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A B S T R A C T 

We present the results of our study of cross-correlations between long-term multiband observations of the radio variability of 
the blazar 3C 279. More than a decade (2008–2022) of radio data were collected at seven different frequencies ranging from 

2 to 230 GHz. The multiband radio light curves show variations in flux, with the prominent flare features appearing first at 
higher-frequency and later in lower-frequency bands. This behaviour is quantified by cross-correlation analysis, which finds that 
the emission at lower-frequency bands lags that at higher-frequency bands. Lag versus frequency plots are well fit by straight 
lines with ne gativ e slope, typically ∼−30 day GHz −1 . We discuss these flux variations in conjunction with the evolution of 
bright moving knots seen in multiepoch Very Long Baseline Array maps to suggest possible physical changes in the jet that can 

explain the observational results. Some of the variations are consistent with the predictions of shock models, while others are 
better explained by a changing Doppler beaming factor as the knot trajectory bends slightly, given a small viewing angle to the 
jet. 

Key words: radiation mechanisms: non-thermal – galaxies: active – galaxies: jets – quasars: individual: 3C 279. 
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he blazar class of active galactic nuclei (AGNs) exhibits multi-
avelength (MW) emission dominated by non-thermal radiation
riginating in a relativistic jet pointing towards the Earth, which
auses the radiation to be strongly Doppler boosted (Urry & P ado vani
995 ). The emission from blazars is highly variable o v er time-
cales ranging from minutes to days to months to years (e.g. Mattox
t al. 1997 ; Hartman et al. 2001 ; Boettcher 2004 ; Foschini et al.
 E-mail: krishnamohana.mon@gmail.com (KA); acgupta30@gmail.com 

AG); marscher@bu.edu (AM) 
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013 ; Orienti et al. 2014 ; Abdo et al. 2015 ; B ̈ottcher 2019 , and
eferences therein). From the observational perspective, blazars
re sub-classified as flat-spectrum radio quasars (FSRQs) and BL
acertae objects (BL Lacs). The spectrum of FSRQs contain broad
mission lines with equi v alent widths (EW) > 5 Å, whereas BL Lacs
ave EW < 5 (Stickel et al. 1991 ; Stocke et al. 1991 ). According
o the classification proposed by Ghisellini, Maraschi & Tavecchio
 2009 ), FSRQs have greater broad-line region (BLR) luminosities
 L BLR / L Edd > 5 × 10 −4 ) than BL Lacs, where L Edd is the Eddington
uminosity for the supermassive black hole at the centre of the AGN.

The broad-band spectral energy distribution (SED) of blazars
pans the radio to γ -ray bands and contains a double-hump structure
e.g. Fossati et al. 1998 ). The matter composition inside the blazar
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Table 1. Radio observatory data used in this work. 

Observatory Data co v erage time Bands (GHz) 

RATAN-600 04-08-2008 to 31-10-2022 2.25, 4.7, 8.2 
04-08-2008 to 31-10-2022 11.2, 22.3 

Effelsberg 04-08-2008 to 01-01-2015 2.64, 4.8, 8.35 
04-08-2008 to 01-01-2015 10.45, 21.7 

XAO-NSRT 29-03-2017 to 29-10-2022 4.8 
24-08-2018 to 17-10-2022 23.6 

UMRAO 18-11-2009 to 28-04-2012 4.8 
07-09-2009 to 16-05-2012 8.0 

VLBA 04-08-2008 to 24-06-2022 43 
SMA 04-08-2008 to 09-09-2022 230 

Note . The mean cadence (in days) of the light curves after merging the 
observ ations from dif ferent observ atories in order to construct a complete 
light curve in each radio band are: 9 days for 230 GHz; 35 days for 43 GHz; 
23 days for 23 GHz; 28 days for 11 GHz; 20 days for 8 GHz; 16 days for 
4.8 GHz and 43 days for 2.5 GHz. 
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ets and the dominant particle population responsible for the observed 
mission in both humps is still not certain (B ̈ottcher 2019 ). Ho we ver,
ost blazar studies consider the particles to include ultrarelativistic 

lectrons and either positrons (leptonic scenario) or protons (hadronic 
cenario) to be the primary emitters (B ̈ottcher et al. 2013 ). In
ither scenario, the first hump of the SED, which peaks between 
he infrared (IR) and X-ray bands is explained by synchrotron 
mission (Blumenthal & Gould 1970 ) originating from leptons in 
he relativistic jet (Abdo et al. 2010 ; B ̈ottcher et al. 2013 ; B ̈ottcher
019 , and references therein). 
One of the most ef fecti ve ways to understand jet emission and its

ynamics is to study the changes in physical properties of blazars 
equired to produce multifrequency light-curve variations. In this 
egard, cross-correlation techniques can be an efficient method to 
xtract the temporal trends of observed variability and to identify 
lausible connections across various blazar emission bands (e.g. 
iodakis et al. 2018 , and references therein). It has been noticed from
uch multiband observations that the variability patterns in different 
avebands are sometimes correlated, but often not (e.g. Hayashida 

t al. 2012 ; B ̈ottcher 2019 , and references therein). Understanding
he physical origin of the variability behaviour of blazars is one of the

ajor open questions in the field of AGN research. Multiband cross-
orrelation studies help in constraining the radiative mechanism and 
he location of the emission region, and in understanding whether or
ot the emission processes at various energy bands are connected. 
3C 279 is an FSRQ ( z = 0.5362) (Marziani et al. 1996 ) containing

 black hole with mass in the range of (3–8) × 10 8 M � (Gu,
ao & Jiang 2001 ; Woo & Urry 2002 ). The presence of apparent

uperluminal motion of radio knots in this source was first reported by
ohen et al. ( 1971 ). The radio morphology of 3C 279 exhibits a bright

