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A B S T R A C T 

Blazars are a highly variable subclass of active galactic nuclei that have been observed to vary significantly during a single night. 
This intranight variability remains a debated phenomenon, with various mechanisms proposed to explain the behaviour including 

jet energy density evolution or system geometric changes. We present the results of an intranight optical monitoring campaign 

of four blazars: TXS 0506 + 056, OJ287, PKS 0735 + 178, and OJ248 using the Carlos S ́anchez Telescope. We detect significant 
b ut colourless beha viour in OJ287 and both bluer- and redder-when-brighter colour trends in PKS 0735 + 178. Additionally, the 
g band shows a lag of ∼ 10 min with respect to the r , i , z s bands for PKS 0735 + 178 on 2023 January 17. This unexpected 

hard lag in PKS 0735 + 178 is not in accordance with the standard synchrotron shock cooling model (which would predict a soft 
lag) and instead suggests the variability may be a result of changes in the jet’s electron energy density distribution, with energy 

injection from Fermi acceleration processes into a post-shocked medium. 

K ey words: galaxies: acti ve – BL Lacertae objects: TXS 0506 + 056 – BL Lacertae objects: OJ287 – BL Lacertae objects: PKS 

0735 + 178 – galaxies: jets – quasars: OJ248. 
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 I N T RO D U C T I O N  

t the centre of most galaxies resides a supermassive black hole
SMBH) and if subject to accretion, this SMBH can be referred to
s an active galactic nucleus (AGN). A blazar is an AGN where the
elativistic jet emanating from the polar regions of the black hole is
riented along our line of sight within � 15 ◦ (Hovatta et al. 2009 ).
he resulting relativistic beaming produces highly variable emission
cross the electromagnetic spectrum (Urry 1998 ). 

Blazars can be categorized into two classes based on the features
ithin their optical spectra. BL Lac-types have near featureless
ptical spectra, whereas flat spectrum radio quasars (FSRQs) show
mission lines with EW ≥5 Å (Stickel et al. 1991 ). The spectral
nergy distribution of blazars has a distinct double-hump structure
ith a lower-energy peak at IR to X-ray frequencies and a higher-

nergy peak at X-ray to HE γ -rays (Fossati et al. 1998 ). The
ower-energy peak is attributed to synchrotron emission from the
et, whereas the source of the higher-energy peak is still debated
Ghisellini et al. 1998 ; Prandini & Ghisellini 2022 ). This second
eak can be explained through leptonic models, where the emission
s attributed to lower-energy seed photons being up-scattered by
elativistic electrons through inverse-Compton scattering (B ̈ottcher
t al. 2013 ). The source of these seed photons can be from within
synchrotron self-Compton; Maraschi, Ghisellini & Celotti 1992 )
 E-mail: callumlmccall@gmail.com 
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r from outside (external Compton; Dermer & Schlickeiser 1993 )
he jet. This means relationships between the lower- and higher-
nergy regimes are likely, as their origin is the same population
f electrons. Conversely, hadronic models involving interactions
etween protons and/or mesons might explain the high-energy
ariability independently of the lower-energy emission (B ̈ottcher
t al. 2013 ). These hadronic models are also important for the
roduction of HE neutrinos (Osorio et al. 2023 ). 
The location of the lower-energy peak can be used to distin-

uish between different blazar classes and BL Lac-type subclasses.
ow synchrotron peaked (LSP) sources have a synchrotron peak
 10 14 Hz , corresponding to IR emission, and can be FSRQs or
L Lacs (low-frequency peaked BL Lacs; LBLs). Only BL Lacs
ave synchrotron peaks at higher frequencies. High synchrotron
eaked (HSP or high-frequency peaked BL Lacs; HBLs) sources
ave synchrotron peaks > 10 15 Hz in UV or X-ray; those with a
ynchrotron peak frequency in the optical regime between 10 14 Hz
ν ≤ 10 15 Hz are classed as intermediate synchrotron peaked (ISP)

ources or intermediate-frequency peaked BL Lacs (IBLs; Urry &
 ado vani 1995 ; Abdo et al. 2010 ). 
Blazars can show variability on a variety of time-scales, from

ears down to minutes, with the latter being referred to as intranight
ariability. The intranight optical variability (INOV) of blazars has
een the focus of numerous campaigns o v er the past 30 yr (Miller,
arini & Goodrich 1989 ; Sagar et al. 2004 ; Chand et al. 2021 ), but it

s still not a well-understood characteristic of their emission. There
av e been man y models proposed to e xplain the different types of
© 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, 
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ariability such as quasi-periodic oscillations (QPOs; Jorstad et al. 
022 ), micro-flares (Bhatta et al. 2015 ), and gradual flux changes
Subbu Ulaganatha Pandian et al. 2022 ), observed over hour-long 
ime-scales. These models can predict time lags between different 
a vebands, colour ev olution, and polarization degree and angle 

hanges. Such models include geometric changes related to the 
et angle and Doppler factors of emitting blobs (Gopal-Krishna & 

iita 1992 ), intrinsic changes relating to particle energy distributions 
Bache v et al. 2012 ; Bache v 2015 ), and extrinsic changes including
icrolensing from objects outside the blazar system along our line 

f sight (Paczynski 1996 ). 
Colour evolution in blazars generally takes one of two forms: 

luer-when-brighter (BWB) or redder-when-brighter (RWB). In 
eneral, BL Lac-type sources tend to exhibit BWB trends and where 
his is not the case and an RWB trend is seen, the objects tend to
e host-galaxy-dominated (Negi et al. 2022 ). FSRQs can be found 
howing both BWB and RWB trends, but the proportion of sources
hat exhibit the latter is much greater than among BL Lacs (Zhang
t al. 2015 ; Negi et al. 2022 ). In any case, the colour changes of
lazars can be used to determine the origin of the emission and
efine emission mechanisms. The BWB chromatism may arise from 

 number of different mechanisms. One proposed mechanism is 
ynchrotron cooling of internal shock accelerated electrons, where 
igher-energy electrons cool faster making bluer light appear more 
ariable than redder light (Kirk, Rieger & Mastichiadis 1998 ). 
nother is the one-component synchrotron model where an increase 

n the energy output of the blazar increases the average particle 
nergy and thus the frequency, making the blazar appear BWB 

