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A B S T R A C T 

We present the results of the optical monitoring of 18 southern blazars in the V and R Johnson–Cousins bands. Our main objective 
is to study the variations in the optical flux and their relationship with the colour and spectral variabilities. The optical observations 
were acquired with the 2.15 m ‘Jorge Sahade’ telescope, CASLEO, Argentina. The whole campaign comprised from 2014 April 
to 2019 September. In addition, X-ray data were taken from the Chandra X-ray Observatory and the Swift /XRT databases, 
and γ -ray data were taken from the Fermi -Large Area Telescope 3FGL catalogue. From the total of 18 blazars, we found 

variability in each one of the time-scales considered for 6 blazars (PKS 0208–512, PKS 1116–46, PKS 1440–389, PKS 1510–
089, PKS 2005–489, and PKS 2155–304). In particular, from the colour–magnitude and the multiwavelength analysis, we found 

that PKS 1510-089 (flat-spectrum radio quasar) is undergoing an activity phase. For the case of PKS 2005–489 (BL Lac), this 
blazar is in a quiescent state, in which it has been for more than a decade, and it is compatible with its bluer-when-brighter 
moderate tendency, possibly due to the presence of shocks within the jet. 

K ey words: methods: observ ational – techniques: photometric – galaxies: active – g amma rays: g alaxies – X-rays: galaxies. 
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 I N T RO D U C T I O N  

mong all the different sub-classes of active galactic nuclei (AGNs),
lazars are the most extreme one, having extremely collimated
elativistic jets pointing very close ( < 10 ◦) to the line of sight of the
bserver (Urry & Padovani 1995 ). This implies relativistic boosting
f the jet emission, dominating the blazar emission, which spans
he entire electromagnetic spectrum (from radio to γ -rays). The
pectral energy distributions (SEDs) are bi-modal with two peaks:
he first one between sub-millimeter and UV wavelengths, and the
ther at high energies (MeV–GeV) corresponding to the X/ γ -rays
egion of the spectrum. The blazar emission can be well described by
he synchr otr on self-Compton (SSC) models, i.e. the jet accelerates
lectrons that emit light via synchrotron process – responsible of the
ow-energy peak – and these photons are scattered to higher energies
ia the inverse Compton process with the same accelerated electrons
the high-energy peak – Tavecchio, Maraschi & Ghisellini ( 1998 )
 ̈ottcher (2007), Dermer et al. (2009 ), and leptonic models. The high-
nergy emission in blazars can be alternatively explained by hadronic
 E-mail: lorenazibecchi@gmail.com 
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rocesses, or by the presence of an external Compton component,
.e. another source of photons to be scattered to higher energies, other
han those of the jet itself. Since the publication of the first Fermi -LAT
atalogue ( Large Area Telescope, Abdo et al. 2010c ), the blazars,
lassified into BL Lacs and flat-spectrum radio quasars (FSRQs), are
ub-divided into three SED classes, based on the frequency at which
he synchrotron peak is located: low synchr otr on peak (LSP) blazars,
ntermediate synchr otr on peak (ISP) blazars, and high synchr otr on
eak (HSP) blazars. 
Blazars are also characterized by their intense and variable

mission across the electromagnetic spectrum, from radio to γ -
ay wavelengths. The variability observed in blazars is one of their
efining characteristics and could be related to processes occurring in
heir relativistic jets. These variations are detected at different time-
cales. Blazars can exhibit rapid variability on time-scales as short
s hours, known as intraday variability (IDV). This rapid variability
hallenges models of emission mechanisms and suggests compact
egions within the jets undergoing rapid changes. IDV has been
 xtensiv ely observ ed in various blazars across different wavelengths,
ncluding optical, X- and γ - rays bands (Wagner & Witzel 1995 ;

arscher et al. 2002 ; Gupta & Joshi 2005 ; Abdo et al. 2010b ).
his type of variability (also known as microvariability) allows

o estimate the size of the emission region and to conjecture the
ossible value of the mass of the central super massive black hole
osted in these objects (Gupta, Sri v astav a & Wiita 2009 ; Liu &
© 2024 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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ai 2015 ). This kind of variations can be detected from 1 GHz up
o GeV energies, implying that an important part of the energy is
mitted in regions smaller than 200 au, within the relativistic jet 
Wagner & Witzel 1995 ). Blazars also show variability on longer 
ime-scales (Sandrinelli, Covino & Treves 2014 ; Sandrinelli et al. 
018 ), ranging from days to weeks ( short-term variability , STV),
nd from months to years ( long-term variability , LTV). In these
ases, long-term monitoring campaigns hav e rev ealed flux variations 
nd spectral changes in many blazars (Raiteri et al. 2005 , 2007 ,
009 , 2021 ). The study of LTV provides insights into the long-term
ehaviour of AGNs and their jet dynamics (Wagner & Witzel 1995 ;
illata & Raiteri 1999 ; L ̈ahteenm ̈aki et al. 2018 ). 
The analysis of the correlations between the colour index and the 
agnitude is a useful tool to study the nature of the microvariations

resent in the optical flux, since flux variations develop in colour 
hanges and thus in spectral changes (Gu & Ai 2011 ; Agarwal et al.
016 ; Xiong et al. 2016 ). From individual studies of different sources,
t was found that blazars such as OJ 287, BL Lacertae, 3C 273, PG
553 + 113, among others (Takalo & Sillanpaa 1989 ; Ghisellini et al.
997 ; V illata et al. 2002 , 2004 ; Papadakis, V illata & Raiteri 2007 ; Dai
t al. 2009 , 2011 ; Raiteri et al. 2015 ; Gupta et al. 2016 ; Man et al.
016 ; Li et al. 2017 ; Weav er et al. 2020 ) e xhibited a bluer-when-
righter (BWB) trend, meanwhile other blazars showed a redder- 
hen-brighter (RWB) trend, such as PKS 0736 + 017, 3C 454.3, and
KS 0208–512 (Ram ́ırez et al. 2004 ; Villata et al. 2006 ; Chatterjee,
alew ajk o & Myers 2013b ; Sarkar et al. 2019a ). Additionally, studies
n large samples of blazars have indicated that the BWB tendency 
s commonly found in BL Lacs, while FSRQs show an RWB trend
Vagnetti, Trevese & Nesci 2003 ; Gu et al. 2006a ; Rani et al. 2010 ;
kejiri et al. 2011 ; Bonning et al. 2012 ; Wierzcholska et al. 2015 ). The
hysical mechanisms behind these trends are related to the emission 
rocesses occurring within the jets and the accretion disc around 
he central supermassive black hole. The RWB trend is typically 
ssociated with a fixed bluer disc component and a variable redder 
et one. The bluer disc component is assumed to be relatively stable
 v er time, while the variability in the redder jet component is what
rives the RWB trend. This variability in the jet emission could arise
ue to changes in the relativistic beaming effect caused by the motion
f plasma within the jet or changes in the physical conditions (e.g.
agnetic field strength and particle density) within the jet itself. 
onversely, the BWB trend is characterized by bluer colours when 

he source is brighter. This tendency could be explained by variations 
n the high-energy emission processes within the jet dominating the 
 v erall SED. As the jet becomes brighter, it could lead to an increase
n the high-energy emission, which tends to be bluer in spectral 
olour (Jorstad et al. 2001 ; Raiteri et al. 2007 ; Pacciani et al. 2014 ). 