tationary compact core and a thin jet then consisting of six knots
ligned with position angle (PA) ∼205 ◦ and extending out 4.7 ′′ (De 
 ater & Perle y 1983 ). The source has often been observed with high-
esolution very long baseline interferometry (VLBI), which reveals 
he presence of a single-sided jet extending south-west on parsec 
cales with bright knots expelled from the core region. The features 
n the jet display various projected apparent speeds and polarization 
ngles (e.g. Unwin et al. 1989 ; Wehrle et al. 2001 ; Jorstad et al. 2005 ;
hatterjee et al. 2008 ). Polarimetric studies using observations from 

he Very Long Baseline Array (VLBA) at 43 GHz have found the
lectric field vector usually to be oriented along the jet direction 
n pc to kpc scales, indicating that the magnetic field is mainly
erpendicular to the relativistic jet (Jorstad et al. 2005 ). During the
ast decade, several intensive MW studies of 3C 279 have examined 
ross-correlated variability in an effort to understand the emission 
echanism in this FSRQ. Such intensive studies have shown that the 

road-band emission of 3C 279 displays complex behaviour, with 
ariability ranging o v er time-scales from minutes to years across
he electromagnetic bands (e.g. Hayashida et al. 2012 ; Fuhrmann 
t al. 2014 ; Pati ̃ no- ́Alvarez et al. 2017 ; Prince 2020 ; Rajput, Stalin &
ahayanathan 2020 , and references therein). 
The prime moti v ation of this work is to search for correlations

etween the different radio frequency emissions of 3C 279 using 
ong-term observ ations. A fe w earlier studies have discussed mul-
ifrequency radio cross-correlations of 3C 279 (Deng et al. 2008 ; 

ang et al. 2008 ; Yuan 2012 ). Ho we v er, the y included observations
o v ering a much shorter or non-o v erlapping time of observations
nd also less dense co v erage of frequency bands than presented in
his work. These studies suggested that emission at lower-frequency 
ands lags that of the higher-frequency ones. Ho we ver, it is vital to
heck the significance of such a pattern with more extended long- 
erm observations comprising abundant data co v ering a broad range 
f frequencies. The presence of positive (or negative) correlations 
etween the different radio emission bands could significantly 
onstrain the origin of the radio variability and identify plausible 
hysical scenarios. For example, this study can investigate whether 
he radio variability in this blazar is al w ays consequence of a shock
ave propagating down an adiabatic, conical, relativistic jet (e.g. 
arscher & Gear 1985 ; Hughes, Aller & Aller 1989 ). In addition, we

an address the importance of changes in synchrotron self-absorption 
SSA) opacity between the higher and lower frequency emission 
Aller et al. 1985 ). Furthermore, the study can allow an assessment
f the extent to which bends in the jet flow affect the flux density as
he Doppler factor changes. 

To understand the physical processes responsible for the observed 
lazar emission, it is important to observe the changes in the radio
et and relate them to MW variability (e.g. Fuhrmann et al. 2014 ;

eaver et al. 2022 , and references therein). In this work, we present
 long-term ( ∼14 years) multiband radio cross-correlation study of 
C 279. Our study includes radio data ranging from 2.25 GHz to
30 GHz, with observations spanning from August 2008 to October 
022. This is first multiband radio cross-correlation study on 3C 279
sing more than a decade of observations made at seven different
adio bands. 

In our study, the data were collected from six radio observatories,
hich include unpublished measurements we made at the RATAN- 
00 and the Xinjiang Astronomical Observatory–Nanshan station 
adio telescopes (XAO-NSRT) along with archi v al data, the bulk of
hich were taken by our groups. These observations were made at 7
ifferent frequency bands. Details of the radio data and the analysis
re described in Section 2 . In Section 3 and Section 4 we present
nd discuss the results, respectively. Our conclusions are provided in 
ection 5 . 

 OBSERVATI ONS  A N D  DATA  ANALYSI S  

.1 Radio telescopes and obser v ations 

his long-term ( ∼14 years, mainly 4 August 2008 to 31 October
022) radio study, ranging from 2 GHz to 230 GHz, was made
ossible by the accumulation of observations from various radio 
bservatories. Information on the radio telescopes and corresponding 
ata co v erage periods used in this work are listed in Table 1 . 
The data include both publicly available archival and published 

bservations, as well as data reduced from raw observations made at
MNRAS 527, 6970–6980 (2024) 
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M

Table 2. RATAN-600 radiometer parameters: central frequency f 0 , band- 
width � f 0 , detection limit for sources per transit � F . FWHM RA ×DEC is the 
average angular resolution along RA and Dec. 

f 0 � f 0 � F FWHM RA ×Dec 

(GHz) (GHz) (mJy beam 

−1 ) 

22.3 2.5 50 0 . ′ 14 × 0 . ′ 80 
11.2 1.4 15 0 . ′ 28 × 1 . ′ 64 
8.2 1.0 10 0 . ′ 39 × 2 . ′ 43 
4.7 0.6 8 0 . ′ 68 × 4 . ′ 02 
2.25 0.08 40 1 . ′ 42 × 8 . ′ 50 
1.25 0.08 200 2 . ′ 60 × 16 . ′ 30 
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arious radio telescopes. The archival data includes observations
rom: the Fermi-GST AGN Multifrequency Monitoring Alliance
F-GAMMA), made at the Effelsberg telescope in Germany, with
adio fluxes published in Angelakis et al. ( 2019 ); the University
f Michigan Radio Astronomy Observatory 1 (UMRAO; Aller et al.
985 ); the Submillimeter Array 2 (SMA; Gurwell et al. 2007 ) in
awaii; and the VLBA by the Boston University (BU) group:

he VLBA-BU-BLAZAR programme. 3 Here we have utilized the
elati vely recent observ ations of 3C 279 made with XAO-NSRT,
rumqi, China and the v ery e xtensiv e data from the RATAN-
00 observatory in Zelenchukskaya, Russia. 3C 279 was part of
ultifrequency radio monitoring campaigns at these observatories. 
The XAO-NSRT is operated by the Urumqi observatory, which

ses the 26-m parabolic antenna of the Nanshan radio telescope,
hina (Sun et al. 2006 ; Marchili et al. 2010 , and references

herein). This facility consists of a single-beam dual-polarization re-
eiver, constructed by the Max–Planck-Institut f ̈ur Radioastronomie
MPIfR), with central frequency of 4.80 GHz and bandwidth of
00 MHz. The flux density was measured in cross-scan mode, with
ach scan comprised of eight subscans (four in azimuth and four in
le v ation) o v er the source position. The data were acquired in this
ashion at C-band (4.8 GHz) and K-band (23.6 GHz). The XAO-
SRT data used in this work were reduced by following the data

alibration and reduction procedures as explained in Section 2 of
archili et al. ( 2011 ); see also Marchili et al. ( 2012 ) and Liu et al.