Fiorucci, Ciprini & Tosti 2004 ). When in faint states or periods
f jet quiescence, redder emission and variability from the accretion 
isc may become visible leading to RWB behaviour; this is true 
or both BL Lac- and FSRQ-type blazars. A potential explanation 
f why more FSRQs show general RWB behaviour may come 
rom the flattening of their spectral slope at optical frequencies 
rom the presence of the ‘UV bump’. The RWB behaviour, or
teepening of the composite thermal and non-thermal spectrum, 
ould be explained if the non-thermal component had a greater 
ontribution towards the total flux during brightening (Gu et al. 
006 ). 
Similarly to colour variability, time lags (or a lack thereof) can 

elp constrain emission processes. Time lags between different 
requencies have been observed in numerous studies (Chatterjee et al. 
008 ; Gaur , Gupta & W iita 2012 ; Liodakis et al. 2018 ), but inter-
and lags within the optical waveband are much less commonly 
bserved, with the first proposed detection in 2009 (Wu et al. 2009 ).
he internal shock model (Kirk et al. 1998 ) predicts time lags across
ll synchrotron emission frequencies and therefore within the optical 
aveband. The rate of synchrotron cooling is frequency dependent, 
eaning variability at higher energy precedes that at lower energies 

Kirk et al. 1998 ). 
INOV including colour evolution and inter-band time lags is 

ifficult to detect for a number of reasons, both physical to the
ystem and logistically in terms of observational cadence, and can 
esult in data with irregular or limited time resolution (B ̈ottcher &
ermer 2010 ). 
In this paper, we present the results of a five-night INOV monitor-

ng campaign e x ecuted o v er the period 2023 January 15–19 on four
lazars: TXS 0506 + 056, OJ287, PKS 0735 + 178, and OJ248. These
ources were chosen due to a combination of their historic degrees of
NOV and their observability during the campaign. The sample was 
ept small to ensure the data were sufficient to observe hour-long 
ariability time-scales with high sampling. 
In Section 2 , we describe the facilities and instruments used and
hotometric analysis procedures including statistical processes. In 
ection 3, we describe the individual sources and their historical 
ehaviour. In Sections 4 –6 , we present the results of the correlation
nalyses including variability indicators, colour behaviour, and time 
ags. In Section 7 , we discuss the implication of the results from the
nalysis. 

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

.1 Carlos S ́anchez Telescope – MuSCAT2 

bservations were taken with the four-colour simultaneous imager 
uSCAT2 (Narita et al. 2019 ) located on the 1 . 52 m Carlos S ́anchez

elescope (TCS) at the Teide Observatory, Tenerife. The TCS 

as a Dall-Kirkham configuration with a focal length of f /13.8
nd the MuSCAT2 instrument is fixed at the Cassegrain focus. 
uSCAT2 achieves four-colour simultaneous observations through 

he use of three dichroic mirrors to separate the light into four
avelength bands [ g (400–550nm), r (550–700nm), i (700–820nm), 
 s (820–920nm) where the subscript ‘s’ here denotes the ‘shorter’ 
aveband range to a traditional z band filter] to be detected by

our fast-readout PIXIS CCD cameras. The derived pixel scales of 
0 . 44 arcsec pixel −1 across each band correspond to a field of view

FOV) of 7 . 4 × 7 . 4 arcsec 2 in all filters (Narita et al. 2019 ). 
A summary of the TCS observations is presented in Table 1 . Each

ource was observed on three separate nights and, in general, ob-
ervations were interleaved for two sources with a typical observing 
equence of 10 frames per source with a 30-s exposure time (the
ongest that could be e x ecuted without autoguiding; imposed by an
utoguider failure). 

.2 Li v er pool Telescope – MOPTOP 

upplementary observations were carried out with the MOPTOP 

Shrestha et al. 2020 ) polarimeter on the fully robotic 2 m Liverpool
elescope (LT) located at the Observatorio del Roque de los Mucha-
hos, La Palma. The LT has a Ritchey-Chr ́etien Cassegrain design
ith MOPTOP fitted at one of the science fold ports. 
MOPTOP boasts a dual-beam configuration utilizing a continu- 

usly rotating half-wave plate and two fast readout very low noise
MOS cameras. Together, these allow MOPTOP to achieve high 

ensitivity and time resolution while minimizing systematic errors. 
OPTOP has a 7 × 7 arcsec 2 FOV (Shrestha et al. 2020 ). The data
ere taken in B (380–520 nm), V (490–570 nm), and R (580–695 nm)
lters quasi-simultaneously (observations with different filters taken 

n succession). 
The observations with MOPTOP were taken much less frequently 

han those of MuSCAT2, aiming for a fe w observ ations each night
here ver possible. Observ ations were taken on 2023 January 15–16
efore poor weather conditions in La Palma closed the observatory 
or the remainder of the campaign. 

.3 Data reduction 

he data were calibrated and analysed using the ASTROPY Python 
ackage and standard differential photometry techniques. MuSCAT2 
rames required bias/dark subtraction and flat fielding and this was 
erformed using calibration frames taken before/after observations 
ach night. The data also required a WCS fit which was performed
sing the ASTROMETRY.NET API (Lang et al. 2010 ). MOPTOP 

eduction is carried out using an automated data reduction pipeline 
MNRAS 528, 4702–4719 (2024) 
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M

Table 1. List of the blazars used in this analysis including the source right ascension ( α), declination ( δ), type, redshift ( z), TCS observation date, hours observed 
( H ), and the number of observations ( N ) in g , r , i , z s bands. 

Name α (J2000) δ (J2000) Type z Date H N 

TXS 0506 + 056 05 h 09 m 25 . s 96 + 05 ◦41 ′ 35 . ′′ 333 LSP 0.337 2023 Jan 15 5.15 121 
... ... ... ... ... 2023 Jan 16 1.43 157 
... ... ... ... ... 2023 Jan 18 0.87 100 
OJ287 08 h 54 m 48 . s 875 + 20 ◦06 ′ 30 . ′′ 640 LSP 0.306 2023 Jan 15 7.95 216 
... ... ... ... ... 2023 Jan 18 2.62 294 
... ... ... ... ... 2023 Jan 19 0.29 17 
PKS 0735 + 178 07 h 38 m 07 . s 394 + 17 ◦42 ′ 18 . ′′ 998 ISP 0.45 2023 Jan 15 3.22 77 
... ... ... ... ... 2023 Jan 16 0.63 25 
... ... ... ... ... 2023 Jan 17 7.24 313 
OJ248 08 h 30 m 52 . s 086 + 24 ◦10 ′ 59 . ′′ 820 FSRQ 0.939 2023 Jan 16 0.61 29 
... ... ... ... ... 2023 Jan 17 7.33 250 
... ... ... ... ... 2023 Jan 19 0.74 66 
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unning at the telescope which provides bias/dark subtracted, flat-
elded, and WCS-fitted frames (Smith et al. 2016 ). 
The MuSCAT2 photometric data were calibrated by calculating

he weighted average zero point in each frame using estimates from
ve in-frame calibration stars with known griz s magnitudes from
DSS, Pan-STARRS, and APASS catalogues (Henden et al. 2018 ;
lewelling et al. 2020 ; Abdurro’uf et al. 2022 ). This zero point was

hen used to calibrate the data for the source. 
MOPTOP photometric data were calibrated using an in-frame

eference star with known BVR magnitudes. Polarimetric data were
alibrated using observations of zero-polarized standard stars to
alculate instrumental polarization values ( q 0 and u 0 ) and polarized
tandard stars to find the instrumental position angle values. 

