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ABSTRACT

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 Te V-HBLs often show dominant, slow-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.
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1 INTRODUCTION

Quasars whose observed radiation at centimetre and shorter wave-
lengths arises predominantly from a jet producing non-thermal
radiation relativistically beamed towards the observer are termed
as blazars. They exhibit flux variability across the electromagnetic
spectrum on diverse time-scales (reviewed, e.g. by Wagner & Witzel
1995; Ulrich, Maraschi & Urry 1997; Marscher 2016; Blandford,
Meier & Readhead 2019). Spectroscopically, blazar population is
subdivided between ‘broad-line emitting’ flat-spectrum radio quasars
(FSRQs) and BL Lac objects (BL Lacs) showing an almost feature-
less optical/ultravoilet (UV) spectrum (Stickel et al. 1991), excepting
the few cases for which spectral features due to host galaxy have
been detected. Blazars with synchrotron emission peaking at high
frequencies, between UV and X-ray bands, i.e. vg’ye;‘k > 105 Hz are
most commonly BL Lacs and these are called HBLs (e.g. reviews
by Antonucci 1993; Padovani & Giommi 1995; Urry & Padovani
1995; Tadhunter 2016). Compared to the BL Lacs with synchrotron
spectra peaking below ~10'* Hz (called LBLs, Padovani & Giommi
1995; Abdo et al. 2010), HBLs are preferentially detected at TeV
energies and a few dozen such TeV-HBLs have been catalogued
(Wakely & Horan 2008). HBLs typically have modest intrinsic radio
luminosities, as compared to LBLs and are usually hosted by ‘low-
excitation radio galaxies’, whose central engines are powered by ra-
diatively inefficient gas accretion on to the central supermassive black
holes (see e.g. Ghisellini & Celotti 2001; Ghisellini, Tavecchio &
Chiaberge 2005; Ghisellini, Maraschi & Tavecchio 2009; Meyer et al.
2011; Giommi et al. 2012; Sbarrato, Padovani & Ghisellini 2014).
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It is commonly believed that the parent (i.e. misaligned) population
of BL Lacs is Fanaroff—Riley type I (FR I; Fanaroff & Riley 1974)
radio galaxies (e.g. Wardle, Moore & Angel 1984; Barthel 1989;
Browne 1989; Antonucci 1993; Urry & Padovani 1995). Chiaberge,
Capetti & Celotti (1999) showed that relativistic beaming, rather
than obscuration, of the nuclear jets can account for the 10—10*
difference in radio and optical luminosities between BL Lacs and
FR I radio galaxies and the required beaming typically needs bulk
Lorentz factors of just a few (e.g. Urry & Padovani 1991; Chiaberge
et al. 1999; Laing et al. 1999; Hardcastle et al. 2003; Trussoni et al.
2003).

