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A B S T R A C T 

BL Lac objects detected at TeV energies preferentially belong to the subclass called ‘high-frequency-peaked’ BL Lacs (HBLs). 
Parsec-scale radio jets in these TeV-HBLs often sho w dominant, slo w-moving radio knots that are at most mildly superluminal. We 
report the first systematic campaign to characterize the intranight optical variability (INOV) of TeV-HBLs using a representative 
sample of six such sources, all showing a fairly high degree of optical polarization. Our campaign consists of high-sensitivity 

monitoring of this sample in 24 sessions of more than 3 h duration each. For these TeV-HBLs, we find a striking lack of INOV 

and based on this, we discuss the importance of superluminal motion of the radio knots vis-a-vis the optical polarization, as the 
key diagnostic for INOV detection. 

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

uasars whose observed radiation at centimetre and shorter wave-
engths arises predominantly from a jet producing non-thermal
adiation relativistically beamed towards the observer are termed
s blazars. They exhibit flux variability across the electromagnetic
pectrum on diverse time-scales (reviewed, e.g. by Wagner & Witzel
995 ; Ulrich, Maraschi & Urry 1997 ; Marscher 2016 ; Blandford,
eier & Readhead 2019 ). Spectroscopically, blazar population is

ubdivided between ‘broad-line emitting’ flat-spectrum radio quasars
FSRQs) and BL Lac objects (BL Lacs) showing an almost feature-
ess optical/ultra v oilet (UV) spectrum (Stickel et al. 1991 ), excepting
he few cases for which spectral features due to host galaxy have
een detected. Blazars with synchrotron emission peaking at high
requencies, between UV and X-ray bands, i.e. νpeak 

syn > 10 15 Hz are
ost commonly BL Lacs and these are called HBLs (e.g. re vie ws

y Antonucci 1993 ; P ado vani & Giommi 1995 ; Urry & P ado vani
995 ; Tadhunter 2016 ). Compared to the BL Lacs with synchrotron
pectra peaking below ∼10 14 Hz (called LBLs, P ado vani & Giommi
995 ; Abdo et al. 2010 ), HBLs are preferentially detected at TeV
nergies and a few dozen such TeV-HBLs have been catalogued
Wakely & Horan 2008 ). HBLs typically have modest intrinsic radio
uminosities, as compared to LBLs and are usually hosted by ‘low-
xcitation radio galaxies’, whose central engines are powered by ra-
iati vely inef ficient gas accretion on to the central supermassive black
oles (see e.g. Ghisellini & Celotti 2001 ; Ghisellini, Tavecchio &
hiaberge 2005 ; Ghisellini, Maraschi & Tavecchio 2009 ; Meyer et al.
011 ; Giommi et al. 2012 ; Sbarrato, P ado vani & Ghisellini 2014 ).
 E-mail: vibhore@aries.res.in , vibhore.negi18@gmail.com 
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Pub
t is commonly believed that the parent (i.e. misaligned) population
f BL Lacs is F anaroff–Rile y type I (FR I; Fanaroff & Riley 1974 )
adio galaxies (e.g. Wardle, Moore & Angel 1984 ; Barthel 1989 ;
rowne 1989 ; Antonucci 1993 ; Urry & P ado vani 1995 ). Chiaberge,
apetti & Celotti ( 1999 ) showed that relativistic beaming, rather

han obscuration, of the nuclear jets can account for the 10 −10 4 

ifference in radio and optical luminosities between BL Lacs and
R I radio galaxies and the required beaming typically needs bulk
orentz factors of just a few (e.g. Urry & P ado vani 1991 ; Chiaberge
t al. 1999 ; Laing et al. 1999 ; Hardcastle et al. 2003 ; Trussoni et al.
003 ). 
The transv erse dual-v elocity structure of jets was independently

