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A B S T R A C T 

CTA 102 is a blazar implying that its relativistic jet points towards Earth and emits synchrotron radiation produced by energetic 
particles gyrating in the magnetic field. This study aims to figure out the physical origins of radio flares in the jet, including the 
connection between the magnetic field and the radio flares. The data set in the range of 2.6–343.5 GHz was collected o v er a 
period of ∼5.5 yr (2012 No v ember 20–2018 September 23). During the data collection period, seven flares at 15 GHz with a 
range of the variability time-scale of roughly 76–227 d were detected. The quasi-simultaneous radio data were used to investigate 
the synchrotron spectrum of the source. We found that the synchrotron radiation is self-absorbed. The turno v er frequenc y and 

the peak flux density of the synchrotron self-absorption (SSA) spectra are in the ranges of ∼42–172 GHz and ∼0.9–10.2 Jy, 
respectively. From the SSA spectra, we derived the SSA magnetic field strengths to be ∼9.20, ∼12.28, and ∼50.97 mG on 2013 

December 24, 2014 February 28, and 2018 January 13, respectively. We also derived the equipartition magnetic field strengths 
to be in the range of ∼24–109 mG. The equipartition magnetic field strengths are larger than the SSA magnetic field strengths 
in most cases, which indicates that particle energy mainly dominates in the jet. Our results suggest that the flares in the jet of 
CTA 102 originated due to particle acceleration. We propose the possible mechanisms of particle acceleration. 

Key words: radiation mechanisms: non-thermal – galaxies: active – galaxies: jets – quasars: individual: CTA 102. 

1  I N T RO D U C T I O N  

Blazars are a subclass of active galactic nuclei (AGNs) and are 
among the most powerful objects in the universe. It is believed that 
supermassive black holes (SMBHs) with a mass range of ∼ 10 6 –
10 10 M � are a critical part of the central engine of blazars (Blandford, 
Meier & Readhead 2019 ). Relativistic jets are the luminous and 
collimated outflows emitting synchrotron radiation, resulting from 

accelerated electrons gyrating magnetic field lines within those jets 
(Boettcher, Harris & Krawczynski 2012 ). Magnetic fields, anchored 
in the accretion disc or the ergosphere of SMBHs, make a crucial 

� E-mail: sslee@kasi.re.kr 

contribution to the formation, collimation, and acceleration of these 
relativistic jets (Blandford & Znajek 1977 ; Blandford & Payne 1982 ). 

Blazars are divided into two subclasses, flat-spectrum radio 
quasars (FSRQs) and BL Lac objects (BL Lacs). Both subclasses 
of blazars are characterized by relativistically boosted emission, 
extremely variable emissions extending from radio to gamma-ray 
energies, and superluminal jet motions (Jorstad et al. 2005 ; Hovatta 
et al. 2008 ; Marscher et al. 2008 ). These features can mostly be 
attributed to the small viewing angles (e.g. < 10 de g; Ho vatta et al. 
2009 ) from our line of sight (leading to the relativistic effects; Urry & 

P ado vani 1995 ). These effects can be quantified by the Doppler factor 
( δ), which is defined as δ = [ �(1 − βcos θ )] −1 , where � is the 
bulk Lorentz factor, β is the intrinsic velocity of the jet in units of 
the speed of light, and θ is the viewing angle. Since it is difficult 
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to directly estimate β and θ , there is some difficulty in obtaining 
reliable estimates of the Doppler factor. Alternatively, an indirect 
method has been proposed to estimate δ using the observed variability 
(L ̈ahteenm ̈aki & Valtaoja 1999 ; Hovatta et al. 2009 ; Liodakis et al. 
2017 ). Therefore, characterizing the Doppler factor significantly 
contributes to the understanding of the highly variable emissions 
seen from blazars. 

CTA 102 (also known as J2232 + 114) is a FSRQ with red- 
shift z = 1.037 (Schmidt 1965 ). Its luminosity distance is D L = 

6943 Mpc (adopting a cosmology with �m 

= 0.27, �� 

= 0.73, and 
H 0 = 71 km s −1 Mpc −1 ). It harbours an SMBH with a mass of 
8.5 × 10 8 M � (Zamaninasab et al. 2014 ). As the source is a blazar, 
the strong emitted electromagnetic radiation ranging from radio to 
gamma-rays shows rapid variability, especially in radio (Rantakyr ̈o 
et al. 2003 ; Lister et al. 2009b ; Fromm et al. 2011 ; Casadio et al. 
2015 ). The 2006 radio flare from CTA 102, observed at centimetre 
(cm) to millimetre (mm) w avelengths, w as investigated by Fromm 

et al. ( 2011 ). The behaviour of the observed radio flux enhancements 
is in agreement with the predictions from the shock-in-jet model, 
where the outburst originates from a shock wave passing through 
the relativistic jet (Marscher & Gear 1985 ). An mm-wave radio 
outburst was reported in 2012 by Casadio et al. ( 2015 ). Single- 
dish observations at cm- to mm-wavelengths were reported to have 
reached a peak at the end of 2016 (Raiteri et al. 2017 ; D’Ammando 
et al. 2019 ). Very long baseline interferometry (VLBI) observations 
of blazars typically show a compact bright region at the upper end of 
the jet which is normally referred to as the VLBI core (Jorstad et al. 
2005 ; Lister et al. 2009b ). VLBI observations at 43 GHz showed that 
the flux density of the VLBI core peaked during the same epoch as 
when the single-dish measurements reached their maximum (Casadio 
et al. 2019 ). Polarimetric multifrequency observations consistently 
suggest the presence of a helical magnetic field in the jet of CTA 102 
(Hovatta et al. 2012 ; Casadio et al. 2015 ; Raiteri et al. 2017 ; Li 
et al. 2018 ; Park et al. 2018 ; Casadio et al. 2019 ), suggesting that 
the magnetic field may play an important role in the radio emissions 
from the jet. 

Man y studies hav e estimated magnetic field strengths in blazars 
usually using one of four different methods based on (1) the 
broadband spectral energy distribution (SED) model, (2) the core- 
shift effect, (3) the synchrotron luminosity, and (4) the synchrotron 
self-absorption (SSA) spectrum. We will discuss how each method 
estimates the magnetic field strengths in blazars in the following. The 
first method is based on a blazar spectrum typically exhibiting two 
humps: one at lower energies and one at higher energies. The lower 
energy hump is thought to originate from synchrotron emission, 
and the higher energy hump is due to the scattering of photons off 
relativistic electrons; these photons come from synchrotron emission 
or AGN components (e.g. accretion disk, broad-line region, or dusty 
torus). From this basis, the magnetic field strength can be estimated 
(Mastichiadis & Kirk 1997 ; Tramacere et al. 2009 ; Tavecchio & 

Ghisellini 2014 ). The magnetic field strengths of CTA 102 were 
found to be constrained in the range of 0.1–6.1 G, assuming a 
leptonic model (Raiteri et al. 2017 ; Zacharias et al. 2017 ; Gasparyan 
et al. 2018 ; Prince et al. 2018 ), or are in the range of 50–80 G, 
assuming a hadronic model (Zacharias et al. 2019 ). In the second 
method, the core-shift effect, the frequency-dependent position shift 
of the VLBI core can also be used, under several assumptions, to 
estimate magnetic field strengths at 1 pc from the base of the jet 
(Lobanov 1998 ; O’Sulli v an & Gab uzda 2009 ; Algaba, Gab uzda & 

Smith 2012 ; Pushkarev et al. 2012 ; Fromm et al. 2013b ; Li et al. 
2018 ). The magnetic field strengths of CTA 102 at 1 pc from the jet 
base using core-shift measurements were estimated to be 0.2–2.12 G 

(Algaba et al. 2012 ; Pushkarev et al. 2012 ; Fromm et al. 2013b ; Li 
et al. 2018 ). For the third method, Lee et al. ( 2016b ) estimated the 
synchrotron luminosities of 109 sources including CTA 102 using the 
VLBI core fluxes at 2, 8, 15, and 86 GHz that were obtained between 
1993 and 2003. From these synchrotron luminosities, they inferred 
the magnetic field strengths at 1 pc from the jet apex based on the 
standard jet model (Blandford & K ̈onigl 1979 ), this is an idealized 
model of a steady radio jet that assumes a conical geometry with 
a narrow opening angle, where the magnetic field in the jet that 
becomes weaker as farther away from the jet apex, and assumes 
approximate equipartition between the electron energy density and 
the magnetic field energy density. In the fourth and final method, 
the magnetic field strengths are computed from the SSA spectrum 

by assuming a uniform, spherical, and optically thick synchrotron 
source (Marscher 1983 ; Hirotani 2005 ). Combining the spectral and 
geometrical information of the optically thick synchrotron source, 
the magnetic field strengths in other blazars have been estimated 
(Rani et al. 2013 ; Hodgson et al. 2017 ; Lee et al. 2017b ; Algaba 
et al. 2018b ). 

In this work, we present the results from a study on the physical 
origins of radio flares from CTA 102 during the period from 

2012 to 2018. The magnetic field strengths from the synchrotron 
spectrum were estimated using multifrequency data. We investigated 
a connection between radio flares and magnetic field strengths. 
In Section 2, we describe details about the observations and the 
multifrequency data. Our main results are explained in Section 3. An 
interpretation of our results is presented in Section 4. In Section 5, 
we summarize the results and discuss our conclusions. 

2  OBSERVATI ONS  A N D  DATA  AC QU ISITION  

Table 1 summarizes the multifrequency observations of CTA 102. In 
this section, we describe the observations made by the single-dish 
radio telescopes in the Korean VLBI Network (KVN) and describe 
how we reduced the data to obtain the flux density of the source at 
22 and 43 GHz in Section 2.1. Information on multifrequency data 
obtained by other radio facilities is described in Section 2.2. 

2.1 KVN single-dish obser v ations 

We observed CTA 102 at 22 and 43 GHz using the 21-m radio 
telescopes of the KVN: KVN Yonsei (KY), KVN Ulsan (KU), and 
KVN Tamna (KT), from March 2013 to May 2018 (MJD 56379–
58270). The observations were performed in cross-scan mode, in 
other words, a one-dimensional on-the-fly method that uses two sub- 
scans in the azimuth direction and two in the ele v ation direction (e.g. 
Lee et al. 2017a ). These observations were made as part of the KVN 

key science program for interferometric MOnitoring of GAmma-ray 
Bright AGNs (iMOGABA; Lee et al. 2016a ). 

The cross-scan observation mode enables us to obtain the single- 
dish flux density of the source. Each sub-scan provides a profile 
of the amplitude expressed in terms of antenna temperature T ∗A , 
as a function of the relative position angle with respect to the 
pointing centre. For calibrating the cross-scan data, we used the 
gildas package in the CLASS software. 1 We fitted a linear function 
to the baseline from each amplitude profile, to remo v e background 
emission from the instruments and sky. Then, we fitted a Gaussian 
curve to the amplitude and obtained its best-fitting parameters: the 
peak intensity in Kelvin, the integrated area in arcsecond, the peak 

1 https:// www.iram.fr/ IRAMFR/GILDAS 
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Table 1. Summary of the multifrequency observations of CTA 102. 