Before applying statistical methods and generating light curves,
he data were sigma-clipped using the Python package ASTROPY as a
orm of quality control. In this process, data are remo v ed if the y are
bo v e or below three times the standard deviation from the median
alue. This is an iterative process that produces updated median
nd standard deviation values until no further values are remo v ed.
pplying this to the flux values at each epoch, disproportionate
ariability between filters caused by erroneous pixels or poor sky
onditions was remo v ed. The final amount of data remo v ed equates
o less than 10 per cent (and in most cases less than 5 per cent) per
ource per epoch. 

We note that no correction for host galaxy contribution to the
ource magnitudes or colours has been applied. In general, blazars
f subclasses LSP and ISP outshine their host galaxies by several
rders of magnitude, so significant host galaxy emission is only
bserved when the AGN is in a very low state in combination with
eep photometric imaging (Nilsson et al. 2012 ; Gaur 2014 ; Olgu ́ın-
glesias et al. 2016 ). None of our sources were in such a state. 

 TA R G E T S  

.1 TXS 0506 + 056 

XS 0506 + 056 is situated at a redshift of 0.337 (Paiano et al. 2018 )
nd until recently was classified as an LSP BL Lac (LBL) object
Fan et al. 2014 ). It has been proposed that TXS 0506 + 056 may
elong to a subclass of blazars named masquerading BL Lacs, or
lue FSRQs (Ghisellini et al. 2012 ; P ado vani et al. 2019 ; Lewis
t al. 2021 ), where the Doppler-boosted synchrotron radiation in
he relativistic jet is bright enough to outshine the broad line region
Rodrigues et al. 2019 ; Rajagopal et al. 2020 ). This w ould mak e the
NRAS 528, 4702–4719 (2024) 
SRQ appear as a BL Lac object due to the apparent lack of emission
ines. 

In 2017 September, TXS 0506 + 056 was found to be in a
onsistent location with the IceCube neutrino event EHE 170922A
Kopper & Blaufuss 2017 ) to within a 3 σ significance level (IceCube
ollaboration et al. 2018 ) while in a state of heightened γ -ray activity

Tanaka, Buson & Kocevski 2017 ). Since then, the object has been the
ubject of various studies o v er different frequencies and time-scales
see K ei v ani et al. 2018 ; Bache v et al. 2021 ; Acciari et al. 2022 ). 

We observed TXS 0506 + 056 over three nights, totalling 7 . 45 h
n the griz s filters. We obtained complementary photo-polarimetric
ata with MOPTOP on the LT in the BVR bands to assess the
olarimetric state of the source during the observing campaign. We
lso took Fermi γ -ray data from the Light Curve Repository (LCR;
bdollahi et al. 2023 ). The Fermi data showed TXS 0506 + 056 to
e in a γ -ray state a little higher than its median flux level over
ll time, at 6 . 63 ± 6 . 05 × 10 −8 0 . 1 –100 GeV ph cm 

−2 s −1 (median
evel: 8 . 30 ± 0 . 23 × 10 −8 0 . 1 –100 GeV ph cm 

−2 s −1 ). Its optical lin-
ar polarization degree varied between roughly 9 and 16 per cent and
he polarization angle varied between approximately 150 ◦ and 170 ◦

cross all BVR bands. 

.2 OJ287 

J287 is located at a redshift of 0.306 (Sitko & Junkkarinen 1985 )
nd is a well-known LBL (Nilsson et al. 2018 ). OJ287 is one of the
est binary SMBH candidates with a double-peaked outburst period
f roughly 12 yr (Sillanpaa et al. 1988 , 1996 ). The observed optical
utbursts date back o v er 130 yr , corresponding to the interaction
f the secondary black hole with the primary’s accretion disc. A
econd, longer period of approximately 60 yr has also been reported
Valtonen et al. 2006 ) which is thought to arise from the orbital
recession inducing a precession into the accretion disc (Katz 1997 ;
undelius et al. 1997 ) and causing a subsequent wobble in the jet
ngle. 

We observed OJ287 over three nights, totalling 10 . 86 h in the
riz s filters. Additional MOPTOP photo-polarimetric data showed
he optical linear polarization degree varied between roughly 10 and
5 per cent and its polarization angle varied between approximately
60 ◦ and 175 ◦ across all BVR bands. Fermi γ -ray data from the
CR (Abdollahi et al. 2023 ) showed OJ287 to be in a γ -ray state
 little lower than its median flux level over all time, at 3 . 77 ±
 . 93 × 10 −8 0 . 1 –100 GeV ph cm 

−2 s −1 (median level: 5 . 94 ± 0 . 31 ×
0 −8 0 . 1 –100 GeV ph cm 

−2 s −1 ). 
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.3 PKS 0735 + 178 

KS 0735 + 178 is an ISP BL Lac-type object with a disputed redshift
s a result of its featureless optical spectrum. A lower limit of z ≥
.424 was first proposed by Carswell et al. ( 1974 ) after the detection
f a strong absorption feature, and has since been refined using the
etection of the host galaxy using deep I band imaging when the
entral engine was in a faint state ( z = 0.45 ± 0.06; Nilsson et al.
012 ), and the surrounding galaxies ( z ∼ 0.65; Stickel, Fried &
 uehr 1993 ; F alomo, Trev es & P aiano 2021 ). Sahak yan et al. ( 2023 )

ompare the multiwavelength data to that of TXS 0506 + 056, another
lazar neutrino candidate, and utilize conditions set out in P ado vani
t al. ( 2019 ) to conclude that like TXS 0506 + 056, PKS 0735 + 178
ay also be a masquerading BL Lac as a result of a radio power
 1 . 4 GHz > 10 26 W Hz −1 and a γ -ray Eddington ratio L γ / L Edd � 0.1. 
In 2021 December, PKS 0735 + 178 underwent its largest ever 

ecorded flaring event across radio (Kadler et al. 2021 ), optical 
Zhirkov et al. 2021 ), X-ray (Santander & Buson 2021 ), and γ -ray
Garrappa et al. 2021 ) frequencies while being in spacial coincidence 
ith neutrino events reported by IceCube Collaboration ( 2021 ), 
zhilkibae v, Suvorov a & Baikal-GVD Collaboration ( 2021 ), Petkov 

t al. ( 2021 ), and Filippini et al. ( 2022 ). 
We observed PKS 0735 + 178 over three nights, totalling 11 . 09 h

n the griz s filters. Its Fermi data (from the LCR; Abdollahi 
t al. 2023 ) showed PKS 0735 + 178 to be in a γ -ray state
igher than its median flux lev el o v er all time, at 4 . 41 ±
 . 71 × 10 −7 0 . 1 –100 GeV ph cm 

−2 s −1 (median level: 5 . 69 ± 0 . 35 ×
0 −8 0 . 1 –100 GeV ph cm 

−2 s −1 ). Its polarimetric properties were 
easured with MOPTOP, and showed its optical linear polarization 

egree decreased from roughly 8 to 3 per cent and polarization angle
ncreased from approximately 80 ◦ to 120 ◦ across all BVR bands. 