Other observational studies revealed more complicated 
orrelations between magnitudes and colours. For example, 
ve different kinds of behaviours were found in the colour–
agnitude diagrams according to Zhang et al. ( 2014 ): BWB, RWB,

nd RWB behaviour when the blazar has its lowest state of activity,
WB when the state of activity is the highest (RWB to BWB);

table when brighter (SWB); and no correlation with the brightness 
f the source. Recently, Zhang, Zhao & Wu ( 2022 ) found two new
pectral behaviours: the redder-stable-when-brighter and the bluer- 
table-when-brighter trends. The first one corresponds to a blazar 
hich shows an RWB tendency in its low state and a stability in its
igh state. In this case, the spectrum in the optical band becomes
teeper when the blazars brightens in the low state and keeps stable
without variations) in the high state. On the contrary, the second 
ew trend consists in a blazar exhibiting a BWB trend in the low
tate, while keeping invariable in the high state. Observing the whole 
anorama, a rigorous framework of flux–colour correlation patterns 
n blazars has not yet been established, and, thus, more multicolour
bservations are needed to deeply study these correlations. 
As mentioned before, blazars show extreme variations in other 

avelengths. In particular, variability in X- and γ - ray bands is a
rominent feature that provides valuable insights into the physical 
rocesses occurring in their relati vistic jets. X-ray v ariability in
lazars is often rapid and can occur on time-scales ranging from
inutes to days, and sometimes even shorter. This rapid variability 

uggests that the emission region responsible for X-rays is compact 
nd close to the supermassive black hole at the centre of the AGN.
hese variations are associated with changes in the number, energy 
istribution, and acceleration mechanisms of relativistic electrons 
ithin the jet. These changes can be triggered by shocks, magnetic re-

onnection events, or instabilities in the jet’s magnetic field (B ̈ottcher,
aring & Summerlin 2012 ; B ̈ottcher et al. 2013 ). On the other
and, γ - ray variability is observed across a wide range of time-
cales, from minutes to years. These variations can result from 

hanges in the population of relativistic electrons, variations in the 
eed photon population (e.g. synchrotron photons), or changes in 
he Doppler boosting factor due to variations in the jet orientation
r velocity (H. E. S. S. Collaboration 2011 , 2017 , 2021 ). Another
emarkable aspect of blazars is that they are the most common very
igh-energy (VHE; E > 100 GeV) γ -ray sources in the Universe.
f the more than 250 sources detected in the VHE band to date
ith the Imaging Atmospheric Cherenkov Telescopes, 1 about 35 per 

ent are extragalactic sources (particularly, AGNs) and 95 per cent 
f them are classified as blazars. In this energy band, blazars are
xtremely variable (H. E. S. S. Collaboration 2010 , 2013 ). Thus,
tudying correlations between variabilities in different frequency 
n blazars is crucial for understanding their emission mechanisms 
nd the physical processes occurring in their jets. Observations 
av e rev ealed simultaneous variability across multiple wav elengths 
n blazars, suggesting a connection between emissions in different 
ands. For instance, variations seen in optical fluxes often correspond 
o changes in X-ray and gamma-ray emissions within the same period
Singh et al. 2019 ; Kapanadze 2021 ; Khatoon et al. 2022 ; Tolamatti
t al. 2022 ; Yuan et al. 2023 ). These studies can provide clues on the
cceleration and emission processes of relativistic particles, which 
re thought to occur in a region near to the central super massive
lack hole (Neronov & Aharonian 2007 ; Rieger & Aharonian 2008 ;
stomin & Sol 2009 ) and/or also in the jet (Katarzy ́nski, Sol &
us 2001 ; M ̈ucke & Protheroe 2001 ; Katarzy ́nski, Sol & Kus 2003 ;
 ̈ottcher 2007 ; Tavecchio & Ghisellini 2008 ). 
In the present paper, we analysed the light curves and the colour

ehaviour of a sample of 18 high-energy-detected blazars in the 
ptical band. In Section 2 , we describe the blazar sample and the
rocedure of the data reduction. In Section 3 , we show the analysis
ools and in Section 4 we present the results and their analysis and
iscussion. In Section 5 , we present our conclusions. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

e selected a sample of 18 blazars from the 5th edition of the
oma–BZCAT catalogue 2 (Massaro et al. 2014 ). This sample is 
omposed by BL Lacs, FSRQs, and BZUs (blazars of uncertain 
ype). The latter ones are sources that exhibit blazar activity but
lso have peculiar characteristics, such as presence or absence of 
road spectral lines or other features, transition objects between a 
adio galaxy and a BL Lac, or galaxies hosting a low luminosity
MNRAS 535, 3262–3282 (2024) 

http://tevcat.uchicago.edu/
http://www.asdc.asi.it/bzcat/


3264 L. Zibecchi et al. 

M

Table 1. Blazar sample. γ - rays. 

Object Obj. class SED α (J2000.0) δ (J2000.0) z m X-Ray γ - Ray 
h m s ◦′ arcsec mag 

PKS 0208 −512 BZU 

a — 02 10 46.2 −51 01 01.8 1.003 14.82( R) � 

d � 

[HB89] 0414 + 009 BLLac HSP 04 16 52.5 + 01 05 23.9 0.287 15.86( R) � 

d ×
PKS 0521 −36 BZU 

a — 05 22 57.9 −36 27 30.8 0.057 14.48( R) � 

d � 

3FGL J0846.9 −2336 BZU 

a — 08 47 01.5 −23 37 01.6 0.061 13.00( R) � 

c � 

PKS 1116 −46 FSRQ LSP 11 18 26.9 −46 34 15.0 0.713 17.02( V ) × � 

PKS 1127 −14 FSRQ LSP 11 30 07.1 −14 49 27.4 1.188 16.70( V ) � 

d � 

PKS 1229 −02 FSRQ LSP 12 32 00.0 −02 24 05.3 1.043 16.80( R) b � 

d � 

PMN J1256 −1146 BLLac HSP 12 56 15.9 −11 46 37.4 0.058 11.01( R) � 

c � 

PKS 1424 −41 FSRQ LSP 14 27 56.3 −42 06 19.4 1.522 16.30( R) � 

c � 

PKS 1440 −389 BLLac HSP 14 43 57.2 −39 08 39.7 0.139 14.81( V ) × � 

PKS 1510 −089 FSRQ LSP 15 12 50.5 −09 05 59.8 0.360 16.10( R) � 

d � 

3FGL J1917.7 −1921 BLLac HSP 19 17 44.8 −19 21 31.6 0.137 15.24( R) � 

c � 

3FGL J1958.2 −3011 BLLac HSP 19 58 14.9 −30 11 11.8 0.119 13.97( R) � 

d � 

PKS 2005 −489 BLLac HSP 20 09 25.3 −48 49 53.7 0.071 11.41( R) � 

d � 

PKS 2126 −158 FSRQ LSP 21 29 12.1 −15 38 41.0 3.268 16.43( R) � 

d ×
PKS 2149 −306 FSRQ LSP 21 51 55.5 −30 27 53.6 2.340 17.48( R) � 

d � 

PKS 2155 −304 BLLac HSP 21 58 52.0 −30 13 32.1 0.117 12.62( R) � 

d � 

PMN J2310 −4374 BLLac – 23 10 41.7 −43 47 34.1 0.088 15.92( V ) � 

d ×
a Uncertain type blazar. b From the Roma-BZCAT, 5th edition. c Observed with Swift . d Observed with Chandra and Swift . Note. In column 1, we list the object 
name, in Column 2 object class, in column 3 SED class, in columns 4 and 5 right ascension and declination, in column 6 redshift, in column 7 the optical band 
magnitudes taken from NED, and in columns 8 and 9 the data available for X- and -rays. 

Table 2. Variability index values given by the GLVARY tool. 

Variability index Condition Result 

0 P ≤ 0 . 5 Definitely not variable 
1 0 . 5 < P < 2 / 3 AND f 3 > 0 . 997 AND f 5 = 1 . 0 Considered not variable 
2 2 / 3 ≤ 0 . 9 AND f 3 > 0 . 997 AND f 5 = 1 . 0 Probably not variable 
3 0 . 5 ≤ P < 0 . 6 May be variable 
4 0 . 6 ≤ P < 2 / 3 Likely to be variable 
5 2 / 3 ≤ P < 0 . 9 Considered variable 
6 0 . 9 ≤ P AND Odd < 2 . 0 Definitely variable 
7 2 . 0 ≤ Odd < 4 . 0 Definitely variable 
8 4 . 0 ≤ Odd < 10 . 0 Definitely variable 
9 10 . 0 ≤ Odd < 30 . 0 Definitely variable 
10 30 . 0 ≤ Odd Definitely variable 

Note. Table taken from http:// cxc.cfa.harvard.edu/ ciao/ threads/ variable/ . 
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lazar nucleus (Massaro et al. 2009 ). In particular, we looked for
hose sources whose characteristics in the optical band (position on
he sky, magnitude, etc.) allo wed their follo w-up from CASLEO,
rgentina, in the Southern Hemisphere. If possible, these objects

hould have observations made with the gamma-ray satellite Fermi -
AT and, in a complementary way, with an X-ray satellite, such as
handra or Swift . On the other hand, we were interested in building
 sample including both known and well-studied sources, as well as
ources that have not been studied, especially in terms of variability
nalysis and classification. In Table 1 , we show the properties of
he sample: the name of the source, the object and SED classes,
ts coordinates, the redshift, the magnitude (extracted from NED 

3 –
ASA/IPAC Extragalactic Database ) and the information about the
- and γ - rays data available on public data bases. 