 2015 ). 
The radio telescope RATAN-600 (Parijskij 1993 ) has a 600-m

ircular multielement antenna that provides measurements of 1–
2 GHz broad-band spectra simultaneously (within 1–2 min) when
 source mo v es along the focal line where the receivers are located.
he angular resolution depends on the antenna ele v ation angle, and

ts values along RA (FWHM RA ) and Dec (FWHM Dec ) calculated for
n average Dec value ( δ ∼ 30 ◦) and are presented in Table 2 . The
bservations were carried out with six-frequency radiometers at 1.25
0.96 earlier), 2.25, 4.7 (3.9 earlier), 8.2, 11.2, and 22.3 GHz. The
bservations of 3C 279 and astronomical flux density calibrators
ere made at their upper culminations. The objects were scanned
ith a fixed antenna throughout the daily rotation of the Earth and

he horizontal location of all input horns in the frequency bands
rom 1 to 22 GHz in the focal plane of the antenna. We used the
ollowing six flux density secondary calibrators: 3C 48, 3C 138, 3C
47, 3C 161, 3C 286, and NGC 7027. The flux density values were
alculated based on the scales provided by Baars et al. ( 1977 ) and
erley & Butler ( 2013 ), Perley & Butler ( 2017 ). The measurements
NRAS 527, 6970–6980 (2024) 
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a  

f  

4

Februa
f the calibrators were corrected for linear polarization and angular
ize according to the data from Ott et al. ( 1994 ) and Tabara & Inoue
 1980 ). 

The RATAN-600 measurements were processed using the auto-
ated data reduction system (Kov ale v et al. 1999 ; Tsybule v 2011 ;
dovitskiy et al. 2016 ; Tsybulev et al. 2018 ) and the Flexible
stronomical Data Processing System ( FADPS ) standard package
odules (Verkhodanov 1997 ) for the broad-band RATAN continuum

adiometers. Some of the RATAN-600 measurements are presented
n the online catalogue BLcat. 4 It should be noted that all RATAN-
00 data, except those at 1.25 GHz, were used in the present work.
he data at 1.25 GHz were not included due to sparser co v erage
t this frequency band, which made them inadequate for detailed
omparisons with other bands. 

.2 Very Long Baseline Array obser v ations 

e use VLBA observations of 3C 279 performed within the
LBA-BU-BLAZAR programme and its successor Blazar Entering
strophysical Multi-Messenger Era (BEAM-ME) programme of
onitoring of a sample of γ -ray blazars which co v er the period

rom 2008 August to 2022 July. The observations were carried out in
ontinuum mode, with both left (L) and right (R) circular polarization
ignals recorded at a central frequency of 43.10349 GHz using four
ntermediate frequency bands (IFs), each of 64 MHz width o v er 16
hannels. The monitoring had a roughly monthly cadence of 24 hrs
uration at each epoch for either 32 or 33 sources of the sample,
ith 3C 279 observed at each epoch with 7–9 scans (5 min per scan).
xcept for several epochs, all 10 VLBA antennas participated in the
bservations. 
The data were correlated at the National Radio Astronomy Obser-

atory (NRAO; Soccoro, NM) and reduced using the Astronomical
ma g e Processing System software (AIPS) provided by NRAO,
ith the latest version corresponding to the epoch of observation,

nd Difmap (Shepherd 1997 ) in the manner described by Jorstad
t al. ( 2017 ). The average size of a synthetic beam for 3C 279 is
.36 × 0.15 mas 2 at position angle PA = −10 deg. To construct
he light curve at 43 GHz from the VLBA data flux densities are
nte grated o v er images. We perform twice per year observations
ith Jansky Very Large Array (JVLA) at 43 GHz of several compact

ources from the sample, close to corresponding VLBA epochs,
o check the amplitude calibration, and employ also measurements
rom the Mets ̈ahovi Radio Observatory (Aalto Univ., Finland) blazar
onitoring programme at 37 GHz, which includes many sources

rom our sample. For 3C 279 the integrated flux density is usually
ithin 10 per cent of the corresponding JVLA measurement. In

ddition, this study uses results of the 3C 279 parsec-scale jet
inematics o v er the period from 2008 August to 2018 December
ased on these data and published in Weaver et al. ( 2022 ). 

.3 Cr oss-corr elation analysis 

e carried out cross-correlation between different radio light curves
sing the z-transformed discrete correlation function (ZDCF) method
Alexander 1997 , 2013 ). This method is applicable to both evenly
nd unevenly sampled data, but is particularly appropriate when the
bserved data are unevenly sampled and sparse. The ZDCF binning
lgorithm adopts the same idea as that of the discrete correlation
unction (DCF) developed by Edelson & Krolik ( 1988 ). Ho we ver, in
 https:// www.sao.ru/ blcat/ 

ry 2024
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DCF, the statistical significance for each bin is made sufficiently 
igh by varying that bin’s width. Consider that there are n pairs
f flux densities { a i , b i } at a particular time-lag bin. Then the
ross-correlation function (CCF) at the lag τ is calculated using 
he correlation coefficient (Alexander 2013 ) 

 = 

∑ n 

i ( a i − a )( b i − b ) / ( n − 1) 

S a S b 
, (1) 

here a , b represent the mean bin values and S a , S b correspond to
he standard deviations, 

 

2 
a = 

1 

n − 1 

n ∑ 

i 

( a i − a ) 2 ; (2) 

 

