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A B S T R A C T 

We investigate the temporal and colour variability of 897 blazars, comprising 455 BL Lacertae objects (BL Lacs) and 442 

Flat Spectrum Radio Quasars (FSRQs), selected from the Roma-BZCAT catalogue, using the multiband light curves from the 
Zwicky Transient Facility (ZTF DR6) survey. Assessing the colour variability characteristics over ∼2 yr time-scales, we found 

that 18.5 per cent (84 out of 455) BL Lacs showed a stronger bluer-when-brighter (BWB) trend, whereas 9.0 per cent (41 out 
of 455) showed a redder-when-brighter (RWB) trend. The majority (70 per cent) of the BL Lacs showing RWB are host galaxy 

dominated. For the FSRQ subclass, 10.2 per cent (45 out of 442) objects showed a strong BWB trend and 17.6 per cent (78 out of 
442) showed a strong RWB trend. Hence, we find that BL Lacs more commonly follow a BWB trend than do FSRQs. This can be 
attributed to the more dominant jet emission in the case of BL Lacs and the contribution of thermal emission from the accretion 

disc for FSRQs. In analysing the colour behaviour on shorter time windows, we find many blazars evince shorter partial trends 
of BWB or RWB nature (or occasionally both). Some of such complex colour behaviours observed in the colour–magnitude 
diagrams of the blazars may result from transitions between the jet-dominated state and the disc-dominated state and vice versa. 

K ey words: galaxies: acti ve – BL Lacertae objects: general – galaxies: jets – quasars: general. 
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 I N T RO D U C T I O N  

lazars are a special subclass of active galactic nuclei (AGNs), 
ossessing a relativistic jet directed close to the observer’s line 
f sight (Blandford & Rees 1978 ; Urry & P ado vani 1995 ). The
lazars emit in a very wide range of wavelengths from radio to
amma-ray bands and show violent variability on diverse time- 
cales ranging from minutes to years (e.g. Hufnagel & Bregman 
992 ). Their spectral energy distributions (SEDs) are characterized 
y non-thermal continuum spectra consisting of two components: 
 low-energy component peaking anywhere from infrared to X-ray 
requencies and a high-energy component peaking at frequencies 
rom hard X-rays to TeV gamma-rays. The low-energy component 
s attributed to the synchrotron radiation emitted by relativistic 
lectrons in the jets (Urry & Mushotzky 1982 ). While the origin of
he high-energy component is not fully understood, it is commonly 
hought to be due to the inverse-Compton scattering of soft photons 
y the same relativistic electrons (e.g. Dermer, Schlickeiser & 

astichiadis 1992 ; Sikora, Begelman & Rees 1994 ). 
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Blazars are broadly classified into two categories: BL Lacertae 
bjects (BL Lacs) and flat spectrum radio quasars (FSRQs) (Angel &
tockman 1980 ), based on the rest-frame equi v alent widths (EWs)

n their spectra being < 5 Å and > 5 Å, respectively (e.g. Ghisellini
t al. 2011 ). BL Lacs are further classified into three subcategories
epending on the peak frequency of their synchrotron emission: 
igh-, intermediate-, and low-energy peaked BL Lac objects (HBL, 
BL, and LBL). The peak frequencies for HBLs, IBLs, and LBLs lie
igher than, around, and lower than the optical band, respectively. 
The study of blazar variability is an important tool that provides

aluable information about their nature. The optical variability of 
lazars has been a topic of intensive research since their discovery
s it affords a unique perspective on accretion disc and jet physics
Wagner & Witzel 1995 ; Ghosh et al. 2000 ; Villata et al. 2004 ;
upta et al. 2008 ; Rani et al. 2010 ; Gu & Ai 2011 ; Ikejiri et al. 2011 ;
onning et al. 2012 ; Mao & Zhang 2016 ). In particular, optical
rightness variations in blazars are often accompanied by spectral 
ariations that can be revealed by the colour–magnitude (or spectral 
ndex–magnitude) correlations (e.g. Ciprini et al. 2003 ). The analysis 
f spectral variability is of special interest in the sense that it might
onstrain the origin of corresponding brightness v ariations, e ven 
hen restricted to the optical band (Vagnetti, Trevese & Nesci 2003 ).
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Past studies of blazars in the optical band have detected several
olour–magnitude correlation patterns. It has been claimed that for
L Lacs, a bluer-when-brighter (BWB) trend, i.e. colour becoming
luer with increasing brightness, is more commonly seen. This trend
ossibly arises because electrons accelerated at the front of the shock
ose energy while propagating away from it, and since the higher
nergy electrons lose energy faster through synchrotron cooling, thus
aking the high-frequency bands more variable (e.g. Kirk, Rieger &
astichiadis 1998 ; Agarwal et al. 2019 ). Ho we ver, an opposite

edder-when-brighter (RWB) trend may be more common in the
ase of FSRQs (e.g. Gu et al. 2006 ; Rani et al. 2010 , and references
herein), likely due to an increase in the relative contribution of the

ore variable beamed jet emission to the less variable, but bluer,
ccretion disc emission. At the same time, some studies of a few
ources have reported complicated colour–magnitude relations: a
table-when-brighter (SWB) trend, a BWB trend during a period
f time but an RWB trend during another period of time, or a
WB/RWB trend not strong enough to make any such claim (Ikejiri
t al. 2011 ; Bonning et al. 2012 ; Zhang et al. 2015 ; Isler et al.
017 ). Ho we v er, these studies hav e been performed by intensiv ely
onitoring individual objects or a few tens of objects and are

