —061 037 0.15  —0.46470103
Q12 -0.15 0.02 0.65 —0.098+0%!1
QI3 -050 025 039 —0.500+023
Ql4 —049 024 0.15  —0467+00%
Q15 007 001 0.88  0.107+01%7
Q16 -038 0.15 028 —0.297+0127
Q17 -032 0.10 048 —0321%010
QI8 050 025 0.67 —0.396+00%
Q19 030 0.09 0.62  0.30079022
Q21 045 0.20 0.01  0.44470060
Q2 052 027 029  0.543701%
Q23 020 0.04 070 0.2007013

Notes. Columns from left to right: (1) Component ID, (2) Spearman
rank correlation coefficient, (3) correlation coefficient squared, (4) p-
value (QO corresponds to the easternmost component identified as
the 43 GHz core), (5) correlation coefficient calculated using the z-
transform, p,, and errors. Q21 is the quasi-stationary component identi-
fied between 2016 and 2020. The gray shaded lines indicate components
with a p-value of less than 5%.
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Table 4. Spearman rank correlation coefficients obtained between the
component fluxes in the VLBA maps at 15 GHz and the simultaneous
y-ray fluxes.

D P o’ p-value 02

KO 0.62 039 1x107° 0.619j8:8{g
K1 0.06 0.00 0.84 0.071f8:g§g

K2 -0.07 0.01 0.80 —0.046‘:8:83{

K3 0.08 0.01 0.71 0.099‘:8:83%

K4 0.22  0.05 0.26 O.208j8:8j‘1

K5 -0.07 0.00 0.82 —0.064’:8:8;?

K6 -0.65 0.42 0.02 —0.632‘:8:8;;

K7 0.35 0.12 0.30 0.382f8:83§

K8 -0.64 0.40 0.04 —0.636‘:8:823

Notes. Columns are the same as in Table 3. KO corresponds to the
15 GHz core. Gray shaded lines indicate components with significant
correlations.

Monte Carlo simulations, generating simulated datasets with
fluxes drawn randomly from within their respective error ranges.
Spearman rank correlations were then computed for each simu-
lated dataset. Subsequently, we performed Fisher’s z-transform
on the resulting correlation coefficients, calculating the median
and standard deviation in the z-space. The median was then
back-transformed to obtain a correlation coefficient, and asym-
metric errors were estimated. The last column of Tables 3 and 4
present the correlation coefficients and associated errors deter-
mined through this Monte Carlo approach, and they are consis-
tent with the Spearman correlations obtained from the original
data.

The results of our analysis are presented in Table 3, they
reveal significant correlations between the y-ray emission and
the 43 GHz flux densities of specific jet components found in
the BEAM-ME maps. The core (QO0) shows the strongest cor-
relation, with a coefficient (p) of 0.52. This suggests a possi-
ble link between core variability at 43 GHz and roughly 27%
of the observed y-ray variability, as indicated by a Spearman
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Fig. 6. Plots of y—flux versus VLBI-flux for the components with signif-
icant correlation. Left: y-ray flux versus 43 GHz flux for the QO (core),
Q3 and Q21 components in the VLBA maps. Right: y-ray flux versus
15 GHz flux for the KO (core), K6 and K8 components.

rank correlation coefficient squared (p?) of 0.27. Similarly, cor-
relations with components Q3 and Q21 suggest that 26% and
18% of the y-ray variability, respectively, could be related to

the 43 GHz emission in these components during their detec-
tion periods. Figure 6 illustrates these relationships between
the simultaneous y-ray fluxes and the 43 GHz flux densities of
the core and components Q3 and Q21. The data points asso-
ciated with Q8 and Q21 correspond to two distinct time peri-
ods when the quasi-stationary component was observed. This
component has been extensively studied in the literature prior
to this work (e.g., Pauliny-Toth et al. 1987, Jorstad et al. 2001)
and before the Fermi era. Intriguingly, during the first epoch,
Q8 exhibits no correlation with the gamma-ray variability, while
Q21 shows a clear correlation. As illustrated in Fig. 4, numerous
moving features intersect with Q21, whereas none pass through
Q8. This observation aligns with models proposed in previous
studies that attribute y-ray flares to shock-shock interactions
between moving and stationary features (e.g., Marscher & Gear
1985; Fromm et al. 2011). These findings suggest that the quasi-
stationary component may act as a y-ray emission region, with
its activity being modulated by the occurrence of such interac-
tions.

Figure 6 (right panels) also depicts the relationships between
the y-ray fluxes and the 15 GHz flux densities of the core (KO0)
and components K6 and K8 from the MOJAVE maps. Table 4
summarizes the Spearman rank correlation results. The core,
once again, exhibits a strong and significant correlation with -
ray emission, with a coefficient of 0.62. This implies that roughly
39% of the y-ray variations are likely linked to the core 15 GHz
activity. Interestingly, a new jet component, K6, emerged near
the end of the study period (early 2020). This component shows
a significant anti-correlation with the y-ray flux, with a coeffi-
cient of —0.65, suggesting that nearly 40% of the y-ray variabil-
ity during this specific time might be related to the ejection and
15 GHz emission of K6, even in the absence of a simultaneous
flare. As suggested by Patifio-Alvarez et al. (2018), one possi-
ble explanation for the observed behavior is that the jet became
less transparent to y-rays. This change in transparency might be
caused by gamma-ray absorption due to triple pair production.
The cross section for both the IC scattering and the triple pair
production are dependent on the energy of the electrons in the
jet, as when the Lorentz factors of individual electrons increase
up to a certain threshold, the triple pair production becomes more
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prominent than the IC. This process would absorb y-rays, caus-
ing a flux decrease, while at the same time increasing the syn-
chrotron emission, due to the increase in the Lorentz factor, and
the production of more leptons within the jet. However, the prox-
imity of K6 to the core as seen in Fig. 2, near the spatial resolu-
tion limit, raises the possibility of flux contamination. Addition-
ally, a quasi-stationary component, K8, was detected at approx-
imately 53 pc from the core. Although correlation analysis was
feasible with 11 epochs, more observations are essential to deter-
mine this relationship.