2 
b is defined similarly. Ho we ver, such usage of the sample variance
 r could be inaccurate due to the high skewness of the sample distri-
ution of r (Alexander 2013 ). If a and b are drawn from a bi v ariate
ormal distribution, then one can convert r to an approximately 
ormally distributed random variable, Fisher’s z (Alexander 2013 , 
nd the references therein). Defining 

 ≡ 1 

2 
log 

(
1 + r 

1 − r 

)
, ζ ≡ 1 

2 
log 

(
1 + ρ

1 − ρ

)
, r ≡ tanh z, (3) 

here ρ is the unknown population correlation coefficient of the bin. 
ransforming back to r , the error interval ( ±1 σ ) is calculated as 

r ± = | tanh ( z ( r) ± S z ( r)) − r | , (4) 

here S z ( r ) is the variance of z. In the ZDCF, equal population
inning is considered rather than binning by equal �τ . Obtaining 
onvergence for z-transform requires the minimum number of points 
er bin ( n min ) to be 11. Also, to a v oid bias, the dependent pairs
e.g. τ i , j , τ i , k for the case of estimation of time difference in τ i , j )
re dropped. We made use of the openly available FORTRAN 95 
outine 5 for the specific procedure explained in Alexander ( 1997 ) to
arry out the cross-correlation. While performing the ZDCF analysis, 
e chose the default n min = 11 for each bin. We used 1000 Monte
arlo runs for error estimation of the coefficients. Also, we did not
onsider the points for which the lag was zero. 

To estimate the significance of a DCF peak, we followed the 
ethod described in Max-Moerbeck et al. ( 2014 ). For this, we

imulated a total of 1000 light curves at each frequency band 
ith the same power spectral density and the flux distribution 

unction of the original light curve using the algorithm provided 
y Emmanoulopoulos, McHardy & Papadakis ( 2013 ), as realized 
y the DELightcurveSimulation code (Connolly 2015 ). 6 Further, 
rom the distribution of the DCF between simulated light curve 
airs (using the same method as for the real data), the thresholds
or 1 σ , 2 σ and 3 σ significance were calculated at each lag. We only
onsider the significant DCF peak closer to zero lag and discard any
eaks near the edges of the temporal span considered. The peaks 
resent at large values of τ could occur due to the production 
f large fraction of spurious high significance time correlations, 
hich could be mistaken as real correlations factors (e.g. Max- 
oerbeck et al. 2014 ; Meyer, Scargle & Blandford 2019 ). Also,
e notice that the o v erlap between the light curves is smaller for

arger values of τ , hence we consider these peaks less credible. After
dentifying a significant DCF peak, to estimate the exact location 
f cross-correlation function peak with corresponding uncertainties, 
e implement the maximum likelihood method of Alexander ( 2013 ) 
 https:// www.weizmann.ac.il/ particle/ tal/ research-activities/ software 
 https:// github.com/ samconnolly/ DELightcurveSimulation 

7

8

y using the openly available FORTRAN 95 routine ( PLIKE ). 7 We
ote that this method estimates a fiducial interval rather than the
raditional confidence interval. The approach taken here is similar 
o Bayesian statistics, where the normalized likelihood function (i.e. 
ducial distribution) is interpreted as expressing the degree of belief 

n the estimated parameter, and the 68 per cent interval around the
ikelihood function’s maximum represents the fiducial interval. Here 
 positive lag for a DCF tagged as ‘light curve 1 versus light curve
’ means that the emission in light curve 2 lags that of light curve 1,
hile a ne gativ e lag means 2 leads 1. 

 RESULTS  

.1 Decade-long multiband radio light cur v e of 3C 279 

sing the more than decade-long radio observations from various 
bservatories, we have created a multiband radio light curve of 
C 279 (Fig. 1 ). 
We have merged the observations from different observatories 

n order to construct a complete light curve in each radio band.
n Fig. 1 , the light curve at 2.5 GHz is the result of merging the
bservations from RATAN-600 at 2.25 GHz and F-GAMMA at 
.64 GHz; the light curve at 4.8 GHz combines data from RATAN-
00 at 4.7 GHz, F-GAMMA at 4.8 GHz, XAO-NSRT at 4.8 GHz, &
MRAO at 4.8 GHz; the light curve at 8 GHz comes from merging
bservations from RATAN-600 at 8.2 GHz, F-GAMMA at 8.35 GHz, 
nd UMRAO at 8.0 GHz; the light curve at 11 GHz combines
he observations from RATAN-600 at 11.2 GHz & F-GAMMA 

t 10.45 GHz; finally, the light curve at 23 GHz combines our
bservations from RATAN-600 at 22.3 GHz and XAO-NSRT at 
3.6 GHz with those of F-GAMMA at 21.7 GHz. The long term
ight curves data at 43 GHz and 230 GHz are taken from VLBA
nd SMA, respectively. The mean cadence of these merged light 
urves at different frequency bands is provided in Table 1 . We note
hat outliers/very short-term fluctuations are present in the original 
ight curves at 23 and 230 GHz, which may be caused by turbulence
r some other fast random process. Since these short time-scale 
uctuations do not play a significant role in the ZDCF correlations,
e have smoothed the original light curves at 23 and 230 GHz
sing the median smoothing algorithm (with data points n = 5)
vailable in the SPMF open-source data mining library 8 (Fournier- 
iger et al. 2016 ). This provides for a clearer representation of longer

erm variation patterns. 
From visual inspection of the multiband radio light curves of 