.1 Optical data 

he optical images were taken with the 2.15 m ‘Jorge Sahade’
elescope, at CASLEO, Argentina. The whole campaign comprised
NRAS 535, 3262–3282 (2024) 

 https:// ned.ipac.caltech.edu/ 

4

a
I

rom 2014 April to 2019 September, divided into seven observational
eriods. The telescope is equipped with a CCD camera, using a Roper
hip with a gain of 2.18 electrons/adu and a read-out-noise of 3.5
lectrons. This detector has an area of 2048 × 2048 pixels of 13.5 μm
ach side, installed in a Dewar cooled with liquid nitrogen. Most of
he observations were made using a focal-reducer, resulting in a scale
f 0.45 arcsec per pixel, which provides a field of view (FoV) of 9 ×
 arcmin 2 . The exception is the 2014A run, in which we did not use
he focal-reducer, obtaining an FoV of 5.2 × 5.2 arcmin 2 , with a scale
f 0.15 arcsec per pixel. We obtained photometric images in the V and
 Johnson–Cousins filters system for all the sources and the exposure

imes spanned from 90 to 600 s, depending on the brightness of the
bject as well as weather and atmospheric conditions. We used the
tandard procedures within the IRAF 4 reduction package to obtain the
mages corrected by bias and flat-fields. For the photometry, we used
he IRAFAPPHOT package with different aperture radii ( r ap ) depending
 IRAF is distributed by the National Optical Astronomy Observatories, which 
re operated by the Association of Universities for Research in Astronomy, 
nc., under cooperative agreement with the National Science Foundation. 

http://cxc.cfa.harvard.edu/ciao/threads/variable/
https://ned.ipac.caltech.edu/
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Optical monitoring in southern blazars 3267 

Figure 1. Standard magnitudes light curves in the V and R filters for PKS 0208 −512, PKS 1116 −46, PKS 1440 −389, and PKS 2155 −304. 
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n the source, its sky field and the stabilization of the photometric
rowth curve (7 ≤ r ap ≤18 arcsec). 
In order to obtain the standard V and R magnitudes for the

lazars, we observed photometric standard star fields from Landolt’s 
atalogue (Landolt 1992 ) in each observing run for each blazar 
ollow-up. Additionally, we obtained the standard magnitudes for 
ll the stars in the blazar fields (Zibecchi et al., in preparation). 

.2 X-ray data 

or the different observations in the X-ray band, we used the Chandra 
ata Archive, 5 as well as the Swift-XRT (Swift X-Ray Telescope) data 
ases. 6 , 7 In the case of Chandra , all the data used were obtained with
he Advanced CCD imaging spectrometer instrument on board the 
handr a X-r ay Observatory . 8 It consists of ten CCDs designed for
fficient X-ray detection and spectroscopy. Four of them are front 
lluminated and organized in a square array with each CCD tipped 
lightly to better approximate the curved focal surface of the Chandra 
olter type I mirror assembly. The rest of the six CCDs are set in a

inear array, tipped to approximate the Rowland circle of the objective 
ratings. Each CCD subtends an 8 . 4 × 8 . 4 arcmin 2 on the sky and
he individual pixels of the CCDs subtend 0 . 492 arcsec on the sky
Garmire et al. 2003 ). 
 http:// cda.harvard.edu/ chaser/ 
 https:// www.swift.psu.edu/ monitoring 
 https:// www.swift.ac.uk/ LSXPS/ 
 https:// chandra.harvard.edu/ 

2

T  

t  

9

From the total sample of 18 blazars, 12 are reported in the
handra Data Archive (see Table 1 ). In particular, we looked for
bservations that fulfilled the requirements needed for the analysis 
f the variability in this band. Namely, we looked for observations
ith a considerable number of counts (or events ) and exposure times

onger than 20 ks. In the case of the data used, these exposure times
panned from 27 to 105 ks, and the number of event counts spanned
etween 32 000 and 690 000. The energy band co v ers a range of 0.1–
0 keV. All the data were reduced with the CIAO software packages
ersion 4.7 with CALDB 4.6.2. 

Regarding Swift -XRT, this telescope is a sensitiv e, fle xible, au-
onomous X-ray CCD imaging spectrometer designed to measure 
he position, spectrum, and brightness of gamma-ray bursts o v er a
ange co v ering more than sev en orders of magnitude in flux. The
wift -XRT data were processed using the most recent versions of
he standard Swift tools: Swift software version 3.9, FTOOLS version 
.12, and XSPEC version 12.7.1. Light curves are generated using 
RTGRBLC version 1.6 (Stroh & Falcone 2013 ). In total, 16 out of

he 18 blazars were observed with Swift , but only 10 of them had
bservations with exposure times longer than 20 ks. The exposures 
imes for these 10 sources range from 40 up to 520 ks and the energy
and co v ers a range of 0.1–50 keV. 

.3 γ -ray data 

he LAT on board the Fermi satellite, 9 is the γ -ray telescope with
he largest collecting area and field of view up to date (Atwood et al.
MNRAS 535, 3262–3282 (2024) 

 https:// fermi.gsfc.nasa.gov/ 

http://cda.harvard.edu/chaser/
https://www.swift.psu.edu/monitoring
https://www.swift.ac.uk/LSXPS/
https://chandra.harvard.edu/
https://fermi.gsfc.nasa.gov/
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M

Figure 2. Standard magnitudes light curves in the V and R filters for PKS 1510 −089, for 2015 (upper left panel), for 2019 (upper right panel), and the whole 
period 2015–2019 (lower panel). 
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009 ), co v ering the energy band between 20 MeV and 300 GeV.
his means it provides the most precise positional accuracy in

ts band, which ranges between 0.5 and 10 arcmin, depending on
he source detection significance. This positional uncertainty is the
eason behind the fact that ∼ 30 per cent of all sources in its latest
atalog, the fourth Fermi -LAT Source Catalogue (Abdollahi et al.
020 ) remain unidentified. In this work, we used the data taken from
he third Fermi -LAT Source Catalogue (Acero et al. 2015 ), in order
o generate the light curves. 

From the total sample of 18 sources, only three blazars were
ot detected with Fermi ([HB89] 0414 + 009, PKS 2126 −158, and
MN J2310 −4374). All the data analysed here are available in the
ublic data base archive. 10 The data-reduction process was made
sing the version v10r0p5 of the Fermi Science Tools. 11 The time
ange of the observations spanned from 2008 August to 2019
ecember, seeking the simultaneity of the optical data with those
f the γ -ray band, as mentioned in Section 1 . 

 ANALYSIS  TO O L S  

.1 Variability 

o generate the differential light curves (DLCs) for the analysis of the
ptical variability, we performed differential photometry, following
owell & Jacoby ( 1986 ). They used the source of interest (in this
NRAS 535, 3262–3282 (2024) 

0 https:// fermi.gsfc.nasa.gov/ cgi-bin/ ssc/ LAT/ LATDataQuery.cgi 
1 https:// fermi.gsfc.nasa.gov/ ssc/ data/ analysis/ scitools/ 

w  

p  

o  

d  
ase, the blazar), and comparison and control stars (stars from the
eld). As a result, we obtained the DLCs, corresponding to the
object-comparison’ and ‘control-comparison’curves. We applied
he scale factor � (Howell, Mitchell & Warnock 1988 , see their
quation 13) which takes into account the differences in magnitude
etween the source and the comparison and control stars. Zibecchi
t al. ( 2017 , 2020 ) give a detailed analysis of the statistical results
nd how they are modified when Howell’s factor is not considered.
ptical variability results are shown in Table 3 . The value of the
ispersion σ for each DLC (i.e. σ1 blazar-comparison and σ2 control-
omparison) were extracted for each DLC and used to perform the
tatistical analysis using the C criterion and the F test in order to
tudy the source variability (see e.g. Zibecchi et al. 2017 , 2020 ).
e adopted a confidence level of 99.5 per cent for both statistical

ests, being C crit = 2 . 576 the critical value for the C criterion and
 -area crit = 0 . 995 for the F test. 
In the case of the X-ray light curves, we used two methods: the

LVARY algorithm (only for the Chandra data) and the LCSTATS tool
for the Swift one) from NASA’s HEASARC software. The GLVARY tool
ses the Gregory–Loredo algorithm (Gregory & Loredo 1992 ), which
plits the events into multiple time bins and looks for significant
eviations between them. The tool assigns a variability index based
n the total odds ratio, Odd ; the corresponding probability of a
ariable signal, P ; and the fractions of the light curve which are
ithin 3 σ and 5 σ of the average count rate, f 3 and f 5. The
ossible values for the variability index are presented in Table 2 . The
ther method, the LCSTATS tool, analyses how much the light curve
eviates from a constant (or probability of constancy), performing

https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
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Figure 3. Standard magnitudes light curves in the V and R filters for PKS 2005 −489, for 2015 (upper left panel), for 2019 (upper right panel), and the whole 
period 2015–2019 (lower panel). 
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tatistical analysis for the time-series through the reduced χ2 and the 
olmogoro v–Smirno v (KS) tests. Depending on the values of the 
onstant source probabilities associated to both tests, the light curve 
s considered variable. 