uminosity biased, leading to heterogeneous observations and small
ample sizes. Consequently, despite these efforts, and because of the
 xpansiv e observing times required for them, a clear picture of the
olour behaviour of the blazars has not been established. Ho we ver,
ith the advent of se veral ne w time-domain surveys offering good

adences, it has become possible to investigate the colour variability
f the blazar populations in an unbiased manner. 
In this work, we investigate for the first time whether there is a

niversality in the colour behaviour of the blazars with the largest
omogeneous sample taken to date. We have made use of the Zwicky
ransient facility (ZTF, Bellm et al. 2019 ), which scans the northern
ky in g , r , and i bands with an average 3 d cadence using a 47 deg 2 

ide-field imager mounted on a 48-inch Schmidt telescope on Mount
alomar. The paper is organized as follows: In Section 2, we describe

he catalogues used to get our source list, the data used, and the pro-
edure to define the final sample for our study. Section 3 describes the
ata analysis and the results obtained from it. In Section 4, we discuss
hese results, and the key conclusions are presented in Section 5. 

 DATA  A N D  SAMPLE  SELECTION  

e employ the latest version (5th edition) of the Roma-BZCAT
atalogue (Massaro et al. 2015 ), the most complete list of all the
lazars detected in multifrequenc y surv e ys to date. It consists of
 total of 3561 blazars, including 1425 BL Lacs, with 92 of them
eing BL Lac candidates, 1909 FSRQs, and 227 blazars of uncertain
ype. Additionally, out of the confirmed BL Lacs, 274 have a
pectral energy distribution (SED) with a significant dominance of
he galaxy’s emission o v er that of the nucleus. In order to have a
lear picture of the characteristics of BL Lacs and FSRQs, we have
xcluded the 227 blazars listed as uncertain type and the 92 BL Lac
andidates in BZCAT that led us to a total of 3242 sources. 

Next, we searched for the point spread function (PSF) fit based
ight curves from the 6th ZTF public data release 1 (see also, Masci
t al. 2019 ) for all the objects centred at the target position within an
ngular separation of 1.5 arcsec radius. Since the i band observations
ere not well sampled for most of our targets, we first compiled a pre-

iminary sample of 2471 sources observed in both g and r bands. Note
 ht tps://www.zt f.calt ech.edu 2

NRAS 510, 1791–1800 (2022) 

a

hat ZTF treats the light curv es observ ed in a particular field, filter,
nd CCD-quadrant independently and assigns a different observation
D to the source observed in different combinations of the three. The
TF quadrants are calibrated independently, and thus combining

ight curves from different fields and CCD-quadrants (but the same
lter) can produce spurious variability (Van Roestel et al. 2021 ).
herefore, to a v oid the spurious variability originating from these
ifferent calibrations, we only take the light curve corresponding to
he observation ID with the maximum number of data points. The
TF DR6 also provides a quality score of the observed data obtained

n good observing conditions, 2 as catflags score = 0. Therefore, we
ejected all the photometric points with a non-zero catflags score.
iven that photometric outliers and abnormally large errors can

ignificantly affect the variability measurements, we remo v ed the
utliers by applying a 3 σ clipping on the whole data set and also
xcluded the poor-quality data points with large uncertainties, taken
o be those exceeding 10 per cent in magnitude. 

The obtained light curves for all the blazars have a wide range of
emporal spans, ranging from ∼100 to ∼1100 d, with a typical time
aseline of more than 700 d, or ∼2 yr, for 94 per cent of the sources.
ince blazars are highly variable sources with variability time-scales
rom minutes to years, the lack of simultaneous multiwavelength data
s a severe obstacle in the broad-band study of blazars (e.g. Zhang
t al. 2015 ). To account for these effects, we have considered only the
uasi-simultaneous observations to analyse the brightness variability
nd the true spectral behaviour of these sources. Therefore, we select
he sources having at least 10 data points with quasi-simultaneous
bservations defined as being within 30 min in both g and r bands.
his yields a final sample of 897 blazars, out of which 455 are
L Lacs and 442 are FSRQs, with 109 of the BL Lacs having a
ominant host galaxy component in their SED. The redshift and r -
and magnitude distributions of the final sample are shown in Fig. 1
nd the complete details of the sample are given in Table 1 . 

 ANALYSI S  A N D  RESULTS  

or each source, the observed data were first corrected for the
oreground galactic interstellar reddening and absorption based on
he extinction correction ( A v ) provided by NASA’s NED according
o Schlegel, Finkbeiner & Davis ( 1998 ). The g- and r -band light
urves for some of the BL Lacs and FSRQs from our sample are
hown in the lower two panels of each subplot in Figs 2 and 3 .
he entire light curves from the ZTF survey, with MJD ranging

rom 58 200 to 59 450, are shown as open diamonds, whereas the
uasi-simultaneous points used in our analysis are shown as filled
iamonds. In what follows, we compare the brightness and colour
ariability of blazars using only the quasi-simultaneous observations
n the g and r bands. 