Observatory νobs (GHz) Range of S ν (Jy) t int (d) Date MJD 

(1) (2) (3) (4) (5) (6) 

OVRO 40-m 15 2.85–3.99 7 2012/11/20–2018/7/21 56251–58320 
Mets ̈ahovi 14-m 37 2.14–6.30 5 2012/12/5–2018/5/29 56266–58267 
KVN 21-m 43 2.38–6.95 42 2013/3/28–2018/5/31 56379–58270 

22 2.86–4.84 43 2013/3/28–2018/5/31 56379–58270 
IRAM 30-m 230 0.96–8.94 51 2013/4/30–2018/6/7 56412–58276 

86 2.02–10.52 33 2013/4/30–2018/6/19 56412–58288 
SMA 230 0.98–8.26 23 2013/2/5–2018/9/23 56328–58384 
ALMA 343.5 0.62–5.82 21 2013/10/02–2017/9/9 56567–58005 

233 1.61–7.00 70 2014/10/18–2017/3/29 56948–57841 
103.5 1.58–7.16 14 2013/6/11–2017/9/29 56454–58025 
91.5 1.66–7.11 13 2013/6/11–2017/9/29 56454–58025 

Effelsberg 100-m 43 1.29–4.92 36 2012/12/1–2014/12/2 56262–56993 
32 2.57–4.56 29 2012/12/1–2014/3/3 56262–56719 

23.05 2.20–4.09 33 2012/12/1–2014/12/2 56262–56993 
14.60 2.90–3.95 33 2012/12/1–2014/12/2 56262–56993 
10.45 3.21–4.21 29 2012/12/2–2014/12/2 56263–56993 
8.35 3.41–4.17 29 2012/12/2–2014/12/2 56263–56993 
4.85 4.26–4.72 31 2012/12/2–2014/12/2 56263–56993 
2.64 5.59-6.15 36 2012/12/2–2014/12/2 56263–56993 

Note. Column designation: (1) observatory name, (2) observing frequency in GHz, (3) range of the flux density 
in Jy, (4) mean cadence of data points in days, (5) observing date in year/month/day, and (6) observing date 
in modified Julian date. 

position offset in arcsecond, and the width in arcsecond. We did 
not make use of data if their Gaussian-fitted positions offsets they 
produced were larger than 30 arcsec and if the profile widths were 
wider than 20 per cent of the beam size at each frequency. The 
uncertainty in the peak intensity was estimated by propagating errors 
in the area and the width. 

The peak intensity, T ∗A , is converted into flux density S SD using the 
following equation: 

S SD = 

2 k B T ∗A 
ηA A geom 

[ Jy ] , (1) 

where k B is the Boltzmann constant, ηA is the aperture efficiency, 
and A geom 

is the geometric area of the telescope. If the source was 
observed at an ele v ation between 40 and 70 deg, the normalized 
gain G norm 

would be close to the maximum gain for the KVN 

(e.g. ∼95–99 per cent; Lee et al. 2011 ). The KVN observatory 
provides varying antenna aperture efficiencies on a half-yearly basis 
using regular gain measurements. 2 We referred to these gain values 
when applying equation (1) to translate the T ∗A to S SD . We derived 
aperture efficiencies from the single-dish polarization observations 
of Jupiter and have included these in our calculations. If the gain 
values were not available for particular epochs, we derived G norm 

which has a second-order polynomial form: G norm 

= A 0 × El 2 

+ A 1 × El + A 2, where El is the ele v ation in deg, and A 0, 
A 1, and A 2 are the fitted parameters that are presented on the 
KVN website (Lee et al. 2011 ). The aperture efficiency could 
then obtained using ηA = ηA, max × G norm 

. The flux density S SD 

was corrected for antenna pointing offsets (peak position offsets) 
in both azimuthal and ele v ational directions. Then, we regard the 
mean of the corrected flux densities as the true flux density. If 
multiple scans were available for particular epochs, the mean and 
standard de viation v alues are used for the flux densities and their 
statistical errors, respectiv ely. F or epochs with only a single scan 

2 https://radio.kasi.r e.kr /k vn/main k vn.php 

available, we propagated errors from the fit results to estimate the 
total uncertainty. Since the KVN has three telescopes, we used the 
inverse variance weighted mean value of the flux densities from 

those telescopes to minimize the statistical error and obtain the most 
reliable measurement. The results for the single-dish flux density are 
summarized in Table 2 . 

2.2 Multifrequency data 

2.2.1 Effelsberg 100 m 

The F-GAMMA programme monitored about 60 blazars using 
v arious radio observ atories between 2007 and 2015 (Fuhrmann et al. 
2016 ). As a part of this monitoring programme, the Effelsberg 100-m 

telescope observed CTA 102 at eight frequencies (2.64, 4.85, 8.35, 
10.45, 14.6, 23.05, 32.0, and 43.0 GHz). We made use of their flux 
density measurements from the period between 2012 December and 
2014 December (MJD 56263–56993) in Angelakis et al. ( 2019 ). 

2.2.2 OVRO 40 m 

CTA 102 has been observed at 15 GHz with the Owens Valley Radio 
Observatory (OVRO) 40-m radio telescope as a part of the OVRO 

40-m monitoring programme since 2008 (Richards et al. 2011 ). The 
mean cadence of these observations is about 7 d, we used the data 
collected from 2012 No v ember to 2018 July (MJD 56251–58320). 

2.2.3 Mets ̈ahovi 14 m 

The 37 GHz observations were made with the 13.7-m diameter 
Mets ̈ahovi radio telescope. This radio telescope has been used to 
monitor hundreds of AGNs since the early 1980s. 3 We obtained data 

3 https:// www.metsahovi.fi/ opendata 
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Table 2. KVN single-dish fluxes. 

Date MJD S SD, 22 (Jy) S SD, 43 (Jy) 
(1) (2) (3) (4) 

2013/3/28 56379 4.15 ± 0.02 4.14 ± 0.06 
2013/4/11 56393 3.97 ± 0.06 4.09 ± 0.04 
2013/5/7 56419 3.88 ± 0.07 3.46 ± 0.13 
2013/9/24 56559 3.40 ± 0.10 2.86 ± 0.24 
2013/10/15 56580 3.23 ± 0.07 2.73 ± 0.02 
2013/11/19 56615 3.01 ± 0.06 2.80 ± 0.07 
2013/12/24 56650 3.14 ± 0.04 3.16 ± 0.05 
2014/1/27 56684 3.40 ± 0.05 3.28 ± 0.09 
2014/2/28 56716 3.46 ± 0.07 3.21 ± 0.22 
2014/3/22 56738 3.45 ± 0.09 3.11 ± 0.09 
2014/4/22 56769 3.26 ± 0.06 2.45 ± 0.10 
2014/6/13 56822 3.17 ± 0.10 2.38 ± 0.14 
2014/9/1 56902 3.00 ± 0.17 2.42 ± 0.17 
2014/9/27 56928 2.86 ± 0.13 2.79 ± 0.21 
2014/10/29 56960 2.90 ± 0.13 2.75 ± 0.10 
2014/11/28 56990 3.08 ± 0.28 3.01 ± 0.48 
2014/12/25 57017 3.24 ± 0.05 2.70 ± 0.08 
2015/1/15 57038 3.27 ± 0.07 2.54 ± 0.12 
2015/2/23 57077 3.14 ± 0.03 2.65 ± 0.08 
2015/3/26 57108 3.09 ± 0.06 2.85 ± 0.04 
2015/4/30 57143 3.13 ± 0.07 3.01 ± 0.25 
2015/9/24 57290 3.12 ± 0.16 3.15 ± 0.21 
2015/10/23 57319 3.14 ± 0.10 3.08 ± 0.17 
2015/11/30 57357 3.14 ± 0.05 3.07 ± 0.08 
2015/12/29 57385 3.03 ± 0.06 2.90 ± 0.07 
2016/1/13 57401 3.12 ± 0.05 2.89 ± 0.06 
2016/2/11 57430 2.87 ± 0.07 2.58 ± 0.10 
2016/3/1 57449 3.02 ± 0.04 2.79 ± 0.10 
2016/4/25 57504 3.15 ± 0.13 2.98 ± 0.14 
2016/8/23 57624 – 3.56 ± 0.18 
2016/10/18 57680 4.24 ± 0.11 3.94 ± 0.07 
2016/11/27 57720 3.96 ± 0.24 3.24 ± 0.32 
2016/12/28 57751 3.42 ± 0.08 3.05 ± 0.11 
2017/3/28 57841 3.26 ± 0.05 3.26 ± 0.05 
2017/4/20 57863 2.92 ± 0.14 3.39 ± 0.08 
2017/5/21 57895 3.12 ± 0.09 3.61 ± 0.08 
2017/6/17 57922 3.68 ± 0.16 3.52 ± 0.17 
2017/10/21 58048 3.74 ± 0.03 5.24 ± 0.06 
2017/11/4 58063 3.72 ± 0.01 4.93 ± 0.13 
2017/11/22 58080 3.93 ± 0.13 5.05 ± 0.12 
2018/1/13 58132 4.35 ± 0.05 6.95 ± 0.17 
2018/2/19 58169 4.84 ± 0.10 5.13 ± 0.16 
2018/3/2 58180 4.11 ± 0.06 4.57 ± 0.10 
2018/3/25 58203 4.03 ± 0.07 4.21 ± 0.17 
2018/4/19 58228 3.75 ± 0.07 3.89 ± 0.10 
2018/5/26 58265 3.11 ± 0.10 3.11 ± 0.02 
2018/5/31 58270 3.26 ± 0.20 3.14 ± 0.30 

Note. Column designation: (1) observing date in year/month/day, (2) observ- 
ing date in modified Julian date (MJD), (3) flux density at 22 GHz, and (4) 
flux density at 43 GHz. 

for the period from 2012 December to 2018 May (MJD 56266–
58267). The observations are ON–ON observations, which alternate 
the source and the sky in each feed horn. A typical integration time 
to obtain one flux density data point is between 1200 and 1400 s. 
The detection limit of our telescope at 37 GHz is on the order of 
0.2 Jy under optimal conditions. Data points with a signal-to-noise 
ratio < 4 are handled as non-detections. The flux density scale was 
set by observations of DR 21. Sources NGC 7027, 3C 274, and 3C 

84 were used as secondary calibrators. A detailed description of the 
data reduction and analysis is given in Teraesranta et al. ( 1998 ). 

The error estimate for the flux density includes the contributions 
from the measurement rms and from the uncertainty in the absolute 
calibration. 

2.2.4 IRAM 30 m 

The measurements from the IRAM 30-m Telescope that we present 
in this paper were obtained as part of the POLAMI (Polarimetric 
Monitoring of AGN at Millimetre Wavelengths) Program 

4 (Agudo 
et al. 2018a , b ; Thum et al. 2018 ). The POLAMI programme is a 
long-term observation project to monitor the full polarimetric of a 
sample of bright millimetre AGNs including CTA 102 at 86 and 
230 GHz frequencies. This programme has been operating since the 
end of 2006, and since then it has maintained a monitoring time 
sampling period between ∼2 weeks and 1 month depending on the 
monitored source. The set-up employed in these observations has 
been detailed in Thum et al. ( 2008 ), while details about the data 
reduction and calibration used have been presented in Agudo et al. 
( 2010 , 2014 , 2018b ). 