.4 OJ248 

J248 is an FRSQ at redshift z ∼ 0.939 (Massaro et al. 2015 ). A
ong-term multiwavelength analysis of this source was performed 
y the GASP-WEBT Collaboration from 2006–2013 (Carnerero 
t al. 2015 ) including data at radio, NIR, optical, X-ray, and γ -ray
requencies. A large multiwavelength flare was observed in late 2012 
y WEBT, Swift (D’Ammando & Orienti 2012 ), and Fermi (Orienti 
 D’Ammando 2012 ) as well as an additional radio outburst in late

010 and optical-NIR flare in early 2007. 
We observed OJ248 over three nights, totalling 8 . 68 h in the

riz s filters. Its optical polarization degree, measured by MOP- 
OP, was below 5 per cent in V band. Fermi γ -ray data from

he LCR (Abdollahi et al. 2023 ) showed OJ248 to be in a γ -
ay state consistent with its median flux level over all time, at
 . 02 ± 5 . 44 × 10 −8 0 . 1 –100 GeV ph cm 

−2 s −1 (median level: 8 . 22 ±
 . 88 × 10 −8 0 . 1 –100 GeV ph cm 

−2 s −1 ). 

 T E M P O R A L  VARIABILITY  

he griz s light curves for each source on a given night are shown
n Figs B1 –B4 for TXS 0506 + 056, OJ287, PKS 0735 + 178, and
J248, respectively. The source name and night of observation are 
iv en abo v e each plot. 
In order to quantify variability in the light curves and to disentangle

ntrinsic variability from noise, we employ several statistical tests 
o determine the variability likelihood. Specifically, we calculate 
he variability amplitude and fractional variability and perform chi- 
quared and enhanced F -test analyses. These tests are detailed in 
ections 4.1–4.4 . 
.1 Variability amplitude 

ariability amplitude is defined in Heidt & Wagner ( 1996 ) as 

A = 

√ 

( x max − x min ) 2 − 2 〈 x err 〉 2 , (1) 

here x max and x min are the maximum and minimum observed values,
nd 〈 x err 〉 is the median measurement error. The percentage variability
mplitude, VA per , is given in Romero, Cellone & Combi ( 1999 ) 
s 

A per = 

100 

〈 x〉 
√ 

( x max − x min ) 2 − 2 〈 x err 〉 2 , (2) 

here 〈 x 〉 is the average observed value. Its error, � VA per , is given
n Singh et al. ( 2018 ) as 

 VA per = 100 ×
(

x max − x min 

〈 x〉 × VA 

)

×
√ (

x err, max 

〈 x〉 
)2 

+ 

(
x err, min 

〈 x〉 
)2 

+ 

( 〈 x err 〉 
x max − x min 

)2 

VA 

4 ,

(3

here x err,max and x err,min are the errors on the maximum and minimum 

 alues, respecti vely. The v ariability amplitude aims to provide a
uantification of the absolute range of variability of a given source
y simply looking at the range of magnitudes outside of the scatter
rom the measurement errors. 

The values obtained via the variability amplitude calculations can 
e seen in column 4 in Table 2 . We find variability amplitudes ranging
rom 0.167 per cent up to 1.456 per cent across all sources, dates,
nd filters. The ratio between the error and percentage variability 
mplitude shows that in 12/48 cases the percentage variability 
mplitudes are associated with large errors (where the ratio is 
reater than 3). We note that nine of these cases are attributed
o the source OJ248; likely due to it being the faintest of the
ample. 

.2 Fractional variability 

ractional variability, described fully in Schleicher et al. ( 2019 ), is
 method of quantifying variability intensity while accounting for 
easurement uncertainties. It differs from the variability amplitude 

y considering the variability relative to the mean brightness level. 
t is defined in Edelson et al. ( 2002 ) as 

 var = 

√ 

σ 2 
NXS = 

√ 

S 2 − 〈 σ 2 
err 〉 

〈 x〉 2 , (4) 

here S 2 is the variance of the data set, 〈 σ 2 
err 〉 is the median square

rror, and 〈 x 〉 is the median value. It can also be given as the square
oot of the normalized excess variance ( σ 2 

NXS ). Its associated error is
iven in Poutanen, Zdziarski & Ibragimov ( 2008 ) as 

F var = 

√ 

F 

2 
var + �σ 2 

NXS − F var , (5) 

here �σ 2 
NXS is the error on the normalized excess variance. This 

rror is given in Vaughan et al. ( 2003 ) as 

σ 2 
NXS = 

√ √ √ √ 

( √ 

2 

N 

〈 σ 2 
err 〉 

〈 x〉 2 
) 

+ 

( √ 

〈 σ 2 
err 〉 
N 

2 F var 

〈 x〉 

) 2 

, (6) 

here N is the number of data points in the sample. It follows that
f the variance is less than the average square error, S 2 < 〈 σ 2 

err 〉 , a
eal value cannot be computed and will be denoted as < 0, indicating
MNRAS 528, 4702–4719 (2024) 
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Table 2. Variability analysis results. From left to right: the source name, date of observation, and filter is given. VA represents the variability amplitude with 
error as described in Section 4.1 , F var is the fractional variability with error as described in Section 4.2 , χ2 is the Chi-squared value given with the critical value 
as described in Section 4.3 , and F enh is the enhanced F -test value with the critical value as described in Section 4.4 . The final column describes whether or not 
the source was deemed variable in a particular filter on a given night. Of the three variability tests ( F var , χ2 , and F enh ), if all three showed variability the source 
was deemed variable (V), two meant possibly variable (PV), and one or none meant likely not variable (NV). 

Source Date Filter VA ± � VA (%) F var ± � F var χ2 ( χ2 
crit ) F enh ( F crit ) Variable? 