C 279 (Fig. 1 ), we noticed that the most prominent peak in the
mission first occurs around MJD 56100 (22 June 2012) at higher
adio frequencies (230 GHz and 43 GHz). The emission amplitude 
ypically declines with decreasing frequency. Such a trend was also 
eported by Larionov et al. ( 2020 ) for 3C 279. Ho we v er, the y did
ot report any cross-correlation study on the different radio light 
urves. Visual inspection suggests that the radio emission at lower- 
requency bands usually lags behind that at the higher-frequency 
ands. To quantify the lags/leads between different radio light curves, 
e carried out cross-correlation analyses. 
MNRAS 527, 6970–6980 (2024) 

 https:// www.weizmann.ac.il/ particle/ tal/ research-activities/ software 
 https://www.philippe- fournier- viger.com/spmf/MedianSmoothing.php 

ruary 2024

https://www.weizmann.ac.il/particle/tal/research-activities/software
https://github.com/samconnolly/DELightcurveSimulation
https://www.weizmann.ac.il/particle/tal/research-activities/software
https://www.philippe-fournier-viger.com/spmf/MedianSmoothing.php
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Figure 1. Multiband radio light curve of 3C 279. For clearer visual presentation, the individual light curves are shown with offsets, which are provided in the 
inset label. The solid black and thin blue slanted lines connect the peaks of the first and second outbursts, respectively. 
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.2 Intraband radio cr oss-corr elation 

dopting the ZDCF cross-correlation methodology, as explained in
ection 2.3 , we carried out intraband cross-correlations between all
ossible combinations of light curves. The cross-correlation plots
21 combinations) are shown in Fig. 2 . The peak DCF value and the
orresponding lag with 1 σ error are provided in Table 3 . From these
ross-correlation results (Fig. 2 and Table 3 ), we find that the lower
requency light curve lags behind the higher frequency one for nearly
or every pair. The information on lags/leads and the DCF values for
ll the combinations of light curves are given in Table 3 . 

.3 Connection between lag and frequency 

e next carried out an investigation of the connection/dependency
f the observed lags with the radio emission at different frequencies.
e used the estimated lag values quoted in Table 3 and plotted

ags v ersus frequenc y for each radio band against the rest of the
ands (Fig. 3 ). To derive an empirical relationship between lag and
requency, we fitted a straight line defined as: 

νp 
( days ) = [ m ( ±σm 

) × ν ( GHz )] + c ( ±σc ) , (5) 

here τνp 
is the lag value of particular frequency data ( νp ) with

espect to the other frequency bands ( ν). The slope and intercept
alues are denoted by m and c , along with the associated uncertainties
s σ m and σ c , respectively. The straight-line fits are shown as solid
ed lines in Fig. 3 . These relations between lag and frequency for
ifferent frequency bands are as follows: 

230 GHz = [ −22 . 50 ( ±5 . 85) × ν] + 969 . 57 ( ±121 . 62) (6) 

43 GHz = [ −41 . 91 ( ±8 . 42) × ν] + 1062 . 55 ( ±102 . 69) (7) 

23 GHz = [ −22 . 00 ( ±7 . 35) × ν] + 726 . 59 ( ±149 . 29) (8) 

11 GHz = [ −27 . 99 ( ±6 . 96) × ν] + 593 . 31 ( ±154 . 81) (9) 
NRAS 527, 6970–6980 (2024) 
8 . 0 GHz = [ −26 . 12 ( ±5 . 63) × ν] + 288 . 61 ( ±126 . 57) (10) 

4 . 8 GHz = [ −20 . 07 ( ±8 . 73) × ν] − 26 . 87 ( ±197 . 85) (11) 

2 . 5 GHz = [ −21 . 26 ( ±6 . 00) × ν] − 297 . 58 ( ±136 . 51) (12) 

 ne gativ e slope was observed for every case, quantifying that the
ower-frequency emissions lag behind those at higher frequencies.
ive of the six better-defined slopes, i.e. equations ( 6 ), (8)–(11), are
onsistent with ∼−30 d GHz −1 . 

 DI SCUSSI ON  

his work presents a systematic study of the multiband cross-
orrelated radio variability of the blazar 3C 279. For this, we
sed the radio observations made o v er more than a decade from
arious radio telescopes spanning frequency bands from 2 GHz to
30 GHz. 

.1 Comparison with earlier studies 

 few multifrequency radio cross-correlation studies for 3C 279 have
een reported earlier (Wang et al. 2008 ; Deng et al. 2008 ; Yuan 2012 ).
o we ver, these studies include observations covering shorter and/or
on-o v erlapping periods of observations; they also employ fewer
requency bands than presented in this work. Wang et al. ( 2008 )
arried out cross-correlations using radio light curves at 8 GHz (data
ime period: 1965 to 2000), 22 GHz (data time period: 1980 to
005) and 37 GHz (data time period: 1980 to 2005). They found
hat the 8 GHz variations lag behind those at 22 GHz by ∼69 days,
nd 22 GHz data lag behind 37 GHz by ∼33 days. Wang et al.
 2008 ) suggested that the jet magnetic field primarily determines
he observed time lag between bands arising from synchrotron radio
mission. If the magnetic field strength is weak, then, because of
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Figure 2. Cross-correlation plots between different combinations of radio bands. Here, the positive lag for DCF tagged as ‘frequency 1 Vs frequency 2’ means 
light curve 2 variations lag those of light curve 1. The blue-coloured contours from dark to light represent the 1 σ , 2 σ , and 3 σ significance levels, respectively. 

Table 3. ZDCF results for radio light curves. 

Light curves DCF Lag (days) 