.1 Brightness variability 

he di verse v ariability time-scales in blazars may arise from various
hysical mechanisms, including accretion disc instabilities or the
uctuations arising in the jet. The flux variations in blazars can
rovide clues to the possible origin of variability. For instance, short-
erm variability reported in flaring and high states are generally
ttributed to the shock moving down the inhomogeneous medium
n the jet (Marscher & Gear 1985 ; Wagner & Witzel 1995 ; Marscher
014 ), whereas small-amplitude variations seen in a low state of a
 ht tps://www.zt f.calt ech.edu/page/dr6 

ry 2022
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Figure 1. Distribution of the redshifts and magnitudes for the 897 blazars 
in our final sample. The targets with unknown redshift are plotted at z = 0 
with open faint red diamonds. The BL Lacs are denoted by red diamonds, 
the FSRQs by blue circles, and the BL Lacs with host galaxy domination by 
green dots. The top and right-hand panels show the cumulative distributions of 
redshift and R -band magnitudes for the BL Lacs (solid red), FSRQs (dashed 
blue), and BL Lacs with host galaxy domination (dotted green), respectively, 
excluding the targets with unknown redshifts. 

Table 1. Basic parameters of the blazar sample used in our study. 

Object RA (J2000) Dec. (J2000) Type R mag z 

(hh:mm:ss) (dd:mm:ss) (ROMABZ) 

J161706 + 410647 16:17:06.31 + 41:06:47.01 BL Lac 17.7 0.267 
J163515 + 380804 16:35:15.48 + 38:08:04.48 FSRQ 17.6 1.814 
J171613 + 683638 17:16:13.93 + 68:36:38.69 FSRQ 17.8 0.777 
J172727 + 453039 17:27:27.65 + 45:30:39.70 FSRQ 18.5 0.717 
J175728 + 552312 17:57:28.26 + 55:23:12.08 BL Lac 14.8 0.065 
J180650 + 694928 18:06:50.68 + 69:49:28.09 BL Lac 11.1 0.046 
– – – – – –

Notes . The entire table is available in the online version. Only a portion of this table is shown 
here to display its form and content. 
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lazar could be due to various instabilities in the accretion disc (e.g.
iita et al. 1991 ; Chakrabarti & Wiita 1993 ; Mangalam & Wiita

993 ). Here, we first compare the brightness variations in the BL Lacs
nd FSRQs in our ZTF sample. To do so, we computed two frequently
mployed quantities: the amplitude of variability, �, introduced by 
eidt & Wagner ( 1996 ) and the fractional variability amplitude, F var ,
escribed by Vaughan et al. ( 2003 ). First, we calculated the amplitude
f temporal variability, � r , using equation (1) for the whole data set
n the r band. 

 r = 

√ 

( A max − A min ) 2 − 2 σ 2 , (1) 

here σ 2 = < σ 2 
i > , with A max and A min being the maximum and

inimum amplitudes in the light curve, and σ i being the uncertainty 
n the i th data point. 

Bauer et al. ( 2009 ) have suggested imposing a variability cut at
.4 mag to differentiate the stronger jet-based blazar fluctuations 
rom quasar-like behaviour due to the accretion disc flares. It was 
ound that 260 out of 455 BL Lacs in our sample, or 57.1 per cent
ho wed a v ariability amplitude ≥0.4 mag, whereas only 34.6 per cent
154/442) FSRQs showed a variability amplitude ≥0.4 mag. More 
xtreme variability, with � r ≥ 1 mag, was shown by 17.4 per cent
79) BL Lacs and 12.4 per cent (55) FSRQs. Hence, this analysis
uggests that BL Lacs tend to be more variable, with the median
ariability amplitude of 0.47 in the r band as compared to 0.30 in
SRQs. Some of the excess variability in BL Lacs, as compared

o the FSRQs, is likely due to the larger observed contribution of
he jet, which is closely aligned towards the observer and hence
trongly Doppler boosted (Safna et al. 2020 ); the beaming amplifies
he observed small-scale fluctuations and also reduces the time-scale 
f these fluctuations. It may also be affected by the shorter observed
est-frame time-scales for FSRQs in our sample as compared to BL
acs, as the former are distributed at higher redshifts, with 90 per cent
f them having z ≥ 0.5, as compared to only 6 per cent in the case of
L Lacs. 
We also checked the fractional variability amplitude, F var , of both

ypes of blazars in the available g and r bands using the following
quation (2). This gives a measure of intrinsic variability amplitude 
nd represents the averaged amplitude of observed variations, cor- 
ected for the effects of measurement noise, as a fraction of the flux 

 var = 

√ 

S 2 − σ 2 
err 

x 2 
. (2) 

ere, the mean square error σ 2 
err is given as follows: 

σ 2 
err = 

1 
N 

N ∑ 

i= 1 
σ 2 

err ,i and S 2 = 

1 
N−1 

N ∑ 

i= 1 
( x i − x ) 2 is the sample 

ariance, for the N flux measurements, x i . The error in F var is given
y 

( F var ) = 

√ √ √ √ √ 

( √ 

1 

2 N 

σ 2 
err 

x 2 F var 

) 2 

+ 

⎛ 

⎝ 

√ 

σ 2 
err 

N 

1 

x 

⎞ 

⎠ 

2 

. (3) 

We find that 358 ( ∼40 per cent) of the blazars, consisting of 178
L Lacs and 180 FSRQs, showed a significant fractional variability 
efined as exceeding the 3 σ level, whereas 539 ( ∼60 per cent) were
ound to have a non-significant variability by this F var criterion during
hese ZTF observations. Among the 178 BL Lacs, the F var in the g
and is found to be higher than that in the r band for 152 objects
nd lower for only 26 objects. Similarly, out of the 180 FSRQs, 115
bjects have higher F var in the g band than in the r band, whereas 65
ources have shown the opposite trend. The distributions of � F var 

i.e. F var, g − F var, r ) for the BL Lacs and FSRQs are plotted in Fig. 4 . It
an be seen that the F var in the higher frequency g band is larger than
hat in the r band for the majority of the blazars, with the fraction of
SRQs showing such a trend being relatively lower, i.e. ∼64 per cent,
s compared to the BL Lacs (i.e. ∼85 per cent). 