The transverse dual-velocity structure of jets was independently
hypothesized by Chiaberge et al. (2000) taking into account the
observed correlation between the radio and the optical core lumi-
nosity in FR I radio galaxies and BL Lacs. A more direct evidence
for the ‘spine-sheath’ jet scenario comes from the observed limb-
brightening of parsec-scale jets in several lower-luminosity radio
sources, e.g. the HBLs Mrk 421 and Mrk 501 (Giroletti et al. 2004,
2006; Piner et al. 2009; Piner, Pant & Edwards 2010; Britzen et al.
2021, Bruni et al. 2021; Janssen et al. 2021; Britzen et al. 2023),
and also in some kiloparsec-scale jets (Owen, Hardee & Cornwell
1989; Swain, Bridle & Baum 1998; Laing et al. 2011). Another well-
documented manifestation of blazar activity is their intranight optical
variability (INOV; Gopal-Krishna & Wiita 2018, and references
therein; Mishra et al. 2021; Gopal-Krishna et al. 2023). At least
in the context of blazars, INOV is believed to arise mainly due to a
combination of two factors: (i) generation of turbulence within the jet
plasma whose synchrotron emissivity and fractional polarization can
increase while passing through one or more shocks (Marscher 2014
and references therein; Calafut & Wiita 2015; also Laing 1980; Goyal
et al. 2012) and (ii) Doppler factor §; of the post-shock turbulent jet
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plasma. While the former condition is crucial for inducing micro-
variability, the latter can play a key role in making it detectable
(via a Doppler boost). A strong dependence of INOV on fractional
optical polarization (poy) was first established by Goyal et al. (2012),
who showed that a flat/inverted radio spectrum by itself does not
ensure a strong tendency for INOV. The question remains whether
Popt alone suffices, or the other factor mentioned above, namely, a
strong beaming as inferred from the apparent speed of the VLBI
radio knots, also plays a dominant role? Since, to our knowledge,
no systematic investigation of this issue has been reported, we have
carried out an INOV campaign targeting representative sample of six
TeV blazars. The crucial aspect of these blazars is that even though
they fall within the high polarization class (HPQ), their nuclear jets
are dominated by radio knots showing at most mildly superluminal
motion which is statistically consistent with zero radial velocity
from the core, in a majority of cases (see Table 1). The selection
of the sample representing this extreme subset of HPQs is described
in Section 2. The observations and data reduction procedures are
outlined in Sections 3 and 4. Section 5 presents the results together
with a brief discussion. Our main conclusions are summarized in
Section 6.

2 SAMPLE SELECTION

For the purpose of (optical) differential aperture-photometry, the
present sample of six TeV-HBLs (Table 1) has been drawn from the
VLBI data published in Piner & Edwards (2018) for a sample of 38
TeV-HBLs. We imposed a limit of z > 0.3, in order to minimize the
relative contribution from the host galaxy and thereby the possibility
of claiming spurious INOV detection, in case the ‘point spread
function’ (PSF) changes during the monitoring session (Cellone,
Romero & Combi 2000). This resulted in exclusion of 30 of the
sources. Another two sources got discarded due to the second filter,
imposed by observational considerations, namely (i) declination >
0 and (ii) m, < 17.50-mag, taking m, from the Pan-STARRS DR1
(Chambers et al. 2016). This left us with a sample of six VLBI
monitored TeV-HBLs (Table 1). It is seen that for only two of the six
sources, JO507+6737 and J1427+-2348, the estimated B,p, deviates
from zero by more than ~2¢, the most deviant being JO507+6737
for which the deviation is significant at 5.1¢ (but, even in this case,
the motion is only mildly superluminal).

3 THE MONITORING AND DATA REDUCTION

The sample of six TeV-HBLs was monitored in Johnson—Cousins R
band in 24 sessions (i.e. four sessions per source), using the 1.3-metre
Devasthal Fast Optical Telescope (DFOT; Sagar et al. 2011) located
at Devasthal station of ARIES (India). The images were recorded on
a Peltier-cooled ANDOR CCD having 2k x 2k (0.53 arcsec pixel™!)
pixels, covering a field of view of 18.5 x 18.5 arcmin?. The CCD
detector has a gain of 2 e~ per analogue-to-digital unit and a readout
noise of 7 e~ at a speed of 1000 kHz. In each session, one target
blazar was monitored continuously for minimum 3 h, with a typical
exposure of 1.5-5 min per frame.

The pre-processing and cleaning of the CCD frames was done
following the standard procedures in IRAF. The instrumental magni-
tude of the blazar and the two (steady appearing) comparison stars
contained in all the CCD frames taken in the session were determined
by aperture photometry (see Stetson 1987, 1992), using the DAOPHOT
11 (Dominion Astronomical Observatory Photometry II) package. The
PSF was estimated by averaging the full width at half-maximum of
the Gaussians fitted to the brightness profiles of five moderately
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bright stars within each frame, and aperture radius was set equal
to two times the PSF (see e.g. Ojha, Krishna & Chand 2019). The
variation of PSF during each session is plotted in the bottom panel in
the online Figs S1-S6. For each session, we then derived differential
light curves (DLCs) for all pairs involving the target blazar and the
chosen two comparison stars (Figs S1-S6 and Tables S1 and S2
available online as Supporting Information).