2.2.5 SMA 

The 230 GHz (1.3 mm) flux density data were obtained by the Sub- 
millimeter Array (SMA) near the summit of Mauna Kea (Hawaii). 
The available data spans the time period from 2013 February to 
2018 April (MJD 56328–58233). CTA 102 is included in an ongoing 
monitoring programme at the SMA to determine the fluxes of com- 
pact extragalactic radio sources that can be used as mm-wavelength 
calibrators (Gurwell et al. 2007 ). The available potential calibrators 
are observed from time to time for 3–5 min, and the measured source 
signal strength is calibrated against known standards, typically Solar 
system objects (Titan, Uranus, Neptune, or Callisto). Data from this 
programme, compiled by Mark Gurwell, are updated regularly and 
are available at the SMA website. 5 

2.2.6 ALMA 

We made use of the Atacama Large millimetre/submillimetre Ar- 
ray (ALMA) data from the ALMA Calibrator Source Catalogue 
website. 6 CTA 102 was observed at Band 3 (91.5, 95.7, 97.5, 98.2, 
99.4, 103.5, and 109.7 GHz), Band 6 (233 GHz), and Band 7 (337.5, 
343.2, and 343.5 GHz). The available data spans a time period from 

2013 June to 2017 September (MJD 56454–58025). 

2.2.7 VLBA 

CTA 102 was observed as a part of the Monitoring of Jets in Active 
Galactic Nuclei with VLBA Experiments (MOJAVE) programme. 
This programme is a long-term observational program to study the 
structure and evolution of relativistic outflows in AGNs using the 
very long baseline array (VLBA) at 15 GHz (Lister & Homan 2005 ). 
The data are publicly available from the programme website (Lister 
et al. 2018 ). 7 We used the calibrated data for CTA 102 (see, Lister 
et al. 2009a , for calibration details) in order to obtain information 
about the core components (e.g. total flux density and size) from 

4 https://polami.iaa.es 
5 https:// sma1.sma.hawaii.edu/ callist/ callist.html 
6 https:// almascience.eso.org/ alma-data/ calibr ator -catalogue 
7 http:// www.physics.purdue.edu/MOJAVE/ 
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2012 December to 2013 July (MJD 56271–56333). We parametrized 
the maps using circular Gaussians fitted directly to the uv -data, using 
the model-fit task in the interferometric imaging software DIFMAP 

(Shepherd 1997 ). The uncertainties in the Gaussian components were 
estimated following the method in Lister et al. ( 2016 ). 

The source was also observed as a part of the VLBA-BU-BLAZAR 

monitoring programme. This programme observ es man y gamma-ray 
bright blazars approximately monthly using the VLBA at 43 GHz 
(Jorstad et al. 2005 , 2017 ). The data are publicly available from 

the program website. 8 We used the calibrated data for the source 
(see Jorstad et al. 2017 for calibration details) in order to obtain 
information about the core components (e.g. total flux density and 
size) from 2013 April to 2018 April (MJD 56398–58227). In order 
to do this, we performed our analysis in the same way as for the 
MOJAVE data. Following (Jorstad et al. 2017 ), we estimated the 
uncertainties in the Gaussian components. 

3  RESULTS  

3.1 Radio light cur v es 

Fig. 1 shows the multifrequency light curves from CTA 102 at 
the radio frequencies of 2.6–343.5 GHz. The light curves cover 
a ∼5.5-yr time span, from 2012 No v ember to 2018 September 
(MJD 56251–58384). The OVRO 15 GHz light curve is well 
sampled with a mean cadence of t int ∼ 7 days, as seen in Ta- 
ble 1 . This well-sampled light curve enables us to clearly see 
an active state period, in which the source becomes brighter and 
more variable than during other periods. We considered a threshold 
using the median plus the standard deviation of the flux density 
for defining the active state (e.g. Algaba et al. 2018a ). We found 
three periods that counted as active states in the 15 GHz light 
curve: 2013 January 20–2013 September 6 (MJD 56312–56541), 
2016 October 9–2016 December 5 (MJD 57670–57728), and 2017 
December 23–2018 May 4 (MJD 58110–58243). During these 
periods, the light-curve peaks on 2013 July 31 (MJD 56504), 2016 
No v ember 16 (MJD 57708), and 2018 February 17 (MJD 58166) 
where respective flux densities of 3.88, 3.69, and 3.99 Jy, were 
reached. 

We found that such active states are also reflected in the light curves 
at other frequencies. F or e xample, the first active state was found in 
the light curves at ∼8–43 GHz, the second and third active states 
were found in the light curves at > 15 GHz. In the light curves at > 

86 GHz, the flux density of the source begins to gradually increase in 
the middle of 2015, yielding a mean flux density that has increased 
by a factor of 1.8–3.3. In the following section, Section 3.2, we used 
the flux variability seen in the 15 GHz light curve to identify flares. 

3.2 Decomposition of radio flares 

The variations in the flux densities of blazars have been attributed 
to several flares that occurred over the time-scale of days to months 
(Valtaoja et al. 1999 ; Hovatta et al. 2009 ; Liodakis et al. 2017 ). Of 
these observed flares, most have been found to overlap somewhat, 
making it difficult to directly identify individual flares directly. 
In order to decompose the flares, we employ the Markov Chain 
Monte Carlo (MCMC) technique to identify individual flares and to 
constrain the best-fitting model parameters for the flares. 

8 ht tps://www.bu.edu/blazars/VLBAproject .html 

3.2.1 Analysis 

One of the requirements for a detailed flare decomposition analysis 
is a short cadence in the light curves, specifically in the well-sampled 
light curves. Among the multifrequency light curves, we found that 
the OVRO and Mets ̈ahovi light curves had mean cadences of t int ∼
7 d and 5 d, respectively, making these the most suitable ones for this 
analysis. In this paper, we simply chose to use the OVRO light curve 
for our decomposition analysis although the comparison of the light 
curves itself is still of significant interest (and will be presented in 
an upcoming paper). A flare is characterized by three parameters –
its maximum amplitude, the time of the flare maximum, and the rise 
time-scale. The ratio of the decay to the rise time-scale is fixed at 
1.3 (following Valtaoja et al. 1999 ; Hovatta et al. 2009 ; Kravchenko 
et al. 2020 ). An e xponential curv e model was used following Valtaoja 
et al. ( 1999 ): 

S( 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 , 

(2) 

where S max is the maximum amplitude of a flare in Jy, t max is the 
time of the maximum amplitude of the flare in days, and t r is the rise 
time-scale of the flare in days. Before performing the decomposition 
analysis, a constant quiescent flux density was subtracted from all 
the flux densities of the light curve (e.g. Valtaoja et al. 1999 ). The 
quiescent flux density was estimated to be 2.17 Jy, using the quiescent 
spectrum (see Section 3.3 for more details). 

In order to fit the exponential model to the light curve, an initial 
number of flares must be determined first. We tried to determine the 
number of flares in the following manner. The initial model ( S init , 
t init , and t r, init ) of the first flare was determined based on the first peak 
( S peak and t peak ) in the light curve. The peak flux density and time 
of the initial model were determined as S init = S peak and t init = t peak . 
The rise time-scale of the initial model t r, init was simply determined 
by observing when the residual gets lower than the three sigma level 

(3 × σ S ) defined as σS = 

√ ∑ N 

i= 1 ( σ
2 
stat ,i + σ 2 

sys ,i ) /N , where σ stat is 

the statistical flux uncertainty, σ sys is the 5 per cent systematic flux 
uncertainty, and N denotes the number of the data. The determined 
initial model for the first flare was subtracted from the light curve. 
An initial model of the second flare was determined based on the 
first peak in the remaining data following the same procedure that 
was used for the first flare. The determined initial model of the 
second flare was also subtracted. We repeated this procedure for the 
remaining data until flux densities higher than the 3 σ level were 
not seen. Finally, we determined the initial values for the 21 fitting 
parameters that compose the seven flares. 

The model flares with the initial parameters (equation 2) were fitted 
to the light curve using the MCMC technique. A PYTHON package 
named EMCEE (F oreman-Macke y et al. 2013 ) was used to sample the 
posterior distributions of the three parameters for each flare: S max , 
t max , and t r . We included an additional fitting parameter f to correct for 
the underestimated variance in the likelihood function. 9 The ranges 
of uniform priors were set to as (1) 3 ×σ S < S max < S max, init + 3 ×σ S , 
(2) t max < t max, init + 5 × t int , (3) t r < t r, init + 200 d, and (4) −10 < ln f < 

1, where S max, init , t max, init , and t r, init are the initial values for the fitting 
parameters S max , t max , and t r , respectively. A Gaussian distribution 
of each fitting parameter was characterized by obtaining 600 000 
MCMC samples. The uncertainties in the parameters are determined 
based on the 68 per cent confidence intervals in the distributions 
of the parameters. Fig. 2 shows a corner plot as an example of 

9 https:// emcee.readthedocs.io/en/ stable/ 

MNRAS 510, 815–833 (2022) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/1/815/6447556 by H
elsinki U

niversity of Technology Library user on 04 February 2022

https://www.bu.edu/blazars/VLBAproject.html
https://emcee.readthedocs.io/en/stable/


820 S.-H. Kim et al. 

Figure 1. Light curves from CTA 102 observed between 2012 November and 2018 September (MJD 56251 to 58384) at 2.6–343.5 GHz. The light curves at 
different frequencies are shown with different colours and symbols (see the label). The black dotted line for the 15.0 GHz light curve indicates the flux density 
threshold (described in the text). 

the distributions of the best-fitting parameters. The results of the 
decomposition analysis are summarized in Table 3 . In Fig. 3 , the 
observed data and the best-fitting model are presented. 

3.2.2 Variability parameters estimation 

We quantify the variability characteristics of the source such as the 
v ariability time-scales, v ariability brightness temperatures, and the 
sizes of the emission region. The variability time-scales are defined 
by the rise time of a flare ( t r ) obtained from the decomposition 
analysis, as shown in Hovatta et al. ( 2009 ) and Liodakis et al. ( 2017 ). 

Note that the period of the Flare 1 is out of the time range of the 
data considering its variability time-scale. This may lead to changes 
in the variability parameters of Flare 1. 

We estimate the variability brightness temperature ( T b, var ): 

T b , var = 1 . 47 × 10 13 D 

2 
L S max 

ν2 t 2 r (1 + z) 4 
[ K] , (3) 

where D L is the luminosity distance in Mpc, S max is defined in 
equation (2), ν is the observing frequency in GHz, and z is the 
redshift of the source. We obtained T b, var for the seven flares to be 
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Figure 2. Posterior distribution of fitting parameters. The fitting parameters 
are the peak flux density of the flare S max, i , the time of the peak flux density of 
the flare t max, i , the rise time-scale of the flare t r , i ( i denotes the flare number), 
and the scaling factor f that is described in the text. The dashed lines are the 
16th, 50th, and 84th quantiles of the Gaussian distribution from each fitting 
parameter. Note that this plot is an example using the first of the seven fitted 
flares. 

in the range of ∼(0.5–3.0) × 10 13 K and provide exact numbers in 
Table 3 . 