On the other hand, since blazars dominate the high-energy sky 
see e.g. Abdo et al. 2010a ; Acero et al. 2015 ), several variability
nalyses have been performed on the Fermi data. In the first instance,
e used the variability index published in the 3FGL catalogue. 
his index is calculated on light curves binned in intervals of one
onth, and constructed from the value of the likelihood of the null

ypothesis that the source flux is constant o v er the full period of
 yr. Associating the variability index to a distribution of χ2 with 47
egrees of freedom, if the index is greater than 72.44, the variability is
onsidered probable with a 99percnt of confidence. As a complement, 
n order to make a deep analysis of the variability, we chose to use
he Fermi All-sky Variability Analysis (FA V A) tool (Abdollahi et al.
017 ) available online, 12 which generates light curves on demand for
n y giv en position in the sky within the Fermi footprint. The FAV
nalysis is independent from any diffuse emission model, and thus 
s not necessarily equal to the variability analysis given by the Fermi
atalogues. In particular, FA V A can detect variability in unexplored 
reas of the sky given its inexpensive approach, does not depend on
he spectral shape of any given source, and yields weekly binned 
ight curves instead of the monthly binned results reported in the 
atalogues. Being a photometric approach, the only caveat with its 
2 https:// fermi.gsfc.nasa.gov/ ssc/ data/ access/ lat/ FA V A/

e
w  

h  

v

se is that source location should be handled with care, since the LAT
oint spread function is relatively large (Ackermann et al. 2013 , i.e.
p to 10 ◦). We obtained light curves for each sky position of our Fermi
ources, which were determined with radio observations, and taking 
nto account their corresponding 95 per cent confidence positional 
ncertainty ellipse, to a v oid any possible source confusion. 

.2 Colour behaviour 

.2.1 Ma gnitude–ma gnitude dia grams and the discr ete corr elation 
unction 

e investigated if any correlation between variations in V and R 

ands exists as well as the time lag between emissions. For this
urpose, we used the discrete correlation function (DCF) applied to 
he magnitude–magnitude diagrams. This method was developed by 
delson & Krolik ( 1988 ), specially designed to analyse unevenly
ampled data sets. All the equations used for computing the values
f the DCF, as well as the errors, are well described in the paper
entioned before. 
The usual convention is that a positive peak implies a correlation
eanwhile a ne gativ e one corresponds to an anticorrelation. The

eight of the peak is a measure of how strong is the correlation.
n our case, we expect at least a slight correlation, since the V 

nd R emissions in the optical band are not so far apart within the
lectromagnetic spectrum. Depending on the obtained DCF value, 
e can infer which emission precedes the other. For example, if we
ad a positive correlation at a positive time delay, it imply that the
ariations in the R band precede the variations in the V band. 
MNRAS 535, 3262–3282 (2024) 

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/FAVA/
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Figure 4. The magnitude–magnitude diagrams for PKS 1116 −46, PKS 1440 −389, and PKS 2155 −304. The colours are ordered in time, according to the 
palette panel on the right. 
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.2.2 Colour–ma gnitude dia grams 

ince variations in the optical flux are usually related to spectral
hanges, which can be characterized by colour changes, the study of
olour–magnitude diagrams may be helpful to find an explanation
or the origin of variability in blazars. The analysis of the spectral
hanges can provide information about the physical processes that
re responsible for these variations. In this work, we study the
orrelation between changes in the ( V − R) colour index against
ariations in the blazar’s flux in the V band. For each diagram,
e calculated the corresponding Pearson’s correlation coefficient,

, to quantify any possible trend. This coefficient is based on a
ineal correlation between v ariables. A positi ve slope between colour
ndex and magnitude implies a positive correlation, meaning that the
lazar’s trend is BWB. On the contrary, a ne gativ e slope evidences
n opposite correlation, i.e. the source follows an R WB behaviour .
n particular, we will define a correlation as weak when | r| ≤ 0 . 4,
oderate when 0 . 4 < | r| ≤ 0 . 7 and strong when | r| > 0 . 7. 
As a complement, we took the average values of the V − R colour

ndex and we estimated the average spectral index (Wierzcholska
t al. 2015 ): 

 αV R 〉 = 

0 . 4 〈 V − R〉 
log ( λR /λV ) 

, (1) 

where λV and λR are the ef fecti v e wav elengths in the V and R 

ands, respectively (Bessell, Castelli & Plez 1998 ). 
NRAS 535, 3262–3282 (2024) 

t  
 ANALYSI S  O F  T H E  RESULTS  A N D  

I SCUSSI ON  

.1 Optical analysis 

n Table 3 , we present the resulting values of the C and F parameters
n the optical band, the variability state, the number of points in
he light curves, the � factor value, the dispersion σ2 , the colour
ehaviour, the mean values of V and R magnitudes and their
mplitudes and, finally, the spectral index αV R , for the total sample of
8 blazars. Taking into account both values of the statistical tools and
pplying the DLCs criteria proposed in Zibecchi et al. ( 2017 , 2020 ),
7.7 per cent (5 out of 18) of the sample sho wed microv ariability in
he V filter, meanwhile this percentage decreased to 22.2 per cent (4
f 18) for the R filter. 
On the other hand, a sub-sample of 11 blazars was observed in
ore than one night, within the corresponding observation runs. In

ur case, we considered the internight variability to that associated to
ime-scales of days, regardless of whether the days are consecutive
r not. A 27.3 per cent of this sub-sample presented internight
ariability, in both V and R filters. On the other hand, we also
bserved 5 of the 18 blazars in a time-scale of months, finding
ariability in 4 of them. And for 3 of the blazars in the sample, we
bserved a significant variation in time-scales of years. The details
re shown in Section 4.1.1 . 

From the analysis of the magnitude–magnitude diagrams and
he DCF, we found that for all the sources where we detected
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Figure 5. The magnitude–magnitude diagrams for PKS 1510 −089 for 2015 (upper left panel), for 2019 (upper right panel), and the whole period 2015–2019 
(lower panel). The colours are ordered in time, according to the palette panel on the right. 
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icrovariability as well as variations in time-scales of days and 
onths, the value of the DCF resulted positive, which indicates a 

orrelation between the emission in the V and R bands. I.e. the
ariations detected in both bands are produced by photons emitted 
n the same region and through the same physical process. 

With respect to the colour–magnitude results, and taking into 
ccount the six blazars that presented variability in each of the 
ime-scales considered, we found that all the objects reported a 
WB trend on intraday time-scales (i.e. microvariability). All these 
bjects presented a weak correlation with characteristics of the BWB 

ype. Additionally, in one of the two nights where PKS 2155 −304
resented variability, an RWB behaviour was detected. When con- 
idering interday time-scales (days, weeks, and months), in half of 
he sample (three out of six) a BWB tendency was found, split as one
SRQ (PKS 1116 −46), and the other two BL Lacs (PKS 2005 −489
nd PKS 2155 −304). In the case of the three blazars with an RWB
rend, one corresponds to a BZU (PKS 0208 −512), another one is
 BL Lac (PKS 1440 −389) and the last one (PKS 1510 −089) is
n FSRQ. Finally, when a year time-scale is considered, only two 
bjects remained, PKS 1510 −089 (FSRQ) with an RWB trend and 
KS 2005 −489 (BL Lac) with a BWB behaviour. All these results
re in good agreement with the results obtained from Ikejiri et al.
 2011 ) and Wang, Xiong & Bai ( 2019 ), where they claimed that most
L Lacs have strong BWB trends, and from (Gu et al. 2006b ; Rani
t al. 2010 ), where an RWB tendency is associated to FSRQs. In
ddition, we analyse the existence of hysteresis loops in the colour–
agnitude diagrams. These loops illustrate the cyclical relationship 
etween brightness and spectral changes during significant variations 
uch as flares or outburst (e.g. Agarwal et al. 2021 ). For this purpose,
e have included a palette in the colour–magnitude diagrams, which 

epresents the observation date of each data point (see Figs 7 –10 ).
e have studied the cases where significant variations are reported, 

n particular for the blazars PKS 1510–089 and PKS 2005–512. 
n general, we did not find any loop-like behaviour in the colour–
agnitude diagrams. 