4 STATISTICAL ANALYSIS

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

_ Var(g — s1) _ Var(q — s2)
- Rl =
NSy 0len(q — s1)/N 230 0Penlq — $2)/N
)

where Var(q — s1) and Var(q — s2) are the variances of the two DLCs
of the target blazar, and 0 ¢ (q — 51) & 0 en(q — 52) represent the
rms error returned by DAOPHOT on the ith data point in a DLC of the
target blazar. N is number of data points in the DLCs and the scaling
factor n = 1.54 (Gopal-Krishna, Sagar & Wiita 1995; Goyal et al.
2013). Online Table S2 (Column 5) compares the computed values of
F, for the two blazar DLCs of each session, with the critical value of
F (= F?) estimated for that session. The values of « are set at 0.05
and 0.01, corresponding to 95 percent and 99 per cent confidence
levels for INOV detection. If the computed F, for a DLC of the
target blazar exceeds F¢, the null hypothesis (i.e. no variability)
is discarded at the corresponding confidence level. Thus, a DLC is
classified as variable (‘V’) if the computed F,, > F. (0.99); probably
variable (‘PV’) if the F), falls between F(0.95) and F.(0.99); and
non-variable (‘NV’) if F,, < F:(0.95). Note that the target blazar in a
session is designated as variable (V) only if both its DLCs (relative
to the two comparison stars) belong to the ‘V’ category, and ‘NV’
if any of the two DLCs is of ‘NV’ type. The remaining sessions
are designated ‘PV’. The last column of the online Table S2 lists
the session’s averaged photometric accuracy, the ‘photometric noise

parameter’ (PNP) = /n?(07,), where n = 1.54.

5 RESULTS AND DISCUSSION

FY

The present observations were mostly made under good sky condi-
tions, using a 1.3-metre telescope located at a good site. With a typical
threshold of ¢ ~ 2 per cent for INOV detection, these observations
compare well, both in sensitivity and cadence, with practically all
other INOV observations reported in the literature. Yet, strikingly,
INOV was not detected in any of the 24 monitoring sessions targeting
our sample of six TeV-HBLs (online Figs S1-S6; Table S2). One
possible exception is the session on 2021 Oct 10, during which
a hint of gradual fading by ~2.5 percent over 3h was noticed
for the z = 0.314 blazar JO507+6737. The fading was observed
relative to both comparison stars which themselves remained steady
throughout that session, as did the PSF (Fig. 1). Interestingly, this
is the only blazar in our sample for which Piner & Edwards (2018)
have reported a (mildly) superluminal motion at a high confidence
level (Baypp = 2.23 £ 0.44c, ie. 5.10, see Table 1). Even taking,
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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 over 3 h, relative 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.

conservatively, this possible INOV detection as confirmed (despite
its formal classification being ‘non-variable’, see online Table S2),
the INOV duty cycle for our sample would still be only ~4 per cent.
This is miniscule in comparison to (i) the INOV DC of ~60 per cent
found for the sample of 13 TeV detected LBLs/FSRQs, which too
mostly lie at z > 0.3 (Gopal-Krishna et al. 2011) and (ii) the INOV DC
of ~60-70 per cent generally found for LBLs (Heidt & Wagner 1998;
Paliyaetal. 2017). Thus, TeV-HBLs with parsec-scale jets dominated
by subluminal (or mildly superluminal) radio knots, appears to be an
extreme subclass of blazars with an INOV duty cycle bordering on
zero. While such a possibility, i.e. INOV positively correlating with
Bapp has been hinted in some INOV studies (Stalin et al. 2005; Ojha
etal. 2019), the present study demonstrates this link, for the first time
with statistical robustness, based on an extensive INOV campaign
focused on a blazar sample selected specifically for addressing this
question (see Section 1). Here, it may be reiterated that our TeV-HBLs
do exhibit the other common trait of blazars, namely a substantial
fractional polarization (pop > 3 percent, Table 1; Section 1). Not
only is the maximum recorded pp consistent with this lower limit,
but so is the mean value pgy [except in the case of the blazar
J0136+-3905, but here too, pep was found to be above 3 percent
in two out of the total seven measurements available in the RoboPol
survey (Blinov et al. 2021)']. In this context, we further note that the
high-polarization TeV-HBL J0416+0105 of our sample, having poy
(mean) = 6.3 £ 0.3 percent did not exhibit INOV (down to the 2