The rapid variability time-scale imply highly compact emission 
regions if these variations are intrinsic properties of the source. 
Assuming the source has a spherical brightness distribution with 
isotropic expansion, the light traveltime argument implies a diameter 
d ≤ 2 × c � t of the emitting region, where � t is the time interval of 
the expansion. Then, we can obtain the emitting region size ( d var ): 

d var = 0 . 35 
t r 

D L 
δ(1 + z) [ mas ] . (4) 

We take a Doppler factor as δ = 17 ± 3, which is the variability 
Doppler factor of a moving jet component close to the VLBI core at 
15 GHz (Fromm et al. 2013a ). The value of d var is estimated to be in a 
range of 0.13–0.40 mas. The mean and the standard deviation values 
are 0.25 and 0.08 mas, respectively. The emitting region size d var is 
broadly consistent with the VLBI core size. We will investigate this in 
Section 3.4. The results of the variability parameters are summarized 
in Table 3 . 

3.3 Source spectra 

The single-dish observations may include emissions from extended 
components that could be resolved out by the VLBI observations. 
Hence, one should be careful when using the flux densities from 

single-dish and VLBI observations together for spectral analysis. We 
compared the single-dish flux density and the VLBI total flux density 
at the same observation frequency in nearby epochs separated by less 
than 10 d to confirm whether it is possible for those flux densities to 
be used together. 

The 15 GHz OVRO data were used to obtain the single-dish flux 
density. For the VLBI total flux density, the 15 GHz VLBA data from 

the MOJAVE programme were used. In three epochs, the single-dish 
flux density and the VLBI total flux density showed flux density ratios 
of ∼11–21 per cent, which is much larger than typical OVRO errors 
of ∼1 per cent and VLBA errors of ∼5 per cent. This implies that 
the single-dish flux density may include emissions from extended 
components which could be resolved out by the VLBI observations. 
Thus, we cannot make use of the single-dish flux density together 
with the VLBI flux density for a multifrequency spectral analysis. 
We compared the single-dish flux density and the VLBI total flux 
density at 43 GHz. In order to do this, we used the KVN single- 
dish and VLBA data. Over 18 epochs, the ratio of the single-dish 
flux density to the VLBI total flux density was found to be ∼2–
38 per cent with a mean of ∼24 per cent. This supports the existence 
of a difference between the single-dish flux density and the VLBI 
total flux density. 

We also compared the single-dish flux density and the array 
flux density. We used the IRAM (single-dish), ALMA (array), and 
SMA (array) data at 230 GHz for the comparison. The flux density 
difference is less than 7 per cent, which is comparable to typical 
errors of ∼6 per cent. This indicates that the single-dish and array 
flux densities are comparable to each other and that the result of the 
spectral analysis is not sensitive to combining the single-dish and 
array flux densities. Therefore, we used the combination of single- 
dish and array flux densities in our results. 

To perform spectral analysis, we first concentrate on epochs for 
which the KVN single-dish data are available. We search for other 
multifrequency data from the closest epochs within 15 d of the 
KVN single-dish data and then consider those data to be quasi- 
simultaneous. The flux densities from the other multifrequency data 
were analysed together with the flux density of the KVN single- 
dish data. We restricted our analysis to epochs where at least 
five data points across different frequencies could be obtained. 
We investigated the spectral properties of the synchrotron-self- 

Table 3. Physical parameters of radio flares from CTA 102. 

Flare num t max t max (MJD) S max (Jy) t r (days) T b, var (10 13 K) d var (mas) 
(1) (2) (3) (4) (5) (6) (7) 

1 2013 / 2 / 6 + 6 −7 56329 + 6 −7 1 . 57 + 0 . 06 
−0 . 07 167 + 21 

−22 1 . 03 + 0 . 26 
−0 . 28 0.29 ± 0.06 

2 2013 / 7 / 19 + 3 −4 56492 + 3 −4 0 . 92 + 0 . 10 
−0 . 08 76 + 18 

−14 2 . 90 + 1 . 41 
−1 . 10 0 . 13 + 0 . 04 

−0 . 03 

3 2014/5/13 ± 6 56790 ± 6 0 . 70 + 0 . 07 
−0 . 04 122 + 25 

−18 0 . 86 + 0 . 36 
−0 . 26 0 . 21 + 0 . 06 

−0 . 05 

4 2015 / 1 / 11 + 12 
−9 57033 + 12 

−9 0 . 68 + 0 . 05 
−0 . 03 158 + 25 

−26 0 . 50 + 0 . 16 
−0 . 17 0.28 ± 0.07 

5 2015 / 9 / 9 + 13 
−8 57274 + 13 

−8 0 . 69 + 0 . 06 
−0 . 03 143 + 21 

−23 0 . 62 + 0 . 19 
−0 . 20 0.25 ± 0.06 

6 2016 / 11 / 26 + 3 −4 57718 + 3 −4 1.37 ± 0.03 227 + 17 
−18 0 . 49 + 0 . 07 

−0 . 08 0.40 ± 0.08 

7 2018/3/5 ± 2 58182 ± 2 1.75 ± 0.07 98 + 11 
−7 3 . 33 + 0 . 76 

−0 . 50 0 . 17 + 0 . 04 
−0 . 03 

Note. Column designation: (1) flare number, (2) time of the maximum amplitude of the flare in 
year/month/day, (3) time of the maximum amplitude of the flare in modified Julian date, (3) maximum 

amplitude of the flare in Jy, (4) rising time-scale in days, (6) brightness temperature in 10 13 K, and (7) 
emitting region size in mas. 
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822 S.-H. Kim et al. 

Figure 3. The upper panel shows the light curve from CTA 102 at 15 GHz (black points) decomposed into seven exponential flares (thick red solid line – the 
sum of the seven flares, thin black solid line – seven flares individually) at 15 GHz. The grey dashed line indicates the quiescent flux density of 2.17 Jy. The 
designation of the flares is also shown in the figure. In the lower panel, the red circles are the residuals between the data and the flare models. 

absorption (SSA) region, using the SSA model detailed in T ̈urler, 
Courvoisier & Paltani ( 2000 ), Fromm et al. ( 2011 ), and Rani et al. 
( 2013 ): 

S ν = S m 

(
ν

νm 

)αt 1 − exp ( −τm 

( ν/νm 

) α0 −αt ) 

1 − exp ( −τm 

) 
, (5) 

where τm 

≈ 3 / 2 

(√ 

1 − 8 α0 
3 αt 

− 1 

)
is the optical depth at the turno v er 

frequency ( νm 

), S m 

is the peak flux density corresponding to the 
flux density at νm 

, while αt and α0 are the spectral indices for the 
respective optically thick and thin parts of the SSA spectrum. The 
SSA model apparently recognizes curvature in the observed spectrum 

shown by the peaks in the graphs (e.g., the dashed lines in Fig. 4 ). 
We assume that the observed spectra result from the superposition 
of emissions from the steady-state and shocked regions of the jet. 
In other words, the observed spectra are composed of the quiescent 
spectrum and the flaring spectrum. 

Before performing the spectral analysis, we remo v ed the contri- 
bution of the quiescent spectrum from the obtained flux densities. 

The quiescent spectrum is obtained from Fromm et al. ( 2011 ) as 
S ( ν) = c q ν

αq , where c q = 7.43 ± 0.65 and αq = −0.45 ± 0.04. 
It should be noted that we used the current multifrequency data 
from ∼2 to 343 GHz in the period 2012 No v ember–2016 April 
( ∼MJD 56250–57500) to determine the quiescent spectrum by fitting 
a power law to the median flux densities of the lowest three flux 
density measurements at each frequency. Ho we ver, the determined 
spectrum was flatter than that found in Fromm et al. ( 2011 ) and 
yielded higher flux densities than the actual flux measurements 
at several frequencies (i.e. yielded a negative flux density after 
quiescent spectrum subtraction), implying that this method is not 
suitable for estimating the quiescent spectrum. Therefore, we deter- 
mined to use the quiescent spectrum obtained from Fromm et al. 
( 2011 ). 

We used equation (5) to make spectral fits on the quiescent- 
spectrum subtracted data. Out of the 47 epochs of quasi-simultaneous 
data, 33 fit results were obtained. We did not make use of four epochs 
from 2018 February 19 (MJD 58169), 2018 March 2 (MJD 58180), 
2018 March 25 (MJD 58203), and 2018 May 31 (MJD 58270), as 
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Figure 4. Spectral results for the SSA region. A total of 33 epochs out of 47 epochs were selected (see the text for details). The spectral results come from 

between 2013 April 11 (MJD 56393) and 2018 April 19 (MJD 58228). In each panel, the observation date in UT and the corresponding time in MJD are labelled 
in the bottom centre of each graph. The black points indicate the observed data with errors. The quiescent spectrum (thin black dot–dashed line), the flaring 
spectrum (thin black dashed line), and the total spectrum (thick red solid line) are also plotted. 

the number of flux density measurements was less than the five 
required in each of these epochs. We did not make use of a further 
10 epochs. On 2017 October 21 (MJD 58048), the data co v erage is 
sparse at ≥43 GHz, which could lead to biased results despite the 

number of flux densities measurements being sufficient (i.e. more 
than 5). For the other nine epochs, we found that the spectral shapes 
sho wed no curv ature, but were instead flat or ev en inv erted. The 
flat spectra were found to have a spectral index in the range from 
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Figure 4. continued. 

0.06 to 0.33 for five epochs from 2015 January 15 (MJD 57038), 
2016 January 13 (MJD 57401), 2016 February 11 (MJD 57430), 
2016 March 1 (MJD 57449), and 2018 May 26 (MJD 58265). The 
inverted spectra were found to have a spectral index in the range from 

0.54 to 0.78 for the four epochs from 2013 March 28 (MJD 56379), 
2016 December 28 (MJD 57751), 2017 May 21 (MJD 57895), and 
2017 June 17 (MJD 57922). Fig. 4 shows the spectral fit results 
using the single-dish and array data. The four parameters estimated 

from the spectral fits are summarized in Table 4 , while the time 
evolution of turno v er frequenc y and peak flux density are shown in 
Fig. 5 . 

3.4 A Compact region in single-dish and VLBI obser v ations 

The beam sizes of the OVRO 40-m radio telescope and the KVN 21-m 

radio telescope are ∼157 arcsec and ∼63 arcsec, respectively. Since 
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Table 4. Results of the SSA spectrum fitting analysis. 