.1.1 Notes on individual objects 

n this section, we present a description for the behaviour 
f the sources that reported variability on some time-scale. 
n brief, we found that a subsample of six sources show
ariability, with PKS 0208 −512, PKS 1116 −46, PKS 1440 −389,
KS 1510 −089, PKS 2005 −489, and PKS 2155 −304 showing mi-
rovaribility in at least, one of both filters ( V and/or R). From
his subsample, PKS 1116 −46, PKS 1440 −389, PKS 1510 −089,
nd PKS 2005 −489 presented significant variations in time-scales of 
ays. Only in PKS 0208 −512, PKS 1510 −089, and PKS 2155 −304,
e detected variability in time-scales of months, with years-scale 
ariations in the first two. It is worth noting that the scales of
ariability longer than hours depend on the time-scales on which 
ata are available. Light curves are shown in Fig. 1 for the sources
entioned abo v e sho wing v ariability at dif ferent time-scales. 
MNRAS 535, 3262–3282 (2024) 
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Figure 6. The magnitude–magnitude diagrams for PKS 2005 −489 for 2015 (upper left panel), for 2019 (upper right panel), and the whole period 2015–2019 
(lower panel).The colours are ordered in time, according to the palette panel on the right. 
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In the following, we provide an individual description for each of
hese objects, we analyse the behaviour of the detected variability and
e study the possible correlations between magnitudes and ( V − R)

olour. The DCF values given in each case correspond to the highest
eak of the function, associated with a time lag of τ = 0 s, which
eans that the variability, if exists, is affecting both the V and R

ands at the same time. We adopted a 99.9 per cent confidence level
or the Pearson coefficient. 

PKS 0208–512: this blazar is catalogued as BZU, and it has
isplayed both long-term flux variations with high amplitude as
ell as significant microvariability. Its 2008–2012 R-band light

urve shown in Chatterjee et al. ( 2013a ) displayed a � 3 mag
mplitude. On the other hand, this source also reported a significant
icrovariation of �m V = 0 . 131 mag in 7.75 h, with a mean value

f V = 15 . 63 ± 0 . 02 mag (Romero et al. 2002 ). 
We observed this blazar during three nights, 2015 August 13 and

eptember 15 and 17 (see Fig. 1 ). Results can be seen in Table 3 .
or the 2015 data, we found microvariability in the R band and
ignificant variations on time-scales of months, in both V and R 

ands. The mean magnitude during the 2015 September 17 night
 〈 V 〉 = 17 . 26 mag) indicates that the blazar was at a low-flux stage
uring our observations, with respect to the values mentioned abo v e.
ith respect to the spectral index αV R (see Table 3 ), the spectral

istribution became harder during the period August–September
Fig. 11 ). We also obtained a strong correlation between V and R 

ands, with a value of the Pearson’s correlation coefficient r = 0 . 992,
nd DCF = 1 . 006 ± 0 . 103; this would indicate that V and R emis-
NRAS 535, 3262–3282 (2024) 
ions are co-spatial (Fig. 4 ). Finally, analysing the colour–magnitude
iagram (Fig. 7 ), although we found a weak BWB tendency for the
ight that the source resulted variable, a strong ne gativ e correlation
s evident in time-scales of months, with r = −0 . 759, indicating an
WB tendency. The latter trend is similar to what Chatterjee et al.
 2013a ) reported. 

PKS 1116–46: this source is an FSRQ, observed during two nights
n 2015 April. We found intranight variations in both V and R filters,
s well as at internight time-scales in the R band (Table 3 ). This is the
rst time that microvariability is reported for this source. In Fig. 1 ,
e show the magnitude variations for both filters. We found similar
alues for the standard magnitudes to those reported in the literature
Tritton 1971 ; Adam 1985 ; Bozyan, Hemenway & Argue 1990 ; Ojha
t al. 2009 ). This source has maintained an almost constant m v 

alue o v er the last 45 yr approximately, becoming slightly brighter
ately. Magnitudes in both filters presented a strong correlation
Fig. 4 ), supported by the value of the DCF = 0 . 889 ± 0 . 11 and the
orresponding Pearson’s correlation coefficient r = 0 . 829. About the
olour behaviour, the colour–magnitude diagram (Fig. 7 ) showed a
oderate BWB tendency for the blazar, with a Pearson’s coefficient

 = 0 . 541. 
PKS 1440–389: we observed this BL Lac (HSP) during three

ights in 2014 April. Both internight and intranight variabilities
ere detected, but only in V filter (Table 3 and Fig. 1 ). We found
 strong correlation between the flux in both bands (Fig. 4 ), where
he values of the DFC and the Pearson’s coefficient confirmed this
 DCF = 0 . 053 ± 0 . 030 and r = 0 . 877). From the colour–magnitude
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Figure 7. The colour–magnitude diagrams for PKS 0208 −512, PKS 1116 −46, and PKS 1440 −389. The colours are ordered in time, according to the palette 
panel on the right. 
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iagram (Fig. 7 ), we obtained that the blazar could present an RWB
endency, with a weak and negative correlation for the data (Pearson’s
oefficient r = −0 . 176). 

PKS 1510–089: This is a well-studied FSRQ, observed during 11 
ights, between 2015 April 12–14, 2019 April 4–7, and 2019 May 7–
0. From the 2015 data, intranight variability was detected during the 
hird night, in both filters. With respect to the internight variability, 
e found some variations, specially in the R filter (Table 3 ). In 2019,
e found microvariability in three nights in the R filter, while for the
bservations of April and May, internight variations were detected in 
oth filters (Fig. 2 ). Gupta et al. ( 2016 ) reported the behaviour of this
lazar in time-scales of months (from 2014 April–August), obtaining 
mplitudes �m V = 0 . 85 mag and �m R = 0 . 75 mag. Comparing its
agnitudes between 2014 and 2015, PKS 1510 −089 was increasing 

n brightness (0.85 mag for V and 0.87 mag for R). Sandrinelli
t al. ( 2014 ) also studied the variability in short and long time-
cales between 2006 January 2006 and 2012. They reported this 
ource as strongly variable, with amplitudes of �m V = 3 . 25 mag and
m R = 3 . 01 mag in ∼6.5 yr. As can be seen from the data provided

n this paper, we also find this object as a variable blazar. From the
MNRAS 535, 3262–3282 (2024) 
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Figure 8. The colour–magnitude diagrams for PKS 1510 −089 for 2015 (upper left panel), for 2019 (upper right panel), and the whole period 2015–2019 (lower 
panel). The colours are ordered in time, according to the palette panel on the right. 

Figure 9. The colour–magnitude diagrams for PKS 2005 −489 for 2015 (upper left panel), for 2019 (upper right panel), and the whole period 2015–2019 (lower 
panel). The colours are ordered in time, according to the palette panel on the right. 
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esults obtained in this work together with those published by the
ale/SMARTS 

13 blazar monitoring group, we studied the behaviour
f αV R in long time-scales. Based on the light curve variations, we
NRAS 535, 3262–3282 (2024) 

3 www.astro.yale.edu/ smarts/ glast/ home.php 

b  

α  

b  
nalysed the regions where a magnitude increment took place, and
alculated the corresponding values of ( V − R) and αV R . In Fig. 13 ,
e show the variations in the V and R fluxes and the corresponding
ehaviour of αV R . When the blazar became weaker, the value of the
V R index decreased, implying that the spectral energy distribution
ecame harder. Instead, when the source was brighter, the spectral

https://www.astro.yale.edu/smarts/glast/home.php
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Figure 10. The colour–magnitude diagrams for PKS 2155 −304, for the two data sets of 2015 August and September. The colours are ordered in time, according 
to the palette panel on the right. 
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ndex increased, i.e. the spectral distribution got softer. Thus, the 
hanges in the brightness of the blazar were reflected in the spectral
ehaviour, as expected. Due to this behaviour, we also expected 
 correlation between the V and R bands, as can be seen in the
agnitude-magnitude diagram in Fig. 5 . We found that both the 
CF value ( DCF = 0 . 728 ± 0 . 080) and the Pearson’s coefficient

 r = 0 . 816) corroborated the strong positive correlation (see Section
.2 for a detail analysis). For the other set of data (2019), similar
esults were obtained, with a DCF value of DCF = 0 . 995 ± 0 . 085
nd a value of r = 0 . 999, giving a strong positive correlation between
 and R emissions. With respect to the colour–magnitude diagram 

Fig. 8 ), we obtained a weak ne gativ e correlation (with a Pearson’s
oefficient of r = −0 . 146), implying a possible RWB tendency
n 2015. In 2019, a moderate RWB tendency was obtained, with 
 Pearson’s coefficient r = −0 . 616. Finally, taking into account
he time-scale of years, from 2015 to 2019, we found a weak
e gativ e (moderate) correlation ( r = −0 . 400), indicating an RWB
rend. 