INote that, unless the number of measurements is very large, the maximum
value of pop may be preferred over the mean value, as this would reduce the
chance of missing out genuine blazars/HPQs since their polarization is known
to vary and hence might average below the defining threshold of 3 per cent due
to frequent dips (Impey, Lawrence & Tapia 1991; Chand & Gopal-Krishna
2022).
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per cent detection limit), not only in the four sessions reported here,
but also in the eight sessions (2016—2018) reported by Pandey et al.
(2020).

It is also noteworthy that the non-detection of INOV even at ~2
per cent level for essentially our entire sample of TeV-HBLs, also
circumscribes the role of accretion disc flares (or instabilities) as a
possible cause of INOV (e.g. Chakrabarti & Wiita 1993; Mangalam &
Wiita 1993), at least in the case of geometrically thick radiatively
inefficient discs that are supposed to fuel intrinsically low-power
active galactic nuclei (AGN) like the TeV-HBLs being discussed
here (Section 1).

As mentioned in Section 1, the two main factors perceived to be
responsible for INOV of jet-dominated AGNs (blazars) are (i) injec-
tion/growth of turbulence within the jet plasma whose synchrotron
emissivity and fractional polarization get enhanced while passing
through one or more shocks (e.g. Marscher 2014 and references
therein; Calafut & Wiita 2015; Pollack, Pauls & Wiita 2016; Webb
et al. 2021; see also Laing 1980; Goyal et al. 2012); and (ii) the
bulk Doppler factor §; of the post-shock turbulent plasma in the jet.
While the former physical process is crucial for the origin of micro-
variability (INOV) of the jet’s emission, the latter factor holds the key
to the INOV detection (via a Doppler boost). Clearly, it is important
to find observational basis for this scenario. A decade ago, Goyal
et al. (2012) investigated the dependence of INOV on fractional
optical polarization (py), by carrying out sensitive, high-cadence
optical monitoring of 21 radio-loud quasars, including 9 high- and
12 low-polarization quasars (HPQs and LPQs), taking the dividing
line at the conventional p,p, = 3 per cent (e.g. Stockman, Moore &
Angel 1984). Remarkably, the HPQ subset showed strong INOV
(amplitude v > 4 per cent) on 11 out of 29 nights, in stark contrast
to the LPQs for which strong INOV was observed on just 1 out of
44 nights. This clearly established a high pop as a key attribute of
the radio quasars showing strong INOV. But, is this alone a sufficient
marker for detection of strong INOV? What about the role of the
aforementioned second factor, namely, §;? Indeed, an observational
hint for such a correlation was noticed in a recent INOV study of
three narrow-line Seyfertl galaxies (Ojha et al. 2019). The results
presented here place such a correlation on a statistically firm footing,
for the first time, by focusing on an extreme subset of blazars, namely
TeV-HBLs, whose nuclear radio jets exhibit only slow-moving (at
most mildly superluminal) features, consistent with small Doppler
boosting of their emission. For this subset, this work demonstrates
an essentially total lack of INOV detection. This can be readily
understood if the apparent kinematics of these dominant radio knots,
which appear at most mildly superluminal, reflects the bulk motion of
the underlying jet (at least the sheath layer), as argued by Lister et al.
(2009a, b) and others (e.g. Kovalev et al. 2009; Lyutikov & Lister
2010). In this framework, compared to the highly superluminal radio
knots typically observed in blazar jets, the dominant slow-moving
radio knots observed in the VLBI jets of TeV-HBLs would have to
be much more luminous intrinsically, in order to be detectable even
without the benefit of a strong Doppler boosting. On the other hand,
this would not be required in case the VLBI knots are mere ‘patterns’,
kinematically decoupled from the underlying (much faster) jet, as
suggested in several studies (e.g. Zensus 1997; Kellermann et al.
2004; Piner & Edwards 2018 and references therein). In that event,
the observed brightness of the radio knots and the level of INOV
originating in the jet’s turbulent zone, would both be dictated by
the beaming associated with the bulk velocity of the underlying jet
(the, so-called, emission velocity of the jet, cf. Blandford & Konigl
1979), despite little direct evidence for a relativistic flow coming
from VLBI observations. The rather tight correlation of INOV with
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the apparent speed of the VLBI knots, as found here, suggests that at
least the zone of turbulence within the (post-shock) jet-flow remains
kinematically coupled to the (slow- moving) shock/knot, perhaps due
to entanglement of the magnetic field lines, regardless of whether
the observed kinematics of such shocks reflects the bulk speed of the
underlying jet.