TXS 0506 + 056 230115 g 0.311 ± 0.003 0.04 ± 0.10 487.23 (181.99) 0.67 (1.54) NV 

... ... r 0.368 ± 0.004 0.05 ± 0.11 420.57 (181.99) 0.91 (1.54) NV 

... ... i 0.398 ± 0.003 0.05 ± 0.09 575.73 (181.99) 1.02 (1.54) NV 

... ... z z 0.499 ± 0.006 0.06 ± 0.12 303.86 (181.99) 1.23 (1.54) NV 

TXS 0506 + 056 230116 g 0.225 ± 0.004 0.02 ± 0.30 195.04 (213.97) 1.17 (1.48) NV 

... ... r 0.291 ± 0.005 0.02 ± 0.33 185.92 (213.97) 1.05 (1.48) NV 

... ... i 0.258 ± 0.004 0.03 ± 0.20 255.78 (213.97) 1.48 (1.48) PV 

... ... z z 0.294 ± 0.008 < 0 138.42 (213.97) 1.13 (1.48) NV 

TXS 0506 + 056 230118 g 0.231 ± 0.004 0.03 ± 0.24 151.25 (147.01) 0.65 (1.63) NV 

... ... r 0.183 ± 0.004 < 0 87.88 (147.01) 0.93 (1.63) NV 

... ... i 0.167 ± 0.004 0.01 ± 0.67 100.20 (147.01) 0.59 (1.63) NV 

... ... z z 0.221 ± 0.006 < 0 95.45 (147.01) 1.34 (1.63) NV 

OJ287 230115 g 0.615 ± 0.006 0.12 ± 0.06 1575.69 (281.37) 1.45 (1.40) V 

... ... r 0.517 ± 0.005 0.09 ± 0.07 1212.16 (281.37) 1.74 (1.40) V 

... ... i 0.628 ± 0.005 0.11 ± 0.05 2472.15 (281.37) 1.82 (1.40) V 

... ... z z 0.679 ± 0.010 0.11 ± 0.08 962.74 (281.37) 1.59 (1.40) V 

OJ287 230118 g 0.539 ± 0.008 0.07 ± 0.13 569.87 (369.03) 0.94 (1.34) NV 

... ... r 0.519 ± 0.009 0.06 ± 0.15 489.41 (369.03) 1.04 (1.34) NV 

... ... i 0.503 ± 0.009 0.08 ± 0.10 796.89 (369.03) 1.23 (1.34) NV 

... ... z z 0.534 ± 0.014 0.06 ± 0.16 445.58 (369.03) 0.86 (1.34) NV 

OJ287 230119 g 0.398 ± 0.015 0.06 ± 0.40 23.90 (42.31) 1.22 (3.07) NV 

... ... r 0.497 ± 0.012 0.08 ± 0.29 25.79 (42.31) 0.66 (3.07) NV 

... ... i 0.189 ± 0.007 < 0 11.46 (42.31) 0.26 (3.07) NV 

... ... z z 0.349 ± 0.018 < 0 7.76 (42.31) 0.56 (3.07) NV 

PKS0735 + 178 230115 g 0.591 ± 0.004 0.12 ± 0.06 1194.61 (116.09) 6.17 (1.76) V 

... ... r 0.427 ± 0.004 0.09 ± 0.08 564.00 (116.09) 4.01 (1.76) V 

... ... i 0.509 ± 0.005 0.11 ± 0.06 833.54 (116.09) 5.54 (1.76) V 

... ... z z 0.632 ± 0.010 0.13 ± 0.09 405.05 (116.09) 5.35 (1.76) V 

PKS0735 + 178 230116 g 0.415 ± 0.005 0.08 ± 0.13 138.44 (52.62) 5.63 (2.59) PV 

... ... r 0.325 ± 0.005 0.06 ± 0.22 61.50 (52.62) 3.88 (2.59) PV 

... ... i 0.447 ± 0.005 0.08 ± 0.14 109.87 (52.62) 6.12 (2.59) PV 

... ... z z 0.353 ± 0.008 0.06 ± 0.28 46.23 (52.62) 2.45 (2.59) NV 

PKS0735 + 178 230117 g 0.992 ± 0.008 0.22 ± 0.03 6815.45 (383.68) 16.00 (1.33) V 

... ... r 0.883 ± 0.009 0.22 ± 0.03 5214.03 (383.68) 21.84 (1.33) V 

... ... i 0.825 ± 0.008 0.19 ± 0.04 4846.07 (383.68) 16.31 (1.33) V 

... ... z z 0.769 ± 0.013 0.18 ± 0.07 1711.95 (383.68) 8.24 (1.33) V 

OJ248 230116 g 0.717 ± 0.020 0.08 ± 0.34 27.81 (56.89) 0.29 (2.46) NV 

... ... r 0.588 ± 0.020 0.04 ± 0.89 27.86 (56.89) 0.31 (2.46) NV 

... ... i 0.533 ± 0.027 < 0 20.36 (56.89) 0.09 (2.46) NV 

... ... z z 0.946 ± 0.062 < 0 19.79 (56.89) 0.43 (2.46) NV 

OJ248 230117 g 0.746 ± 0.019 0.09 ± 0.19 398.02 (340.74) 0.28 (1.35) NV 

... ... r 0.886 ± 0.027 0.07 ± 0.30 317.50 (340.74) 0.17 (1.35) NV 

... ... i 1.193 ± 0.036 0.12 ± 0.20 405.82 (340.74) 0.20 (1.35) NV 

... ... z z 1.456 ± 0.088 < 0 192.61 (340.74) 0.22 (1.35) NV 

OJ248 230119 g 0.775 ± 0.021 0.11 ± 0.24 104.02 (107.26) 0.51 (1.81) NV 

... ... r 0.967 ± 0.034 0.09 ± 0.41 77.57 (107.26) 0.36 (1.81) NV 

... ... i 0.884 ± 0.033 0.07 ± 0.53 70.36 (107.26) 0.24 (1.81) NV 

... ... z z 1.135 ± 0.067 < 0 54.00 (107.26) 0.56 (1.81) NV 
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etection of insignificant variability. Where sources had F var > � F var ,
his test is deemed to show that an object has shown significant
ariability. 

The fractional variability values are shown in column 5 in
 able 2 . W e find 12/48 instances across all sources, dates, and
lters where significant levels of variability have been detected.
hese detections correspond to OJ287 on 2023 January 15, and
KS 0735 + 178 on 2023 January 15 and 17 across all filters, with the
ost significant detections corresponding to PKS 0735 + 178 on 2023

anuary 17. 
NRAS 528, 4702–4719 (2024) 
.3 Chi-squared 

hi-squared ( χ2 ), as used in Zeng et al. ( 2017 ), is given by 

2 = 

N ∑ 

i 

(
x i − 〈 x〉 

x err ,i 

)2 

, (7) 

here x i and x err, i are the individual values and errors respectively
ithin the data set, and 〈 x 〉 is the median value. Its critical value was
etermined at the 99.9 per cent confidence level ( α = 0.001) with the



Optical intranight variability of blazars 4707 

Figure 1. Light curves for OJ287 on the night of 2023 January 15. Panels correspond to g , r , i , z s data separately, from top to bottom. Time is given in UTC. 
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egrees of freedom being equal to the number of data points. Where
he value is greater than the critical v alue, significant v ariability has
een detected. χ2 is a useful metric as it quantifies the levels of
ariability about the median values. Incorporating the critical value 
llows us to determine the significance of the value. 

