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A B S T R A C T 

We present the results of a radio multifrequency (3 −340 GHz) study of the blazar 3C 454.3. After subtracting the quiescent 
spectrum corresponding to optically thin emission, we found two individual synchrotron self-absorption (SSA) features in the 
wide-band spectrum. The one SSA had a relati vely lo w turnover frequency ( νm 

) in the range of 3 −37 GHz (lower νm 

SSA 

spectrum, LSS), and the other one had a relatively high νm 

of 55 −124 GHz (higher νm 

SSA spectrum, HSS). Using the SSA 

parameters, we estimated B-field strengths at the surface where optical depth τ = 1. The estimated B-field strengths were > 7 

and > 0 . 2 mG for the LSS and HSS, respectively. The LSS-emitting region was magnetically dominated before the 2014 June 
γ -ray flare. The quasi-stationary component (C), ∼0.6 mas apart from the 43 -GHz radio core, became brighter than the core 
with decreasing observing frequency, and we found that component C was related to the LSS. A decrease in jet width was 
found near component C. As a moving component, K14 approached component C, and the flux density of the component was 
enhanced while the angular size decreased. The high intrinsic brightness temperature in the fluid frame was obtained as T B, int ≈
(7.0 ± 1.0) × 10 

11 K from the jet component after the 2015 August γ -ray flare, suggesting that component C is a high-energy 

emitting region. The observed local minimum of jet width and re-brightening behaviour suggest a possible recollimation shock 

in component C. 

K ey words: galaxies: acti ve – galaxies: jets – quasars: individual: 3C 454.3 – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

tudying the magnetic field (B-field) properties in the relativistic 
ets of active galactic nuclei (AGNs) is important for understanding 
et formation (and dynamics) and particle acceleration processes. 
elativistic jets are launched, collimated, accelerated, and powered 
y the central engine, in which B-fields are considered one of the
ost critical elements (Park & Algaba 2022 ). Changes in the B-field
orphology also influence parsec-scale jet acti vity, i.e. v ariability, 

omponent ejections, changes in the jet direction, etc., (e.g. Lister 
t al. 2009 , 2013 , 2016 , 2018 , 2021 ). Radio to γ -rays is produced by
elativistic radiating particles (electrons and/or protons) interacting 
ith the B-field of jets (Rybicki & Lightman 1979 ). Leptonic, 
adronic, and lepto-hadronic are all possible scenarios for high- 
nergy emission (Rybicki & Lightman 1986 ; B ̈ottcher et al. 2007 ;
ermer et al. 2009 ; B ̈ottcher et al. 2013 ; Rani et al. 2013 ). In

his paper, we present a detailed analysis of radio flux and spectral
ariability of a blazar, 3C 454.3, to understand the B-field properties 
f the emission region(s). 
 E-mail: sslee@kasi.re.kr 
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Synchrotron emission encompasses a wide wavelength range, 
panning from radio to optical/UV (up to X-rays) wavelengths, and 
s described by a power law, as S ν = να . The resulting spectral
ndex, denoted as α, falls within the range of −0.26 to −1.73
or optically thin emission (Kang et al. 2021 ; Kim et al. 2022 ).
n scenarios where the density of synchrotron electrons increases, 
uch as in shock-induced jets (e.g. Marscher & Gear 1985 ), the
ow-energy synchrotron photons are absorbed by the synchrotron 
lectrons, leading to optically thick conditions at lower frequencies. 
his phenomenon is known as synchrotron self-absorption (SSA). 
heoretically, the optically thick spectral index within an SSA region 

s expected to be α = 2.5 (Rybicki & Lightman 1979 ), accompanied
y a spectral break at a turno v er frequenc y denoted as νm 

. Previous
tudies have identified the turno v er frequenc y νm 

in a range of
pproximately 10 −170 GHz (Lee et al. 2017, 2020 ; Algaba et al.
018 ; Kang et al. 2021 ; Kim et al. 2022 ). Examining the spectral
roperties of the SSA region enables us to investigate the B-field
trengths within that particular region. 

There are two methods to estimate B-field strength in relativistic 
ets, utilizing the opacity effect, including SSA. First, the opacity 
ffect causes the apparent position of a radio core (i.e. a surface of
he emission region where τ ν = 1) to vary at different observing
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Table 1. Observatories and frequencies of single-dish and array. 

Telescope Frequency (GHz) 

Effelsberg 2.64, 4.85, 8.35, 10.45, 14.6, 23.05, 32, 43 
OVRO 15 
KVN 22, 43 
CARMA 94.75 
SMA 225.0, 343.04 
ALMA 91.5, 103.5, 233, 337, 343.5 
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requencies ( ν). This means that the radio core mo v es upstream
ithin the jet as the core-shift effect (Lobanov 1998 ). By measuring

he core-shift, it is possible to derive the B-field strength in the inner
egion of the jet (e.g. 1 pc from the jet base, B 1 , and radio core, B core )
y assuming the equipartition condition, which assumes an equal
nergy density between particles and the B-field. Several studies
mploying very long baseline interferometry (VLBI) at multiple
a velengths ha ve estimated the B-field strength in relativistic jets of
GNs using the radio core-shift effect (e.g. O’Sullivan & Gabuzda
009 ; Pushkarev et al. 2012 ; Fromm et al. 2013b ; Kutkin et al.
014 ). These studies have reported that B 1 falls within the range of
pproximately 0 . 09 −2 . 12 G. 

Alternatively, B-field strength can be estimated by utilizing the
arameters of SSA, assuming a uniform, spherical plasma blob emit-
ing synchrotron radiation (Marscher 1983 ). This method involves
easuring the size of the emission region and the flux density at

urno v er frequenc y ( νm 

), which corresponds to the optically thick
urface of the emission region. The flux density at νm 

can be obtained
rom radio multiwavelength data. Therefore, radio multiwavelength
ata are essential for measuring B-field strength using the SSA
f fect. Se veral studies have employed this method to estimate B-
eld strength (e.g. Lee et al. 2017, 2020 ; Algaba et al. 2018 ; Kang
t al. 2021 ; Kim et al. 2022 ; Cheong et al. in preparation). Based
n their findings, the B-field strength of the optically thick emission
egion typically ranges from a few milli-Gauss (mG) or lower. 

The source 3C 454.3 hosts a supermassive black hole (SMBH)
ith a mass of 3.4 × 10 9 M � (Titarchuk et al. 2020 ). Classified as
 flat-spectrum radio quasar (FSRQ), it exhibits variability across
ll wavelengths (e.g. Jorstad et al. 2010 ; Wehrle et al. 2012 ; Jorstad
t al. 2013 ; Liodakis et al. 2020 ; Amaya-Almaz ́an, Chavushyan &
ati ̃ no- ́Alvarez 2021 ). Studies employing VLBI data have revealed

hat the millimeter core of the source is associated with high-
nergy emission, particularly during flaring periods. Few studies
av e delv ed into the spectral properties of 3C 454.3, such as SSA,
t radio and millimeter wav elengths. K utkin et al. ( 2014 ) employed
uasi-simultaneous observations with the very long baseline array
VLBA) across a range of frequencies (4.6 −43 GHz) and found
 1 = 0.4 ± 0.2 G and B core , 43GHz = 0 . 07 ± 0 . 04 G. By measuring

he time-lag of radio light curves, Mohan et al. ( 2015 ) reported a
-field strength of B 1 = 0.48 ± 0.21 G at the jet base. Additionally,
ushkarev et al. ( 2012 ) estimated B 1 and B core, 15 GHz for various
GNs, including 3C 454.3, and found field strengths of 1.13 and
.06 G, respectively. While core-shift measurements provide insights
nto the B-field strengths of B 1 and B core , the sparsity of quasi-
imultaneous multifrequency VLBI observations limits the ability
o measure variation in B-field strength. Moreo v er, Chamani et al.
 2022 ) demonstrated a significant time-variable core-shift effect in
C 454.3, with some epochs sho wing de viation from the equipartition
ondition ( k r : 0.5 −1.5, where k r represents the core-shift index).
hey estimated the B-field strength assuming k r = 1 (see fig. 10 in

heir work). In earlier work by Kellermann & P aulin y-Toth ( 1969 ),
he superposition of multiple SSA components in the spectra of 3C
54.3 was observed. 
High-resolution VLBI observations have provided valuable in-

ights into the structure of 3C 454.3 in milli-arcsecond (mas) scale.
hese observations hav e rev ealed the existence of a quasi-stationary
omponent located at a distance of 0 . 45 −0 . 70 mas away from the
ore (P aulin y-Toth et al. 1987 ; Kemball, Diamond & P aulin y-Toth
996 ; G ́omez, Marscher & Alberdi 1999 ; Jorstad et al. 2005 , 2010 ,
013 , 2017 ; Weaver et al. 2022 ). Notably, studies by Kemball et al.
 1996 ) and G ́omez et al. ( 1999 ) demonstrated that the stationary
omponent exhibits comparable or even higher linear polarization
NRAS 523, 5703–5718 (2023) 
ntensity and degree of polarization (DP) compared to the core
omponent, with factors ranging from 3 to 10. Additionally, a
onsistently aligned electric vector position angle (EVPA) parallel
o the jet direction has been reported for o v er a decade. A possible
cenario proposed by Amaya-Almaz ́an et al. ( 2021 ) suggests that the
uasi-stationary component might be associated with γ -ray flares
hrough collisions with jet components. 