ypothesized by Chiaberge et al. ( 2000 ) taking into account the
bserved correlation between the radio and the optical core lumi-
osity in FR I radio galaxies and BL Lacs. A more direct evidence
or the ‘spine-sheath’ jet scenario comes from the observed limb-
rightening of parsec-scale jets in several lower-luminosity radio
ources, e.g. the HBLs Mrk 421 and Mrk 501 (Giroletti et al. 2004 ,
006 ; Piner et al. 2009 ; Piner, Pant & Edwards 2010 ; Britzen et al.
021 , Bruni et al. 2021 ; Janssen et al. 2021 ; Britzen et al. 2023 ),
nd also in some kiloparsec-scale jets (Owen, Hardee & Cornwell
989 ; Swain, Bridle & Baum 1998 ; Laing et al. 2011 ). Another well-
ocumented manifestation of blazar activity is their intranight optical
ariability (INOV; Gopal-Krishna & Wiita 2018 , and references
herein; Mishra et al. 2021 ; Gopal-Krishna et al. 2023 ). At least
n the context of blazars, INOV is believed to arise mainly due to a
ombination of two factors: (i) generation of turbulence within the jet
lasma whose synchrotron emissivity and fractional polarization can
ncrease while passing through one or more shocks (Marscher 2014
nd references therein; Calafut & Wiita 2015 ; also Laing 1980 ; Goyal
t al. 2012 ) and (ii) Doppler factor δj of the post-shock turbulent jet
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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lasma. While the former condition is crucial for inducing micro- 
ariability, the latter can play a key role in making it detectable
via a Doppler boost). A strong dependence of INOV on fractional 
ptical polarization ( p opt ) was first established by Goyal et al. ( 2012 ),
ho showed that a flat/inverted radio spectrum by itself does not 

nsure a strong tendency for INOV. The question remains whether 
 opt alone suffices, or the other factor mentioned abo v e, namely, a
trong beaming as inferred from the apparent speed of the VLBI
adio knots, also plays a dominant role? Since, to our knowledge, 
o systematic investigation of this issue has been reported, we have 
arried out an INOV campaign targeting representative sample of six 
eV blazars. The crucial aspect of these blazars is that even though

hey fall within the high polarization class (HPQ), their nuclear jets
re dominated by radio knots showing at most mildly superluminal 
otion which is statistically consistent with zero radial velocity 

rom the core, in a majority of cases (see Table 1 ). The selection
f the sample representing this extreme subset of HPQs is described 
n Section 2 . The observations and data reduction procedures are 
utlined in Sections 3 and 4 . Section 5 presents the results together
ith a brief discussion. Our main conclusions are summarized in 
ection 6 . 

 SAMPLE  SELECTION  

or the purpose of (optical) differential aperture-photometry, the 
resent sample of six TeV-HBLs (Table 1 ) has been drawn from the
LBI data published in Piner & Edwards ( 2018 ) for a sample of 38
eV-HBLs. We imposed a limit of z � 0.3, in order to minimize the
elative contribution from the host galaxy and thereby the possibility 
f claiming spurious INOV detection, in case the ‘point spread 
unction’ (PSF) changes during the monitoring session (Cellone, 
omero & Combi 2000 ). This resulted in exclusion of 30 of the

ources. Another two sources got discarded due to the second filter, 
mposed by observational considerations, namely (i) declination > 

 and (ii) m r ≤ 17.50-mag, taking m r from the Pan-STARRS DR1
Chambers et al. 2016 ). This left us with a sample of six VLBI
onitored TeV-HBLs (Table 1 ). It is seen that for only two of the six

ources, J0507 + 6737 and J1427 + 2348, the estimated βapp deviates 
rom zero by more than ∼2 σ , the most deviant being J0507 + 6737
or which the deviation is significant at 5.1 σ (but, even in this case,
he motion is only mildly superluminal). 