The χ2 values together with critical values are shown in column 
 in Table 2 . With the χ2 test, we detect significant variability in
7/48 instances across all sources, dates, and filters. In most cases, 
on-detection is consistent across filters per source per date. We find 
onsistent variability detections across all filters for TXS 0506 + 056 
n 2023 January 15, OJ287 on 2023 January 15 and 18, and PKS
735 + 178 on 2023 January 15 and 17. 

.4 Enhanced F -test 

he enhanced F -test ( F enh ) is given in de Diego ( 2014 ) and aims to
uantify the variability of a target while incorporating the variability 
f multiple reference stars (Subbu Ulaganatha Pandian et al. 2022 ). 
t is given as 

 enh = 

S 2 blazar 

S 2 star 
, (8) 

here S 2 blazar is the variance of the blazar and S 2 star is the combined
ariance of the comparison stars. S 2 star is defined as 

 

2 
star = 

1 

( 
∑ k 

j= 1 N j − k) 

k ∑ 

j= 1 

N j ∑ 

i= 1 

σj,i , (9) 

here N j is the number of observations of the j th comparison star,
 is the number of comparison stars and σ j , i is the scaled square
eviation. σ j , i is given as 

j,i = s j ( m j,i − 〈 m j 〉 ) 2 , (10) 

here m j , i is the magnitudes of each comparison star, 〈 m j 〉 is the
ean magnitude of the comparison star, and s j is the scaling factor

o account for the different SNRs of the comparison stars. s j is given
s 

 j = 

〈 σ 2 
blazar 〉 

〈 σ 2 
sj 〉 

, (11) 
here 〈 σ 2 
blazar 〉 and 〈 σ 2 

sj 〉 are the average square errors of the blazar
nd comparison star magnitudes, respectively. Its critical value was 
etermined at the 99.9 per cent confidence level ( α = 0.001) with the
egrees of freedom for the blazars being one less than the number
f observations, and the degrees of freedom for the comparison stars
eing the sum of one less than the number of observations for each
omparison star. 

Finally, the F enh values with critical values are shown in column
 in Table 2 . They show significant detections of variability in 15/48
nstances across all sources, dates, and filters. 12 of these detections
orrespond to observations in all filters of OJ287 on 2023 January
5, and PKS 0735 + 178 on 2023 January 15 and 17. 

.5 Temporal variability summary 

e summarize the results of each test in Table 2 and determine epochs
f variability, we look at the results of the fractional variability,
2 , and enhanced F -test analyses and determine variable epochs 

f all three tests are passed. If one or fewer tests were met,
e considered there to be no evidence for intranight variability 

n these sources/epochs. Overall all TXS 0506 + 056 and OJ248
pochs display no significant levels of intranight variability. There 
s possible variability from TXS 0506 + 056 on 2023 January 16.
iven that this possible variability only occurs in the i band, we

onsider this likely a result of scatter in the data. OJ287 shows
ne epoch of significant variability on 2023 January 15. PKS 

735 + 178 shows two epochs of significant variability on 2023
anuary 15 and 17 and one of possible significant variability on
023 January 16. The latter consists of very few observations due
o poor observing conditions so, based on the light curve, it is
ossible that this is a false detection. We show the light curves with
tatistically significant variability for OJ287 and PKS 0735 + 178 
n Figs 1–3 and will discuss these variable epochs further in later
ections. 

 C O L O U R  VA RI ABI LI TY  

e test for colour variability by investigating how the g − z s colour
hanges with respect to r -band magnitude and with time. We use
he Spearman rank correlation coefficients to quantify the level of 
MNRAS 528, 4702–4719 (2024) 
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Figure 2. As Fig. 1 , but for PKS 0735 + 178 on the night of 2023 January 15. 

Figure 3. As Fig. 1 , but for PKS 0735 + 178 on the night of 2023 January 17. 

Table 3. Correlation strengths for Spearman rank correlation coefficients. 
The magnitude of c shows whether the correlation is positive or negative. 

Value Correlation degree 

c = 0 No correlation 
0 ≤ | c | < 0.2 Very weak 
0.2 ≤ | c | < 0.4 Weak 
0.4 ≤ | c | < 0.6 Moderate 
0.6 ≤ | c | < 0.8 Strong 
0.8 ≤ | c | < 1 Very strong 
| c | = 1 Monotonic 

m  

u  

c  

b  

t  

d

Table 4. Colour variability statistics for variable sources on a given night. 
p and c refer to the Spearman rank correlation coefficients (significance and 
strength respectively), F enh is the enhanced F -test value with the critical value 
as described in Section 4.4 , and the final column describes whether or not 
the colour of the source was deemed variable on the given night. If p < 0.05 
and F enh > F crit , the source was deemed variable (V), otherwise not variable 
(NV). 

Source Date p c F enh ( F crit ) Variable? 

OJ287 2023 Jan 15 0.07 −0.12 0.88 (1.53) NV 

PKS 0735 + 178 2023 Jan 15 4.6 × 10 −3 0.33 4.66 (1.72) V 

. . . 2023 Jan 16 0.7 −0.08 1.84 (2.40) NV 

. . . 2023 Jan 17 3.9 × 10 −10 −0.35 3.13 (1.31) V 
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onotonic variability observed in each source on a given night. We
se α = 0.05 for the significance coefficient, p , implying a 95 per
ent confidence interval and assign the strength of the correlation, c ,
y the ranges specified in Table 3 . We also utilize the enhanced F -
est to account for the variability of the reference stars as previously
escribed. 
NRAS 528, 4702–4719 (2024) 
The Spearman rank correlation coefficients and enhanced F -test
alues for each set of g − z s versus r data are shown in Table 4 (full
able for all epochs available in Table B1 with the corresponding
lots in Fig. B5 in Appendix B). There are two epochs that show
ignificant colour variability during observations; PKS 0735 + 178 on
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he nights of 2023 January 15 and 17. The former shows a positive
orrelation with a strength of 0.33, indicating a weak correlation. The 
ositive nature of this correlation implies as the source gets brighter, 
t also gets redder in colour. Conversely, the latter date shows a
e gativ e correlation with a strength of 0.35, again indicating a weak
orrelation, although the ne gativ e nature this time indicates as the
ource gets brighter, it also gets bluer. 

To confirm these results, we also obtained correlation statistics on 
he slope of the optical spectral energy distribution (SED) versus the 
 -band magnitude. The slope was obtained by fitting a line through
he g -, i- , z s -band magnitudes at each epoch. This analysis confirmed
he same sources and epochs to show significant variability as the 
olour analysis (see Appendix A for details). 