In this study, we explore the spectral properties, specifically
SA, of the source 3C 454.3 using radio and millimeter -wa velength
ata obtained from single-dish and interferometer observations. Our
nalysis focuses on a unique characteristic of the quasi-stationary
omponent in 3C 454.3. The observations are described in Section 2 ,
hile the descriptions on data analyses and the results derived from

he analyses are presented in Sections 3 and 4 , respectively. In
ection 5 , we provide scientific discussions and interpretations of the
btained results. Finally, we summarized our findings and interpreta-
ions in Section 6 . Throughout this paper, we adopt the cosmological
arameters �M 

= 0.27, �� 

= 0.73, and H 0 = 71 km s −1 Mpc −1 

Komatsu et al. 2009 ). The redshift of the source is known to be z =
.859 (Jackson & Browne 1991 ), resulting in a luminosity distance
f the source is D L = 5489 Mpc. 

 MULTI -WAVELENGTH  DATA  

e collected single-dish and array data to establish wide-band (2.6–
43 GHz) spectra, which were obtained contemporaneously. The
ean cadence (the gap between consecutive epochs) of the data

ets ranged from 4 to 31 d. To perform a contemporaneous spectral
nalysis, we binned the data at each frequency with a bin size of
0 d (i.e. the largest cadence). For example, to establish a spectrum
or the epoch 2014 January, all measurements in the epoch and at
ach frequency were averaged to obtain a weighted mean. These
ata allowed us to analyze characteristics of the relativistic jet of the
ource, for example, SSA in radio frequency. Table 1 summarizes
he data used in this work. 

.1 F-GAMMA data 

he Fermi -GST AGN Multi-frequency Monitoring Alliance (F-
AMMA, Fuhrmann et al. 2016 ) was a monthly monitoring program

or ∼60 selected Fermi -GST AGNs using several radio telescopes
Effelsberg 100 m in Germany, IRAM 30 m in Spain and APEX-
2 m in Chile). 3C 454.3 had been observed in the program using
he Effelsberg 100-m radio telescope in the frequency range of 2.64–
45 GHz. We used the F-GAMMA data obtained at 2.64–43 GHz,
ublished by Angelakis et al. ( 2019 ). We remo v ed a few outliers
hat showed a significant flux loss compared to the other data at the
ame frequency (i.e. KVN single-dish and VLBA-BU-BLAZAR at
3 GHz). The typical fractional uncertainty of the F-GAMMA data
as ∼ 3 . 5 per cent for the whole frequency range. 
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.2 OVRO data 

C 454.3 has been monitored by the 40-m radio telescope at the
wens Valley Radio Observatory (OVRO, 1 Richards et al. 2011 ) 

t 15 GHz. The monitoring program started in late 2007, and the
ean cadence of the flux measurements for 3C 454.3 is roughly 
 d. We used this data from 2012 January to 2015 December (MJD
5932–57383). The measurement errors in the data are in a range of
.05–0.86 Jy in this period. 

.3 CARMA data 

he Combined Array for Research in Millimeter -wa ve Astronomy 
CARMA) was an array of 23 radio telescopes in California. The 
rray can be operated at three atmospheric bands, 1 cm (27–35 GHz),
 mm (85–116 GHz), and 1 mm (215–270 GHz). The source 3C
54.3 was monitored with a mean cadence of ∼6 d at a centre
requency of 94.75 GHz in the program called Monitoring of γ - 
ay A GN with Radio, Millimeter , and Optical Telescopes (MAR-

OT, 2 Ramakrishnan et al. 2016 ). This was a key science program
erformed in the CARMA. The whole period of the MARMOT 

rogram was MJD 56169–57092. The measurement uncertainties 
re in a range of 0 . 02 −1 . 31 Jy. 

.4 SMA data 

he submillimeter array (SMA) is an array of eight-element radio 
elescopes with baseline lengths from 8 up to 509 m located in

aunak ea in Haw aii. 3C 454.3 is included as a calibrator source at
.3 mm (225 GHz) and 850 μm (343 GHz) in an ongoing monitoring
rogram at the SMA to determine the fluxes of compact extragalactic 
adio sources, which can be used as calibrators at mm wavelengths 
Gurwell et al. 2007 ). Observations of available potential calibrators 
re from time to time observed for 3–5 min, with the measured source
ignal strength calibrated against known standards, typically Solar 
ystem objects (Titan, Uranus, Neptune, or Callisto). Data from this 
rogram are updated regularly and are available at the SMA website. 3 

he mean cadence of the observations on 3C 454.3 were ∼7 d at
.3 mm and ∼30 d at 850 μm, respectively. We used the SMA data
n the period of MJD 55935–57384. The fractional errors, which 
re driven primarily by telescope systematics (e.g. pointing, system 

emperature calibration o v er the full bandpass) and especially by the
 v erall uncertainty in the mm/sub-millimeter flux scale, were ∼ 5 . 5
nd ∼ 5 . 7 per cent at 1.3 mm and 850 μm, respectively. 

.5 ALMA data 

he Atacama Large Millimeter/submillimeter Array (ALMA) con- 
ists of 66 antennas operating at 84–950 GHz in the Atacama 
esert, Chile. The ALMA observes quasars as a calibrator, and 
he calibrator database 4 is publicly available. Since 3C 454.3 is 
ne of the calibrators for the ALMA observations, we obtained 
he multiwavelength data at 91, 103, 233, 337, and 343 GHz. This
ork used the ALMA data from MJD 56 010 to MJD 57385. The
ean cadences were 17, 17, 130, 26, and 32 d, respectively. The

ypical fractional measurement error in the frequency range was 
2 . 5 per cent . 
 ht tps://sites.astro.calt ech.edu/ovroblazars/
 ht tps://sites.astro.calt ech.edu/marmot /
 http:// sma1.sma.hawaii.edu/ callist/ callist.html 
 https:// almascience.eso.org/ sc/ 
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.6 KVN obser v ations and data reduction 

he Korean VLBI Network (KVN) is composed of three identical 
1-m antennas, KVN Yonsei (KYS), KVN Ulsan (KUS), and KVN 

amna (KTN). The KVN has the unique capability of simultaneous 
ultifrequency observations at four frequencies, 22, 43, 86, and 

29 GHz, with a bandwidth of 512 MHz. 
Flux density measurements were conducted using cross-scan 
ode. This measurement method is convenient for measuring 

ointing offset. The KVN single-dish monitoring observations of 
lazars are part of the KVN key science program, called MOGABA
MOnitoring of GAmma-ray Bright AGNs, Lee et al. 2013 ). 

We used the GILDAS-CLASS 5 software to calibrate and calculate 
he flux density of the source. Since the observed profile has a
ackground emission from the sky, we removed the baseline flux and
tted it with a Gaussian model. We can correct pointing offsets and
alculate peak antenna temperature by fitting the profile. Correction 
nd calculation were done using the following equation: 

 c = T p e 
4 ln 2 

(
Off set 
Width 

)2 

[K] , (1) 

here T c is the offset–corrected antenna temperature, T p is the peak
ntenna temperature of the brightness profile, Offset is the antenna 
ointing offset, Width is the profile width. Then T c was converted
nto flux density ( S ) as follows: 

 = 8 k B 

(
1 

πD 

2 A e 

)
T c , (2) 

here k B is the Boltzmann constant, D = 21 m, the diameter of the
VN antenna, A e is the antenna aperture efficiency. 
This work uses the KVN single-dish data obtained at 22 and

3 GHz during MJD 55928–57284. Fractional uncertainties were 
3 and ∼ 5 per cent at 22 and 43 GHz, respectively. The mean

adences were ∼22 d at 22 GHz and ∼19 d at 43 GHz. 

.7 EVN data 

he European VLBI Network 6 (EVN) is composed of 22 radio 
elescopes located mainly in Europe and Asia. The network provides 
igh angular resolution (e.g. 4 × 1.5 mas 2 at 5 GHz) and high
ensiti vity. The av ailable frequencies of the EVN are in the range
f 300 MHz–43 GHz. The observed raw and pipeline-calibrated data 
an be accessed through the public EVN archive 7 In this work, we
sed the pipeline calibrated 8 data of 3C 454.3 observed at ∼ 5 GHz
o estimate the size of the low-frequency radio core. The additional
ata descriptions are listed in Table 2 . 
The data were handled in the DIFMAP (Shepherd 1997 ) software

ackage for imaging. In the imaging, we used uniform weight rather
han natural weight to focus on the core region. The CLEAN image
as obtained after repetitive CLEAN and self-calibration processes. 
sing the calibrated data, we performed model fitting with circular 
aussian models to obtain the angular size and flux density of the
odel through the modelfit task. We set the initial Gaussian model

nd fit the model with a few iterations. After that, if a significant
ntensity remained in the residual map, we set the next Gaussian
odel and repeated the processes until the peak residual intensity 
MNRAS 523, 5703–5718 (2023) 

 https:// www.iram.fr/ IRAMFR/GILDAS/ 
 https:// www.evlbi.org/ 
 http:// archive.jive.nl/ scripts/ avo/ fitsfinder.php 
 https:// www.jive.eu/ jivewiki/doku.php?id = par seltongue:gr imoire&#the e 
n pipeline 

https://sites.astro.caltech.edu/ovroblazars/
https://sites.astro.caltech.edu/marmot/
http://sma1.sma.hawaii.edu/callist/callist.html
https://almascience.eso.org/sc/
https://www.iram.fr/IRAMFR/GILDAS/
https://www.evlbi.org/
http://archive.jive.nl/scripts/avo/fitsfinder.php
https://www.jive.eu/jivewiki/doku.php?id=parseltongue:grimoire&#the_evn_pipeline
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M

Table 2. The description of the additional VLBI observations. 