This study offers novel insights into the 7y-ray emis-
sion in blazars. Our findings reveal the presence of mul-
tiple distinct regions within the jet, with each contributing
to the high-energy emission. Notably, some of these regions
exhibit non-stationary behavior and display temporal vari-
ability. Furthermore, we successfully located these emission
regions within the jet structure. Previous multi-frequency stud-
ies of 3C 454.3 have revealed strong correlations between y-
ray and optical emissions (Ogle et al. 2011; Leén-Tavares et al.
2013; Villicana-Pedraza et al. 2016; Nalewajko et al. 2019;
Amaya-Almazan et al. 2021; Fanetal. 2021). These correla-
tions strongly suggest that y rays in blazars originate from lep-
tonic processes rather than hadronic ones, as no known hadronic
mechanism can simultaneously generate y rays and significantly
impact optical synchrotron emission. To distinguish between
SSC and EIC as the dominant leptonic process, determining
the location of the emitting region within the jet is crucial. For
regions located several parsecs away from the central engine,
the density of external seed photons is typically lower than
the synchrotron photon density, thus favoring SSC as the pri-
mary emission mechanism. This is supported by findings in 3C
279, where Patifio-Alvarez et al. (2019) concluded that approxi-
mately 33% of the observed y-ray emission originates from SSC
processes within a particular jet component during its the observ-
able period. In the core region of the blazar, while we can con-
firm a leptonic origin for the gamma-ray emission, differenti-
ating between SSC and EIC remains challenging. However, it
is generally accepted that sufficiently energetic electrons exist
in the core to power the observed y-ray emission. For non-core
components (i.e., those located farther from the central parsec),
the correlation observed in simultaneous data suggests that the
y-ray emission mechanism is SSC. The electron energy distri-
bution within a knot is such that while lower-energy electrons
dominate the radio band, higher-energy electrons capable of
producing gamma-rays can co-exist. These findings can guide
the development of more comprehensive theoretical models that
might account for the observed variability and spatial distribu-
tion of high-energy emissions.

4. Summary and conclusions

In this study, we have analyzed the jet behavior and structure
of the blazar 3C 454.3 using radio data from the VLBA-BU-
BLAZAR, BEAM-ME, and MOJAVE monitoring programs (at
frequencies of 43 GHz and 15 GHz). We investigated potential
y-ray emission regions within the jet components identified in
the VLBA maps. This included measuring the distances between
these regions and the radio core and exploring possible emission
mechanisms. Additionally, we examined whether these regions
account for all the y-ray emission or, as in the case of 3C
279 (Patifio-Alvarez et al. 2019), multiple regions are needed to
describe it. Our key findings include the following:
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— Both 43GHz and 15GHz core emissions strongly corre-
late with y-ray emission. We observed a robust correlation
between the 43 GHz core emission and y-ray emission, with
a correlation coefficient of 0.52. This indicates that approxi-
mately 27% of the variability in the y-ray emission is related
to the variability in the core radio emission. Similarly, the
flux of the 15 GHz core exhibits a strong and statistically
significant correlation with the y-ray emission, contributing
approximately 40% to the high-energy emission.

— The quasi-stationary component Q21 in the 43 GHz maps,
visible between 2016 and 2021, at a projected distance of
4.6 pc (0.6 mas) strongly correlates with the y-ray flux,
implying that it may contribute up to 18% of the high-
energy emission. However, the quasi-stationary component
observed during a different time interval, Q8, does not cor-
relate. This variability in the correlation suggests that quasi-
stationary components may exhibit intermittent gamma-ray
emission.

— At 43GHz, we detected a mobile component whose flux
exhibits a robust correlation with the y-ray flux, contribut-
ing 26% of the high-energy emission between 2010.18 and
2011.16. This component, denoted as Q3, demonstrates an
apparent velocity of B, = 9.9 + 1.1 ¢, observed at a pro-
jected distance ranging from 0.8 to 2.3 pc (0.1 to 0.3 mas).

— For y-ray emission regions located farther than one parsec
from the central black hole (e.g., components Q21 and Q3),
our findings strongly suggest SSC as the primary mechanism
responsible for the high-energy radiation. This conclusion is
supported by the observed correlation between the radio vari-
ability in these regions and the y-ray emission, indicating a
nearly simultaneous variability.

— In the 15 GHz maps, a new jet component, K6, appeared in
early 2020. It strongly anti-correlates with y-ray flux (cor-
relation coefficient —0.65), suggesting a potential link to
around 40% of the y-ray variability. However, the proxim-
ity of K6 to the core might distort its measured flux. Another
component, K8, shows a similar anti-correlation with y-rays,
but we believe more data is needed to confirm this behavior.

— The observed anti-correlations in the two 15 GHz compo-
nents may be attributed to an increased Lorentz factor in the
electrons of the y-ray emission region, which can enhance
electron-positron triple pair production and lead to greater
y-ray absorption and a subsequent decrease in observed
gamma-ray flux, as suggested by Patifio-Alvarez et al.
(2018). This would also increase the synchrotron emission
because the energy and number of the leptons are increasing,
thus creating the observed anti-correlation.

Our findings are valuable on two fronts. First, they provide cru-
cial data for refining theoretical models of blazar jets. Second,
they open new avenues for investigation by pinpointing spe-
cific regions within the jet for further study. This comprehen-
sive understanding might lead to a deeper grasp of the complex
processes at play in blazars.
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