 TIME-LAG  ANALYSIS  

e test for the possibility of a time lag between griz s bands on
he nights where sources show statistically significant variability. 
his would be indicative of a shock or any energy density evolution
ithin the jet, and allow us to rule out geometric variability processes

ik e Doppler f actor evolution of spiralling emitting regions. The 
ariability must occur o v er time-scales less than the duration of the
bservations (minima and maxima within the light curves), which 
llows us to match up light curve features between bands and test
or intraband lags. Only one source and night fit these criteria, PKS
735 + 178 on 2023 January 17. To perform the lag analysis, we
tilize the discrete correlation function (DCF) which provides an 
stimate for the time lag between two unevenly sampled time series
ithout the need for interpolation, while accounting for the effects 
f correlated errors (Edelson & Krolik 1988 ). It is defined by 

DCF ij = 

( x i − 〈 x〉 ) (y j − 〈 y〉 )√ (
σ 2 

x − 〈 �x〉 2 ) (
σ 2 

y − 〈 �y〉 2 ) , (12) 

here ( x i , y j ) are the observ ations, ( 〈 x 〉 , 〈 y 〉 ) are the mean v alue from
ach light curve, ( σ x , σ y ) are the standard deviation of each light
urve, and ( 〈 � x 〉 , 〈 � y 〉 ) are the median error values (Liodakis et al.
018 ). To find the DCF value associated with each time shift, τ , we
v erage o v er the number of ( x i , y j ) pairs, N , where τ − �τ

2 < �t ij <

+ 

�τ
2 or in this case, the mean UDCF ij value 

CF ( τ ) = 

∑ 

UDCF ij 

N 

= 〈 UDCF ij 〉 . (13) 

hat also sets the DCF apart from other correlation methods is that
 standard error on DCF ( τ ) can be given by 

 DCF ( τ ) = 

1 

N − 1 

(√ ∑ (
UDCF ij − DCF ( τ ) 

)2 
)

, (14) 

ssuming the individual UDCF ij values within a bin are uncorrelated. 
We investigate the possibility of a lag within ± 60 min . While 

nalysing the data using the DCF, its limitations in accounting for
e gularly unev enly sampled data became apparent. The data consists
f an observing sequence o v er ∼ 5 min before a ∼ 10 min break
hilst observing a second target. When performing the DCF, this 
eriodically resulted in a large decrease in the number of o v erlapping
ins, zero in some instances, within �τ

2 . This is seen in the correlation
urves (Fig. 4 ) as periodic peaks and drops in the coefficient values.

Fig. 4 shows the results of the DCF on the data from PKS
735 + 178 on the night of 2023 January 17 on each griz s light curve
ith respect to the g light curve. In this configuration, a positive

ag implies g leading the other bands and a ne gativ e lag implies g
agging the other bands. The solid curve shows a Gaussian fit to the
CF correlation values, calculated to offset the structure induced by 
he periodic number of o v erlapping bins. The dotted line shows the
eak of the Gaussian curve, and therefore the lag value. It shows
 significant non-zero lag in each riz s light curve with respect to g .
etween the three bands, the lags are all consistent, with a mean value
f −6 . 94 ± 1 . 43 min . The uncertainty of 1 . 43 min is the average
adence of the observations and was chosen as the larger value of
verage cadence and error on the Gaussian peak. 

In order to check the significance of the induced correlation curve
tructure, and to mitigate the scatter in the light curves, we also
alculated the DCF after fitting a curve to the data. We fit each light
urve using the GAUSSIANPROCESSREGRESSOR module from SCIKIT- 
EARN in Python (Pedregosa et al. 2011 ) using the Rational Quadratic
ernel. Calculating the DCF on this fitted curve and following the
ame steps as outlined previously, we obtain the results shown in
ig. 5 . We keep the same uncertainties (1 . 43 min ) to reflect the
riginal data cadence. The results for g and i are consistent with
he values obtained previously, but the lags obtained in r and z s are
ignificantly larger at −11 . 68 ± 1 . 43 min and −15 . 48 ± 1 . 43 min ,
espectively. 

 DI SCUSSI ON  

lazar intranight variability is thought to arise from geometric 
hanges within the blazar jet; such as the Doppler factor variability
f an emitting re gion trav elling in a helical motion in the jet, from
he evolution of an emitting region through the jet or from the
cceleration/cooling of particles. Additionally, it is entirely possible 
or the observed behaviour to be a combination of multiple emitting
egions or different processes occurring simultaneously. 

The mechanism behind Doppler factor variability involves an 
mitting region, or ‘blob’, of density inhomogeneity travelling 
elically along the jet. This causes quasi-periodic oscillations (QPOs) 
n the light curve resulting from the apparent changing Doppler factor
nd subsequent bulk Lorentz factor (Camenzind & Krockenberger 
992 ; Mohan & Mangalam 2015 ; Bachev et al. 2023 ). On intranight
ime-scales, this behaviour would present across the optical regime 
s multiple brightness peaks, depending on the number of blobs, 
here individual peaks would be observed with no colour changes 
r time lags (Papadakis et al. 2004 ; Bachev 2015 ). If the origin
f the variability was many emitting blobs, each with differing 
EDs, then one might expect the emission of different blobs to
ominate at different times and subsequently cause rapid colour 
hanges in addition to the brightness changes (Bachev et al. 2023 ).
his v ariability, ho we ver, is a relati vistic ef fect rather than any change

n the emission output of the source. 
Changes in the intrinsic luminosity of the source on intranight 

ime-scales can be attributed to processes such as shocks or magnetic
econnection in the jet. These processes involve a uniform injection 
f fresh, more energetic electrons which evolve as a function of
heir energy distribution, where harder electrons cool faster (Urry 
t al. 1997 ). This may produce intra- and inter-band time lags,
hich can determine cooling times and constrain the homogeneous 

ynchrotron model (Tavecchio, Maraschi & Ghisellini 1998 ). An 
volving energy distribution may also produce colour variability 
Papadakis et al. 2004 ). Additionally, emission at optical frequencies 
an trace slightly different parts of the SED depending on the location
f the synchrotron peak. For LSP sources (three of our sources),
ptical frequencies trace the falling region of the synchrotron peak 
hich means redder frequencies map higher-energy emission and 
ay produce faster -ev olving variability, causing colour variability 

nd time lags between wav ebands. Conv ersely, for HSP blazars,
MNRAS 528, 4702–4719 (2024) 
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Figure 4. DCF coefficients testing for a lag on the data from PKS 0735 + 178 on the night of 2023 January 17. The coefficients are fitted with a Gaussian (solid 
line) to find the peak. This peak value (vertical dotted line) is shown in the legend with an uncertainty. 

Figure 5. As Fig. 4 , but with the fitted data from PKS 0735 + 178 on the night of 2023 January 17. 
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ptical frequencies trace the rising part of the SED so one would
xpect the bluer frequencies to evolve faster (Subbu Ulaganatha 
andian et al. 2022 ). 
In our work, we found that TXS 0506 + 056 and OJ248 showed no

vidence of variability in the epochs studied. OJ248 is the faintest 
bject in our sample and would have benefitted from longer exposure 
imes for better signal-to-noise had the autoguider on the TCS 

een available. TXS 0506 + 056 showed significant, weak, colour 
ariability on 2023 January 15, which may be due to the scatter in
he data. 