PKS 2005–489: This BL Lac (HSP) was observed during 11 nights
pread from 2015 August 2015 to 2019 September . No intranight 
ariability was found neither in 2015 nor in 2019. On the other
and, variability in time-scales of months and years was detected for
oth bands, V and R (Fig. 3 and Table 3 ). Heidt & Wagner ( 1996 )
bserved this blazar in June 1990 and found a mean value of 13.5
ag for the R filter, meanwhile Mahony et al. ( 2011 ) reported a

alue of 14.55 mag in the same filter for their observations carried
ut in 2011 October. Sandrinelli et al. ( 2014 ) obtained similar results
o ours. The magnitude–magnitude diagram (Fig. 6 ) showed a weak 
orrelation between the V and R bands, supported by the values 
f DCF = 0 . 285 ± 0 . 084 and the Pearson’s coefficient r = 0 . 344
2015), and DCF = 0 . 296 ± 0 . 075 and r = 0 . 957 (2019). We respect
o the colour–magnitude correlation, for the 2015 data, the amplitude 
f both magnitude and colour variations was within the errors, so the
olour–magnitude trend is spurious. For 2019, we obtained a weak 
ositive correlation ( r = 0 . 322), implying a possible BWB trend,
nd considering the whole period (2015–2019), we found a weak 
WB tendency (with a r = 0 . 287). In these cases, both tendencies

ound are affected by correlated errors (Fig. 9 ). 
PKS 2155–304: we observed this very well-known BL Lac (HSP) 

uring two nights in 2015. We detected intranight variations in 
oth nights, in both the V and R bands (Table 3 ). We also
etected variations with a significant amplitude between August and 
eptember in both filters, finding that the source became brighter 
y almost half a magnitude in barely more than a month. We show
he light curves in Fig. 1 . Several authors (Griffiths et al. 1979 ;

iller & McAlister 1983 ; Hamuy & Maza 1987 ; Carini & Miller
992 ; Smith et al. 1992 ; Jannuzi, Smith & Elston 1993 ; Heidt,
agner & Wilhelm-Erkens 1997 ; Romero, Cellone & Combi 1999 ;

andrinelli et al. 2014 ) studied the behaviour of the light curves
f this blazar. Flux changes were similar in both bands, with the
rightness of the blazar increasing during the period 1979–2000, and 
hen decreasing between 2005 and 2015. In the 1995–2005 period, 
he blazar presented the highest level of variability activity. The 
nalysis of the magnitude–magnitude diagram (Fig. 4 ) shows a strong
orrelation between magnitudes in both filters; this is supported by 
he values of DCF = 0 . 915 ± 0 . 055 and the Pearson’s coefficient
 = 0 . 989. From the published data of Hamuy & Maza ( 1987 ), Smith
t al. ( 1992 ), and Sandrinelli et al. ( 2014 ) together with our values,
e analysed the behaviour of αV R during 30 yr, finding that the

pectral index αV R increased during the same time span as the flux
n the V and R bands, while it decreased in line with the blazar’s
rightness decay. This behaviour implies that as the blazar became 
eaker, the spectral energy distribution became harder. Conversely, 
hen the brightness of the blazar increased, its spectral distribution 
ecame softer. Regarding the colour–magnitude diagram shown in 
ig. 10 , we observed different behaviours in each data set: From the
ugust data, we obtained a moderately ne gativ e correlation, with
 Pearson’s coefficient r = −0 . 741, implying an RWB tendency;
nd, for September data, we obtained a strong positive correlation 
 r = 0 . 972), associated with a BWB trend. The global trend seen for
oth data sets was a barely moderate positive correlation ( r = 0 . 406),
mplying a slight BWB tendency. 

The spectral variations for the blazars described in detail before 
re presented in the SEDs of Fig. 11 . 

.2 Multiwavelength analysis 

ur aim is to perform a multifrequency analysis focused on the
ossible correlation between optical, X- and/or γ - ray variabilities. In 
his sense, from the total sample of 18 blazars, 12 were observed with
handra , and we only found variability for 5 of them in time-scales
f hours. With respect to Swift , 16 out of 18 blazars had observations,
nd 9 showed significant variations in its light curve. On the other
MNRAS 535, 3262–3282 (2024) 
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Figure 11. The SEDs corresponding to the blazars PKS 0208 −512, PKS 1116 −46, PKS 1440 −389, PKS 1510 −089, PKS 2005 −489, and PKS 2155 −304. 
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and, a total of 15 blazars were included in the 3FGL catalogue and 8
f them reported γ - ray variability. Considering only the sources that
ho wed v ariability in all optical, X-ray, and γ - ray bands, we have
our sources: PKS 0208 −512, PKS 1510 −089, PKS 2005 −489, and
KS 2155 −304 (see Table 4 ). In particular, for PKS 1510 −089 a
eries of important flares were detected at these frequencies. Based
n the temporal co v erage as well as the amount of data available in the
hree bands, we only performed a detailed multiwavelength analysis
n PKS 1510 −089 and PKS 2005 −489. In Table 5 , we summarize
ll the information for these two sources. For the other sources
PKS 0208 −512 and PKS 2155 −304), we are expecting new data
NRAS 535, 3262–3282 (2024) 
n the following months, which will be published in a forthcoming
aper. 

In the case of PKS 1510 −089 (see Fig. 13 ), for the Chandra data
nd taking into account the whole observation run (12.6hr), we did
ot detect any variations in the X-ray light curve, obtaining a value of
he GLVARY tool equal to 0 at this time-scale, meaning it is definitively
on-variable (see the description of the GLVARY tool in Section 3.1 ).
his result is corroborated with the χ2 test ( χ2 = 1 . 178). The
wift -XRT data allow us to study the X-ray variability at time-
cale of years. The results of the LCSTATS tool showed a significant
 ariability, with a v alue of the reduced χ2 = 918 . 4 (associated
red 
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Figure 12. Z-transformed DCF between the γ -ray and optical ( V and R) 
data for the FSRQ PKS 1510 −089. The correlation is maximum at a lag 
compatible with less than 20 d, with γ -rays preceding the optical emission. 
The errors are estimated by 10 000 Monte Carlo simulations. 
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ith a χ2 = 469340 and the degrees of freedom d . o . f = 511) and
robabilities of constancy of Prob ( χ2 ) = 0 and Prob (KS) = 0. On
he other hand, according to the 3FGL catalogue, its γ -ray variability 
ndex is 11 014.0, well above the associated critical value of 72.44,
ndicating a significant variability in the γ -ray band. There are five 
ctivity phases in the γ -ray light curve: the first activity phase 
ook place between 2008 September and 2009 June, the second one 
etween 2011 April and 2012 July, the third one between 2013 June
nd 2014 February, the fourth one between 2014 August and 2015 
o v ember, and the last one between 2016 March and December. We
efine as a high-activity phase the observation run in which the flux
eaches three times its median absolute deviation for all the data. All
hases show brightness amplitudes well abo v e four times the average
ux level of this source. We also find there is a slight increment in
rightness during the last time bins in the 3FGL light curve, hinting
hat a sixth phase could have been taking place at that moment. In
rder to corroborate this, we used the FA V A tool (Abdollahi et al.
017 ) available online (see Fig. 13 ). The FA V A light curve shows
ctivity immediately after the last period co v ered by 3FGL, albeit a
ery mild one: The detected flux during this period is only twice the
verage flux for this source. 