Finally, it should be emphasized that the very low INOV duty cycle
inferred here for TeV-HBLs represents a ‘population characteristics’
and it is not meant to be a permanent metric for the INOV of any
individual member of this class of blazars, e.g. by implying that
no such blazar would ever exhibit a strong INOV. This important
point has been underscored in Romero, Cellone & Combi (1999)
by highlighting the case of the prominent TeV-HBL PKS 2155-
304. This blazar, well-known for ultra-rapid variability of its TeV
emission, is prone to slipping into prolonged spells of INOV
quiescence, as noted by these authors. Another such example, the
TeV-HBL PG1553+4111, is a member of the present sample itself
(Table 1). Its low INOV duty cycle implied by the non-detection of
INOV on all four nights during 2022 (online Fig. S6) is statistically
compatible with its recent study by Dhiman et al. (2023) in which
INOV was detected on just 4 out of 27 nights of R-band monitoring
during 2019. In contrast, during 2009-10, this blazar exhibited strong
INOV (y 2 5 per cent) on all three nights it was monitored in R band
(Gopal-Krishna et al. 2011). This indicates a transition to INOV
quiescence, occurring somewhere between 2009-2010 and 2019-
2022. Although a detailed comparison of this pattern with the jet’s
kinematic on parsec scale is currently lacking, it is interesting to note
that the published MOJAVE images at 15 GHz do indicate a drop in
the apparent speed of the dominant VLBI knots by a factor of ~3
over the period from 2008 to 2018 (see fig. 1 of Caproni et al. 2017),
which is consistent with the above-inferred change in the INOV state
(from high to low) of this TeV blazar. It would be desirable to garner
further evidence on the question whether INOV state transitions are
accompanied by a changing kinematics of the parsec-scale radio jets.

6 CONCLUSIONS

We have carried out an extensive, high-sensitivity intranight optical
monitoring programme targeted on a well-defined sample of six
TeV detected HBLs whose parsec-scale jets had been shown to
be dominated by radio knots exhibiting either subluminal, or at
most mildly superluminal motion. An essentially zero INOV duty
cycle is estimated here from the 24 monitoring sessions devoted
to these TeV-HBLs, despite their exhibiting fairly high degree of
optical polarization. This INOV duty cycle is at least an order of
magnitude lower than that typical of radio-selected blazars (LBLs,
whose parsec-scale jets are usually dotted with highly superluminal
knots, e.g. Britzen et al. 2007; Cohen et al. 2007; Lister et al. 2009a;
Jorstad et al. 2017). Thus, TeV-HBLs with slow-moving VLBI knots
are clearly identified for the first time as an extreme subpopulation
of blazars, from the perspective of INOV. Their highly subdued
INOV, as found here, demonstrates that the presence of dominant
superluminal radio knot(s) in the parsec-scale jet constitutes a key
diagnostic for INOV detection and while a high degree of optical
polarization 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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