 T H E  M O N I TO R I N G  A N D  DATA  R E D U C T I O N  

he sample of six TeV-HBLs was monitored in Johnson–Cousins R 

and in 24 sessions (i.e. four sessions per source), using the 1.3-metre
e v asthal Fast Optical Telescope (DFOT; Sagar et al. 2011 ) located

t De v asthal station of ARIES (India). The images were recorded on
 Peltier -cooled ANDOR CCD ha ving 2k × 2k (0.53 arcsec pixel −1 )
ix els, co v ering a field of view of 18.5 × 18.5 arcmin 2 . The CCD
etector has a gain of 2 e − per analogue-to-digital unit and a readout
oise of 7 e − at a speed of 1000 kHz. In each session, one target
lazar was monitored continuously for minimum 3 h, with a typical 
xposure of 1.5–5 min per frame. 

The pre-processing and cleaning of the CCD frames was done 
ollowing the standard procedures in IRAF . The instrumental magni- 
ude of the blazar and the two (steady appearing) comparison stars
ontained in all the CCD frames taken in the session were determined
y aperture photometry (see Stetson 1987 , 1992 ), using the D AOPHO T

I (Dominion Astronomical Observatory Photometry II) package. The 
SF was estimated by averaging the full width at half-maximum of

he Gaussians fitted to the brightness profiles of five moderately 
right stars within each frame, and aperture radius was set equal
o two times the PSF (see e.g. Ojha, Krishna & Chand 2019 ). The
ariation of PSF during each session is plotted in the bottom panel in
he online Figs S1–S6. For each session, we then derived differential
ight curves (DLCs) for all pairs involving the target blazar and the
hosen two comparison stars (Figs S1–S6 and Tables S1 and S2
vailable online as Supporting Information). 

 STATISTICAL  ANALYSI S  

o ascertain the presence of INOV in our TeV-HBL sample, we
pplied the widely used F η test (de Diego 2010 ), following the basic
rocedure described in Mishra et al. ( 2019 ) and Chand et al. ( 2022 ).
he two steady comparison stars were chosen by inspecting several 
tar–star DLCs derived for each session and the F η test was applied
o the DLCs of the target blazar relative to the two comparison stars
whose basic parameters are listed in the online Table S2). The F -
alues for the two blazar DLCs of a session are computed as 

 

η
1 = 

Var ( q − s1) 

η2 
∑ N 

i= 1 σ
2 
i, err ( q − s1) /N 

, F 

η
2 = 

Var ( q − s2) 

η2 
∑ N 

i= 1 σ
2 
i, err ( q − s2) /N 

(1) 

here Var( q − s 1) and Var( q − s 2) are the variances of the two DLCs
f the target blazar, and σ i ,err ( q − s 1) & σ i ,err ( q − s 2) represent the
ms error returned by D AOPHO T on the i th data point in a DLC of the
arget blazar. N is number of data points in the DLCs and the scaling
actor η = 1.54 (Gopal-Krishna, Sagar & Wiita 1995 ; Goyal et al.
013 ). Online Table S2 (Column 5) compares the computed values of
 η for the two blazar DLCs of each session, with the critical value of
 ( = F 

α
c ) estimated for that session. The values of α are set at 0.05

nd 0.01, corresponding to 95 per cent and 99 per cent confidence
evels for INOV detection. If the computed F η for a DLC of the
arget blazar exceeds F 

α
c , the null hypothesis (i.e. no variability)

s discarded at the corresponding confidence level. Thus, a DLC is
lassified as variable (‘V’) if the computed F η ≥ F c (0.99); probably
ariable (‘PV’) if the F η falls between F c (0.95) and F c (0.99); and
on-variable (‘NV’) if F η ≤ F c (0.95). Note that the target blazar in a
ession is designated as variable (V) only if both its DLCs (relative
o the two comparison stars) belong to the ‘V’ category, and ‘NV’
f any of the two DLCs is of ‘NV’ type. The remaining sessions
re designated ‘PV’. The last column of the online Table S2 lists
he session’s averaged photometric accuracy, the ‘photometric noise 

arameter’ (PNP) = 

√ 

η2 〈 σ 2 
i, err 〉 , where η = 1.54. 