The other variable blazar in our multiwavelength analysis is 
KS 2005 −489 (see Fig. 14 ). We found a significant variation in

ts X-rays light curve for the Chandra data, with a value of the
LVARY tool of 7 (definitively variable). The time-scale associated 
ith these variations is approximately 10 d. With respect to the Swift -
RT light curve (Fig. 14 ), we obtained a value of the reduced
2 
red = 1700 (associated with a χ2 = 869450 and the degrees of

reedom d . o . f = 511) and probabilities of constancy of Prob ( χ2 ) = 0
nd Prob (KS) = 0, from the LCSTATS tool. At the same time, its
ariability index given by the 3FGL catalogue for the γ -ray band is
31.057, greater than the associated critical value of 72.44, which 
eans that the source is v ariable. Ho we ver, the γ -rays light curve

hows a much lower amplitude than that of PKS 1510 −089: The
aximum increment detected is 1.5 times its time-averaged flux. 
he flux curve for the Fermi data shows very mild variability in γ -

ay flux contemporary to the time in which we detect variations in
ts X-ray flux. 

 DI SCUSSI ON:  C O L O U R – B R I G H T N E S S  

E N D E N C Y  

e are interested in discussing the colour–brightness relation in 
lazars, and whether this relation can be seen within our data for
he only two variable blazars in our multiwavelength sample, i.e. 
KS 1510 −089 and PKS 2005 −489. In particular, an optical colour–

ntensity relation in blazars has been suggested by many authors, 
ometimes with contradictory claims. 

A colour–intensity study was performed for a statistically sig- 
ificant sample of blazars by Ikejiri et al. ( 2011 ), on a sample
f 42 sources. In that work, they claim that the BWB trend is
 common characteristic in all blazars, with variations on time- 
cales of days/months. Moreo v er, the y suggest that an RWB trend
ay be dominant when a BL Lac source undergoes a low activity

hase, while BWB tendencies would be associated to high activity. 
he RWB behaviour could then be explained by the relatively 
tronger contribution of the (bluer) thermal accretion disc during 
o w acti vity, with respect to the redder and more v ariable contri-
ution of the jet. A BWB trend during high-activity phases, in
urn, may be attributed to shock-in-jet processes within the jet, or
o Doppler factor variation on a conv e x spectrum (Villata et al.
004 ). 
On the other hand, Safna et al. ( 2020 ) performed a similar analysis

n a sample of 37 sources, in which they found the RWB to
e the dominant trend instead, for FSRQs. They also found that
ux variability and variability amplitude increase towards longer 
avelengths for both classes of sources, which suggests that the 

et emission dominates o v er the bluer, less bright thermal emission
rising from the accretion disc. 

Ho we ver, it is worth noting that among the 42 sources reported by
kejiri et al. ( 2011 ), 29 are BL Lac sources and 13 FSRQs. Given that
our of the FSRQs were observed only five times or less, we consider
hat their results on FSRQs should be confirmed with observations 
n a larger sample. A similar case can be made for the BL Lacs
tudied by Safna et al. ( 2020 ), since four out of seven do not show
he RWB trend seen in the majority of their sample. Thus, following
hese studies, it is possible that the BWB behaviour is typical of BL
ac sources, as suggested by Ikejiri et al. ( 2011 ), and the RWB is

ypical of FSRQ sources as suggested by Safna et al. ( 2020 ). The
nverse remains to be confirmed or discarded. This is in line with past
esults: for example, BL Lacertae itself has shown a BWB behaviour
Villata et al. 2002 , 2004 ) while the FSRQ object 3C 454.3 has shown
n RWB trend (Villata et al. 2006 ). Gu et al. ( 2006b ) found the same
olour v ariation dif ference between both types of sources in a sample
f 8 blazars. Similar trends were reported by Massaro et al. ( 1998 ),
agnetti et al. ( 2003 ), Wu et al. ( 2011 ), and Bonning et al. ( 2012 ),

o name a few. In particular, Zhang et al. ( 2015 ) also report an RWB
rend in 35 out of 46 FSRQ sources, and a BWB trend for 11 out of
8 BL Lac objects. 
We wish to discuss colour–brightness tendencies (detailed in 

ection 4.1.1 ), with the multiwavelength light curves (Section 
.2 ) and the optical variability (Section 4.1.1 ). To add data to
he discussion, we included in Fig. 13 and in Fig. 14 our data
longside optical data available in the literature (taken from Bonning 
t al. 2012 ) for PKS 1510-089, and from the ATOM (Automated
MNRAS 535, 3262–3282 (2024) 
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Figure 13. Multiwavelength light curves for the blazar PKS 1510 −089 and its index αV R . The X-ray flux is in units of 10 −11 ph cm 

−2 s −1 . The γ -ray flux is 
in units of 10 −7 ph cm 

−2 s −1 . 

Table 4. Variability states for the blazar sample in the optical, X −rays, and 
γ - rays. 

Object Optical X −rays γ - rays 

PKS 0208 −512 � � � 

[HB89] 0414 + 009 × � ×
PKS 0521 −36 × � � 

3FGL J0846.9 −2336 × × ×
PKS 1116 −46 � × ×
PKS 1127 −14 × � � 

PKS 1229 −02 × × ×
PMN J1256 −1146 × × ×
PKS 1424 −41 × � � 

PKS 1440 −389 � × ×
PKS 1510 −089 � � � 

3FGL J1917.7 −1921 × × ×
3FGL J1958.2 −3011 × × ×
PKS 2005 −489 � � � 

PKS 2126 −158 × × ×
PKS 2149 −306 × � � 

PKS 2155 −304 � � � 

PMN J2310 −4374 × × ×
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elescope for Optical Monitoring of H.E.S.S.) Data Base 14 for
KS 2005 −489. 
In the case of the FSRQ source PKS 1510 −089 (see Fig. 13 ), it is

ossible to detect at least five main activity phases in the Fermi light
urve. Our optical data coincide with the fourth phase, and hint at
 sixth phase that was beginning by the end of the last observation
un. We are missing optical observations during the second high
-ray activity phase. Our X-ray data, on the other hand, show no

ignificant variability. Since PKS 1510-089 has its SED valley in the
oft X-ray band (around 2 keV, see e.g. Barnacka et al. 2014 ), the
NRAS 535, 3262–3282 (2024) 

4 https://www .lsw .uni-heidelber g.de/projects/hess/AT OM/

i  

a  

r  
-ray flux is rather low. Abdo et al. ( 2010d ) also found complex
icrovariability (within 6–12 h) in the optical and γ -rays bands of
KS 1510 −089. They demonstrated there was a strong correlation
etween the γ -ray and optical fluxes, with the latter leading the
ormer in 13 d. Similar conclusions were claimed to be derived by
ajput, Stalin & Sahayanathan ( 2020 ), by cross-correlating the γ -ray
nd optical light curves for some specific, arbitrarily chosen periods.
 detailed cross-correlation study was presented recently by Yuan

t al. ( 2023 ), both for the whole period and for each single high-
ctivity phase. In that study, they used the Z-transformed discrete
orrelation function (ZDCF), developed by Alexander ( 1997 ), which
s adapted for sparse, unevenly sampled light curves, as is the
ase with most blazar observations. They found there is a strong
orrelation between the optical and γ -ray bands, with a time lag
ompatible with less than 10 d. 

Moreo v er, the variations in the different fluxes from
KS 1510 −089 seem to be related to changes in the colour behaviour.
andrinelli et al. ( 2014 ) found an RWB trend during the low
ctivity phases, while the ( R − H ) and ( J − K) colours indicated
 BWB trend during the high-activity phases. Similar results were
ound by Sasada et al. ( 2011 ), who also studied the same activity
hase in 2009 (with a 10 × flux increase in 10 d), and found an
v erage RWB tendenc y when analysing the ( V − J ) colour, but a
WB trend when the activity ensued. Analysing our optical data,
KS 1510 −089 presented a moderately RWB ( r = −0 . 40) o v erall
v eraged tendenc y, since it was undergoing a quiet phase during
015. Ho we ver, when taking into account only the time interval
ith both strong intranight and internight variability (2019), it
isplayed a moderate to strong RWB behaviour: r = −0 . 62 during
pril 2019, and r = −0 . 82 during 2019 May. Being an FSRQ,

his result is in agreement with Sasada et al. ( 2011 ). Ho we ver, the
act that both the γ -ray and optical bands, which are close to the
nverse Compton and synchrotron peaks, respectively, are varying
nd could be correlated, means that the jet component is most likely
esponsible for this variability. This means that variations in the

https://www.lsw.uni-heidelberg.de/projects/hess/ATOM/
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Table 5. Summary of the results obtained for PKS 1510 −089 and PKS 2005 −489 in the multiwavelength analysis. 