.2 Colour variability 

n addition to their rapid flux variations, blazars are also found
o show spectral variations. The optical emission from blazars has 
ontributions from the quasi-thermal emission from the disc and the 
on-thermal synchrotron emission from the relativistic jet. Studying 
he spectral variations of blazars can help us in distinguishing the
ifferent components contributing to the observed flux. Since the 
olour variability of the blazars reflects their spectral variability, the 
ultiband quasi-simultaneous observations of the large sample of 

lazars discussed here can help us in finding an y univ ersality in
he spectral variations of the blazar population on substantial time- 
cales of months to years. We note that if there are significant rapid
ariations o v er time-scales of less than an hour, our requirement
MNRAS 510, 1791–1800 (2022) 
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Figure 2. The g- and r -band ZTF light curves for 4 BL Lacs, (namely, J161706 + 410647, J180650 + 694928, J171445 + 303628, and J175728 + 552312), from 

our sample, are shown in the middle and bottom panel of each subplot, respectively. The quasi-simultaneous observations used in the analysis are shown as 
filled diamonds, whereas the open diamonds represent the entire ZTF light curve. The colour–magnitude diagrams are shown in the top panels. The solid line 
represents the best fit, and the outliers (clipped points) are shown as cyan filled diamonds. The BL Lacs J161706 + 410647 and J180650 + 694928 follow a BWB 

trend o v er the complete duration of the observ ations, while the other two BL Lacs J171445 + 303628 and J175728 + 552312 follo w an RWB trend. 
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hat the different band measurements be made within 30 min of each
ther would be insufficient, but only a small fraction of our data are
o confounded. 

For the 897 sources in our sample, we generated the colour–
agnitude ( r − g versus r ) diagrams using only the quasi-

imultaneous data, as shown in top panels of each subplot of Figs 2
nd 3 . The g- and r -band light curves are also shown for the respective
ources in the middle and bottom panels of each subplot, where
he quasi-simultaneous points are denoted by filled diamonds and
he remainder of the light curve is shown in open diamonds. We
arried out orthogonal distance regression fitting to the data points in
he colour–magnitude diagram, taking into account the uncertainties
n both colour and magnitude; we also applied 3 σ clipping on the
esidual points (i.e. model −observed) in order to remo v e the probable
utliers in the colour–magnitude diagram. 
The best fit colour–magnitude models for a few of our sources are

hown as solid straight lines in the top panels of Figs 2 and 3 , and
he clipped points are shown in cyan cross symbols. In addition, the
olour–magnitude diagrams for all the sources showing some trends
n our sample are presented in the online material. For a robust
easurement of possible BWB or RWB trends in the light curves,
e first calculated the Pearson correlation coefficients by randomly
NRAS 510, 1791–1800 (2022) 
edistributing the values of colour index (CI) and r mag within the
ange from P − P e to P + P e for about 10 4 realization, where P and
 e are the parameter value and the corresponding error, respectively.
he so obtained 10 4 Pearson correlation coefficients were found to be
ell approximated by the Gaussian distributions, so the peak and the

tandard deviation of the modelled Gaussian function is considered
s the final Pearson correlation coefficient and associated uncertainty,
espectively. 

We have considered the colour behaviour of a source to be strong
WB if the Pearson correlation coefficient ρ ≤ -0.5 and if it returns
 rejection probability p ≤ 0.05. In addition, a strong RWB trend is
onsidered when ρ ≥ 0.5 and p ≤ 0.05. Using the abo v e criteria, we
ound that ∼18.5 per cent (84/455) BL Lacs showed a strong BWB
rend, whereas only ∼9.0 per cent (41/455) BL Lacs showed an RWB
rend o v er the entire durations of these light curv es. Interestingly, we
ound that for the BL Lacs showing a BWB trend, only ∼12 per cent
10/84) were contaminated by significant host galaxy contributions,
hereas for the BL Lacs showing an RWB trend, about 71 per cent

29/41) were so contaminated. On the contrary, among a total of
42 FSRQs, a small fraction, i.e. ∼10.1 per cent (45/442) of systems
howed a BWB trend, whereas ∼17.7 per cent (78/442) showed an
WB trend o v er the complete time duration available. Note that
 2

art/stab3591_f2.eps
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Figure 3. Same as Fig. 2 but for four FSRQs (namely, J171613 + 683638, J172109 + 354216, J163515 + 380804, and J172727 + 453039) from our sample. The 
FSRQs J171613 + 683638 and J172109 + 354216 follow a BWB trend throughout the observations while the other two follow an RWB trend. 