Date MJD αt S m 

(Jy) νm 

(GHz) α0 

(1) (2) (3) (4) (5) (6) 

2013/4/11 56393 0 . 57 + 0 . 15 
−0 . 12 3 . 07 + 0 . 58 

−0 . 49 62 . 94 + 14 . 21 
−16 . 35 −1 . 56 + 0 . 62 

−0 . 63 

2013/5/7 56419 0 . 41 + 0 . 20 
−0 . 13 2 . 31 + 0 . 23 

−0 . 20 50 . 92 + 16 . 57 
−10 . 78 −1 . 06 + 0 . 32 

−0 . 49 

2013/9/24 56559 0 . 37 + 0 . 71 
−0 . 26 1 . 47 + 0 . 21 

−0 . 17 45 . 00 + 19 . 34 
−12 . 75 −1 . 06 + 0 . 49 

−0 . 72 

2013/10/15 56580 0 . 55 + 0 . 93 
−0 . 42 1 . 37 + 0 . 19 

−0 . 16 42 . 82 + 20 . 66 
−12 . 94 −0 . 65 + 0 . 32 

−0 . 66 

2013/11/19 56615 0 . 55 + 0 . 47 
−0 . 28 1 . 68 + 0 . 20 

−0 . 20 69 . 86 + 10 . 87 
−14 . 68 −0 . 96 + 0 . 39 

−0 . 41 

2013/12/24 56650 0 . 51 + 0 . 25 
−0 . 17 1 . 85 + 0 . 16 

−0 . 15 65 . 35 + 11 . 55 
−9 . 52 −0 . 94 + 0 . 26 

−0 . 32 

2014/1/27 56684 0 . 77 + 0 . 41 
−0 . 23 2 . 53 + 0 . 39 

−0 . 26 94 . 25 + 23 . 08 
−16 . 75 −0 . 54 + 0 . 31 

−0 . 68 

2014/2/28 56716 0 . 71 + 0 . 31 
−0 . 19 2 . 36 + 0 . 19 

−0 . 19 75 . 34 + 7 . 54 
−10 . 72 −0 . 60 + 0 . 21 

−0 . 23 

2014/3/22 56738 0 . 64 + 0 . 49 
−0 . 29 2 . 24 + 0 . 26 

−0 . 23 62 . 27 + 12 . 22 
−10 . 82 −1 . 13 + 0 . 43 

−0 . 49 

2014/4/22 56769 0 . 24 + 0 . 25 
−0 . 13 1 . 28 + 0 . 16 

−0 . 14 47 . 94 + 19 . 14 
−12 . 80 −1 . 36 + 0 . 49 

−0 . 68 

2014/6/13 56822 0 . 26 + 0 . 32 
−0 . 16 0 . 93 + 0 . 18 

−0 . 15 41 . 72 + 17 . 17 
−13 . 19 −1 . 61 + 0 . 67 

−0 . 64 

2014/9/1 56902 0 . 31 + 0 . 22 
−0 . 15 1 . 18 + 0 . 17 

−0 . 14 52 . 73 + 14 . 61 
−11 . 41 −1 . 73 + 0 . 58 

−0 . 55 

2014/9/27 56928 0 . 42 + 0 . 21 
−0 . 15 1 . 44 + 0 . 15 

−0 . 15 67 . 51 + 11 . 46 
−11 . 39 −1 . 24 + 0 . 35 

−0 . 40 

2014/10/29 56960 0 . 42 + 0 . 22 
−0 . 15 1 . 50 + 0 . 14 

−0 . 13 73 . 01 + 8 . 86 
−11 . 04 −0 . 93 + 0 . 36 

−0 . 38 

2014/11/28 56990 0 . 42 + 0 . 19 
−0 . 13 1 . 74 + 0 . 15 

−0 . 14 71 . 33 + 9 . 97 
−11 . 28 −1 . 15 + 0 . 43 

−0 . 49 

2014/12/25 57017 0 . 53 + 0 . 95 
−0 . 37 1 . 46 + 0 . 16 

−0 . 14 59 . 67 + 16 . 52 
−17 . 74 −0 . 51 + 0 . 35 

−0 . 69 

2015/2/23 57077 0 . 37 + 0 . 36 
−0 . 22 1 . 69 + 0 . 33 

−0 . 23 100 . 44 + 26 . 85 
−23 . 76 −0 . 95 + 0 . 74 

−1 . 00 

2015/3/26 57108 0 . 55 + 0 . 76 
−0 . 34 1 . 66 + 0 . 16 

−0 . 15 65 . 61 + 13 . 59 
−15 . 72 −0 . 63 + 0 . 33 

−0 . 50 

2015/4/30 57143 0 . 74 + 0 . 69 
−0 . 39 1 . 95 + 0 . 21 

−0 . 21 67 . 67 + 12 . 11 
−13 . 84 −0 . 61 + 0 . 30 

−0 . 37 

2015/9/24 57290 0 . 56 + 0 . 52 
−0 . 29 1 . 78 + 0 . 15 

−0 . 15 67 . 63 + 11 . 81 
−13 . 12 −0 . 77 + 0 . 31 

−0 . 37 

2015/10/23 57319 0 . 60 + 0 . 51 
−0 . 28 2 . 06 + 0 . 16 

−0 . 15 67 . 63 + 11 . 28 
−11 . 81 −0 . 83 + 0 . 29 

−0 . 37 

2015/11/30 57357 0 . 80 + 0 . 81 
−0 . 46 1 . 78 + 0 . 30 

−0 . 26 62 . 15 + 15 . 37 
−16 . 50 −0 . 53 + 0 . 29 

−0 . 44 

2015/12/29 57385 0 . 97 + 0 . 81 
−0 . 58 1 . 77 + 0 . 26 

−0 . 22 66 . 20 + 12 . 96 
−16 . 09 −0 . 43 + 0 . 25 

−0 . 34 

2016/4/25 57504 0 . 90 + 0 . 22 
−0 . 16 4 . 37 + 0 . 76 

−0 . 57 152 . 84 + 21 . 33 
−18 . 47 −1 . 13 + 0 . 50 

−0 . 72 

2016/8/23 57624 0 . 88 + 0 . 32 
−0 . 18 4 . 71 + 0 . 43 

−0 . 34 133 . 28 + 14 . 55 
−13 . 83 −0 . 77 + 0 . 32 

−0 . 43 

2016/10/18 57680 0 . 52 + 0 . 16 
−0 . 10 4 . 58 + 0 . 40 

−0 . 42 132 . 19 + 20 . 42 
−18 . 26 −1 . 31 + 0 . 62 

−0 . 58 

2016/11/27 57720 0 . 58 + 0 . 30 
−0 . 19 4 . 14 + 0 . 71 

−0 . 54 172 . 33 + 68 . 04 
−41 . 70 −0 . 68 + 0 . 43 

−0 . 85 

2017/3/28 57841 1 . 15 + 0 . 19 
−0 . 15 6 . 60 + 0 . 45 

−0 . 36 167 . 45 + 17 . 76 
−10 . 19 −0 . 75 + 0 . 29 

−0 . 34 

2017/4/20 57863 1 . 11 + 0 . 19 
−0 . 14 7 . 15 + 1 . 13 

−1 . 05 162 . 69 + 18 . 83 
−13 . 00 −1 . 13 + 0 . 55 

−0 . 60 

2017/11/4 58063 1 . 09 + 0 . 45 
−0 . 26 5 . 82 + 1 . 38 

−1 . 01 101 . 13 + 18 . 97 
−16 . 43 −0 . 99 + 0 . 57 

−0 . 83 

2017/11/22 58080 1 . 13 + 0 . 42 
−0 . 28 5 . 85 + 1 . 05 

−0 . 68 103 . 43 + 17 . 96 
−13 . 43 −0 . 66 + 0 . 36 

−0 . 71 

2018/1/13 58132 1 . 21 + 0 . 24 
−0 . 20 10 . 18 + 1 . 58 

−1 . 02 115 . 45 + 15 . 05 
−10 . 81 −0 . 71 + 0 . 29 

−0 . 58 

2018/4/19 58228 0 . 59 + 0 . 38 
−0 . 22 3 . 52 + 0 . 71 

−0 . 54 103 . 97 + 21 . 13 
−21 . 21 −1 . 05 + 0 . 73 

−0 . 99 

Note. Column designation: (1) observing date in year/month/day, (2) observing date in modified 
Julian date, (3) optically thick spectral index, (4) peak flux density in Jy, (5) turno v er frequenc y 
in GHz, and (6) optically thin spectral index 

those beam sizes are much larger than the beam size (0.12 mas) of 
the VLBA, the single-dish observations may probe emission regions 
much larger in size than those probed by the VLBI. Ho we ver, the 
ratio of the mean flux density of the jet components to the mean 
flux density of the core is 5 per cent at 15 GHz. Similarly, this ratio 
is 11 per cent at 43 GHz. The core dominance indicates that the 
variability from single-dish observations could be mainly attributed 
to the variability in the core region. In order to confirm this, we 
compared the size of the emission regions in the single-dish and 
VLBI observations. 

We estimated the size of the variable emission region using the 
variability of the single-dish data at 15 GHz in Section 3.2.2 (see 
Table 3 ). The VLBI core size was estimated from the VLBA 15 GHz 
data to be in the range of 0.05–0.15 mas with an average of 0.09 mas 
and a standard deviation of 0.04 mas. Whereas for the jet components, 

the average of their sizes is 1.45 mas and its standard deviation is 
1.36 mas. The size of the VLBI core at 43 GHz is in the range of 
0.01–0.11 mas with a mean of 0.05 mas and a standard deviation of 
0.02 mas, which is smaller than the variability size from the 15 GHz 
single-dish and (slightly) smaller than the VLBI core size at 15 GHz. 
The size of the variable emission region is broadly consistent with 
the size of the VLBI core. The quantitative agreements between the 
sizes of the variable emission region and the compact VLBI core 
indicate their possible association. 

We also investigated the Pearson correlation between flux densities 
of the VLBI core (and jet components) and the single dish. Fig. 6 
shows the results of the Pearson correlation analysis. We found 
that the Pearson correlation coefficients are r SD43, core = 0.72 for the 
43 GHz core flux versus the 43 GHz single-dish flux and r SD43, jet = 

−0.04 for the 43 GHz jet components flux versus the 43 GHz single- 
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826 S.-H. Kim et al. 

Figure 5. The variation of the peak flux density ( S m 

) in Jy (top) and of the 
turno v er frequenc y ( νm 

) in GHz (bottom). 

Figure 6. Comparison between the flux densities of the single-dish and the 
VLBI core/jet components at 43 GHz. The upper row indicates the flux 
density of jet components S jet, 43GHz . The lower row indicates the flux density 
of core components S core, 43GHz . The column shows the flux density of the 
single dish. The blue solid line indicates the Pearson correlation between the 
flux densities of the single dish and the core component. The orange dashed 
line indicates the Pearson correlation between the flux densities of the single 
dish and the jet components. The Pearson correlation coefficients ( r SD43, core 

and r SD43, jet ) are shown in the top left corner of each panel. 

dish flux, implying that the core flux variability strongly correlates 
with the single-dish flux variability at 43 GHz. This confirms that 
the variability of the radio emissions that were observed may come 
from the very compact core region. 

Therefore, we can posit that the single dish light curve equi v alently 
delivers crucial information relevant to the magnetic field strength 
on the VLBI core scale. In the following, we describe the estimation 
of the magnetic field strength on that scale. 