Date Exp. code Beam size νobs 

(Instrument) (mas 2 ) (GHz) 

2013-05-23 EG062C (EVN) 0.89 × 4.93 4 .99 
2013-05-27 EG062D (EVN) 1.25 × 4.80 4 .99 
2014-03-03 EP088D (EVN) 1.00 × 1.07 4 .99 
2014-03-05 EG062E (EVN) 0.87 × 5.07 4 .99 
2013-05-02 BR188 (VLBA) 0.37 × 0.82 22 .24 
2014-06-10 EL048B (EVN) 1.05 × 1.20 4 .99 
2014-10-26 EG084B (EVN) 0.97 × 4.46 4 .99 
2015-03-16 ES076 (EVN) 0.65 × 3.83 6 .67 
2015-06-06 EK035 (EVN) 0.95 × 1.09 4 .99 
2015-11-01 ER038 (EVN) 0.95 × 3.32 4 .99 
2016-01-28 BJ083B (VLBA) 0.24 × 0.64 24 .58 
2016-02-26 ES079A (EVN) 2.73 × 4.75 6 .67 
2016-06-05 ES079B (EVN) 0.69 × 3.20 6 .67 
2016-06-06 BJ083C (VLBA) 0.26 × 0.63 23 .98 
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as lower than three times the root mean square noise level. The
nitial models were then fitted until no reduced χ2 value change
ppeared. We dropped a model during the fitting if the model showed
 ne gativ e flux density or artificially small angular size. 

.8 VLBA data 

C 454.3 has also been observed by the VLBA 

9 in the two monitoring
rograms, Monitoring of Jets in the Active Galactic Nuclei with
LBA Experiments (MOJAVE, 10 Lister et al. 2021 ) and VLBA-BU-
LAZAR (BU, 11 Jorstad et al. 2005 , 2017 ; Weaver et al. 2022 ) at
5 and 43 GHz, respectively. The VLBA data are provided on the
ebsites in the form of UVFITS. 
At 15 GHz, the source is resolved into extended jet components

nd the radio core. At 43 GHz, we can focus on the inner region of
he radio core via its high angular resolution. Most of the VLBA 43-
Hz images show a quasi-stationary component (C) which is about
 . 45 −0 . 7 mas away from the core (Jorstad et al. 2005 , 2017 ; Weaver
t al. 2022 ). 

We also used additional VLBA data. One was observed in 2008
ctober at frequencies from 4.6 to 43.2 GHz quasi-simultaneously

BK150). We employed this data to estimate the jet geometry of the
ource by utilizing core sizes at each frequency (see Section A ).
he other observations were conducted in 2013 May at 22 and
3 GHz (BR188), 2016 January (BJ083B), and 2016 June (BJ083C)
t 22 GHz. These data were used to investigate the radio spectra of
omponent C (see Section 4.2 ). 

All the additional VLBA data can be accessed from the National
adio Astronomy Observatory (NRAO) data archive. 12 We reduced

he data with the AIPS 13 of the NRAO. After loading the correlated raw
ata into AIPS , we first corrected Earth orientation parameters (EOPs)
y using the VLB AEOPS task. Dispersi ve delays caused by the
onosphere were corrected by using the ionospheric models obtained
rom NASA Crustal Dynamics Data Information System 

14 (CDDIS)
ia the procedure of VLBATECR . The sampler voltage offsets in the
ross-correlation spectra were corrected using the autocorrelation
NRAS 523, 5703–5718 (2023) 

 ht tps://science.nrao.edu/facilit ies/vlba 
0 https:// www.cv.nrao.edu/ MOJAVE/ 
1 ht tps://www.bu.edu/blazars/VLBAproject .html 
2 ht tps://science.nrao.edu/facilit ies/vlba/facilit ies/vlba/dat a-archive/index 
3 http:// www.aips.nrao.edu/ index.shtml 
4 https:// cddis.nasa.gov/ 
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pectra. Instrumental phase offsets and delays across the IFs were
orrected via a scan of 3C 454.3. The remaining residual delays and
ates were found and calibrated via FRING in AIPS (i.e. global fringe
tting). Amplitude calibration was performed using the observed
ain curves and system temperatures. The task BPASS was used with
 scan of a bright source to calibrate the bandpass shapes. We used
he same scan used for the instrumental phase offset calibration. The
nal data were imaged with DIFMAP , just as we followed for the EVN
ata imaging. 

.9 GMVA data 

he global millimeter VLBI array 15 (GMVA) is an array consisting
f sensitive radio telescopes (eight VLBA stations, GBT, Effelsberg,
ico Veleta, Onsala, Metsaehovi, Yebes, and KVN) at 86 GHz, and
ffers very high angular resolution. This work used the calibrated
MVA data observed in 2015 September. The data-reduction pro-

edures for the GMVA data are described in Casadio et al. ( 2019 ,
ee also references therein). The GMVA observation was conducted
n dual-polarization mode, although we used only the total intensity
ata because the reason for using the GMVA data were to investigate
he jet structure of 3C 454.3. 

 DATA  ANALYSI S  

.1 Quiescent flux density determination 

or spectral analysis of the source, we used multifrequency radio
ata in the range of 2.6–343 GHz from 2012 to 2016, as shown
n Fig. 1 . The source sho wed a significant flux v ariation ranging
rom 1 . 3 −25 Jy in all wavelengths. The minimum flux density of
he source at 225 GHz was 1.3 Jy in 2012, which is the lowest flux
ensity observed with the SMA over a decade. 
To accurately analyze the spectra of the variable components in the

ight curve (i.e. to subtract the quiescent flux), we used an exponential
are model to decompose the light curve. The decomposition of a

ight curve is described by Valtaoja et al. ( 1999 ) and applied as
ollows: 

( t) = 

{
S max e ( t−t max ) /t r , t < t max 

S max e ( t max −t) / 1 . 3 t r , t > t max , 
(3) 

here S max is the peak flux density of a flare, t max is the time when a
are peaks, t r is the rising time-scale of a flare. We used a 1.3 ratio
f decaying to rising time-scales by following Valtaoja et al. ( 1999 )
nd found good-fitting results with the fixed ratio. 

We fitted the first flare to the earliest peak in the light curve and
hen investigated the remaining flux density after subtracting the
tted flare model from the light curv e. F or the remaining light curve,
e fitted the next subsequent flare and repeated this process until
o flare-like peak appeared from the residual light curve (i.e. a peak
esidual flux density ≤3 × σ rms , where σ rms is the root mean square
oise level of a light curve). The flare models were fitted using the
mcee python library (F oreman-Macke y et al. 2013 ), which is an
mplementation of the Markov Chain Monte Carlo (MCMC). After
hat, we remo v ed one flare that had an artificially short t r or low
 max at one time and then estimated both reduced- χ2 and Bayesian
nformation criterion (BIC) value to select the most statistically
easonable total number of flares. BIC is a method of selecting
he best-fitting model from the data by adding a penalty when the
umber of model parameters increases. Reduced- χ2 decreases when
5 https:// www3.mpifr-bonn.mpg.de/div/vlbi/ globalmm/ 

https://science.nrao.edu/facilities/vlba
https://www.cv.nrao.edu/MOJAVE/
https://www.bu.edu/blazars/VLBAproject.html
https://science.nrao.edu/facilities/vlba/facilities/vlba/data-archive/index
http://www.aips.nrao.edu/index.shtml
https://cddis.nasa.gov/
https://www3.mpifr-bonn.mpg.de/div/vlbi/globalmm/
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Figure 1. Multiwavelength light curves were obtained from 2.6 to 343 GHz. The observing frequencies and the telescopes are provided as legends in each panel. 
The two vertical red-dotted lines indicate two γ -ray flares, which peaked on ∼MJD 56 823 (Buson 2014 ), and ∼MJD 57 254 (Jorstad et al. 2015 ), respectively. 
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Figure 2. 15-GHz OVRO flare decomposition. Upper panel: The red 
solid line and dotted lines indicate the sum of all the fitted flares and 
indi vidual flares, respecti vely. The minimum BIC v alue is obtained as 
516 by 13 flare models. The period is MJD 56448 −57388. The estimated 
quiescent flux is 4 . 47 ± 0 . 07 Jy, denoted as the black horizontal line. 
Lower panel: flux difference between observed measurements and flare 
decomposition. The black dotted horizontal line is where the residual flux 
density is 0. 
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he number of flares increases. Meanwhile, the BIC value showed a 
inimum value in the best-fitting result. As a representative example, 
e show the flare decomposition of the 15-GHz light curve in Fig. 2 .
We selected light curves at 15 and 225 GHz to estimate the

uiescent spectrum of the source because, at these frequencies, 
bservation cadences are better than at other frequencies, and the 
uiescent period of the source is co v ered. Lower frequenc y (3 and
 GHz) light curves were also used to cover the low-frequency range
f the quiescent spectrum. The estimated quiescent fluxes were 
0 . 2 ± 0 . 11 Jy (3 GHz), 7 . 85 ± 0 . 06 Jy (5 GHz), 4 . 47 ± 0 . 07 Jy
15 GHz) and 1 . 2 ± 0 . 02 Jy (225 GHz). The quiescent spectrum of
he source was fitted to a simple power-law model ( F ( ν) = C q ν

α).
he model parameters resulted in C q = 16.66 ± 0.07 Jy and α =
0.48 with very small uncertainty. The estimated quiescent fluxes 

nd the quiescent spectrum model are shown in Fig. 3 . A broken
o wer-law model di verges when used to fit the observed minimum
ux densities. 