Figure 4. The differential fractional variability at the g - and r -band ( � F var ) 
distributions for BL Lacs and FSRQs exhibiting � F var at 3 σ level. The BL 

Lacs are shown in solid blue while the FSRQs are in dashed red. Each bin 
displays the bin’s raw count divided by the total number of counts and the 
bin width. 
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bout 649 sources did not show any strong correlation between the
I and the r -band magnitude. Ho we ver, if we relax our stringent
riteria to allow for a Pearson correlation coefficient of | ρ| ≥ 0.2
nd a null hypothesis rejection probability p ≤ 0.10 respectively, 
he fractions of BL Lacs showing BWB and RWB trends increase
o ∼29.7 per cent and ∼14.5 per cent, whereas for FSRQs it reaches

18.3 per cent and ∼26.7 per cent, respectively. 
For a handful of blazars, a partial trend in colour behaviour has

een reported (Ikejiri et al. 2011 ; Isler et al. 2017 ). These blazars
ave shown either a trend for only a short duration or different trends
t different epochs. These different behaviours at different times 
an possibly occur as a result of a change in the relative intensities
f the accretion disc and jet emissions. Given the good quality of
he available ZTF data for such analyses, we have also searched
or the partial trends in the colour behaviour for the entire sample.
o do so, we investigated the colour–magnitude correlation o v er
ifferent time-scales by binning the light curve and ensuring that at
east 10 continuous quasi-simultaneous data points contribute to the 
orrelation. The partial trend is calculated at all possible time-scales 
horter than the available ∼2 yr duration but exceeding at least 10 d
ith one point observed each night, keeping the stringent correlation 

riteria (with ρ ≥ 0.5 or ρ ≤ −0.5 and p ≤ 0.05). 
With this approach, out of the 330 ( ∼72.5 per cent) of BL Lacs

howing no colour trends o v er the entire light curves, 54 showed a
MNRAS 510, 1791–1800 (2022) 
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artial BWB trend at some interval of time, whereas 72 showed a
artial RWB trend. Additionally, eight BL Lacs showed a complex
olour behaviour consisting of both partial BWB and RWB trends
or different lengths of time, as shown in the second panel from the
op for each subplot in Fig. 5 . The duration o v er which the BWB or
WB trends were observed is shown as slanted lines at 45 ◦ and −45 ◦,

espectively, in the g- and r- band light curves (see Fig. 5 , lower two
anels in each subplot). In the case of FSRQs, out of the 319 sources
howing no trend across the whole duration, 29 showed a partial
WB trend, 120 showed a partial RWB trend, and eight showed a
omplex behaviour with both trends at different intervals of time.
able 2 shows the number of BL Lacs and FSRQs showing BWB or
WB trends in the complete data set and the full details about the

rends followed by all the sources are given in Table 3 along with
heir r -band variability amplitude, � r , and the differential fractional
ariability, � F var . 

.3 Correlation of colour behaviour with other parameters 

o try to understand the origin of colour behaviour in blazars, we
ompared the r -band variability amplitude for all the BL Lacs and
SRQs, sho wing dif ferent colour behaviours for the entire duration
f these observations. The distributions of variability amplitudes
re shown in the top panels of Fig. 6 . We see that the BL Lacs
howing BWB behaviour tend to show higher variability amplitudes
s compared to those exhibiting RWB trends, with median r -band
ariability amplitudes of ∼0.87 and ∼0.25 mag, respectively. We
lso performed the two-sample Kolmogoro v–Smirno v (KS) test on
he variability amplitudes of these two samples and found the p null of
.9 × 10 −18 , implying that the two samples are derived from different
opulations. The corresponding median variability amplitudes for the
istributions of FSRQs showing BWBs and RWBs are found to be
0.31 and ∼0.55 mag with p null of only 1.5 × 10 −3 . 
We also compared the r -band median magnitude distributions of

hese subsamples in the bottom panels of Fig. 6 . We find that the
edian magnitude for FSRQs with BWB trends is smaller than

he ones following RWB trends, with values of 17.36 and 18.17,
espectively. The KS test on the distribution of median magnitudes
f BWB and RWB FSRQs results in the p null of 4 × 10 −5 indicating
hat the two samples are different. This hints that the brighter FSRQs,
ikely to be in more acti ve states, follo w a BWB trend, whereas the
ainter ones follow an RWB trend. 

We also examined the difference between the g and r bands
ractional variability amplitudes, defined as � F var = F var, g − F var, r 

or the sources showing BWB and RWB trends in the ∼2 yr time-
cale. Fig. 7 shows the � F var distribution for both BWB and RWB
L Lacs and FSRQs. It was found that all the BL Lacs and FSRQs

howing a BWB trend have � F var > 0, whereas all sources showing
n RWB trend have � F var < 0. This demonstrates in another way
hat differences in variability amplitudes lead to different colour
ehaviours. In other words, for the sources with simultaneous flux
ariations, a higher amplitude of variability at a higher frequency
and goes along with the BWB trend, and those having larger
mplitude variations at a lower frequency can give rise to the RWB
rend. 