3.5 Magnetic fields 

The magnetic field strength in an SSA region is estimated through 
the synchrotron self-absorbed spectra. The magnetic field in the SSA 

region B SSA (Marscher 1983 ) can be expressed as 

B SSA = 10 −5 b( α) S −2 
m 

d 4 m 

ν5 
m 

(
δ

1 + z 

)−1 

[ G ] , (6) 

where b ( α) is a dimensionless parameter depending on the optically 
thin spectral index (see Table 1 in Marscher 1983 ), S m 

is the peak 
flux density in Jy, d m 

is the angular size of the VLBI core at the 
turno v er frequenc y in mas (assuming the SSA region is dominated 
by the VLBI core emission region), z is the redshift of the source, 
and δ is the Doppler factor. In contrast to Marscher ( 1983 ), which 
is related to moving features, we adopt the ( δ

1 + z 
) factor being raised 

to the −1 power rather than + 1 power since we consider the VLBI 
core to be in a steady state rather than evolving with time, in other 
words, it is a stationary component (e.g. Lee et al. 2017b ; Algaba 
et al. 2018b ). 

The parameter b ( α) that depends on the optically thin spectral 
index α0 is in the range 1.8–3.8 (see Table 1 in Marscher 1983 ). 
Otherwise, we take 1.8 as the upper limit and 3.8 as the lower limit. 
We assume that the size of the SSA region is close to the 43 GHz 
VLBI core size, d m 

� d 43 GHz , as summarized in Table 5 . The core 
component at 43 GHz is considered to be unresolved when the core 
size d 43 GHz is smaller than its minimum resolvable size d min (see 
Lee et al. 2016a for more details). We take the minimum resolvable 
size as an upper limit of the core size if d 43 GHz < d min . The time 
difference between the epochs of the VLBA data and the epochs 
when turno v er frequencies are estimated is about 10 d. Furthermore, 
we need a Doppler factor (i.e. a Doppler factor in the SSA region) to 
calculate magnetic field strengths in the SSA region. In Section 3.2.2, 
we used δ = 17 ± 3 (obtained from the 15 GHz VLBI observations) 
to estimate the characteristic size ( d var ) of the flux density variability 
at 15 GHz (i.e. the size of the variable emission region at 15 GHz). 
We note that the SSA region is most likely to be closer to the 43 GHz 
core than to the 15 GHz one since most turno v er frequencies are νm 

≥ 43 GHz. Jorstad et al. ( 2017 ) measured the motions of the moving 
jet component nearest to the VLBI core at 43 GHz and computed the 
Doppler factor of δ = 30.8 ± 12.9. We take this Doppler factor to 
derive the magnetic field strengths. 

Taking into account all the parameters in equation (6), the SSA 

magnetic field strength can be estimated. We take the SSA magnetic 
field strength B SSA as the upper limit or the lower limit depending on 
two parameters b ( α) and d m 

in equation (6). If the value of b ( α) is 
taken as the lower limit while the value of d m 

is taken as the upper 
limit, we rule out the SSA magnetic field strength. Furthermore, 
we take B SSA as the upper limit if the deri v ation is lower than 
its uncertainty in the lower bound. Then, the upper limit for B SSA 

is regarded as the sum of its deri v ation and the uncertainty in the 
upper bound. In this manner, three deri v ations of the SSA magnetic 
field strength are B SSA = 9 . 20 + 9 . 17 

−7 . 91 mG, B SSA = 12 . 28 + 9 . 39 
−11 . 25 mG, and 

B SSA = 50 . 97 + 42 . 80 
−33 . 92 mG for the three epochs on 2013 December 24 
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Magnetic field strengths of the CTA 102 jet 827 

Table 5. Magnetic field strengths of the SSA region in CTA 102. 

Date MJD b ( α) d m 

(mas) B SSA (mG) B eq (mG) 
(1) (2) (3) (4) (5) (6) 

2013/4/11 56393 > 3.80 0.034 ± 0.001 > 0.35 89 ± 27 

2013/5/7 56419 > 3.80 0.034 ± 0.001 > 0.21 79 ± 24 

2013/9/24 56559 > 3.80 < 0.092 – > 29 

2013/10/15 56580 3.44 < 0.092 < 12.62 > 28 

2013/11/19 56615 3.76 0.038 ± 0.001 < 5.73 69 ± 21 

2013/12/24 56650 3.75 0.057 ± 0.001 9 . 20 + 9 . 17 
−7 . 91 49 ± 14 

2014/1/27 56684 3.26 < 0.038 < 5.45 > 80 

2014/2/28 56716 3.37 0.060 ± 0.005 12 . 28 + 9 . 39 
−11 . 25 52 ± 16 

2014/3/22 56738 > 3.80 0.060 ± 0.005 > 5.92 50 ± 15 

2014/4/22 56769 > 3.80 0.108 ± 0.012 > 52.15 24 ± 7 

2014/6/13 56822 > 3.80 0.049 ± 0.005 > 2.18 43 + 14 
−13 

2014/9/1 56902 > 3.80 0.068 ± 0.010 > 15.31 36 ± 12 

2014/9/27 56928 > 3.80 0.068 ± 0.010 > 35.68 40 ± 13 

2014/10/29 56960 3.75 < 0.055 < 20.26 > 49 

2014/11/28 56990 > 3.80 < 0.055 – > 51 

2014/12/25 57017 3.21 0.046 ± 0.005 < 8.29 55 ± 17 

2015/2/23 57077 3.76 0.083 ± 0.006 < 1028.34 37 ± 11 

2015/3/26 57108 3.41 0.066 ± 0.004 < 41.49 42 ± 13 

2015/4/30 57143 3.37 0.071 ± 0.010 < 44.79 42 ± 13 

2015/9/24 57290 3.61 0.048 ± 0.003 < 11.24 57 ± 17 

2015/10/23 57319 3.66 0.048 ± 0.003 < 8.40 59 ± 18 

2015/11/30 57357 3.25 0.057 ± 0.002 < 15.52 48 ± 14 

2015/12/28 57385 2.81 0.054 ± 0.004 < 13.41 51 ± 16 

2016/4/25 57504 > 3.80 < 0.027 – > 136 

2016/8/23 57624 3.62 0.071 ± 0.010 < 44.80 > 98 

2016/10/18 57680 > 3.80 < 0.068 – > 61 

2016/11/27 57720 3.48 0.063 ± 0.006 < 962.19 66 + 21 
−20 

2017/3/28 57841 3.60 < 0.043 < 25.58 > 103 

2017/4/20 57863 > 3.80 0.041 ± 0.002 > 16.50 109 ± 33 

2017/11/4 58063 3.79 < 0.048 < 3.99 > 85 

2017/11/22 58080 3.46 < 0.048 < 4.03 > 86 

2018/1/13 58132 3.54 0.102 ± 0.002 50 . 97 + 42 . 80 
−33 . 92 53 ± 16 

2018/4/19 58228 > 3.80 0.049 ± 0.002 > 14.10 72 ± 22 

Note. Column designation: (1) observing date in year/month/day, (2) observing date in modified 
Julian date, (3) parameter depending on the optically thin spectral index (see the text), (4) size 
of emission region at turnover frequency in mas, (5) magnetic field strength of SSA region in 
mG, and (6) magnetic field strength in equipartition conditions in mG. 

(MJD 56650), 2014 February 27 (MJD 56716), and 2018 January 13 
(MJD 58132), respectively. The upper or lower limits for B SSA were 
also obtained for all the other epochs. The results are summarized in 
Table 5 and Fig. 7 . 

We can also calculate the magnetic field strength assuming 
equipartition between the energy densities of the radiating particles 
and the magnetic fields in the SSA region. The magnetic field strength 
under the equipartition condition, B eq , can be described as shown in 
Kataoka & Stawarz ( 2005 ): 

B eq = 1 . 23 × 10 −4 η2 / 7 (1 + z) 11 / 7 

(
D L 

100 Mpc 

)−2 / 7 

×
(

νm 

5 GHz 

)1 / 7 (
S m 

100 mJy 

)2 / 7 ( 10 3 d m 

0 . 3 arcsec 

)−6 / 7 

δ−5 / 7 [G] , (7) 

where η is the ratio of the energy density carried by protons and 
electrons to the energy density of the electrons (i.e. η = 1 and 1836 for 
the leptonic and hadronic jets, respectively). Here, we assume η ∼ 1. 
Other parameters in equation (7) are identical to those in equation (6). 
We take the equipartition magnetic field strength as the lower limit 
depending on the core size at the turno v er frequenc y d m 

. The 
equipartition magnetic field strengths were measured for 22 epochs 
and their lower limits were obtained for 10 epochs. The magnetic 
field strength deri v ations under the equipartition condition, B eq , are 
in the range of 24–109 mG. The estimated B eq are summarized in 
Table 5 and described in Fig. 7 . 

The comparison of the magnetic field strengths between B SSA 

and B eq may help us understand the physical characteristics in 
the inner region of the jet. In a total of 16 epochs, we found 
the significant difference between B SSA and B eq considering their 
uncertainties, i.e. B SSA / B eq 	 1 or B SSA / B eq 
 1. Comparing the 
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828 S.-H. Kim et al. 

Figure 7. Magnetic field strengths of CTA 102. The magnetic fields in 
equipartition conditions ( B eq ) are shown by the green squares while the 
magnetic fields in SSA regions ( B SSA ) are shown by red points. The arrows 
with different colors indicate the upper and lower limits of B eq (green) and 
B SSA (red) following the directions of those arrows. 

deri v ations of B SSA to those of B eq , we found that B SSA is smaller 
than B eq by a factor of 4–5 for two epochs on 2013 December 24 
(MJD 56650) and 2014 February 27 (MJD 56716). We also found 
that the upper limits of B SSA are smaller than the deri v ations or 
lower limits of B eq in 13 epochs (see Fig. 7 and Table 5 ). The 
ratio B SSA / B eq 	 1 indicates that the SSA region is dominated 
by particle energy. On 2014 April 22 (MJD 56769), the lower 
limit of B SSA is larger than the deri v ation of B eq , implying that the 
SSA region is dominated by magnetic field energy. Ho we ver, the 
deri v ation of B SSA is comparable to that of B eq on 2018 January 
13 (MJD 58132), which indicates that the SSA region is near 
equipartition between magnetic field energy and particle energy. The 
comparison between the magnetic field strengths of B SSA and B eq 

(i.e. dominating energy in the jet regions) enables us to discuss the 
physical properties of the relativistic jets (including e.g. the particle 
acceleration mechanism). For example, if the jet is dominated by 
magnetic field energy, magnetic reconnection can be the particle 
acceleration mechanism, while if the jet is dominated by particle 
energy, shock acceleration can be that mechanism (see Hovatta & 

Lindfors 2019 , and references therein). This suggests that we can 
present possibilities of flare origins. In the following sections, we 
further discuss these results. 

4  DISCUSSIONS  

4.1 Variability Doppler factor in equipartition region 

In Section 3.5, the deri v ation of the magnetic field strengths ( B SSA ≈
B eq ) for 2018 January (MJD 58132) implies that the SSA region 
in the jet of CTA 102 is under equipartition conditions at that 

time. In Section 3.2, we identified seven flares in the 15 GHz 
light curve. Based on three parameters for each flare, namely the 
maximum amplitude, the time of the maximum amplitude, and 
the variability time-scale, we estimated the variability brightness 
temperature ( T b, var ) in Section 3.2.2. In order to derive the variability 
Doppler factor, not only the variability brightness temperature but 
also the intrinsic brightness temperature are required. It should be 
noted that the epoch of 2018 January (MJD 58132), which is under 
equipartition conditions, corresponds to the period of Flare 7. We 
assume that the source becomes close to equipartition between the 
energy densities of the magnetic field and the particles while a flare 
is underway (Readhead 1994 ; L ̈ahteenm ̈aki, Valtaoja & Wiik 1999 ). 
Under the equipartition assumption, we can substitute the intrinsic 
brightness temperature for the equipartition brightness temperature 
( T eq ). For the equipartition brightness temperature, we use T eq = 

5 × 10 10 K (Readhead 1994 ). Then, we compute the variability 
Doppler factor δvar (L ̈ahteenm ̈aki & Valtaoja 1999 ), defined as 

δvar = (1 + z) 3 

√ 

T b , var 

T eq 
. (8) 

The variability Doppler factor for Flare 7 is δvar = 17 . 79 + 1 . 35 
−0 . 88 . 