.2 SSA spectra fitting 

he light curves had different cadences from each other (3 d – a
onth). Light curves were binned with a 30 d interval, the largest gap,
MNRAS 523, 5703–5718 (2023) 
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M

Figure 3. Quiescent spectrum fitting result using radio data at four frequen- 
cies (i.e. 3, 5, 15, and 225 GHz). Black dots indicate estimated quiescent 
fluxes from flare decomposition. The solid red line indicates the estimated 
quiescent spectrum of 3C 454.3. 
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Figure 4. Source spectra with double SSA components from 2013 February 
to 2014 No v ember. Green- and blue-dashed lines indicate the LSS and the 
HSS, respectively. The solid red line indicates the sum of the two SSA spectra. 
Black dots indicate quiescent-emission-subtracted fluxes. Dates are denoted 
in each panel. 
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o investigate their spectral variation. After binning, the quiescent
pectrum was subtracted from the light curves. At ∼ 340 GHz,
e used the flux density extrapolated from the obtained quiescent

pectrum. From the quiescent-subtracted spectra, we found two
pectral peaks in 2013: νm 

of the lower turno v er frequenc y SSA
pectrum (LSS) was between 3 and 5 GHz, and of the higher turno v er
requency SSA spectrum (HSS) was between 55 and 124 GHz. In
014, on the other hand, the LSS seen in 2013 disappeared (i.e.
 single spectral peak), and the high-frequency part of the HSS
attened, which may imply a superposition of two or multiple
SA components in high-frequency spectra (see below for further
iscussion). 
In this work, we fitted the variable spectra with two SSA models

ather than three or more models due to the lack of data points.
he SSA spectrum model was introduced by T ̈urler et al. ( 1999 ) as

ollows: 

 ( ν) = S m 

(
ν

νm 

)αthick 1 − e −τm ( ν/νm ) αthin −αthick 

1 − e −τm 
, (4) 

here S m 

and τm 

= 3 / 2 ×
(√ 

1 − 8 αthin 
3 αthick 

− 1 
)

are the flux density

f the SSA spectrum and the optical depth at νm 

, respectively. αthin 

nd αthick are the spectral indices of the optically thin and thick
arts. In this work, we fixed αthick = 2.5 because, theoretically,
he optically thick intensity is proportional to the source function,
 ν = P ( ν)/4 πκν ∝ ν5/2 (Rybicki & Lightman 1979 ). αthin was
imited from –3 to 0, and νm 

was constrained from 0 . 1 −10 GHz
o 10 −200 GHz for the LSS and the HSS, respectively. We note that
he frequency boundaries were applied to only the first epoch. For the
onsecutive epochs, νm 

of the previous epoch was used as an initial
arameter with a broader boundary limit (e.g. 0 . 1 −50 GHz for the
SS). 
Peak flux density S m 

was set to vary in a positive range. Although
he spectra in late 2014 (2014 − 09, 2014 − 10, 2014 − 11) were
ikely a single SSA component, a single SSA model failed to fit the
bserved spectra properly due to the flattening in high frequency. For
xample, especially in 2014 − 11, the flux density at 43 GHz was
igher than the S m 

of the LSS model, possibly indicating another
SA emission. For this reason, we chose a double SSA model to fit

he observed spectra. Note that for the epochs when 3 GHz data were
NRAS 523, 5703–5718 (2023) 
ot available (2013 − 05, 2013 − 11, 2013 − 12, and 2014 − 01),
nly the single SSA model (i.e. HSS) was used because the νm 

of
he LSS could not be determined appropriately . Additionally , when
he flux density at 3 GHz was comparable to the uncertainty of the
stimated quiescent flux density at 3 GHz (2014 − 04), only the HSS
as modelled for further analysis. The best-fitting results are shown

n Fig. 4 . The best-fitting parameters are summarized in Table 3 . 
We note that some information could be lost because of binning

f variability is shorter than 30 d. Shorter bin sizes may allow a
ore ef fecti ve trace for spectral e volution. Ho we ver, the lo w mean

adences (20 −30 d) at low frequencies ( < 15 GHz) prevented us
rom applying shorter bin sizes. In addition, shorter bin sizes would
ot allow us to collect enough data points to perform the double-SSA
odel fitting. 
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Table 3. Best-fitting SSA model parameters. 

Epoch LSS HSS 
S m 

νm 

αthin θFWHM 

T B, obs 
∗ S m 

νm 

αthin θFWHM 

T B, obs 
∗

(Year – month) (Jy) (GHz) ( μas) (10 11 K) (Jy) (GHz) ( μas) (10 11 K) 

2013 − 02 2 . 54 + 0 . 15 
−0 . 16 4 . 76 + 0 . 37 

−0 . 31 −1 . 16 + 0 . 14 
−0 . 17 917 ± 88 1.63 ± 0.36 5 . 04 + 1 . 58 

−0 . 87 123 . 37 + 7 . 35 
−12 . 89 −1 . 59 + 0 . 70 

−0 . 97 23 ± 2 7.98 ± 2.36 

2013 − 05 − − − – – 3 . 84 + 0 . 20 
−0 . 17 76 . 64 + 17 . 71 

−8 . 77 −0 . 28 + 0 . 13 
−0 . 16 34 ± 2 6.92 ± 2.06 

2013 − 06 1 . 55 + 0 . 12 
−0 . 12 4 . 13 + 0 . 39 

−0 . 30 −1 . 41 + 0 . 31 
−0 . 38 1194 ± 125 0.78 ± 0.19 4 . 72 + 0 . 19 

−0 . 19 85 . 38 + 7 . 19 
−6 . 09 −0 . 42 + 0 . 10 

−0 . 10 15 ± 1 34.04 ± 5.85 

2013 − 07 1 . 71 + 0 . 17 
−0 . 16 3 . 51 + 0 . 19 

−0 . 19 −1 . 61 + 0 . 28 
−0 . 31 1625 ± 203 0.64 ± 0.17 8 . 83 + 0 . 16 

−0 . 16 85 . 79 + 6 . 19 
−4 . 88 −0 . 61 + 0 . 05 

−0 . 05 30 ± 2 16.19 ± 2.75 

2013 − 10 1 . 09 + 0 . 23 
−0 . 18 3 . 57 + 0 . 62 

−0 . 43 −2 . 02 + 0 . 49 
−0 . 51 1573 ± 192 0.42 ± 0.15 8 . 65 + 0 . 45 

−0 . 34 67 . 40 + 9 . 03 
−5 . 50 −0 . 35 + 0 . 13 

−0 . 16 40 ± 2 14.85 ± 2.75 

2013 − 11 − − − – – 9 . 21 + 0 . 15 
−0 . 14 82 . 82 + 20 . 27 

−10 . 50 −0 . 13 + 0 . 06 
−0 . 06 36 ± 2 12.81 ± 3.90 

2013 − 12 − − − – – 12 . 22 + 0 . 29 
−0 . 29 55 . 51 + 1 . 07 

−1 . 01 −0 . 43 + 0 . 03 
−0 . 03 42 ± 4 27.80 ± 4.88 

2014 − 01 − − − – – 12 . 41 + 0 . 41 
−0 . 33 93 . 28 + 65 . 35 

−27 . 91 −0 . 08 + 0 . 06 
−0 . 13 58 ± 7 5.21 ± 4.19 

2014 − 04 − − − – – 16 . 70 + 1 . 17 
−1 . 07 62 . 10 + 9 . 39 

−5 . 31 −0 . 16 + 0 . 06 
−0 . 06 71 ± 8 10.62 ± 3.07 

2014 − 09 10 . 75 + 1 . 67 
−2 . 06 25 . 56 + 9 . 16 

−7 . 44 −0 . 20 + 0 . 11 
−0 . 29 96 ± 5 21.67 ± 10.64 8 . 39 + 3 . 79 

−2 . 06 58 . 04 + 8 . 29 
−6 . 71 −0 . 45 + 0 . 21 

−0 . 58 78 ± 3 4.95 ± 1.61 

2014 − 10 12 . 43 + 0 . 54 
−0 . 69 36 . 45 + 7 . 49 

−6 . 18 −0 . 06 + 0 . 02 
−0 . 04 98 ± 3 11.80 ± 3.27 7 . 53 + 0 . 96 

−0 . 88 55 . 53 + 2 . 53 
−3 . 20 −1 . 56 + 0 . 64 

−0 . 84 80 ± 3 4.64 ± 0.63 

2014 − 11 12 . 70 + 0 . 57 
−0 . 72 25 . 93 + 3 . 64 

−3 . 92 −0 . 11 + 0 . 03 
−0 . 06 136 ± 8 12.51 ± 2.97 10 . 32 + 2 . 62 

−2 . 59 55 . 20 + 7 . 69 
−5 . 96 −1 . 50 + 0 . 65 

−1 . 90 94 ± 4 4.70 ± 1.24 

Notes : S m 

is the flux density at a turno v er frequenc y νm 

. αthin is the spectral inde x for an optically thin part. The uncertainties in T B, obs were propagated using 
the mean error values of the upper and lower uncertainties of other parameters. 
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Figure 5. Time variation of B-field strengths for the LSS (upper panel) and 
the HSS (lower panel). Black dots indicate the estimated B SSA in units of mG. 
The grey-shaded areas show the corresponding range of the time-interpolated 
B EQ for η = 1 −1836. 
The black-dashed vertical line indicates the 2014 June γ -ray flare. The arrows 
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.3 Magnetic field strength estimation 

ollowing Marscher ( 1983 ), the B-field strength ( B SSA ) of an SSA
egion is estimated, assuming a uniform sphere, as follows: 

B SSA = 10 −5 b( α) 