230 GHz versus 2.5 GHz 0 . 74 + 0 . 06 
−0 . 06 + 1207 . 0 + 81 . 1 

−106 . 9 

230 GHz versus 4.8 GHz 0 . 80 + 0 . 03 
−0 . 03 + 833 . 8 + 98 . 6 

−82 . 1 

230 GHz versus 8.0 GHz 0 . 84 + 0 . 03 
−0 . 03 + 682 . 3 + 99 . 2 

−49 . 0 

230 GHz versus 11 GHz 0 . 80 + 0 . 04 
−0 . 04 + 615 . 0 + 58 . 1 

−124 . 0 

230 GHz versus 23 GHz 0 . 76 + 0 . 03 
−0 . 03 + 269 . 3 + 79 . 8 

−134 . 2 

230 GHz versus 43 GHz 0 . 79 + 0 . 03 
−0 . 04 + 133 . 1 + 47 . 9 

−103 . 3 

43 GHz versus 2.5 GHz 0 . 71 + 0 . 06 
−0 . 07 + 1132 . 0 + 151 . 4 

−99 . 3 

43 GHz versus 4.8 GHz 0 . 79 + 0 . 04 
−0 . 04 + 735 . 5 + 102 . 0 

−51 . 6 

43 GHz versus 8.0 GHz 0 . 79 + 0 . 04 
−0 . 04 + 699 . 0 + 47 . 7 

−92 . 1 

43 GHz versus 11 GHz 0 . 77 + 0 . 04 
−0 . 05 + 530 . 1 + 86 . 41 

−101 . 0 

43 GHz versus 23 GHz 0 . 76 + 0 . 04 
−0 . 04 + 149 . 9 + 106 . 2 

−102 . 7 

23 GHz versus 2.5 GHz 0 . 85 + 0 . 03 
−0 . 04 + 891 . 7 + 86 . 0 

−80 . 4 

23 GHz versus 4.8 GHz 0 . 90 + 0 . 02 
−0 . 02 + 676 . 7 + 75 . 4 

−41 . 0 

23 GHz versus 8.0 GHz 0 . 87 + 0 . 02 
−0 . 03 + 554 . 7 + 43 . 2 

−96 . 8 

23 GHz versus 11 GHz 0 . 89 + 0 . 02 
−0 . 02 + 134 . 9 + 56 . 6 

−53 . 3 

11 GHz versus 2.5 GHz 0 . 85 + 0 . 03 
−0 . 04 + 761 . 1 + 66 . 8 

−130 . 90 

11 GHz versus 4.8 GHz 0 . 86 + 0 . 03 
−0 . 03 + 529 . 3 + 63 . 5 

−276 . 5 

11 GHz versus 8.0 GHz 0 . 94 + 0 . 01 
−0 . 01 + 65 . 8 + 51 . 6 

−41 . 3 

8.0 GHz versus 2.5 GHz 0 . 85 + 0 . 03 
−0 . 03 + 375 . 0 + 196 . 1 

−95 . 7 

8.0 GHz versus 4.8 GHz 0 . 94 + 0 . 01 
−0 . 01 + 185 . 6 + 44 . 3 

−103 . 6 

4.8 GHz versus 2.5 GHz 0 . 90 + 0 . 02 
−0 . 02 + 237 . 0 + 46 . 1 

−73 . 3 
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he slower cooling of synchrotron radiation at lower frequencies, the 
bserved time lag will be longer in the lower than in the higher-
requency bands. Such weak magnetic fields could arise either due 
o the location of the emitting region being far away from the central
lack hole or by weaker magnetic field compression by the shock
aves in the emitting region. 
Deng et al. ( 2008 ) carried out a cross-correlation between the
ets ̈ahovi radio light curves at 22 GHz and 37 GHz (data time period:

980–2005). Their results showed that there is a strong correlation 
etween the two radio frequencies. Using the DCF technique, they 
ound that 37 GHz light curve leads the 22 GHz by ∼140 days.
o we ver, with the ZDCF method they found the 22 GHz data leading

he 37 GHz by ∼168 days and they stated that their results were not
eliable because of large uncertainties. 

Yuan ( 2012 ) presented cross-correlation results using light curves 
t 4.8 GHz, 8 GHz, and 14.5 GHz (data time period: 2009 September
o 2010 July). Since the data length in this work was quite short (only

9 months), no significant time lags between the three frequency 
ands were found. 
A standard explanation of time lags at lower frequencies is in

erms of differing opacities. One sees more deeply into the source at
igher frequencies — there is greater synchrotron self-absorption 
t the lower frequencies — so changes in emission at higher 
requencies are observed earlier, and are less smeared out, than those
t lo wer frequencies. Alternati vely, e ven if none of the bands are self-
bsorbed, the lags and broadening of the flare/outburst profile in the
ight curve (especially at the lower frequencies) can be understood if
he higher-frequency radiation is emitted closer to the site of particle
cceleration at, for example, a shock front. In this case, the lower-
requency emission emerges from more diffuse regions further from 

he shock, producing the major flux changes, hence variations are 
elayed and broadened (e.g. Marscher & Gear 1985 ; Hughes, Aller &
ller 1989 ). 

.2 Evolution of core and knots 

o understand the rele v ance of the evolution of the radio core and
he individual knots to the observed features in our work, we have
MNRAS 527, 6970–6980 (2024) 
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Figure 3. Lag versus frequency for the seven different radio bands. The solid red line represents the straight-line fit to the data with the best-fitting parameters 
provided in the text (equations 6 –12). 
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nalysed the results of the VLBA study carried out by Weaver et al.
 2022 ). These authors presented the kinematics of parsec-scale jets
f a sample of γ -ray bright blazars monitored with the VLBA at
3 GHz, co v ering observations from 2007 June to 2018 December.
hey found that the jet of 3C 279 during this time span consisted
f the ‘core,’ A0, and 17 moving features (C24, C25, C26, C27,
28, C29, C30 (which includes C30a and C30b), C31, C32, C33,
34, C35, C36, C37, C38 and D3). Three ‘quasi stationary’ features

agged as A1, A2, and A3 are also present. Using the data provided
n Weaver et al. ( 2022 ), we have created light curves for the core
nd individual knots, as displayed in Fig. 4 . From Fig. 4 , we find
hat knot C31 is main component involved in the outburst from MJD