We compare our estimate of δvar with the variability Doppler 
factor estimated in Liodakis et al. ( 2018 ). Liodakis et al. ( 2018 ) 
computed the variability Doppler factor of CTA 102 and found 
that the variability Doppler factor is δ = 13 . 39 + 4 . 16 

−5 . 20 , using the same 
15 GHz data from similar periods. Liodakis et al. ( 2018 ) used T eq = 

(2.78 ± 0.72) × 10 11 K, whereas we used T eq = 5 × 10 10 K. If we 
used T eq = (2.78 ± 0.72) × 10 11 K instead, as Liodakis et al. ( 2018 ) 
adopted, we obtain a variability Doppler factor of δvar = 10 . 04 + 1 . 16 

−1 . 00 . 
Thus, our Doppler factors are consistent with those in Liodakis et al. 
( 2018 ). 

4.2 Magnetic field strengths of blazars 

F or sev eral blazars, the magnetic field strengths have been estimated 
using a similar method to one in this paper: OJ 287 (Lee et al. 2020 ), 
0716 + 714 (Lee et al. 2017b ), 1156 + 295 (Kang et al. 2021 ), and 
1633 + 382 (Algaba et al. 2018b ), which are in the range of redshift 
z = 0.127–1.814. The ranges of the SSA magnetic field strengths 
of those blazars (called B SSA, source ) are as follows: B SSA, 0716 + 714 

∼ 0.04–4.58 mG (all upper limits), B SSA, OJ287 = 0.16–0.26 mG, 
B SSA, 1156 + 295 = 1–99 mG, and B SSA, 1633 + 382 = 0.01–0.19 mG. The 
equipartition magnetic field strengths (called B eq, source ) were also 
computed for those blazars, except for 0716 + 714. The ranges 
are B eq, OJ287 = 0.95–1.93 mG, B eq, 1156 + 295 = 100–254 mG, and 
B eq, 1633 + 382 = 117–1146 mG. We found that for those blazars, B eq 

is usually larger than B SSA , which is similar to our results. 

4.3 Physical properties of SSA regions 

In this section, we estimate physical parameters (e.g. intrinsic 
brightness temperature and jet power) by using the magnetic field 
strength ratio (i.e. B SSA / B eq ). In order to do this, we used the magnetic 
field strengths for 17 epochs when we found the dominant source of 
the energy in the SSA regions (see Section 3.5). Note that in the case 
of using the deri v ations of B SSA and B eq , we present the parameters 
as upper limits if the uncertainties of the parameters are larger than 
their deri v ations. For the case where the limits of B SSA and B eq were 
used, we exhibit the parameters as the lower or upper limits, after 
considering the magnetic field strength limits in the equations of the 
parameters. We summarize the parameters in Table 6 . 

MNRAS 510, 815–833 (2022) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/1/815/6447556 by H
elsinki U

niversity of Technology Library user on 04 February 2022

art/stab3473_f7.eps


Magnetic field strengths of the CTA 102 jet 829 

Table 6. Lists of parameters obtained from the magnetic field strength ratio. 

Date MJD u p / u B u / u eq T b, int (10 11 K) P B (erg s −1 ) P p (erg s −1 ) P syn (erg s −1 ) 
(1) (2) (3) (4) (5) (6) (7) (8) 

2013/10/15 56580 > 32 > 3.22 < 0.75 < 3.17 e + 44 > 1.01 e + 46 < 2.26 e + 42 

2013/11/19 56615 > 4.09 e + 4 > 138 < 1.74 < 1.11 e + 43 > 4.56 e + 47 < 2.72 e + 42 

2013/12/24 56650 < 7.03 e + 3 < 74 1 . 16 + 0 . 60 
−0 . 53 < 1.93 e + 44 < 3.00 e + 47 < 8.00 e + 42 

2014/1/27 56684 > 9.27 e + 4 > 213 < 1.92 < 1.01 e + 43 > 9.36 e + 47 < 4.76 e + 42 

2014/2/28 56716 < 2.15 e + 3 < 37 1 . 03 + 0 . 43 
−0 . 50 < 3.24 e + 44 < 1.91 e + 47 < 1.13 e + 43 

2014/4/22 56769 < 4.29 e − 2 < 2.29 > 0.34 > 7.46 e + 45 < 3.20 e + 44 < 1.78 e + 42 

2014/10/29 56960 > 44 > 3.81 < 0.78 < 2.92 e + 44 > 1.30 e + 46 < 2.58 e + 42 

2014/12/25 57017 > 3.23 e + 3 > 36 < 1.29 < 3.41 e + 43 > 1.10 e + 47 < 2.76 e + 42 

2015/9/24 57290 > 1.03 e + 3 > 19 < 1.13 < 6.84 e + 43 > 7.04 e + 46 < 3.02 e + 42 

2015/10/23 57319 > 4.22 e + 3 > 42 < 1.34 < 3.82 e + 43 > 1.61 e + 47 < 3.41 e + 42 

2015/11/30 57357 > 132 > 6.68 < 0.89 < 1.84 e + 44 > 2.43 e + 46 < 3.19 e + 42 

2015/12/28 57385 > 316 > 11 < 0.98 < 1.23 e + 44 > 3.89 e + 46 < 3.17 e + 42 

2016/8/23 57624 > 1.01 e + 4 > 66 < 1.48 < 4.74 e + 43 > 4.79 e + 47 < 8.49 e + 42 

2017/3/28 57841 > 379 > 12 < 1.01 < 2.84 e + 44 > 1.08 e + 47 < 1.16 e + 43 

2017/11/4 58063 > 4.63 e + 5 > 499 < 2.32 < 8.63 e + 42 > 3.99 e + 48 < 9.13 e + 42 

2017/11/22 58080 > 4.55 e + 5 > 495 < 2.32 < 8.78 e + 42 > 4.00 e + 48 < 1.01 e + 43 

2018/1/13 58132 < 5.75 1 . 01 + 0 . 29 
−0 . 23 0 . 51 + 0 . 23 

−0 . 19 < 1.70 e + 46 < 2.51 e + 46 < 4.68 e + 43 

Note. Column designation: (1) observing date in year/month/day, (2) observing date in modified Julian date, (3) ratio of particle 
energy density to magnetic field energy density, (4) ratio of total energy density to total energy density in equipartition state, (5) 
intrinsic brightness temperature in 10 11 K, (6) jet power for magnetic field in erg s −1 , (7) jet power for particles in erg s −1 , and 
(8) jet power for synchrotron radiation in erg s −1 . 

4.3.1 Intrinsic brightness temperatures in SSA regions 

The energy of the source (magnetic field energy plus particle energy) 
can be at its minimum when the source is in equipartition, i.e. when 
it is in an approximate balance between the magnetic field energy 
density u B and the particle energy density u p , hence when u p / u B ≈ 1 
(Longair 1994 ; Condon & Ransom 2016 ). One should find the ratio of 
the energy densities u p / u B is much larger than unity if SSA regions in 
a relativistic jet are dominated by particle energy. We assumed that the 
jet of the source consists of an electron-positron plasma (Readhead 
1994 ). Following Readhead ( 1994 ), B/B eq = ( T ′ eq /T 

′ 
b , int ) 

2 , where 
B is the measured magnetic field strength (here, we regard B as 
B SSA ), T ′ eq and T ′ b , int are the equipartition and intrinsic brightness 
temperatures in the rest frame of the observ er, respectiv ely. The ratio 
of the total energy density to its equipartition value is given by 

u 

u eq 
= 

1 

2 

(
T ′ eq 

T ′ b , int 

)4 
[ 

1 + 

(
T ′ eq 

T ′ b , int 

)−17 / 2 
] 

, (9) 

where u is the total energy density and u eq is the total energy density 
in the equipartition state. Moreo v er, the ratio of the particle energy 
density u p to the magnetic field energy density u B is given by u p /u B = 

( T ′ eq /T 
′ 

b , int ) 
−17 / 2 . In order to estimate the energy density ratios ( u / u eq 

and u p / u B ), we used the ratio of magnetic field strengths B / B eq as 
follows: 

u 

u eq 
= 

1 

2 

(
B 

B eq 

)2 
[ 

1 + 

(
B 

B eq 

)−17 / 4 
] 

, (10) 

u p 

u B 
= 

(
B 

B eq 

)−17 / 4 

. (11) 

The energy density ratios are u / u eq < 2.29 and u p / u B < 4.29 × 10 −2 

for the magnetically dominated re gion. F or the particle-energy- 
dominated region, u / u eq and u p / u B are at least the order of 10 0 

and 10 1 , but they are > ∼ 10 2 and > ∼ 10 5 at extreme cases. In 

the case of equipartition, u / u eq ≈ 1 and u p / u B < 5.75. According to 
se veral observ ational and theoretical expectations, the energy density 
ratio should be u p / u B � 10 5 for the departure from the equipartition 
state due to the injection or acceleration of particles at the jet base 
(Readhead 1994 ; Homan et al. 2006 ; Singal 2009 ). We found that 
several epochs when the SSA regions are dominated by particle 
energy agree well with the condition to be out of the equipartition 
state. 

The equipartition brightness temperature in the rest frame of the 
observer can be obtained as T ′ eq = δT eq = 1 . 54 × 10 12 K, using T eq = 

5 × 10 10 K (Readhead 1994 ) and δ = 30.8 ± 12.9 (Jorstad et al. 2017 ). 
The intrinsic brightness temperatures in the source frame are T b , int < 

∼ 10 11 in K. We found that T b, int is lower than the inverse Compton 
limit ∼10 12 K, which implies that SSA regions in the jet of CTA 102 
are not far out of equipartition (Kellermann & P aulin y-Toth 1969 ; 
Readhead 1994 ; Homan et al. 2006 ; Singal 2009 ). This indicates 
that the inverse Compton catastrophe, where the energy loss due to 
inverse Compton scattering decreases the brightness temperature of 
radio sources > 10 12 K to lower than this (Kellermann & P aulin y-Toth 
1969 ), does not apply to the SSA regions. 