 RESULTS  A N D  DI SCUSSI ON  

he present observations were mostly made under good sky condi- 
ions, using a 1.3-metre telescope located at a good site. With a typical
hreshold of ψ ∼ 2 per cent for INOV detection, these observations
ompare well, both in sensitivity and cadence, with practically all 
ther INOV observations reported in the literature. Yet, strikingly, 
NOV was not detected in any of the 24 monitoring sessions targeting
ur sample of six TeV-HBLs (online Figs S1–S6; Table S2). One
ossible exception is the session on 2021 Oct 10, during which
 hint of gradual fading by ∼2.5 per cent o v er 3 h was noticed
or the z = 0.314 blazar J0507 + 6737. The fading was observed
elative to both comparison stars which themselves remained steady 
hroughout that session, as did the PSF (Fig. 1 ). Interestingly, this
s the only blazar in our sample for which Piner & Edwards ( 2018 )
ave reported a (mildly) superluminal motion at a high confidence 
evel ( βapp = 2.23 ± 0.44c, i.e. 5.1 σ , see Table 1 ). Even taking,
MNRASL 524, L66–L71 (2023) 
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Figure 1. DLCs for the TeV-HBL J0507 + 6737 on 2021 Oct 10, on which 
the blazar showed a hint of fading by ∼2.5 per cent o v er 3 h, relativ e to both 
comparison stars. The upper plot gives the comparison star–star DLC and the 
middle two plots give the two blazar–star DLCs as defined in the labels on 
the right side. The lowest plot shows the seeing (PSF) variation during the 
session. 
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onserv ati vely, this possible INOV detection as confirmed (despite 
ts formal classification being ‘non-variable’, see online Table S2), 
he INOV duty cycle for our sample would still be only ∼4 per cent.
his is miniscule in comparison to (i) the INOV DC of ∼60 per cent

ound for the sample of 13 TeV detected LBLs/FSRQs, which too 
ostly lie at z > 0.3 (Gopal-Krishna et al. 2011 ) and (ii) the INOV DC

f ∼60–70 per cent generally found for LBLs (Heidt & Wagner 1998 ;
aliya et al. 2017 ). Thus, TeV-HBLs with parsec-scale jets dominated 
y subluminal (or mildly superluminal) radio knots, appears to be an 
xtreme subclass of blazars with an INOV duty cycle bordering on 
ero. While such a possibility, i.e. INOV positively correlating with 
app has been hinted in some INOV studies (Stalin et al. 2005 ; Ojha
t al. 2019 ), the present study demonstrates this link, for the first time
ith statistical robustness, based on an e xtensiv e INOV campaign 

ocused on a blazar sample selected specifically for addressing this 
uestion (see Section 1 ). Here, it may be reiterated that our TeV-HBLs
o exhibit the other common trait of blazars, namely a substantial 
ractional polarization ( p opt > 3 per cent, Table 1 ; Section 1 ). Not
nly is the maximum recorded p opt consistent with this lower limit, 
ut so is the mean value p opt [except in the case of the blazar
0136 + 3905, but here too, p opt was found to be abo v e 3 per cent
n two out of the total seven measurements available in the RoboPol
urv e y (Blino v et al. 2021 ) 1 ]. In this conte xt, we further note that the
igh-polarization TeV-HBL J0416 + 0105 of our sample, having p opt 

mean) = 6.3 ± 0.3 per cent did not exhibit INOV (down to the 2
 Note that, unless the number of measurements is very large, the maximum 

alue of p opt may be preferred o v er the mean value, as this would reduce the 
hance of missing out genuine blazars/HPQs since their polarization is known 
o vary and hence might average below the defining threshold of 3 per cent due 
o frequent dips (Impe y, La wrence & Tapia 1991 ; Chand & Gopal-Krishna 
022 ). 

s  

2  

t  

o  

t  

(  

1  

f

 2023
er cent detection limit), not only in the four sessions reported here,
ut also in the eight sessions (2016 −2018) reported by P ande y et al.
 2020 ). 