55200 to ∼56300 − a span of about 3 years. (It should be noted
hat C31 was probably blended with the core A0 during the first part
f the outburst.) 
The flux density of C31 dropped very abruptly (o v er ∼100 days)

rom MJD ∼56200 to ∼56300 to end the outburst. This could be
ue to radiative energy losses, perhaps in combination with adiabatic
xpansion, which would lower the maximum electron energy as well
s the magnetic field, so that the cut-off frequency decreases to
 43 GHz. In order to verify that the knots in fact expanded during

he outburst, we fit a least-squares straight line to the angular size
ersus time for C31 and C32 (shown in Fig. 5 ). Although there are
pparently random fluctuations about the straight lines, likely owing
o the difficulty of measuring angular sizes from the VLBA data,
t is apparent that both knots C31 and C32 expanded during the
utburst. 
The MJD ∼55200 to ∼56300 outburst peaked at around the same

ime at 23, 11, and 8 GHz (Fig. 1 ). This could have occurred if the
eak was caused by the Doppler factor reaching a maximum and then
ecreasing with time, so that the fluxes at all frequencies of the flare
ecreased together. At 43 GHz, the peak flux occurred before (Fig. 1 )
han at 23, 11, and 8 GHz, so the temporal evolution at this higher
requency is due to something else, probably either energy losses (as
NRAS 527, 6970–6980 (2024) 
escribed abo v e) or an optically thick-to-thin transition. The position
ngle versustime plot (see fig. 6 of Weaver et al. 2022 ) shows that
he direction of knot C31 changes rapidly late in the outburst, so
 changing Doppler factor is a reasonable hypothesis. The Doppler
eaming factor is given by 

= [ �(1 − β cos θ )] −1 , (13) 

here β and θ respectively are the magnitude (in units of the speed
f light) and angle (relative to the line of sight) of the velocity of
he knot, and � ≡ (1 − β2 ) −1/2 is the Lorentz factor. The apparent
peed in light units in the sky plane, after removal of the redshift
ependence, is 

app = β sin θ [1 − β cos θ ] −1 . (14) 

e can combine these equations to solve for the angle θ : 

= sin −1 

[
βapp 

δ
√ 

� 

2 − 1 

]
. (15) 

he flux density of a knot with a spectral index of 0 (i.e. observed
t the spectral peak) depends on the Doppler factor as F ν ∝ δ3 . The
ncrease in flux density by a factor of ∼4 between MJD 55800 and
6230 could have corresponded to an increase in the Doppler factor
y a factor of 1.6. From the data presented in Weaver et al. ( 2022 ),
e find that the apparent speed of knot C31 varied from 4.2 c from
JD 55600 to 55900, to 1.7 c from MJD 55950 to 56100, to 16 c

fter MJD 56200. The second of these intervals included the peak in
ux. This, plus the relatively low apparent speed implies that θ was
ery close to zero, so that δ ∼ 2 � if � > > 1. Equation ( 15 ) then
ecomes θ ≈ 0.5 βapp � 

−2 . We then find that the flux variation can be
xplained if knot C31 maintained a constant Lorentz factor of 30 � 30 

nd the trajectory bent from θ = 0 . 13 ◦� 

−1 
30 (MJD 55600–55900)

o θ = 0 . 086 ◦� 

−1 
30 (MJD 55950–56100) and then to θ = 0 . 77 ◦� 

−1 
30 

after MJD 56200). We conclude that, because of the high Lorentz
actor of the jet flow in 3C 279, a very slight bending of the trajectory



Radio variability of 3C 279 6977 

Figure 4. Light curves of individual components of 3C 279 based on VLBA images at 43 GHz. 

Figure 5. Evolution of the radio knot C31 (top panel) and C32’s (bottom 

panel) angular size versus time along with the straight-line fit. 
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f a knot is sufficient to cause a major outburst after the knot separates
rom the core. 

The outburst from MJD ∼56500 to ∼57000 was significant only 
t frequencies ≤23 GHz. Hence, it is not apparent on the 43 GHz
mages. From the light curves for the core and individual knots
Fig. 4 ), we noticed that the knots C32 and C33 both appear to be
nvolved during this outburst and exhibited a low-amplitude flare at 
3 GHz. To verify the expansion of the knot during an outburst (as
 xplained abo v e) and to obtain a clearer trend of such e xpansion, we
nly considered the knot C32. This is because the data were more
 xtensiv e for knot C32 compared to the sparser observations for
not C33. Since we have verified that knot C32 expanded during
he outburst, an interesting question is whether the adiabatic or 
ynchrotron stage of the expanding shock model of Marscher & Gear
 1985 ) fits the maximum flux v ersus frequenc y dependence of this
ection of the light curve at frequencies ≤23 GHz. To investigate this,
e have estimated the peak flux of the outburst at each frequency with 

he quiescent flux subtracted. The quiescent flux was considered as 
he average value during the quiescent period before the flux started
o rise, i.e. the minimum flux level between MJD 55000 and 55500.
he details on the time period of consideration for the quiescent
ux level and the maximum peak flux of the outburst at different
requencies are provided in Table 4 . Further, using these values, a
lot of maximum flux with subtracted quiescent flux versus frequency 
s plotted in Fig. 6 . 

The Marscher & Gear (MG Marscher & Gear 1985 ) shock-
n-jet model predicts a dependence of the maximum flux density 
 m observed at frequency ν during an outburst to be F ν ∝ νb ,
here b depends on the dominant process by which the radiating

lectrons lose energy. In order to calculate b from the equations of
Marscher & Gear 1985 ), we adopt s = 2.2 as the slope of the
nergy distribution of electrons accelerated at the shock front (see, 
.g. Sironi, Keshet & Lemoine 2015 ), and a magnetic field strength B
hat depends on radius r as B ∝ r −1 . The shock is assumed to expand
nly transverse to the jet initially, but may become a plasmoid that
xpands longitudinally as well during late stages. As derived from 

able 4 and displayed in Fig. 6 , the value of b changes from b 1 =
0.37 ± 0.20 as the peak flux mo v es from 23 to 11 GHz, then b 2 =

.03 ± 0.31 from 11 to 8 GHz, and b 3 = 1.15 ± 0.11 from 4.8 to

.5 GHz. The prediction of MG is b = −0.15 during the synchrotron-
oss stage, consistent within the uncertainties with b 2 and within 1.1 σ
f b 1 . The MG value for the later, adiabatic-loss stage is b = 0.51,
MNRAS 527, 6970–6980 (2024) 
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Table 4. Maximum flux information for the second outburst. 