OJ287 showed evidence of significant flux variability on the night 
f 2023 January 15, but no significant changes in colour. There are
o significant short-time-scale features in the light curve, and the 
bserved variability consists of a gradual decrease in the brightness 
 v er the ∼ 6 hours of observing. 
PKS 0735 + 178 displayed significant variability on two out of

hree nights, including significant colour correlations showing both 
edder-when-brighter and bluer-when-brighter behaviour. Addition- 
lly, on the night when BWB colour variability was observed, a hard
ag of order 10 min was detected. 

If the hard lags observed in PKS 0735 + 178 are caused by the
volution of the electron energy distribution, different shock-in- 
et processes can be examined to explain the variability. When the 
cceleration time-scale during the shock is much less than the post-
hock cooling time-scale, i.e. t acc 	 t cool , soft lags are expected, 
here the lower energy emission (red) lag behind the higher energy 

mission (blue). Conversely, when the acceleration time-scale is 
omparable to the cooling time-scale, i.e. t acc ≈ t cool , hard lags 
re expected, where the lower energy emission precedes the higher 
nergy emission (Zhang et al. 2002 ). 

In order to achieve a hard lag, and produce comparable acceleration 
nd cooling time-scales, an energy injection is required to accelerate 
lectrons after the shock has passed, rather than allowing the 
hocked particles to cool, which results in soft lags (Mastichiadis & 

oraitis 2008 ). Injecting energy into the post-shocked medium can 
e achieved using second-order Fermi acceleration processes. Kalita 
t al. ( 2023 ) describe how turbulent magnetic fields built behind a
hock travelling through an inhomogeneous medium can produce 
hese processes, resulting in acceleration of the post-shock particles 
ia magnetic reconnection. In this scenario, energy is released to the 
urrounding particles through the interaction of magnetic field lines 
ith opposite polarity. 
While we cannot make a firm conclusion as to the nature of the

etected INOV in PKS 0735 + 178, the detection of a hard lag fa v ours
hanges to the electron energy distributions and the internal shock 
odel o v er an y geometric changes. 

 C O N C L U S I O N  

e performed simultaneous g , r , i , z s photometric observations using
uSCAT2 on the Carlos S ́anchez Telescope to study the intranight 

ptical variability of four γ -ray bright blazars. Our analysis consisted 
f employing several statistical methods to test for the presence of
ariability on time-scales of a few hours. Additionally, the DCF was 
sed to test for intra-band time lags between bands r , i , and z s with
espect to band g . We found: 

(i) TXS 0506 + 056 and OJ248 showed no evidence for intranight 
ariability on any night. 

(ii) OJ287 sho wed e vidence for intranight v ariability on 2023 
anuary 15. The nature of this variability was a gradual change, 
round 0.1 magnitudes o v er 7 hours, and was not accompanied by
ny significant changes in colour. 

(iii) PKS 0735 + 178 sho wed e vidence for intranight v ariability on
wo occasions along with changes in colour; showing both an RWB
nd a BWB correlation on different dates. 

(iv) PKS 0735 + 178 showed a time lag where the g band lags the
 , i , z s bands by around 10 min . This suggests the variability may
rise from changes in the electron energy-density distribution. 

Further observations of blazars during all activity states at high 
adences can confirm whether intraband hard lags across optical 
requencies are a more common feature than previously thought. 
his would provide strong evidence for changes in the jet’s energy
ensity as the cause for INOV in blazars. 
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PPENDI X  A :  SPECTRAL  I N D E X  

e study the change in SED of each source on a given night by
alculating the gradient of a straight line fitted through the g- , i -,
nd z z -band magnitudes at each epoch, and correlating it against the
orresponding r -band magnitude. These plots are shown in Fig. A1
here Spearman rank correlation coefficients and significance values

re giv en abo v e each plot. The results align very closely with what
s seen in the colour–magnitude diagrams in Fig. B5 , showing the
ame significance values for each source with very similar correlation
trengths. 
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Optical intranight variability of blazars 4713 

Figure A1. SED gradient using g -, i -, and z z -band magnitudes against r -band magnitude for each of the four blazars (dif ferent ro ws) on different nights 
(different columns) as indicated abo v e each plot. Spearman rank correlation coefficients and significance values are also shown abo v e each plot. 
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Figure B1. Light curves of TXS 0506 + 056 on the nights of 2023 January 15, 2023 January 16, and 2023 January 18. The panels of each of the three plots 
correspond to g , r , i , and z s filters, from top to bottom. Time is given in UTC. 
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Optical intranight variability of blazars 4715 
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Figure B2. As Fig. B1 , but for OJ287 on the nights of 2023 January 15, 2023 January 18, and 2023 January 19. 
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Figure B3. As Fig. B1 , but for PKS 0735 + 178 on the nights of 2023 January 15, 2023 January 16, and 2023 January 17. 
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Optical intranight variability of blazars 4717 
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Figure B4. As Fig. B1 , but for OJ248 on the nights of 2023 January 16, 2023 January 17, and 2023 January 19. 
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Figure B5. Colour–magnitude ( r versus g − z s magnitudes) diagrams for each of the four blazars (different rows) on different nights (different columns) as 
indicated abo v e each plot. Also present abo v e each plot are the corresponding Spearman rank correlation coef ficients and significance v alues. 
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Table B1. Colour variability statistics for each source on a given night. p and c refer to the Spearman rank correlation coefficients (significance and strength, 
respectively), F enh is the enhanced F -test value with the critical value as described in Section 4.4 , and the final column describes whether or not the colour of 
the source was deemed variable on the given night. If p < 0.05 and F enh > F crit , the source was deemed variable (V), otherwise not variable (NV). 

Source Date p c F enh ( F crit ) Variable? 

TXS 0506 + 056 2023 Jan 15 4.1 × 10 −3 0.25 1.11 (1.50) NV 

. . . 2023 Jan 16 0.34 0.08 1.41 (1.45) NV 

. . . 2023 Jan 18 0.21 −0.13 1.43 (1.58) NV 

OJ287 2023 Jan 15 0.07 −0.12 0.88 (1.53) NV 

. . . 2023 Jan 18 0.45 −0.04 0.78 (1.31) NV 

. . . 2023 Jan 19 0.39 −0.22 0.70 (2.79) NV 

PKS 0735 + 178 2023 Jan 15 4.6 × 10 −3 0.33 4.66 (1.72) V 

. . . 2023 Jan 16 0.7 −0.08 1.84 (2.40) NV 

. . . 2023 Jan 17 3.9 × 10 −10 −0.35 3.13 (1.31) V 

OJ248 2023 Jan 16 0.22 −0.24 0.41 (2.29) NV 

. . . 2023 Jan 17 0.25 0.07 1.15 (1.47) NV 

. . . 2023 Jan 19 0.35 −0.12 0.69 (1.90) NV 
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