It is also noteworthy that the non-detection of INOV even at ∼2
er cent level for essentially our entire sample of TeV-HBLs, also
ircumscribes the role of accretion disc flares (or instabilities) as a
ossible cause of INOV (e.g. Chakrabarti & Wiita 1993 ; Mangalam &
iita 1993 ), at least in the case of geometrically thick radiatively

nefficient discs that are supposed to fuel intrinsically lo w-po wer
ctive galactic nuclei (AGN) like the TeV-HBLs being discussed 
ere (Section 1 ). 
As mentioned in Section 1 , the two main factors perceived to be

esponsible for INOV of jet-dominated AGNs (blazars) are (i) injec- 
ion/growth of turbulence within the jet plasma whose synchrotron 
missivity and fractional polarization get enhanced while passing 
hrough one or more shocks (e.g. Marscher 2014 and references 
herein; Calafut & Wiita 2015 ; Pollack, Pauls & Wiita 2016 ; Webb
t al. 2021 ; see also Laing 1980 ; Goyal et al. 2012 ); and (ii) the
ulk Doppler factor δj of the post-shock turbulent plasma in the jet.
hile the former physical process is crucial for the origin of micro-

ariability (INOV) of the jet’s emission, the latter factor holds the key
o the INOV detection (via a Doppler boost). Clearly, it is important
o find observational basis for this scenario. A decade ago, Goyal
t al. ( 2012 ) investigated the dependence of INOV on fractional
ptical polarization ( p opt ), by carrying out sensitive, high-cadence 
ptical monitoring of 21 radio-loud quasars, including 9 high- and 
2 low-polarization quasars (HPQs and LPQs), taking the dividing 
ine at the conventional p opt = 3 per cent (e.g. Stockman, Moore &
ngel 1984 ). Remarkably, the HPQ subset showed strong INOV 

amplitude ψ > 4 per cent) on 11 out of 29 nights, in stark contrast
o the LPQs for which strong INOV was observed on just 1 out of
4 nights. This clearly established a high p opt as a key attribute of
he radio quasars showing strong INOV. But, is this alone a sufficient

arker for detection of strong INOV? What about the role of the
forementioned second factor, namely, δj ? Indeed, an observational 
int for such a correlation was noticed in a recent INOV study of
hree narrow-line Seyfert1 galaxies (Ojha et al. 2019 ). The results
resented here place such a correlation on a statistically firm footing,
or the first time, by focusing on an extreme subset of blazars, namely
eV-HBLs, whose nuclear radio jets exhibit only slow-moving (at 
ost mildly superluminal) features, consistent with small Doppler 

oosting of their emission. For this subset, this work demonstrates 
n essentially total lack of INOV detection. This can be readily
nderstood if the apparent kinematics of these dominant radio knots, 
hich appear at most mildly superluminal, reflects the bulk motion of

he underlying jet (at least the sheath layer), as argued by Lister et al.
 2009a , b ) and others (e.g. Kov ale v et al. 2009 ; Lyutikov & Lister
010 ). In this framework, compared to the highly superluminal radio
nots typically observed in blazar jets, the dominant slow-moving 
adio knots observed in the VLBI jets of TeV-HBLs would have to
e much more luminous intrinsically, in order to be detectable even
ithout the benefit of a strong Doppler boosting. On the other hand,