[
S m 

1 Jy 

]−2 [
d m 

1 mas 

]4 [ νm 

1GHz 

] 5 (1 + z 

δ

)
[G] , 

(5) 

here d m 

= 1.8 × θFWHM 

is the size of the SSA region at νm 

.
FWHM 

is obtained using the jet geometry, which can be estimated 
hrough multiwavelength VLBI observations (see Appendix A for 

ore details) and is multiplied by 1.8 to change the full width at half-
aximum (FWHM) of a Gaussian model into the size of a uniform

phere. δ and z are the Doppler factor of a jet component and the
edshift of the source, respectively, and b ( α) is a factor dependent on
thin . 
We adopted δLSS = 20.3 ± 1.8 and δHSS = 28.6 ± 2.1 as the 

oppler factors, which are the mean values of components � r >
.4 mas and � r ≤ 0.4 mas, respectively, where � r is the distance
f the component from the core (Jorstad et al. 2005 , 2017 ; Weaver
t al. 2022 ). The factor b ( α) can vary from 1.8 to 3.8 (see table
 in Marscher 1983 ). We note that equation ( 5 ) differs from the
riginal equation in Marscher ( 1983 ) (i.e. using the factor (1 + z)/ δ,
s introduced in Algaba et al. 2018 ), because we assume both the
adio core and the component C are in a steady state rather than
xhibiting a moving feature, except for the last three epochs in the
SS (K14 is a moving knot, see Sections 3.4 and 4.2 ). 
In addition to B SSA , following Kataoka & Stawarz ( 2005 ), who

stimated the B-field strength ( B EQ ) under an equipartition condition 
here the particle energy density and B-field energy density were 

qui v alent, we have 

 EQ = 0 . 123 × η
2 
7 × ( 1 + z ) 

11 
7 ×

[
D L 

100 Mpc 

] −2 
7 [ νm 

5GHz 

] 1 
7 

×
[

S m 

100 mJy 

] 2 
7 
[

d m 

0 . 3 ′′ 

] −6 
7 

δ
−5 
7 [ mG ] , (6) 

here η is a jet composition factor (e.g. η = 1: leptonic, η = 1836:
adronic), D L is the luminosity distance to the source. In this work,
 show upper and lower limits. 
MNRAS 523, 5703–5718 (2023) 
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e used two pure cases (i.e. leptonic and hadronic) to estimate the
eld strengths. 
The estimated B-field strengths are shown in Fig. 5 . For the

SS (upper panel) emitting region before the 2014 June γ -ray flare
peaked ∼ MJD 56823, hereafter, γ 2014 , Buson 2014 ), the estimated
 SSA , LSS ( > 37 mG) was higher than B EQ , LSS (1 − 25 mG) except

or the first epoch, February 2013, which depended on η: B SSA, LSS 

 B EQ, LSS ( η = 1) and B SSA, LSS � B EQ, LSS ( η = 1836). These
ndicate that the LSS region possibly deviates from an equipartition
ondition. In other words, the B-field energy density dominates the
otal energy density in the jet. After the γ 2014 , B EQ, LSS (25–350 mG)
ignificantly increased. In this period, since the upper limits of the
stimated B SSA, LSS ( < 81 mG) are in the range of B EQ, LSS , the energy
ensity dominance may depend on η. 
For the HSS-emitting region, most of the estimated B SSA, HSS (0.2–

 mG) is lower than B EQ, HSS (27–1200 mG) indicating that the
mission region is dominated by particle energy density. All of the
stimated B SSA and B EQ are listed in Table 4 . 

.4 Milli-arcsecond scale structures 

he milli-arcsecond (mas) source structure was investigated using
LBI observations at 5 and 43 GHz. To obtain the flux density of

n emitting region, we model-fitted the EVN 5 GHz and the VLBA
3-GHz data with circular Gaussian models. An elliptical Gaussian
odel was used when a circular Gaussian model could not describe

he long baseline uv visibilities (i.e. core re gion). F or e xample,
n the VLBA observations from 2014 January to 2014 June, the
lliptical Gaussian model describes the observed visibilities better
han a circular one. We obtained core flux densities from the fitted

odels. 
As shown in Fig. 6 , the flux variations of the core and jet

omponents were compared to those of the SSA-inferred flux density
i.e. the inferred flux density from the SSA models at a specified
requency). We note that the grey dots in the figure represent the
um of the flux density of the extended jet models. The errors in
he models were determined using residual root mean square noise
e vel follo wing Fomalont ( 1999 ). The blue and red dots are the
SA-inferred flux density of the LSS and the HSS, respectively.
he uncertainties of the SSA-inferred flux densities were propagated
sing the standard error propagation model. 
3C 454.3 has been reported to have a highly polarized quasi-

tationary component (component C), away from the core by ∼
 . 6 mas, whose flux density is comparable to that of the 43-GHz
ore or even brighter (Kemball et al. 1996 ; Jorstad et al. 2005 , 2013 ).
o investigate whether the LSS emitting region is related to the
omponent C (i.e. to see if component C has a synchrotron self-
bsorption spectrum), we analyzed spectral features using the VLBA
ata. In the VLBI spectral analysis, we used the additional three
LBA data at 22 GHz (see Section 2.8 ). The observations across

hree frequencies (15, 22, and 43 GHz) are quasi-simultaneous within
 few weeks, except for the first epoch at 15 GHz (i.e. in 2013
ebruary at 15 GHz). Component C was successfully identified in all

he maps, according to its parameter conditions ( ∼ 0 . 6 mas of radial
istance from the core, ∼ −90 ◦ of position angle, and flux density).
he intensity maps with the Gaussian models and the spectra of
omponent C are shown in Figs 7 and 8 , respectively. 

Liodakis et al. ( 2020 ) reported that a new jet component, K14 (or
12 in Weaver et al. 2022 ), was ejected from the 43-GHz core. The
roper motion of K14 resulted in as 0 . 471 ± 0 . 003 mas / yr (Liodakis
t al. 2020 ) and 0 . 466 ± 0 . 002 mas / yr (Weaver et al. 2022 ). We
ross-checked the proper motion of the K14 using the modelfit results,
ielding 0 . 47 ± 0 . 01 mas / yr. At this proper motion, K14 arrived
NRAS 523, 5703–5718 (2023) 
t 0 . 6 mas in August 2015 ( ∼MJD 57238), when another γ -ray
are occurred (peaked ∼ MJD 57254, hereafter, γ 2015 , Jorstad et al.
015 ). This indicates that the γ 2015 is possibly associated with an
nteraction between the components C and K14 as suggested by
maya-Almaz ́an et al. ( 2021 ). After that, K14 remained around
0 . 6 mas, rather than showing a significant motion, being a quasi-

tationary component. 

.5 Jet ridgeline analysis 

he jet ridgeline, a trail of plasma blobs in the jet, was investigated
sing the VLBA observations at 43 and 86 GHz, conducted in 2015
eptember, a month after the γ 2015 flare. The two observations are
uasi-simultaneous with a time difference of 3 d, therefore providing
obustness to the analysis by allowing a comparison of the two results.

e used radial coordinates to find the jet ridgeline and selected one
ixel with the highest brightness in every radial distance interval
rom the core. The selected pixels form the jet ridgeline, as shown in
ig. 9 . After forming the ridgeline, we sliced the maps transversely

o the ridgeline. The obtained brightness profile from every slice was
tted to a Gaussian model to estimate jet width and peak brightness.
o ensure 5 σ detection at half-maximum of the profile, we used a
0 σ level as the threshold (i.e. we dropped fit results if the peak
rightness was lower than 10 σ level, σ 43GHz ≈ 6 mJy, and σ 86GHz ≈
 mJy). 
The convolution effect of the restoring beam can be remo v ed

y deconvolving the FWHM of the restoring beam from a fitted
aussian FWHM : W J = 

√ 

θG 
2 − θB 

2 , where W J is the jet width,
G and θB are the FWHM of the Gaussian model and the restoring
eam, respectively. The uncertainties of the jet width along the jet
idgeline were calculated by following Pushkarev et al. ( 2017 ). Fig.
 shows the maps with the jet ridgelines denoted by red circles in the
op and middle panels, and both the estimated jet width (black dots)
nd brightness (blue dots) along the jet ridgeline in the bottom panel.
right colours indicate those at 43 GHz. Note that the bottom panel

hows the estimated jet width and brightness along the ridgeline that
s further apart than the restoring beam size. The distance of the jet
idgeline was obtained by calculating the position of the pixel. 

The jet ridgeline analysis showed a local minimal jet width and
 local maximal brightness near component C ( ∼ 0 . 6 mas) at 43
nd 86 GHz (Fig. 9 ). The de-projected distance of those sites can
e calculated by adopting the viewing angle θv ≈ 1 . ◦3 (Jorstad
t al. 2005 ), and the mass of the SMBH M SMBH ≈ 3 . 4 × 10 9 M �
Titarchuk et al. 2020 ). The calculated de-projected distance was
6 × 10 5 r g . Ho we ver, note that the de-projected distance may not

e accurate since both the core-shift effect and the viewing angle
ary with time. 

.6 Stacking the 43 GHz VLBI maps 

n order to investigate the time-averaged polarimetric characteristics
f the jet, we stacked the 38 VLBA 43-GHz data observed between
013 and 2016 and recorded in dual-polarization mode. Before
tacking the maps, all were aligned by setting the core position to
0,0). Aligned maps were then convolved with a common circular
estoring beam, whose size was 0 . 2 × 0 . 2 mas 2 . 

To generate the polarization maps, we stacked the maps using
tokes parameters, I , Q , and U . Then the stacked maps were used

o compute the maps of polarization intensity and DP. The stacked
aps are presented in Fig. 10 . 
Based on the core-shift effect studies on 3C 454.3 using about

ve years of data (Kutkin et al. 2014 ; Chamani et al. 2022 ), we
ound the mean distance offset of cores at 22 and 43 GHz to be
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Table 4. The estimated B-field strengths. 

