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The VERITAS array of imaging atmospheric Cherenkov telescopes has collected nearly 6000
hours of observations of active galactic nuclei (AGNs). It has detected 39 very-high-energy (VHE,
>100 GeV) AGNs at redshifts up to z = 0.9, of which 24 are classified as high-frequency-peaked
BL Lacertae objects (HBLs). VERITAS has obtained an extensive dataset of HBL, including
extreme HBL (xHBL), observations, with lightcurves spanning up to 11 years, allowing the char-
acterization of their long-term and short-term variability. A study of various xHBLs/HBLs in the
VERITAS dataset is presented, and the correlation with other energy bands tested. In particular,
the short-term variability of xHBLs as a function of energy within the VHE band is examined,
exploring the possibility that secondary gamma rays are produced in cosmic-ray interactions with
background photons.
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1. introduction

The blazar population, a class of active galactic nuclei (AGNs), dominates the extragalactic gamma-
ray sky. Of those, the most common are BL Lac type blazars [1]. Their spectral energy distribu-
tion (SED) typically features two main broad peaks; a low energy one commonly explained as
synchrotron emission by highly relativistic electrons in the jet, and a higher energy one typically
attributed to inverse-Compton emission of the same electrons off seed photons. The seed pho-
tons can be synchrotron photons themselves (synchrotron self-Compton, SSC) [2] or those orig-
inating from outside the jet (e.g., from the accretion disk) [3]. BL Lac type blazars are further
classified according to the frequency of their synchrotron peak (νsync) into high-frequency-peaked
(HBLs, νsync > 1015Hz), intermediate-frequency-peaked (IBL, 1014Hz < νsync < 1015Hz) and low-
frequency-peaked BL Lac objects (LBLs, νsync < 1014Hz) [4]. HBLs currently account for the
largest fraction of TeV detected blazars, with 51 HBLs detected so far.1 The majority of the sources
studied here belong to a subset of HBLs characterized by synchrotron peak frequencies & 1017 Hz,
and referred to as extreme HBLs (xHBLs) [5]. The observed SEDs of these xHBLs pose challenges
to the conventional one-zone SSC model, which has been relatively successful in describing less
extreme HBL spectra [6]. Several mechanisms within the SSC picture were suggested to model
the SEDs of xHBLs and in particular to explain their observed TeV spectra [7]. An alternative
solution for the latter was put forth in Ref. [8], proposing that the gamma ray flux from distant
blazars is dominated by secondary gamma rays. Those are produced along the line of sight by the
interactions of protons originating from the blazar with background photons. Studying the time
variability of these xHBLs/HBLs and searching for correlations between different wavelengths
and within the very-high-energy band (VHE, > 100 GeV) could help constrain or reject some of
these models. For this purpose, the lightcurves of 1ES 0033+595, 1ES 0502+675, 1ES 1011+496,
1ES 1218+304, 1ES 0229+200, RGB J0710+591 and PG 1553+113 are studied. The results for
1ES 1011+496, 1ES 1218+304 and PG 1553+113 are shown in this proceeding.

The Fermi large area telescope (LAT), on board the Fermi gamma-ray space telescope, is
sensitive in the energy range ∼20 MeV to > 500 GeV with a field of view of approximately 2.4
sr [9]. Fermi-LAT data are analysed with Fermipy [10], using the P8R2_SOURCE_V6 instrument
response function, and the preliminary LAT 8-year Point Source List (FL8Y).

The X-ray Telescope (Swift-XRT) on the Neil Gehrels Swift observatory is sensitive to photons
with energies between 0.2 and 10 keV [11]. The X-ray lightcurves used in this analysis are obtained
from the online Swift-XRT lightcurve repository [12].

VERITAS [13] is located at the Fred Lawrence Whipple Observatory in southern Arizona (31
40N, 110 57W, 1.3 km a.s.l.). It is sensitive to gamma rays in the energy range, 100 GeV to > 30
TeV. It can currently detect an object having 1% Crab Nebula flux within ∼25 hours. The typical
systematic uncertainty on measured flux is ∼20%. The VERITAS AGN observing strategy consists
of regular monitoring of known VHE targets in order to identify flaring episodes [14]. These
observations are complemented by coordinated observations at lower energy, in order to obtain
long-term contemporaneous multiwavelength datasets for a variety of AGNs. This strategy resulted
in an extensive dataset of AGNs, containing lightcurves covering up to 11 years, opening up the
possibility to study their long-term and short-term variability and correlations to other wavelengths.

1http://tevcat.uchicago.edu/
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2. Multiwavelength lightcurves

The weekly VERITAS lightcurve, monthly Fermi-LAT lightcurve and weekly Swift-XRT lightcurve
of the 1ES 1011+496 blazar from June 2005 to December 2018 are shown in Figure 1. The results
of a Bayesian block analysis [15], used to determine any significant (3σ ) change points in the
lightcurves, are shown as well. A flare during February 2014 is clearly visible in the VERITAS
and Fermi-LAT lightcurves. Hints of a simultaneous high flux state are seen in the Swift-XRT
lightcurve, which seems to extend long after the flare period in VERITAS and Fermi-LAT. In order
to estimate the correlation between the VERITAS and Fermi-LAT lightcurves, the z-transformed
discrete cross-correlation function (ZDCF) [16] is calculated. The ZDCF method provides a con-
servative estimate for the cross-correlation function as a function of lag between sparsely sampled
lightcurves. The results of the ZDCF algorithm are shown in Figure 2, where evidence for correla-
tion between the VERITAS and Fermi-LAT lightcurves is observed with a significance of 4σ . The
peak time lag is estimated to be 10+17