his would not be required in case the VLBI knots are mere ‘patterns’,
inematically decoupled from the underlying (much faster) jet, as 
uggested in several studies (e.g. Zensus 1997 ; Kellermann et al.
004 ; Piner & Edwards 2018 and references therein). In that event,
he observed brightness of the radio knots and the level of INOV
riginating in the jet’s turbulent zone, would both be dictated by
he beaming associated with the bulk velocity of the underlying jet
the, so-called, emission velocity of the jet, cf. Blandford & K ̈onigl
979 ), despite little direct evidence for a relativistic flow coming
rom VLBI observations. The rather tight correlation of INOV with 
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he apparent speed of the VLBI knots, as found here, suggests that at
east the zone of turbulence within the (post-shock) jet-flow remains
inematically coupled to the (slow- moving) shock/knot, perhaps due
o entanglement of the magnetic field lines, regardless of whether
he observed kinematics of such shocks reflects the bulk speed of the
nderlying jet. 
Finally, it should be emphasized that the very low INOV duty cycle

nferred here for TeV-HBLs represents a ‘population characteristics’
nd it is not meant to be a permanent metric for the INOV of any
ndividual member of this class of blazars, e.g. by implying that
o such blazar would ever exhibit a strong INOV. This important
oint has been underscored in Romero, Cellone & Combi ( 1999 )
y highlighting the case of the prominent TeV-HBL PKS 2155–
04. This blazar, well-known for ultra-rapid variability of its TeV
mission, is prone to slipping into prolonged spells of INOV
uiescence, as noted by these authors. Another such example, the
eV-HBL PG1553 + 111, is a member of the present sample itself
Table 1 ). Its low INOV duty cycle implied by the non-detection of
NOV on all four nights during 2022 (online Fig. S6) is statistically
ompatible with its recent study by Dhiman et al. ( 2023 ) in which
NOV was detected on just 4 out of 27 nights of R -band monitoring
uring 2019. In contrast, during 2009–10, this blazar exhibited strong
NOV ( ψ � 5 per cent) on all three nights it was monitored in R band
Gopal-Krishna et al. 2011 ). This indicates a transition to INOV
uiescence, occurring somewhere between 2009–2010 and 2019–
022. Although a detailed comparison of this pattern with the jet’s
inematic on parsec scale is currently lacking, it is interesting to note
hat the published MOJAVE images at 15 GHz do indicate a drop in
he apparent speed of the dominant VLBI knots by a factor of ∼3
 v er the period from 2008 to 2018 (see fig. 1 of Caproni et al. 2017 ),
hich is consistent with the abo v e-inferred change in the INOV state

from high to low) of this TeV blazar. It would be desirable to garner
urther evidence on the question whether INOV state transitions are
ccompanied by a changing kinematics of the parsec-scale radio jets.

 C O N C L U S I O N S  

e have carried out an extensi ve, high-sensiti vity intranight optical
onitoring programme targeted on a well-defined sample of six
eV detected HBLs whose parsec-scale jets had been shown to
e dominated by radio knots exhibiting either subluminal, or at
ost mildly superluminal motion. An essentially zero INOV duty

ycle is estimated here from the 24 monitoring sessions devoted
o these TeV-HBLs, despite their exhibiting fairly high degree of
ptical polarization. This INOV duty cycle is at least an order of
agnitude lower than that typical of radio-selected blazars (LBLs,
hose parsec-scale jets are usually dotted with highly superluminal
nots, e.g. Britzen et al. 2007 ; Cohen et al. 2007 ; Lister et al. 2009a ;
orstad et al. 2017 ). Thus, TeV-HBLs with slow-moving VLBI knots
re clearly identified for the first time as an extreme subpopulation
f blazars, from the perspective of INOV. Their highly subdued
NOV, as found here, demonstrates that the presence of dominant
uperluminal radio knot(s) in the parsec-scale jet constitutes a key
iagnostic for INOV detection and while a high degree of optical
olarization is also an important marker, as shown in Goyal et al.
 2012 ), it alone is not a sufficient diagnostic for INOV detection. 
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