Epoch B SSA, LSS B EQ, LSS B EQ, LSS B SSA, HSS B EQ, HSS B EQ, HSS 

η = 1 η = 1836 η = 1 η = 1836 
(Year – month) (mG) (mG) (mG) (mG) (mG) (mG) 

2013 − 02 > 9.69 2 . 61 + 0 . 28 
−0 . 28 22 . 39 + 2 . 37 

−2 . 37 > 7.50 95 . 28 + 15 . 20 
−13 . 47 815 . 70 + 130 . 13 

−115 . 29 

2013 − 05 − − − 3 . 19 + 3 . 89 
−2 . 19 57 . 87 + 5 . 77 

−5 . 51 495 . 42 + 49 . 42 
−47 . 18 

2013 − 06 > 37.39 1 . 77 + 0 . 21 
−0 . 21 15 . 18 + 1 . 80 

−1 . 79 0 . 21 + 0 . 12 
−0 . 11 123 . 95 + 11 . 76 

−11 . 74 1061 . 16 + 100 . 69 
−100 . 49 

2013 − 07 > 46.38 1 . 37 + 0 . 20 
−0 . 20 11 . 72 + 1 . 70 

−1 . 70 1 . 13 + 0 . 60 
−0 . 54 82 . 83 + 8 . 10 

−8 . 09 709 . 15 + 69 . 37 
−69 . 22 

2013 − 10 > 110.09 1 . 24 + 0 . 19 
−0 . 18 10 . 61 + 1 . 63 

−1 . 57 0 . 73 + 0 . 53 
−0 . 36 62 . 88 + 4 . 94 

−4 . 81 538 . 31 + 42 . 30 
−41 . 18 

2013 − 11 − − − < 0.93 71 . 88 + 7 . 09 
−6 . 75 615 . 37 + 60 . 66 

−57 . 80 

2013 − 12 − − − 0 . 20 + 0 . 08 
−0 . 08 64 . 50 + 6 . 00 

−6 . 00 552 . 23 + 51 . 41 
−51 . 41 

2014 − 01 − − − < 6.31 52 . 75 + 8 . 97 
−7 . 59 451 . 64 + 76 . 82 

−64 . 99 

2014 − 04 − − − < 1.01 45 . 69 + 5 . 37 
−5 . 29 391 . 13 + 45 . 95 

−45 . 30 

2014 − 09 < 16.71 34 . 64 + 3 . 88 
−3 . 91 296 . 57 + 33 . 25 

−33 . 44 7 . 10 + 8 . 31 
−5 . 58 33 . 96 + 4 . 99 

−3 . 34 290 . 74 + 42 . 71 
−28 . 61 

2014 − 10 < 80.46 37 . 28 + 2 . 92 
−2 . 88 319 . 17 + 25 . 03 

−24 . 67 > 9.97 32 . 12 + 2 . 39 
−2 . 35 274 . 97 + 20 . 50 

−20 . 14 

2014 − 11 < 50.85 27 . 12 + 2 . 53 
−2 . 55 232 . 17 + 21 . 63 

−21 . 84 > 9.69 30 . 68 + 3 . 07 
−3 . 03 262 . 64 + 26 . 25 

−25 . 90 

Note : The upper and lower uncertainties were propagated individually through the standard error propagation 
model using the SSA parameters. 

Figure 6. Flux comparison at 43 GHz (upper panel) and 5 GHz (lower 
panel) between SSA-inferred and model-fitting measurements. The black- 
dashed vertical line indicates the 2014 June γ -ray flare. Uncertainties on SSA- 
inferred flux densities are propagated through the standard error propagation 
model using the obtained SSA parameters. 
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0 . 05 mas. Although we assumed the core-shift on the 43-GHz
ore was negligible based on the small offset between 22 and 43 GHz,
he map alignments may not be accurate as the averaged core-shift
ffsets were not zero, and the core-shift effect varies with time. 

.7 Brightness temperature calculation 

n the VLBI observations, the brightness temperature in the observer 
rame ( T B, obs ) can be higher than the equipartition brightness tem-
erature ( T EQ ≈ 5 × 10 10 K, Readhead 1994 ) and even the inverse-
ompton limit ( T IC ≈ 10 12 K, Kellermann & P aulin y-Toth 1969 ) due

o a strong Doppler boosting effect (Lee et al. 2008 ; Pushkarev &
ov ale v 2012 ; Lee et al. 2016 ; Jorstad et al. 2017 ; Homan et al.
021 ). T B, obs of a jet component is calculated using the following
quation: 

T B , obs = 1 . 22 × 10 12 S 

θFWHM 

2 ν2 
[K] , (7) 

here S and θFWHM 

are the flux density (Jy) and FWHM (mas) of
he component at frequency ν (GHz). 

We calculated the T B, obs values of the two SSA-emitting regions 
i.e. LSS and HSS), using the best-fitting parameters as shown in
 able 3 . W e also calculated the T B, obs of K14, the most prominent

et component in our data period. The estimated parameters (flux 
ensity, distance from the core, position angle, angular size, and 
he observed brightness temperature) spanning about two years are 
ummarized in Table 5 and shown in Fig. 11 . 

 RESULTS  

.1 Double SSA spectra 

s described in Section 3.2 , we identified two individual SSA spectra
rom the source spectrum. As summarized in Table 3 , S m 

and νm 

f the LSS continuously decreased until the γ 2014 flare occurred. 
herefore, the LSS is likely to be in an adiabatic expansion phase
ccording to the shock-in-jet model (Marscher & Gear 1985 ). After
MNRAS 523, 5703–5718 (2023) 
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M

Figure 7. Images of 3C 454.3 with VLBA observations at three frequencies: 15, 22, and 43 GHz. The radio cores are aligned to the (0,0) position. Blue circles 
indicate Gaussian models for radio core and component C. Observation date and observing band are noted in the upper left-hand side in each panel. colour and 
contours indicate intensity for each map, and the contours start at three times the root mean square of the residual map and increase by factors of 1.4. Synthesized 
beams are attached on the lower left side of each map as a grey ellipse. 

Figure 8. Radio spectra of component C in three epochs. For each epoch, 
different colours represent the spectrum (see the labels). 
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he γ 2014 flare, S m 

and νm 

suddenly increased by up to an order
f magnitude. Meanwhile, the optically thin index flattened. These
hanges could occur if a plasma population were injected into the jet
NRAS 523, 5703–5718 (2023) 
n that period. Liodakis et al. ( 2020 ) found that jet component K14
as ejecting from the 43-GHz radio core after γ 2014 flare. 
At the HSS, we found a continuous increase in S m 

until the γ 2014 

are. In some epochs, the obtained αthin was close to 0 (e.g. αthin 

−0.1), implying a possible convolution of two or multiple SSA
omponents at high frequency. 

.2 Location of SSA-emitting regions 

s shown in Fig. 6 , the time-variation of the HSS-inferred flux
ensity at 43 GHz closely follows that of the 43-GHz core in the
ime range of 2013 January—2014 December, indicating that the
SS-emitting region is the 43-GHz core. The higher flux density of
14 than that of the core also represents the observed flux densities
f the LSS and the HSS at 43 GHz. 
On the other hand, the LSS-inferred flux density at 43 GHz follows

he flux density of the remaining jet components. At 5 GHz, the flux
ariations of the LSS marginally follow that of the 5-GHz core. As
he core flux density (e.g. ∼ 2 . 6 Jy in 2013 May) is similar to that
 ∼ 2 . 7 Jy) of the HSS at 43 GHz, the flux density (e.g. less than 2 Jy)
f the remaining jet components corresponds to that (e.g. less than
 Jy) of the LSS at 43 GHz. 
Between 2013 January and 2014 June, component C was the

rightest jet component at 43 GHz, except for the core. In this period,
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Figure 9. The images show the ridgelines at 86 GHz (top panel) and at 
43 GHz (middle panel) observed in 2015 September. The bottom panel shows 
the estimated jet width and brightness along the ridgelines at each frequency. 
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Figure 10. Stacked linear polarization maps for 3C 454.3. Contours indicate 
Stokes I intensity. The black bars indicate polarization angles in the area. 
The period is the same as Fig. 9 . Colour maps indicate polarization intensity 
(upper panel) and degree of polarization (lower panel). 
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e found a decrease in flux density of component C (e.g. from 1.5
o 0.5 Jy) and the 5 GHz core (from 5.5 to 3.3 Jy) until the γ 2014 . A
imilar decline is seen in the S m 

of the LSS (from 2.5 to 1.0 Jy, see
able 3 ), supporting that component C is the LSS emitting region.
e note that we found no significant decrease in the flux density

f jet components at 5 GHz. After the γ 2014 flare, the flux density
f K14 followed the LSS-inferred flux density at 43 GHz. Ho we ver,
ote that there are only three epochs after the flare. 
Component C exhibits an optically thin spectrum (Fig. 8 ), and the

btained spectrum is similar to the LSS in 2013 (blue-dashed line 
n Fig. 4 ). We note that the observing date at 15 GHz differs from
ther frequencies, but the flux density of component C observed in 
uly 2013 ( ∼ 1 . 8 Jy) is similar to that observed in 2013 February
 ∼ 2 . 3 Jy), keeping the optically thin spectrum. In 2016, after the
2014 flare, the flux density of component C increased at all three
requencies. Component C had a νm 

at ∼22 GHz in 2016 January.
eanwhile, in June 2016, the spectrum became optically thin again. 

hese results indicate that the spectral properties of component C 

ary with time and indicate that a quasi-stationary component can be
n SSA-emitting region. 

