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Abstract: We have monitored all Blazars detected with VHE instruments in the synchrotron regime in order to determine
the power spectra of the variability, identify any potential baseline, and measure the duty cycle of flares. The optical
band is the only one which has sufficient dynamic range to allow a statistically complete and homogeneous study. We
find that all lightcurves can be described with (broken) power-law power density spectra. The absence of cutoffs in the
low-frequency regime prohibits the determination of true baseline levels. Determination of duty cycles are limited by
sampling rate and accuracy. For all well-studies sources variability is saturated, implying duty cycles close to 100% and
suggesting that many different subvolumes within the jets are responsible for the variability characteristics. We constrain
the relativistic amplification in Blazars from the variability characteristics and conclude that these are higher than the
values derived from proper motion studies using interferometric imaging.
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1 Blazar variability

One of the criteria defining BL Lac objects is flux vari-
ability. This characteristic had also been noted in all other
subclasses of Blazars, when this term was coined. Despite
intense searches for (quasi-)periodic signals very few
cases with at least moderately convincing indications for
periodicity have been reported. Variability is generally
random.
Blazar variability is an important element in understanding
the physical characteristics of these sources. Variability
time-scales are used to infer constraints on the size of emit-
ting region, relationships between variability observed at
different frequencies is used to ensure cross-identifications
and to study the physical relationships between emis-
sion processes in different parts of the electromagnetic
spectrum. Variability implies non-stationary particle accel-
eration, -injection, -evolution and -cooling and the energy
dependencies of all of these processes suggest complex
spectral changes being associated with flux variability in
any particular band. Models of VHE emitting Blazars
require explanations of the very broad spectral energy
distributions which turns out to be challenging.
Statistical studies of variability characteristics suffers
from a number of observational biases. In many frequency
bands the dynamic range is rather limited, regular sampling
is difficult due to weather, daily or annual modulation,
or lack of dedicated monitoring instruments. Both of
these affects also contribute to the rather limited dynamic

range in time with homogeneous studies rarely extending
over periods several orders of magnitude longer than
the shortest intervals regularly probed for variability.
Furthermore, most monitoring is non-linear with much
increased sampling during periods of bright states or rapid
variability. The latter may result in severe biases.
In this study we attempt to constrain the statistical
characteristics of Blazar variability in the most extreme
subgroup of this class of sources: Blazars which have been
detected in the VHE energy range. The VHE part of the
electromagnetic spectrum (E > 100 GeV) has become
accessible during the first decade of the 21st century.
Since observations are conducted by pointing telescopes,
requiring substantial amounts of observing times for even
moderately bright sources, the currently known sample is
highly incomplete and biassed in many ways. We treat the
entire sample known to date. While aiming to cover the
full sample known, it is important to note that some of the
identifications were only published a few months before
this study was completed, while other sources had been
known to be VHE emitters for more than one decade. This
results in a wide range of temporal coverage.

2 Optical Monitoring

Among all waveband regimes which are accessible for reg-
ular monitoring, the optical regime has many advantages.
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A large number of telescopes enables studies of large
samples despite the fact that most facilities have narrow
fields of view. A large dynamic range in fluxes can be
covered and allows for large samples of sources (typically
covering a few orders of magnitude in flux) to be studied.
Optical studies have been conducted on time-scales as
short as seconds and as long as centuries, allowing for a
large temporal dynamic range in principle. More impor-
tantly, the optical band always samples the optically thin
synchrotron domain in Blazars, which avoids potential mix
of different processes contributing to the variability pattern
in individual sources (and across samples). In order to
allow a complete study of all VHE sources, monitoring has
to be conducted in both hemispheres.

2.1 ATOM data

In the southern hemisphere, VHE Blazars are monitored
by the ATOM telescope (Automatic Telescope for Optical
Monitoring, Hauser et al., 2004), a fully automized
telescope operating close to the VHE experiment H.E.S.S..
Atmospheric sensors automatically control operation if
clear skies are recorded. Auto-schedulers optimize sam-
pling and allow the extraction of homogeneously sampled,
unbiased data sets. Automatic image analysis sets triggers
for multi-frequency studies.

2.2 Abastumani data

In the northern hemisphere, VHE Blazars are monitored
by several telescopes of Abastumani observatory as part
of a program on Blazar variability, which has been started
in the late 1990s. Observations are conducted as regular
monitoring programs and in short, dedicated campaigns
aiming at characterizing intra-day variability. Subsets
of the data have been used in dedicated multi-frequency
studies on individual sources.

2.3 Data analysis

For each telescope data sets were obtained by standard im-
age analysis and PSF fitting photometry. Relative photom-
etry was conducted referring to several secondary calibra-
tors within the same fields. Relative light curves of dif-
ferent telescopes were merged using the instrumental mag-
nitudes of the secondary calibrators. For sources within
δ < ±30◦, observations from ATOM and Abastumani are
available and have been merged.

3 Baseline and Duty Cycle

The identification of a baseline level in light curves is nec-
essary to identify a level of quiescence of the Blazar com-

ponent. Without proper baseline levels the total flux emit-
ted during an individual flare can only be constrained as
upper limits. This prohibits the derivation of flux ratios
between different frequency bands. Since different phys-
ical components of the source may contribute to the flux
collected within the aperture used in a particular band, the
baseline level may be dominated by contributions unrelated
to the Blazar phenomenon (eg host galaxy starlight in the
optical band).
Duty cycles are defined as being the fraction of time a
source is significantly in excess of the baseline level. In
the absence of a well-established baseline level, only lower
limits can be determined with respect to some lowest level
detected during the period of monitoring.
The power density spectra of most sources are well de-
scribed by power-laws extending to the lowest frequen-
cies sampled. In the absence of low-frequency cut-offs in
the power density spectra, variability on time-scales longer
than the period of monitoring cannot be excluded. The low-
est flux state identified during the period of monitoring is
hence unlikely to represent a true physical minimum flux
state but is more likely to be a coincidental minimal value
representative only of an arbitrary period in time (see fig.
1)
In order to identify baseline levels, power-density spectra
were computed for all cases. The power density spectra
were fitted by power-laws. The power-law fits were ob-
tained by arbitrarily excluding 0.5 dex at the low-frequency
end. The power law fits were extrapolated to the full tem-
poral window covered in the monitoring observations. MC
simulations of the extrapolated power laws with the true
sampling patterns were used to determine confidence inter-
vals for extrapolations of power-law PDS in the presence of
the actual sampling pattern.In none of the case studied, the
power-law extrapolations can be excluded. No evidence for
a low-frequency cut-off in the power spectra has been ob-
served. Hence, no baseline level has been detected even for
the longest data trains of the sample. This only allows the
determination of upper limits to the duty cycle.
In order to determine the duty cycle, each measurement is
interpreted as being characteristic of half the time-span be-
tween the preceding and subsequent measurement. A χ2

minimization is used to determine the highest flux level
which still has all lower fluxes being consistent under the
assumption of a normal distribution of errors. For all mea-
surements above this tentative minimum level a cost func-
tion is determined that maximizes the duration of periods
of individual measurements that may collectively still be
consistent with the tentative minimum baseline. The sum
of the temporal coverage associated with the remaining pe-
riods is a lower limit to the fraction of time the source is
at flux levels above the highest possible baseline, and is
thus considered as a lower limit to the true duty cycle of
the source. Figure 2 illustrates the principle in the case of
two sources which exhibit high and low duty cycles respec-
tively.
Two observational biases are obvious results of the proce-
dure described above:
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