 DISCUSSION  

ptical flux and colour variability have long been subjects of blazar
esearch, with many attempts made to study the origin of their flux
ariations. Multiple studies have investigated the colour behaviour of
he blazars using different blazar samples and individual blazars o v er
NRAS 510, 1791–1800 (2022) 
ifferent time-scales (e.g. Vagnetti et al. 2003 ; Gu et al. 2006 ; Rani
t al. 2010 ; Ikejiri et al. 2011 ; Mao & Zhang 2016 ). Ho we ver, due to
he lack of reasonably unbiased and large samples, the universality in
heir colour behaviour has been highly debated. In this paper, we have
een able to search for any commonalities in the colour behaviour
f blazars by examining the largest sample of these AGN for this
urpose to date. 
Investigating the colour behaviour of blazars on a rather large time-

cale of ∼2 yr, we found that for the BL Lacs, where the jet is likely
ligned along the line of sight within 10 ◦ (Urry & P ado vani 1995 ),
4 (out of 455 BL Lacs) targets show the BWB trend. This is about
 factor of 2 higher than the 41 BL Lacs showing the RWB trend.
e note that out of these 41 RWB trending BL Lacs, 29 of them,

r ∼71 per cent, were found to be contaminated by their host galaxy
mission. Further, the subsample of BL Lacs showing the BWB trend
s found to exhibit a higher variability amplitude in comparison to
he subsample of BL Lacs showing the RWB trend. On the contrary,
 relatively larger number of FSRQs, 78 out of 442, showed an RWB
rend than a BWB trend (45 FSRQs). We also found that the FSRQs
howing BWB trend have median magnitudes relatively brighter than
he RWB ones, which hints that, similarly to BL Lacs, the FSRQs also
end to follow a BWB trend in their brighter phases. Moreo v er, the

ajority of our BL Lacs showing RWB trends were found to have
arge host galaxy contaminations. As most blazars are hosted by
lliptical galaxies (e.g. Scarpa et al. 2000 ) that are mainly composed
f red giants and stars on the asymptotic branch and have a very
mall fraction of hot young blue stars, the host galaxies emission
omponents are redder. We note that for extended sources, such
s nearby AGNs, a change in seeing may affect the host galaxy
ontribution (e.g. Feng et al. 2017 ). Ho we ver, the typical seeing at
he epoch of observations for the host galaxy dominated sources in
ur sample remained between 1.5 and 2.5 arcsec for the majority
f the time and their colour indices do not show any noticeable
ependence on this nominal seeing variation that could lead to any
ignificant impact on the observed RWB/BWB trends. 

Pre vious colour v ariability studies based on optical bands of a
andful of blazars have reported different colour behaviours on
ifferent time-scales. Vagnetti et al. ( 2003 ) found that eight BL Lacs
n their sample exhibited the BWB trend in the optical bands. Gu
t al. ( 2006 ) monitored eight red blazars from 2003 September to
004 February and found that five BL Lacs showed the BWB trend, 2
SRQs displayed the RWB trend, and one FSRQ was achromatic o v er
 period of five months. In a 10 month-long monitoring campaign
f 12 blazars, Rani et al. ( 2010 ) found that three out of six BL Lacs
xhibited the BWB trend, whereas four out of six FSRQs showed
he opposite RWB trend. These studies led to an interpretation that
he BWB trend is generally associated with BL Lacs, whereas, in
SRQs, an RWB trend is the norm. Our analyses of the colour
ehaviour of a much larger sample of blazars o v er longer durations
ave also shown that the BWB trend is more prominent in the
ase of BL Lacs, whereas, for FSRQs, the RWB trend is more
requently observed. The predominance of the BWB trend seen
n the BL Lacs can be explained by the shock-in-jet model where
he electrons accelerated to higher energies at the front of a shock
ose energy faster due to radiative cooling and thus make the high-
nergy bands more variable (Kirk et al. 1998 ; Mastichiadis & Kirk
002 ). It can also be explained if the luminosity increase was due
o the injection of fresh electrons with an energy distribution harder
han that of the previous, partially cooled ones. FSRQs are low-
ynchrotron peaked blazars with peak synchrotron frequencies lying
n the infrared regime, whereas their accretion disc components peak
n the optical to ultraviolet (P ado vani et al. 2017 ). Therefore, the
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Figure 5. The partial multicolour variation trends observed in the blazars J012128 + 112700, J142238 + 580155, J150947 + 555617, and J182924 + 540259. The 
g - and r- band light curves are shown in the bottom two panels of each subplot, respectively. The intervals with BWB and RWB trends are shown as a slanted 
region at −45 ◦ and 45 ◦, respectively. The colour–magnitude diagrams for the partial trends are shown in the second panel from the top, along with the best fit 
(solid line). The colour–magnitude diagram for the entire temporal span is shown in the top panel. 

Table 2. The number of BL Lacs and FSRQs showing BWB or RWB trends 
in the complete data set. 

Correlation Strong Weak Partial 
Trend BWB RWB BWB RWB BWB RWB 

BL Lac 84(10) 41(29) 135(11) 66(46) 54(1) 72(21) 
FSRQ 45 78 81 118 29 120 

Note. The numbers in brackets show the BL Lacs dominated by host galaxies. 
A strong correlation is defined as Pearson correlation coefficient ρ ≥ 0.5 or ρ
≤ −0.5 and ≥0.95 confidence, whereas a weak correlation is at ρ ≥ 0.2 or ρ ≤
−0.2 and ≥0.90 confidence for the typically ∼2 yr lengths of the observations. 
The partial trends require ρ ≥ 0.5 or ρ ≤ −0.5 and ≥0.95 confidence for 
durations exceeding 10 d but shorter than the full observations. 
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sual RWB trend observed in the FSRQs is likely because of the
ddition of more variable and redder non-thermal jet emission to an 
lready blue, quasi-thermal disc component (Gu et al. 2006 ; Rani
t al. 2010 ). 