Based on the core-shift effect, the estimated mean offset be- 
ween the cores at 43 and 5 GHz is ∼ 0 . 55 mas, which corre-
ponds to component C (0 . 45 −0 . 7 mas, Jorstad et al. 2005 , 2017 ;
eaver et al. 2022 ). Therefore, component C is considered a

ore-like component at 5 GHz, given the core-shift effect and the
pectrum. 

The abo v e results indicate that the HSS-emitting region is at the
3-GHz core. The LSS-emitting regions are component C before the 
2014 , and K14 before the γ 2014 . 

.3 Time-averaged characteristics in jet 

ig. 10 shows the time-averaged maps at 43 GHz. The obtained
inear polarization intensity and DP are higher in component C 

 ∼ 200 mJy / beam, ∼ 8 per cent ) than at the core ( ∼ 30 mJy / beam,
1 per cent ). Those polarimetric characteristics are seen in most 

ndividual epochs, indicating that de-polarization of the core by 
ariability is unlikely to bias the stacked result. Moreo v er, when
he core region showed high linear polarization intensity and DP, 
he moving knot K14 was ejecting from the core, implying that
MNRAS 523, 5703–5718 (2023) 
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Table 5. The estimated parameters of the moving knot K14. 

Day S R θFWHM 

PA T B, obs 

(MJD) (Jy) ( μas) ( μas) ( ◦) (10 11 K) 

56828 5.6 ± 1.0 86.6 ± 0.5 20.0 ± 1.0 −33.15 ± 0.32 91.8 ± 18.2 
56866 7.2 ± 0.6 114.3 ± 1.7 64.8 ± 3.4 −56.71 ± 0.86 11.2 ± 1.5 
56923 8.9 ± 0.5 171.2 ± 1.5 76.5 ± 2.9 −62.62 ± 0.49 9.9 ± 0.9 
56976 2.3 ± 0.4 295.6 ± 1.8 57.4 ± 3.5 −56.21 ± 0.34 4.6 ± 0.9 
56996 4.4 ± 0.2 281.4 ± 1.2 65.8 ± 2.4 −61.90 ± 0.25 6.6 ± 0.6 
57020 4.5 ± 0.3 308.2 ± 2.5 106.8 ± 4.9 −64.43 ± 0.46 2.6 ± 0.3 
57067 7.6 ± 0.4 379.0 ± 2.1 106.7 ± 4.3 −68.15 ± 0.32 4.4 ± 0.4 
57123 8.9 ± 0.7 428.4 ± 3.9 125.7 ± 7.7 −68.27 ± 0.52 3.7 ± 0.5 
57153 5.2 ± 0.3 515.4 ± 1.4 94.2 ± 2.8 −68.39 ± 0.15 3.9 ± 0.3 
57182 5.8 ± 0.4 544.1 ± 1.2 54.8 ± 2.4 −73.13 ± 0.12 12.6 ± 1.4 
57205 5.4 ± 0.4 568.4 ± 1.0 52.4 ± 1.9 −71.86 ± 0.10 12.9 ± 1.3 
57235 6.3 ± 0.4 583.8 ± 0.8 45.2 ± 1.7 −73.73 ± 0.08 20.3 ± 1.9 
57287 6.1 ± 0.5 595.0 ± 0.4 19.2 ± 0.9 −74.58 ± 0.04 108.6 ± 12.8 
57361 4.9 ± 0.3 614.5 ± 1.1 53.2 ± 2.2 −75.79 ± 0.10 11.4 ± 1.2 
57388 4.4 ± 0.3 612.3 ± 0.9 47.7 ± 1.8 −76.90 ± 0.09 12.5 ± 1.2 
57418 4.5 ± 0.3 608.5 ± 1.0 46.2 ± 2.0 −75.92 ± 0.10 14.0 ± 1.6 
57465 3.6 ± 0.3 603.1 ± 0.9 37.4 ± 1.8 −77.29 ± 0.09 17.0 ± 2.2 
57500 4.2 ± 0.5 598.9 ± 1.7 53.6 ± 3.5 −79.61 ± 0.17 9.7 ± 1.6 
57549 5.0 ± 0.5 550.4 ± 3.3 95.7 ± 6.6 −83.60 ± 0.34 3.6 ± 0.6 

Note : The uncertainties are estimated following Fomalont ( 1999 ). 

Figure 11. Time variation of flux density (panel a), brightness temperature 
(panel b), angular size (panel c), and radial distance from the 43-GHz radio 
core (panel d) of the jet component K14. The two red solid vertical lines 
indicate γ -ray flares in 2014 June and 2015 August. Note that there are two 
large decreases in flux density, as the K14 is divided into two components. 
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he ejecting component caused these polarimetric characteristics in
he core. Typically, in e very indi vidual map, the DPs of core and
omponent C were ∼ 1 and ∼ 10 per cent, respectively. 

Alternatively, the de-polarization in the core can occur due to
ts complex structure. Ho we ver, we estimated B-field strengths for
oth the LSS and the HSS (Fig. 5 ) and found that the LSS emitting
egion before the γ 2014 (i.e. component C) is magnetically dominated
 B SSA, LSS � B EQ, LSS ). Meanwhile, the HSS-emitting region (i.e. the
ore) is dominated by kinetic energy density rather than magnetic
nergy density ( B SSA, HSS � B EQ, HSS ). Therefore, it is possible that
he difference in polarization intensity and DP between the core
nd component C can be attributed to the difference between their
ntrinsic B-field strength. 

In the stacked map, component C shows EVPA (black bars)
arallel with the jet direction. These parallel EVPA distributions
re seen in most of the VLBA observations, as far as component C is
etected reliably (i.e. except for the epochs when component C was
ading out). Meanwhile, EVPA distribution in the core region has an
ngle perpendicular to the jet direction, although the EVPA of the
ore region varies in time. However, note that the EVPA distribution
an vary by viewing angle due to a projection effect of B-fields (see
a wthorne 2006 ; Ca wthorne, Jorstad & Marscher 2013 ; Fuentes
t al. 2018 ). 

 DI SCUSSI ON  

.1 Interpretations of magnetic field strength and brightness 
emperature 

he estimated B-field strength ( B SSA, LSS ) of component C, before
he γ 2014 flare, implies that the region is under near equipartition
 B SSA, LSS ≈ B EQ, LSS ) condition in May 2013 (the first epoch), and
s dominated by the B-field energy density ( B SSA, LSS > B EQ, LSS )
n the other epochs. In an alternative way, the magnetic dominance
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n component C can be investigated using the T B estimates from the
hysical parameters of component C (i.e. the LSS, see Section 3.7 ). In
able 3 , we summarized the obtained parameters, including the T B, obs 

f the two SSA-emitting regions. Before the γ 2014 flare, the observed 
rightness temperatures T B, obs were estimated to be (4 −16) × 10 10 K. 
dopting the Doppler factor δLSS = 20.3 ± 1.8 (see Section 3.3 ), the

ntrinsic brightness temperatures of component C were estimated to 
e T B , int = (1 + z) T B , obs /δLSS ≈ (4 −15) × 10 9 K, which are below
he equipartition limit, implying a possible magnetic dominance in 
omponent C. 

Component C could exhibit magnetic dominance if the electrons 
f fecti vely dissipate energy, resulting in the production of γ -rays. 
he inverse-Compton scattering may be one of the significant cooling 
echanisms. Indeed, we found that the observed brightness tempera- 

ure of K14 increases during MJD 57123–57287, from ∼4 × 10 11 to 
1 × 10 13 K, peaking on MJD 57 287 when K14 reaches component
 ( ∼ 0 . 6 mas, a month after the γ 2015 flare). By adopting the typical
oppler factor of 3C 454.3 as δ = 28.8 ± 2.2 (Weaver et al. 2022 ), the

ntrinsic brightness temperature around the γ 2015 flare was computed 
o be T B, int ≈ (7.0 ± 1.0) × 10 11 K, which is close to the inverse-
ompton limit. This indicates the inverse-Compton catastrophe, i.e. 

he efficient energy loss of the electrons (and hence the decrease 
n particle energy density) to γ -ray production in component C. 
he angular size reduction of component K14 around γ 2015 suggests 
ompression within the jet, possibly due to a recollimation shock. 
lternatively, particle energy loss efficiency to γ -ray production in 

omponent C can be computed using spectral energy distribution 
SED). By assuming the high-energy peak of the SED is related to
he inverse-Compton scattering, and by using the ratio of the two 
eaks of the humps in SED and B-field strength, the time-scale of
nergy losses of those electrons can be calculated (Weaver et al. 
020 ; Marscher & Jorstad 2022 ). Further analysis will be presented
n future works. 

The lower measurements of B EQ, LSS than B EQ, HSS can be explained 
f we assume that the LSS emitting region is downstream of the 43-
Hz core. In that case, the radiation cooling makes particles lose 

nergy as it mo v es downstream. In Section 4.2 , we determined that
he SSA-emitting regions were the core (HSS, upstream jet) and the 
omponent C (LSS, downstream jet) before the flare. 

After the γ 2014 flare, ho we ver, the estimated B EQ, LSS increased due 
o the change in both turno v er frequenc y νm 

and interpolated angular
ize d m 

. Decreased d m 

after the flare implies that the emission region
s either located upstream of the jet than before or experienced colli-
ation. As described in Section 3.4 , the superluminal jet component, 
14, emerged from the 43-GHz radio core after the flare. Moreo v er,

omponent C was fading out until the flare (see Section 4.2 ). These
ndicate the decrease in d m 

is attributed to component K14, whose 
ocation is a more upstream region in the jet than component C. We
btained similar B EQ between the LSS and the HSS. Given that the
SS-emitting region is the 43-GHz core, the similar measurements 
f B EQ after the flare also support attributing component K14 to the
SS. 