Frequency Time period of quiescent flux Quiescent flux Time of maximum flux Maximum flux Maximum flux −quiescent flux 
(GHz) (MJD) ( S quiescent in Jy) (MJD) ( S max in Jy) (Jy) 

23.0 54933.931 − 55339.956 12.43 ± 0.04 56719.03 28.62 ± 1.63 16.19 ± 1.63 
11.0 55072.644 − 55407.813 10.23 ± 0.03 56713.50 31.51 ± 0.85 21.27 ± 0.85 
8.0 55133.600 − 55373.844 9.934 ± 0.003 56713.50 31.02 ± 1.11 21.09 ± 1.11 
4.8 55151.259 − 55374.000 9.081 ± 0.001 56872.75 22.64 ± 0.23 13.56 ± 0.23 
2.5 55255.130 − 55700.845 8.71 ± 0.01 56992.36 15.13 ± 0.36 6.42 ± 0.36 

Figure 6. Maximum flux minus quiescent flux versus frequency plot for the 
second outburst between MJD 56500 and 57000. 

w  

t  

e  

e  

f  

M  

f  

s  

(  

C  

w  

p  

o  

d

5

W  

b  

t  

f  

p  

l  

a

 

w  

a  

c  

f  

b  

f  

e  

l  

s  

f  

d  

a  

o  

t  

s  

c  

M
 

T  

o  

f  

4  

m  

w  

i  

c  

w  

a
 

v  

h  

f
 

c  

s  

d  

s  

f  

d  

l  

t  

a  

b
 

m  

b  

o  

o  

t  

their behaviour. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/6970/7440001 by AR
YABH

ATTA R
ESEAR

C
H

 IN
STITU

TE O
F O

BSER
VATIO

N
AL SC

IEN
C

ES(AR
IES) user on 08 February 2024
hich is a considerably weaker dependence than b 3 . It is closer to
he value b = 0.93 predicted by the MG adiabatic-loss stage if the
xpansion is in all three dimensions instead of only laterally. The
arly observed value, b 1 , with the peak flux density increasing as the
requency decreases, is in the same sense as the Compton stage of

G, but much weaker. Ho we ver, MG assumed that the seed photons
or Compton scattering are from synchrotron radiation within the
hock. If, instead, the seed photons are from regions outside the jet
e.g. the broad emission-line region (Hayashida et al. 2012 )), the
ompton losses probably decay more slowly than adopted by MG,
ith the absolute value of b lower than derived by MG. Another
ossibility is that the Doppler factor increased during the early stages
f the outburst, causing F m to rise more rapidly as the peak frequency
ecreased than predicted by the MG synchrotron-loss stage. 

 C O N C L U S I O N S  

e have conducted a detailed analysis of quasi-simultaneous multi-
and radio flux observations of the blazar 3C 279. Our data co v er
he period from 2008 to 2022 at se ven dif ferent frequencies ranging
rom 2.5 GHz to 230 GHz. Some of the data were collected from
ublic archi ves; ne w observ ations from v arious radio telescopes are
isted in Table 1 . The summary and conclusions from our study are
s follows: 

(1) Overall, the multiband radio light curves exhibit flux variations
ith prominent outbursts occurring first at higher-frequency and later
NRAS 527, 6970–6980 (2024) 
t lower-frequency bands. Such a trend was further quantified using
ross-correlation analysis, indicating that the emission at lower-
requency bands lags that at higher-frequency bands. As is typical for
lazars, the flux changes at the higher frequencies lead those at lower
requencies (e.g. Raiteri et al. 2001 , 2003 ; Gupta et al. 2012 ; Kutkin
t al. 2014 ; Gaur et al. 2015 , and references therein). The plots of
ag versus frequency are well fit by straight lines with a negative
lope, typically ∼−30 day GHz −1 . This observational trend possibly
a v ours scenarios where time lags at lower frequencies are due to
ifferent opacities, as greater synchrotron self-absorption could occur
t the lower frequencies than at the higher ones. Thus, measurements
f the light curve time lag in radio bands are a useful way to examine
he properties of the opaque apparent base of AGN jets. Under the
hocked jet scenario, frequency-dependent radiative loss time-scales
ould also play a role, especially at high radio frequencies (e.g.
arscher & Gear 1985 ; Hughes, Aller & Aller 1989 ). 
(2) The multiband radio light curve exhibits two major outbursts.

he first one occurred around MJD ∼55200 to ∼56300. The second
ne, which was significant only at frequencies ≤23 GHz, took place
rom MJD ∼56500 to ∼57000. From the radio knots identified in
3 GHz VLBA images, we noticed that knot C31 was found to be
ainly involved in the first outburst and radio knots C32 & C33
ere involved during the second outburst. The observed abrupt drop

n flux density of knot C31 o v er ∼100 days during the first outburst
ould have been caused by radiative energy losses in combination
ith the adiabatic expansion of the emitting knot. Such expansion of
 knot’s size with time was also found for component C32. 

(3) We conclude that variation in the Doppler factor, along with
ery slight bending of the trajectory of a knot, is a reasonable
ypothesis for the cause of the major outburst after knot C31 detached
rom the core in the VLBA images. 

(4) The dependence of maximum flux v ersus frequenc y was
onsidered so as to compare it with the adiabatic or synchrotron-loss
tages of the MG expanding shock model (Marscher & Gear 1985 )
uring the second outburst. It was found that the MG synchrotron-loss
tage is consistent with the data in the (23–11) GHz and (11–8) GHz
requency ranges. During the latter part of the outburst, the observed
ependence was stronger than that predicted by the MG adiabatic-
oss stage if the knot only expanded in the direction transverse to
he jet axis. Ho we v er, if the e xpansion during this late stage was in
ll three dimensions, the MG prediction agrees with the observed
ehaviour within the uncertainties. 
(5) This study demonstrates the importance of long-term radio
onitoring programs of blazars, o v er a wide range of frequency

ands, toward a better understanding of the physical processes that
ccur in their relativistic jets. Further long-term multiband studies of
bjects belonging to different blazar subclasses have great potential
o test different physical scenarios that have been proposed to explain
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