Ikejiri et al. ( 2011 ) studied 42 blazars consisting of 29 BL Lacs
nd 13 FSRQs for a time-scale of ∼2 yr and detected a BWB trend
n a high fraction, 66 per cent (i.e. 28/42) of the blazars and RWB
rend in only three of their objects. For these three objects, they also
ound a BWB trend in their brighter phases. They proposed that the
WB trend is universal in blazars, and two factors, the presence
f a thermal disc and multiple variable synchrotron components, 
an disturb the general BWB trend in the blazars. The FSRQs in
ur sample also show similar trends between their magnitudes and 
heir colour behaviour, with the brighter FSRQs often following a 
WB trend, whereas the fainter ones much more frequently exhibit 
n RWB trend, as shown in Fig. 6 . This can occur if the FSRQs
howing RWB trends have been observed in their faint state and
ontain a significant contribution of thermal emission from the disc, 
hereas FSRQs showing BWB trends have been observed in the 
right state when they are completely dominated by non-thermal jet 
mission, as are BL Lacs. Another study by Mao & Zhang ( 2016 )
n 29 blazars, consisting of 25 BL Lacs and only four FSRQs, found
hat 17 out of 25 BL Lacs and two out of four FSRQs showed
 significant BWB trend in their stripe 82 observational periods, 
hereas one FSRQ followed an RWB trend. They propose that the
WB trend is quite common in long-term optical light curves of
L Lacs, while an RWB trend in FSRQs is attributed to the thermal
mission from the accretion disc. The framework presented in their 
tudy is also consistent with our analysis that the different relative
ontributions of the thermal versus non-thermal radiation to the total 
ptical emission may be responsible for the different trends of the CI
ith brightness in BL Lacs and FSRQs. 
MNRAS 510, 1791–1800 (2022) 
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Table 3. Retrieved parameters and the trends for all the sources in our sample. 

Object ID Name Type Trend Duration Variability amplitude 
Differential fractional 

variability 
� r � F var σ ( � F var ) 

1 J225005 + 382437 BL Lac none – 0.28 0 .000973 0.000238 
2 J220243 + 421640 BL Lac BWB Entire 0.26 0 .001730 0.000576 
3 J132802 + 112913 BL Lac none – 0.46 0 .001499 0.000487 
4 J151041 + 333504 BL Lac RWB Entire 0.19 − 0 .001892 0.000671 
5 J041652 + 010523 BL Lac none – 0.54 − 0 .000515 0.000614 
6 J232012 + 414605 BL Lac RWB Partial 0.29 0 .000094 0.000463 
7 J083133 + 174630 BL Lac None – 0.34 0 .001061 0.000564 
8 J181050 + 160820 BL Lac None – 1.53 − 0 .000024 0.000509 
9 J144248 + 120040 BL Lac BWB Entire 0.87 0 .003729 0.000219 
10 J083223 + 491321 BL Lac BWB Entire 1.24 0 .003111 0.000348 
– – – – – – – –

Notes . The entire table is available in the online version. Only a portion of this table is shown here to display its form and 
content. 

Figure 6. Distributions of Gaussian kernels are shown for the variability amplitude in the top row and r -band median magnitudes in the bottom row of panels 
for the BL Lacs following a BWB (solid line) and RWB (dotted line) in the left column and for FSRQs in the right column of panels. The probability distribution 
function (PDF) is derived using a non-parametric kernel density estimation (KDE) (see Silverman 1986 ) with a fixed bandwidth derived using the maximum 

likelihood cross-validation approach for each distribution. The p null values computed using the K–S test between the BWB and RWB subsamples are given in 
bottom right-hand/top left-hand corners. 
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Interestingly, we have also found that the BL Lacs showing BWB
rends are significantly more variable than the BL Lacs showing RWB
rends, as shown in Fig. 6 , whereas, in the case of FSRQs, we found
o such significant correlation. A very long-term study ( ∼10 yr) of
7 blazars by Fiorucci, Ciprini & Tosti ( 2004 ) in the optical bands
ith quasi-simultaneous observations ( � t < 2 h) have also found

hat the bluer-when-brighter trend is more prominent in extremely
 ariable objects. Ho we v er, the y also mentioned that their sample
NRAS 510, 1791–1800 (2022) 
 as biased tow ard BL Lacs, with only six FSRQs in the sample.
ence, we propose that the most extremely variable BL Lacs are
ore prone to showing the BWB trend, but no such claim could be
ade for FSRQs. This goes in accordance with the proposition that

he BWB trends could be due to the presence of two components
ontributing to the o v erall emission in the blazar’s optical flux, one
ariable (with a flatter slope) and the other stable (with αstable > αvar ).
o we ver, this result can also be understood with a one-component

art/stab3591_f6.eps
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Figure 7. Left-hand panel: distribution of � F var for the BL Lacs following the BWB (dashed blue line) and RWB (solid red line) trends. Each bin displays the 
bin’s raw count divided by the total number of counts and the bin width. Right-hand panel: the same for FSRQs. 
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ynchrotron model framework: the more intense the energy release, 
he higher the particle’s energy, as proposed in Fiorucci et al. 
 2004 ). 