.2 Possible recollimation shock at the quasi-stationary 
omponent 

 ́omez et al. ( 1999 ) suggested that component C originated from
 recollimation shock in the jet. To further investigate whether a 
ecollimation shock is in component C, we performed a jet ridgeline 
nalysis using the VLBA 43- and 86-GHz maps observed in 2015 
eptember (see Section 3.5 ). The jet ridgeline analysis shows a local
inimum of the jet width in component C ( ∼0.6 mas, or ∼6 × 10 5 r g ),
n which the jet width is smaller than the estimated jet geometry (see
ppendix A , and Fig. A1 ). Beyond component C, the jet width

xpands again. A smaller jet width than the estimated jet geometry
mplies there is an o v erpressured re gion in component C. In the
revious studies on recollimation shocks, a similar decrease in jet 
idth was identified: 1H 0323 + 342 (Doi et al. 2018 ; Hada et al.
018 ), 3C 111 (Beuchert et al. 2018 ), and BL Lac (Casadio et al.
021 ). 
Fig. 11 shows the variations (flux density, observed brightness 

emperature, angular size, and distance from the core) of component 
14 about two years from its ejection. In the figure, as component
14 approaches component C ( ∼0.6 mas), the flux density increases
hile the angular size decreases, which is clearly seen after the

econd separation of component K14 (between MJD 57153 −57287). 
he decrease in the angular size may imply compression in the jet
s component K14 approaches component C. In the same period, 
e found that the linear polarization intensity at component C also

ncreased from ∼ 450 to ∼ 750 mJy / beam around the γ 2015 flare
MJD 57235 − 57287). The variability in the total flux density of
omponent K14 in this work is similar to that in (Liodakis et al.
020 , see fig. 7 in their work). Similarly, Jorstad et al. ( 2010 ) found
nother re-brightening of jet component passing component C in 
C 454.3. The re-brightening behaviour of a component passing a 
ecollimation shock has been reported in previous studies (Fromm 

t al. 2013a ; Beuchert et al. 2018 ; Hada et al. 2018 ). Based on
he observed jet width decrease and re-brightening behaviour, we 
uggest the presence of a recollimation shock in the quasi-stationary 
omponent C. A more sensiti ve VLBI observ ation at high frequencies 
e.g. 86 or 230 GHz) would be required to clarify the nature of
omponent C in future work. 

 SUMMARY  

his paper presents results on 3C 454.3 using radio multiwavelength 
ata (3 −340 GHz). Using the data, we found two peaks in the radio
pectra. The first peak is observed at relatively low frequencies of
 −37 GHz (LSS), and the second peak appears at high frequencies
f 55 −124 GHz (HSS). We compared variations in the flux density
f SSA-inferred and VLBI measurements to investigate emitting 
egions of the LSS and the HSS. We found that the flux variation
f the HSS closely follows that of the 43-GHz radio core. The flux
ariability of the LSS marginally matches with the remaining jet 
omponents. Moreo v er, at 5 GHz, the LSS-inferred flux variation
hows a similar trend with the 5-GHz core. These results imply that
he HSS-emitting region is located in the 43-GHz radio core, and the
mission region for the LSS might be near the 5-GHz core. From
he previous works on core-shift effect, a mean distance offset of

0 . 55 mas was found between the cores at 43 and 5 GHz. The
istance corresponds to that of the quasi-stationary component C 

rom the core at 43 GHz (0 . 45 ∼ 0 . 70 mas, Jorstad et al. 2005 , 2017 ;
eaver et al. 2022 ). 
We investigated the spectrum of component C using VLBA 

bservations at three frequencies. From the spectral analysis, we 
ound that component C showed an optically thin spectrum before 
he γ 2014 flare and the SSA spectrum with νm 

≈ 22 GHz in 2016.
he obtained spectrum in 2013 was consistent with the LSS model.
urthermore, we observed a gradual decrease in the flux density of
omponent C until the occurrence of the γ 2014 flare, as seen in the
SS model (Table 3 , and Fig. 4 ). In addition, we found the emergence
f a new jet component, K14, which exhibited a higher flux density
han the core. This component was ejected from the 43-GHz core
ubsequent to the flare. Based on these observations, we can conclude
MNRAS 523, 5703–5718 (2023) 
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hat the LSS feature can be attributed to component C prior to the
are and to component K14 following the flare. 
In 2015 August, during the γ 2015 flare, the moving component

14 reached a distance of approximately 0.6 mas from the core. As
14 approached component C, there was a noticeable re-brightening
bserved in both the total flux density (increasing from approximately
 to 6 Jy) and the linearly polarized intensity (rising from around
50 to 750 mJy beam 

-1 ). Furthermore, component K14 underwent a
iminution in its angular size during this period. 
By adopting a typical Doppler factor, δ = 28.8 ± 2.2 (Weaver

t al. 2022 ) for the source, we found that the intrinsic brightness
emperature T B, int ≈ (7.0 ± 1.0) × 10 11 K of K14 is comparable with
he inverse-Compton limit ( T IC ≈ 10 12 K, Kellermann & P aulin y-
oth 1969 ) in MJD 57287. This finding suggests that the interaction
etween components K14 and C is linked to the γ 2015 flare. Notably,
he γ -ray production in component C potentially leads to a decrease
n particle energy density, resulting in component C becoming a
agnetically dominated region. 
The higher B-field strength ( B SSA ) than that of the equipartition

ondition ( B EQ ) supports the magnetic dominance in component C
T able 4 ). W e also investigated T B, int of the LSS using its parameters
n Table 3 and δLSS = 20.3 ± 1.8 (see Section 3.3 ). The calculated
alues were lower than the equipartition condition ( T EQ ≈ 5 × 10 10 K,
eadhead 1994 ) before the γ 2014 flare, confirming the magnetic
ominance in component C. 
The features related to component C, re-brightening behaviour,
agnetic dominance, and the angular size reduction in K14 can be

xplained if component C is an o v erpressured re gion, possibly due
o a recollimation shock. The jet ridgeline analysis showed hints of
ecollimation near component C (see Section 3.5 ). Moreo v er, the
stimated jet width in component C is smaller than the jet geometry
see Section A ), implying an o v erpressured re gion. 

Time-averaged linear polarization characteristics were investi-
ated by stacking the 38 VLBA 43-GHz observations observed in
he period of 2013 January—2016 December. In the stacked map,
omponent C shows high polarization intensity ( ∼200 mJy beam 

–1 )
nd DP ( ∼ 8 per cent ). All of the characteristics related to compo-
ent C may suggest a presence of recollimation shock in the jet of
C 454.3. 
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PPENDI X  A :  J E T  G E O M E T RY  

stimating the B-field strength of the jet using the SSA spectrum
equires the angular size of the SSA-emitting region (i.e. angular 
ize at νm 

). The angular size of SSA regions, d m 

, can be interpolated
or extrapolated) from the model-fitted angular size of the radio core
y using the jet geometry of the source. We reduced the same VLBA
ata that was used in Kutkin et al. ( 2014 ) to obtain core sizes with
heir uncertainties. Uncertainties were estimated following Fomalont 
 1999 ). Then the jet geometry ( W core ) of 3C 454.3 was modelled in
ogarithmic scale as follows: 

log ( W core ) = 

{
ε1 log ( r( ν)) + C , ν ≥ νt 

ε2 log ( r( ν)) + ( ε1 − ε2 ) log ( r t ) + C , ν < νt , 
(A1) 

here r t and ν t indicate the de-projected distance and frequency in 
nits of pc and GHz at the jet geometry transition point, respectively.
he parameter C is a constant. ε1 and ε2 are the geometrical indices
 W core ∝ r( ν) ε1 for ν ≥ ν t and W core ∝ r( ν) ε2 for ν < ν t , and ε < 1 :
arabolic; ε = 1 : conical; ε > 1 : hyperbolic). 
In the fitting, the de-projected distance of a radio core at fre-

uency ν is estimated by using the equation (Lobanov 1998 ): 
( ν) = 

�
sin θ ν−1 /k , where � is the core position offset measurement

etween two frequencies ν1 and ν2 , k is the core-shift index, θ
s the vie wing angle. Follo wing Kutkin et al. ( 2014 ), we adopt

= 43 ± 10 pc GHz 1 /k , k = 0.7 and θ = 1 . ◦3. 
Fig. A1 shows the modelled jet geometry of 3C 454.3 with the
easured core sizes. The fit parameters resulted in ε1 = 0 . 35 + 0 . 09 

−0 . 10 ,
2 = 1 . 32 + 0 . 30 

−0 . 15 , r t = 79 + 33 
−15 pc . Kov ale v et al. ( 2020 ) estimated a

ransition point of the jet geometry from nearby AGN sources, 
ielding 10 5 –10 6 gravitational radii, r g for a jet transition. Using
he M SMBH of 3C 454.3 assumed in this work, r t is converted into
.4 × 10 5 r g . This result is consistent with that estimated by Kov ale v
t al. ( 2020 ). Using the modelled jet geometry, the interpolated
WHM size of the SSA-emitting region, θFWHM 

is estimated and 
ummarized in Table 3 . 
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Figure A1. Estimated jet geometry using the VLBA core sizes from 43 to 
4.6 GHz. The black dotted line indicates modelled jet geometry, and the black 
dots indicate measured core sizes from the 2008 October VLBA observation. 
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