Object SED class Optical CM trend Pearson’s CI X-rays γ -rays 
V R coefficient r 95 per cent 0.1–8 keV 20 MeV–300 GeV 

PKS 1510 −089 (2015) FSRQ (LSP) V V RWB −0 . 15 (weak) [ −0 . 4, 0.0] V V 

(2019) V V RWB −0 . 62 (moderate) [ −0 . 7, −0 . 5] V NV 

(2015-2019) V V RWB −0 . 40 (weak) [ −0 . 7, −0 . 5] V V 

PKS 2005 −489 (2015) BL Lac (HSP) NV NV – – – V V 

(2019) V V BWB 0.33 (weak) [0.2, 0.4] NV NV 

(2015–2019) V V BWB 0.29 (weak) [0.2, 0.4] V V 

Notes. The columns are object name, SED class, variability state in the optical band, the Pearson’s coefficient r , the colour–magnitude trend, the confidence 
interval (CI) at 95 per cent of confidence level, and the variability state in the X- and γ -rays bands. 

Figure 14. Multiwavelength light curves for the blazar PKS 2005 −489 and its index αV R . The X-ray flux is in units of 10 −11 ph cm 

−2 s −1 . The γ -ray flux is 
in units of 10 −7 ph cm 

−2 s −1 . 
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hysical settings of the jet, such as the injection of new relativistic
articles or changes in the magnetic field strength, can affect both the
ynchrotron and inverse Compton emission. As a result, fluctuations 
n the synchrotron radiation at optical wavelengths can be associated 
ith corresponding changes in the inverse Compton emission at γ - 

ay energies, leading to correlated variability between these bands. 
hile the processes go v erning the emission at these two peaks may

ave different dependencies and time-scales, their interplay within 
he jet can produce correlated variability, as observed in the γ -ray 
nd optical bands of some blazars. 

To further confirm the correlation between our γ -ray and optical 
ight curves, we proceed to repeat a similar experiment to that 
erformed by Yuan et al. ( 2023 ). We merge both the V and R optical
ight curves into one, and we run a ZDCF algorithm ( PYZDCF , Jankov
t al. 2022 ) which estimates the error of each point by running several
onte Carlo simulations (10000 in our case). Both the optical and γ -

ay light curves were normalized to their respective absolute maxima. 
e limited the space of possible time lags to −365 → 365 d. In

ig. 12 , we show the result of our ZDCF test. It differs from the
ne performed by Yuan et al. ( 2023 ) in the γ -ray light curve time
ins, since we used the light curve from the 2FA V A catalogue,
hile they used their own Fermi data, and in the choice of software
mplementation. Our results are compatible to theirs within errors, 
ith a maximum ZDCF value of ∼ 14 + 31 

−6 d. This is consistent with
he leptonic scenario in which the jet, which is intrinsically redder
han the disc component, is dominating the spectrum; by being fed
eed photons that increase the inverse Compton scattering (Ghisellini 
013 ; Sarkar et al. 2019b ; Negi et al. 2022 ). Thus, optical and γ -ray
mission are correlated through the emission mechanism, while X- 
ays are low due to the FSRQ nature of the source. In general, the
ore luminous blazars present their peaks to wards lo wer energies,

nd can be modelled as having strong accretion feeding the jet (see
hisellini et al. 2014 ; Arsioli & Chang 2018 ; Marchesini et al. 2019 ,

nd references therein). 
The case of the BL Lac source PKS 2005 −489 is less straightfor-

ard. Although it is known for having shown extreme X-ray flares
see e.g. Kapanadze 2021 ; Chase et al. 2023 , and references therein),
t has been in a quiet state for the last decade (Chase et al. 2023 ;
ininti et al. 2023 ). There was evidence that the X-ray flares may
ave been related to the optical variability state (Dominici et al.
004 ), but since it entered the present quiet phase this could not
e confirmed. Krauß et al. ( 2016 ) sho wed, ho we ver, that a peculiar
eviation from the typical parabola shape is present in the X-ray
and of the SED of this source. In our data, PKS 2005-489 exhibits
MNRAS 535, 3262–3282 (2024) 
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ignificant X-ray variability during a period in which the γ -ray flux
s steady. Ho we v er, our optical data do not co v er this period, not ev en
hen including the optical data published by the ATOM Data Base.
he available optical data show very weak microvariability during
nly the first out of the three observation runs in 2015 August, and
ery weak IDV considering all the 2019 observations (see Table 3
nd Fig. 3 ). We do detect strong variability in the time-scale of
ears, including both the 2015 and 2019 data sets, meaning that this
ource is undergoing a quiet phase in which short scale variability
s mild or non-detected but noticeable variability can be detected
 v er long periods of time. When this source showed variability in the
ptical band, it did so with a moderate BWB tendency ( r = 0 . 64), in
greement with Ikejiri et al. ( 2011 ). 

The Fermi γ -ray light curve is instead slightly decreasing, with an
38 per cent decrease in flux right before our optical data was taken.

ur optical data also shows a slight decrease in flux, of ∼ 25 per cent.
his is indeed consistent with the results published by Chase et al.
 2023 ): The jet in PKS 2005 −489 is undergoing a quiescent phase.
he X-ray flare in our data is the 2009 flare, which they have
ttributed to either an external synchrotron emission component by
econdary pairs generated by hadronic cascades in the broad-line
egion, so not to feed the inverse Compton, or to a strong magnetic
eld. 
Being a BL Lac, PKS 2005 −489 most probably has a thin accre-

ion disc (see e.g. Paggi et al. 2009 , and references therein), which is
nough to power its jet in a classical SSC scenario. As an HSP source,
he synchrotron component of PKS 2005 −489 reaches its maximum
etween the UV and the optical wavelengths, depending on the epoch
Chase et al. 2023 ). Thus, its contribution is lo wer to wards the red
nd of the spectrum. Indeed, Otero-Santos et al. ( 2022 ) showed that
he optical spectrum of a variable BL Lac source can be modelled
y two to four power laws, of which the main one is flat and the rest
re bluer and steep. These components can increase or decrease, in
roportion to the o v erall flux, following shocks generated within the
et (Li et al. 2015 ; Feng et al. 2020 ). It is expected that the disc is
ntrinsically blue. If the jet increases its emission, it would also turn
luer the o v erall spectrum, given the SED of this source. 

 C O N C L U S I O N S  

e performed optical monitoring of 18 southern blazars, in the V 

nd R filters, in order to analyse their variability state and to explore
ny relationship between flux variations and colour behaviour. The
ain results are summarized as follows: 

(i) From the whole sample, 27.7 per cent of the blazars showed
icrovariability in the optical V band, while for the R band this per-

entage decreased to 22.2 per cent. Considering internight variability,
7.3 per cent of the blazars presented significant variations in both
 and R filters. We also observed 5 of the 18 blazars in a time-scale
f months, finding variability in four of them in both filters. And for
wo of the blazars in the sample, we observed significant variations
n the V and R optical bands in time-scales of years. 

(ii) For the sources where microvariability as well as variations
n time-scales of days and months were detected, the analysis of the
agnitude–magnitude diagrams together with the DCF showed that

hese variations in both V and R bands are produced by the photons
mitted in the same region and by the same physical process. 

(iii) We studied colour–magnitude correlations. We found that all
ix blazars that underwent flux variations in any of all the time-
cales considered, showed a BWB trend at microvariability time-
cales. Considering interday time-scales (days, weeks and months),
NRAS 535, 3262–3282 (2024) 
 50 −50 per cent behaviour is obtained for both kind of trends
BWB–RWB). Finally, when a year time-scale is considered, only
wo objects remained: PKS 1510-089 (FSRQ), with an RWB trend,
nd PKS 2005-489 (BL Lac), with a BWB behaviour. 

(iv) From the multiwavelength analysis, we conclude that
KS 1510 −089, an FSRQ object, is undergoing an activity phase,
hich most likely is due to the jet being fed and dominating the flux

pectrum. This can explain both its γ -ray and optical behaviour, as
ell as its RWB tendency. Our analysis shows that the γ -ray and
ptical light curves are cross-correlated with a lag compatible with
ess than 20 d, which is in agreement with previous results. On the
ontrary, PKS 2005 −489, a BL Lac object, is in a quiescent state,
n which it has been for more than a decade, in accordance to the
iterature. Its BWB moderate tendency could be explained due to its
SP nature, and/or to the presence of shocks within the jet. 
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