We also found that partial colour variations, i.e. a BWB trend at
ertain epochs and an RWB trend at other epochs or achromatic 
t certain epochs and chromatic at other epochs, is a common 
henomenon in blazars; previously, it had been seen in only a handful
f blazars (Isler et al. 2017 ; Rajput et al. 2019 ). For instance, Isler
t al. ( 2017 ) found that the optical-infrared colour variability of
SRQ 3C 279 altered between RWB, BWB, and achromatic on 
ifferent short time-scales. From our sample of 897 blazars, we 
ound eight BL Lacs and eight FSRQs showing multiple colour 
ehaviours at different epochs. Additionally, 54 BL Lacs and 29 
SRQs showed a partial BWB trend, and 72 BL Lacs and 120
SRQs showed a partial RWB trend for a smaller duration but 
ere achromatic in the longer duration of ∼2 yr. This fluctuation 

n colour behaviour is likely due to the continuous variation in the
ontribution of the thermal accretion disc and non-thermal relativistic 
et. The pre v alent colour v ariation in blazars can also be understood
ithin a general framework proposed by Isler et al. ( 2017 ), where

ransitions from disc-dominated, to a mixed contribution, to a jet- 
ominated system can drive the shift in the colour behaviours of
he source at different times. Another possible explanation for the 
ources being achromatic on the longer duration but showing partial 
rends is if modest colour variations present during shorter periods are
meared out o v er the larger time window of the complete data set. For
uch cases, distinguishing separate states in the colour–magnitude 
iagram can help in detecting any such trend in their colour 
ehaviour. 
It is worth noting that the fraction of BL Lacs showing the

WB and RWB trends increase by 11.2 per cent and 5.5 per cent,
espectively, after relaxing the Pearson correlation coefficient thresh- 
ld from ±0.5 to ±0.2 and the rejection probability from ±0.05 
o ±0.10. Similarly, the fraction of FSRQs showing BWB and 
WB trends increase by 8.3 per cent and 7 per cent, respectively. The
bserved weak correlations in these systems may be due to the small
avelength difference between the g and r bands. For a portion of

he blazars in our sample that show no correlation, it is possible
hat the source is in the state where jet and disc contributions are
omparable, as suggested by Isler et al. ( 2017 ), and therefore there
s some cancellation of the trends observed when one or the other is
ominant. 
 C O N C L U S I O N S  

e have searched for optical flux and spectral variability in a
arge sample of blazars, including 455 BL Lacs and 442 FSRQs,
sing observations made with the ZTF quasi-simultaneously (within 
0 min) in g and r bands. We demanded at least 10 such quasi-
imultaneous measurements for each source to include it in our 
ample, though the numbers of them are usually much greater. 
or most sources, the observations were taken o v er time spans of
2 yr and we also looked at trends on shorter time-scales. The key

onclusions of our analysis are as follows: 

(i) A significant variability is found in both subclasses of blazars, 
ith BL Lacs showing a higher r −band median variability amplitude

han FSRQs, with � r = 0.47 and 0.30 mag, respectively, implying
hat the physical conditions in these two populations are different. 

oreo v er, the fraction of BL Lacs showing extreme variability (i.e.
 r > 1 mag) is relatively greater (0.17) than for FSRQs (0.12). The

xcess r -band variability in BL Lacs with respect to FSRQs is likely
riven by the strong observed jet contribution, arising from the close
lignment of the jet towards the observer. 

(ii) A significant fractional variability amplitude, with significance 
efined as F var exceeding the 3 σ level, is seen in only 40 per cent of
lazars in this sample. Among them, we find a systematically larger
 var at g band for ∼85 per cent of the BL Lacs and ∼64 per cent of
SRQs, indicating that optical variability is frequency dependent. 
o we ver, this was not the case for all the sources, as only 152 out
f 455 BL Lacs and 115 out of 442 FSRQs showed a larger F var at g
and than at r band, whereas 26 BL Lacs and 65 FSRQs showed a
igher F var at r band than that at g band. 
(iii) We found that o v er the longest probed time-scale of about

 yr, among 455 BL Lacs, 84 systems showed a BWB trend. For
he 41 BL Lacs showing an RWB trend, about 71 per cent are found
o be host galaxy dominated. This indicates that the non-thermal jet
ynchrotron emission dominates the optical continuum in BL Lacs, 
nd since the emission from the host galaxy peaks in the redder
ands, this disturbs the BWB trend of these BL Lacs. Moreo v er,
n correlating the colour behaviour of BL Lacs with the variability
mplitudes in the r band, we found that the extremely variable BL
acs are most likely to show the BWB trend. 
(iv) For the 442 FSRQs, only 45 systems showed a BWB trend,

hereas 78 evinced an RWB trend, indicating that the optical 
mission in FSRQs includes strong contributions from the quasi- 
MNRAS 510, 1791–1800 (2022) 
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hermal emission from the accretion disc. Additionally, the RWB
SRQs are found to be fainter in magnitudes as compared to the
WB FSRQs, implying that FSRQs in their bright states have
reater contributions from the jet, whereas in their fainter states, the
ontribution from the accretion disc increases such that they more
ikely follow a BWB trend in the bright state and an RWB trend in
he faint state. 

(v) A good fraction of blazars are found to show a trend o v er
imited temporal spans. Specifically, 54 BL Lacs and 29 FSRQs
llustrated partial BWB trends, whereas 72 BL Lacs and 120 FSRQs
ave shown partial RWB trends. In addition to those, eight BL Lacs
nd eight FSRQs have shown complex colour behaviours, with both
inds of trends being observed at different epochs. These types of
hanges could arise from transitions between jet-dominated and disc-
ominated states. The detection of partial trends in such a high
raction of blazars suggests that shorter-lived trends are common
hen long-term colour behaviours of blazars are studied. 
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