4.3.2 Jet powers in SSA regions 

Based on the physical parameters (e.g. magnetic field strengths, SSA 

spectral properties) in SSA regions, we can estimate the jet powers of 
CTA 102. To estimate the jet powers, we assume that the emissions 
from radio to gamma-rays can be interpreted in terms of the one-zone 
homogeneous model (Celotti & Ghisellini 2008 ). In this model, two 
components, low-energy (radiated by the synchrotron process) and 
high-energy (radiated by the inverse-Compton scattering) compo- 
nents, are produced by a single relativistic lepton population in the 
source spectrum. The jet power carried by relativistic particles (e.g. 
electrons), the magnetic field, and radiation (synchrotron radiation 
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and inverse Compton scattered radiation) is given by 

P i = πR 

2 � 

2 βcu i [ erg · s −1 ] , (12) 

where R is the linear radius of the emission region in cm, � is the 
bulk Lorentz factor, βc is the velocity of the emitting plasma in 
cm s −1 , and u i is the energy density of the i component in erg cm 

−3 ( i 
denotes relativistic particles, the magnetic field, and radiation). Since 
the angular size of the SSA region is d m 

, the linear radius is R = 

( d m 

/2)[ D L /(1 + z) 2 ] (see e.g. Celotti & Fabian 1993 ; Algaba et al. 
2018b ). We assume that � ∼ 20 and βc ∼ c . The energy densities 
are u p for relativistic particles, u B for the magnetic field, and u rad for 
radiation. 

Taking into account these parameters, we estimate the power of 
each component contained in the jet. The magnetic field energy 
density, u B = B 

2 
SSA / 8 π, enables us to estimate the jet power for 

the SSA magnetic field P B . Since we already obtained the ratio of 
u p / u B , the jet power for relativistic particles P p can be estimated. 
The total jet power can be estimated as P jet = P B + P p . The 
radiation energy density is measured as u rad = L /4 πR 

2 c , where 
L is the luminosity in erg s −1 , which is assumed to be isotropic 
(Ghisellini 2013 ). The synchrotron luminosity at a monochromatic 
frequenc y (P acholczyk 1970 ) is L syn ,ν = 4 πD 

2 
L S ν , where S ν is the 

flux density in the SSA region in Jy (equation 5). The synchrotron 
luminosity in the rest frame of the observer L 

′ 
syn is estimated from 

the flux density inte grated o v er a range of frequencies (2–340 GHz). 
The synchrotron luminosity in the source frame is L syn = L 

′ 
syn /δ

4 . 
Using L ≈ L syn for the radiation energy density, the synchrotron 
radiative jet power P syn can be obtained. The central black hole 
mass of CTA 102 gives the Eddington power of the black hole of 
∼1.1 × 10 47 erg s −1 (Zamaninasab et al. 2014 ; Zacharias et al. 
2017 ; Prince et al. 2018 ). We found that all jet powers, except for 
P p , are plausible considering the Eddington power. The jet power 
for the magnetic field is P B < ∼ 10 46 erg s −1 , except for P B > 

7.46 × 10 45 erg s −1 on 2014 April 22 (note that the SSA region 
is magnetically dominated in this epoch). All synchrotron radiative 
jet powers are P syn < ∼ 10 43 erg · s −1 . For epochs when P p is higher 
than the Eddington power, the particle energy density is ∼ 10 4 times 
larger than the magnetic field energy density. This suggests that 
strong activities in the relativistic jet increased the particle energy 
density and resulted in the jet power exceeding the Eddington power 
temporarily. 

Previous studies (e.g. Celotti & Ghisellini 2008 ; Kang, Chen & 

Wu 2014 ; Zheng et al. 2017 ; Gasparyan et al. 2018 ; Prince et al. 
2018 ) estimate the jet power of components (i.e. magnetic field, 
electrons, and radiation) by fitting the one-zone SED model using 
optical to gamma-ray emissions. We now compare the jet powers 
from CTA 102 that we estimated and those from the same source 
presented in the other studies. The jet powers from previous studies 
are in the following: P B ∼ 10 45 − 46 erg s −1 (Celotti & Ghisellini 
2008 ; Kang et al. 2014 ; Gasparyan et al. 2018 ; Prince et al. 2018 ), 
P p ∼ 10 44 − 45 erg s −1 (Celotti & Ghisellini 2008 ; Kang et al. 2014 ; 
Gasparyan et al. 2018 ; Prince et al. 2018 ), P jet ∼ 10 46 − 47 erg s −1 

(Celotti & Ghisellini 2008 ; Kang et al. 2014 ; Zheng et al. 2017 ; 
Gasparyan et al. 2018 ; Prince et al. 2018 ), and P syn ∼ 10 44 erg s −1 

(Celotti & Ghisellini 2008 ; Kang et al. 2014 ). Our estimates of 
P B and P p in the magnetically dominated and equipartition regions 
are consistent with those from previous studies. However, for 
the particle-energy-dominated region, P B is lower than that from 

previous studies, while P p is higher than that from previous studies. 
Our estimates of P syn are lower than those from previous studies 
regardless of the energy dominance in SSA regions. We found that the 
magnetic field strengths of the emission regions reported in previous 

studies (Celotti & Ghisellini 2008 ; Kang et al. 2014 ; Gasparyan 
et al. 2018 ; Prince et al. 2018 ) are in the range 1.0–6.1 G, which 
is much higher than our estimates of B SSA ∼ 9 −50 mG and B eq ∼
24 −109 mG. This implies that the difference in jet powers between 
previous studies and ours can be attributed to the large difference in 
the magnetic field strength being derived for different regions of the 
jet (i.e. the upstream jet for the SED method and the downstream jet 
for our study). 

Flares at high energies (from optical to gamma-ray) as well as at 
radio energies were observed from CTA 102 during the period our 
data co v ers (e.g. Raiteri et al. 2017 ; D’Ammando et al. 2019 ). In 
the period 2016 No v ember–2017 February, the gamma-ray flaring 
activity was observed to have a peak luminosity of L γ ∼ 10 50 erg s −1 

(D’Ammando et al. 2019 ). Using the gamma-ray luminosity, the 
inv erse-Compton radiativ e jet power is P IC ∼ 10 46 erg s −1 if 
the gamma-ray emission dominates the inverse-Compton scattered 
emission. With the synchrotron radiative jet powers of P syn < ∼
10 43 erg · s −1 , the total (synchrotron plus inverse-Compton) radiative 
jet power is P tot ∼ 10 46 erg s −1 , which is broadly consistent with the 
total jet power. 

4.3.3 Radio flares in SSA regions 

The parameter B eq indicates the magnetic field strength under 
equipartition between the energy density of relativistic particles ( u p ) 
and the energy density of the magnetic fields ( u B ). This implies that 
B eq can indicate the particle energy budget ( u p ≈ u B = B 

2 
eq / 8 π). 

We found that B eq hit a maximum of 109 mG in 2017 April 
(MJD 57863), increasing from 48 mG in 2015 No v ember (MJD 

57357). Close to the epoch when B eq reaches its the maximum, 
Flare 6 occurs from 2016 April to 2017 February (MJD 57500–
57800). Moreo v er, some activ e states are seen at > 86 GHz after 
∼2016 April ( ∼MJD 57 500), as presented in Fig. 1 . Even though 
we cannot obtain the deri v ation of the B SSA during Flare 6, the 
large B eq while Flare 6 was occurring indicates that Flare 6 (e.g. 
large synchrotron emissivity) may be related to the increase in 
the particle energy density u p . The increase in the particle energy 
density could be attributed to an increased number density of 
accelerated synchrotron-emitting particles (e.g. electrons). During 
the period 2017 September–2018 July (MJD 58000-58300) while 
Flare 7 occurred, we also found that B eq increased from 53 to 
72 mG. The fact that the outbreak of Flare 7 and this increase 
in B eq were contemporaneous indicates that Flare 7 may also be 
related to the increased number density of accelerated synchrotron 
particles. 

Based on the discussion of the dominant source of jet energy in 
the flaring periods, we are able to investigate possible mechanisms 
generating the flares in the jet. In Fig. 8 , we found that the dominant 
source of the energy of the jet changed while the flares occurred 
by comparing u p to u B . During the rise of Flare 3, u p / u B decreased 
and the jet was converted from particle to magnetically dominated. 
During the rise of Flare 7, the particle-energy-dominated jet reached 
equipartition, as u p / u B changed from > ∼ 10 5 to < 5.75. Note that 
most of the flares are generated when particle energy dominates in 
the jet. While four flares (i.e. Flares 3, 4, 6, and 7) rise, the energy 
density of particles is > ∼ 10 2 to > ∼ 10 5 times larger than that 
of the magnetic field. In such a large particle energy dominance 
environment in the jet, one expects that a particle acceleration 
mechanism (e.g. shock acceleration) may play a role (e.g. Aller, 
Aller & Hughes 1985 ). Based on the fact that the jet is dominated by 
particle energy in 15 epochs out of 17, the flares in the jet of CTA 102 
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Magnetic field strengths of the CTA 102 jet 831 

Figure 8. The light curve from CTA 102 at 15 GHz decomposed into seven exponential flares (for more details, see Fig. 3 ). The arrows are the upper and lower 
limits of the ratio of the energy densities. The colours indicate the dominant source of jet energy. 

can be generated by mainly particle acceleration mechanisms, e.g. 
shock acceleration. It should be noted that the source was in 
equipartition condition or in the magnetic field energy dominance 
during the flaring periods. Therefore, another candidate of particle 
acceleration during the flares is magnetic reconnection that dissipates 
the magnetic field and accelerates particles (e.g. Blandford et al. 
2017 , and references therein). 

5  C O N C L U S I O N S  

In this paper, we studied the physical origins of radio flares in the jet 
of the blazar CTA 102 based on the results from the multifrequency 
observations at 2.6–343.5 GHz o v er the entire period 2012 No v ember 
20–2018 September 23 (MJD 56251–58384). We estimated the 
magnetic field strengths and also investigated the relation between 
the magnetic field and the radio flare activity. 

The 15 GHz data with densest sampling was used to investigate 
the variability properties of the source. We found seven flares 
that occurred with the variability time-scale of ∼26–171 d in the 
15 GHz light curve. The variability time-scale of the flares imply 
that the emission regions of the source are compact, which enabled 
us to derive emitting region sizes in the range of 0.06–0.19 mas, 
comparable to the VLBI core size. We found that the flux densities 
of the VLBI core and those of the single-dish are correlated. Our 
findings lead to the result that the variability of the observed emission 
may come from the compact core region. 

The synchrotron spectrum of the source was investigated using 
quasi-simultaneous data. We found that the synchrotron spectrum 

is self-absorbed and measured the turno v er frequenc y as well as 
the peak flux density in the ranges ∼42–167 GHz and ∼0.9–
10.2 Jy , respectively . We derived synchrotron-self-absorption (SSA) 
magnetic field strengths of 9 . 20 + 9 . 17 

−7 . 91 , 12 . 28 + 9 . 39 
−11 . 25 , and 50 . 97 + 42 . 80 

−33 . 92 mG 

for three epochs of 2013 December 24, 2014 February 28, and 2018 
January 13, respectively. We also derived 22 equipartition magnetic 
field strengths with the range ∼24–109 mG. 

Based on the ratio of the magnetic field strengths, we investigated 
which source dominates the energy of the jet during the flaring 
periods. We found that most equipartition magnetic field strengths 
are larger than the SSA magnetic field strengths, which indicates 
that particle energy mainly dominates in the SSA region. Our results 
suggest that the flares in the jet of CTA 102 are mainly generated by 
particle acceleration. We propose that the possible candidates of par- 
ticle acceleration are shock acceleration and magnetic reconnection. 
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