−14 days, which is consistent with no lag between VHE and high-
energy (HE, 0.1 < E < 100 GeV). A positive time lag between band x and band y, t(x)− t(y)> 0,
indicates that the emission in band x lags behind band y. The significance of ZDCF values is esti-
mated using the Monte Carlo method. Simulated lightcurves are generated from the power spectral
densities (PSD) [17] of each lightcurve, and the ZDCF is calculated between them. The distribu-
tion of 100,000 such pseudo-experiments is shown as the blue histogram in Figure 2. The quantiles
of the distribution in each lag value, corresponding to significance levels, are shown as horizontal
lines. The most likely lag value and the corresponding uncertainty are obtained through a maxi-
mum likelihood function [18]. No correlation is observed between the VERITAS and Swift-XRT
lightcurves, probably due to the small amount of Swift-XRT data available, especially during the
flare period. The observed correlation between VHE and HE is expected, as the emission in those
energy ranges is typically considered to originate from the same particle population.

Figure 1: The 1ES 1011+496
lightcurves in VHE (VERITAS),
HE (Fermi-LAT) and X-ray (Swift-
XRT) in the energy ranges and bin-
ning as indicated. The mean flux
and the corresponding uncertainty
in each Bayesian block are shown
in grey.
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The nightly VERITAS and Swift-XRT lightcurves of 1ES 1218+304, and the corresponding
Fermi-LAT lightcurve, divided to 8-week bins, are shown in Figure 3(a). Variability is observed in
all energy bands, with short time-scale variability seen in X-ray; month-scale variability in VHE;
and long-term variability in HE. The 2009 VHE flare, where VERITAS observed intra-night vari-
ability [19], is seen as well. Figure 4 shows the ZDCF results between the VERITAS lightcurve and
the Fermi-LAT and Swift-XRT ones. No correlation is observed between any of the energy bands,
including HE and X-ray (not shown). The lack of correlation between VHE and HE could be due
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Figure 2: The ZDCF between the VHE (VERITAS) and HE (Fermi-LAT) 1ES 1011+496
lightcurves. The vertical red dotted line and band indicate the most likely lag between the two
bands and the corresponding 1-σ confidence interval. The ZDCF distribution obtained from sim-
ulated lightcurves is shown in the 2D histogram colour map (see text for details). The correlation
significance levels correspond to the quantiles of the ZDCF distribution in each lag bin.

to the sensitivity of Fermi-LAT being insufficient to detect the shorter-term variability observed
with VERITAS. In the one-zone SSC model, correlation between X-ray and VHE is expected, but
it is not observed. However, the data is not sufficient to rule it out.
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Figure 3: The (a) 1ES 1218+304 and (b) PG 1553+113 lightcurves in VHE (VERITAS), HE
(Fermi-LAT) and X-ray (Swift-XRT) in the energy ranges and binning as indicated. The mean flux
and the corresponding uncertainty in each Bayesian block are shown in grey.

Figure 3(b) shows the nightly VERITAS and Swift-XRT lightcurves and the weekly Fermi-
LAT lightcurve for the PG 1553+113 blazar. Variability is seen in all energy bands, with X-ray fea-
turing the most rapid changes in flux. This is consistent with previous observations in VHE [20,21]
and studies of HE and X-ray lightcurves [22]. The April 2012 flare [21] is seen in VHE and X-ray,
but not in HE. A stronger flare is seen in X-ray in December 2014, while no significant activity is
observed in the Fermi-LAT lightcurve. Unfortunately, no simultaneous VERITAS data are avail-
able. Simultaneous VERITAS and Swift-XRT observations are available in the months following
February 2015 however, where both energy bands feature a slowly decreasing flux. Applying the
ZDCF, no correlation is detected between the VERITAS and Fermi-LAT lightcurves. Evidence for
correlation is observed between the VERITAS and Swift-XRT lightcurves at a 3.8σ significance
and with a lag of −1+20

−14 days. This result is consistent with a one-zone SSC model predicting a
correlation between the synchrotron and the inverse-Compton emission as they relate to the same
electron population. The absence of correlation between VHE and HE was interpreted in Ref. [21]
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Figure 4: The ZDCF between the 1ES 1218+304 lightcurves in (a) VHE (VERITAS) and HE
(Fermi-LAT); and (b) VHE (VERITAS) and X-ray (Swift-XRT). The ZDCF distribution obtained
from simulated lightcurves is shown in the 2D histogram colour map (see text for details). The
correlation significance levels correspond to the quantiles of the ZDCF distribution in each lag bin.

as a hint that the injected high energy particles predominantly emit VHE gamma rays. The HE flux
may remain relatively unchanged if the flow of particles is not strong enough for their radiation
during the acceleration or cooling phases to have an observable effect.
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Figure 5: The ZDCF between the PG 1553+113 lightcurves in (a) VHE (VERITAS) and HE
(Fermi-LAT); and (b) VHE (VERITAS) and X-ray (Swift-XRT). The vertical red dotted line and
band indicate the most likely lag between the two bands and the corresponding 1-σ confidence
interval. The ZDCF distribution obtained from simulated lightcurves is shown in the 2D histogram
colour map (see text for details). The correlation significance levels correspond to the quantiles of
the ZDCF distribution in each lag bin.

3. Secondary gamma rays contribution

The gamma-ray flux from blazars is typically considered to originate from photons emitted at the
source. At high energies, these primary gamma rays are attenuated by their interactions with the
extragalactic background light (EBL) [23]. To overcome this attenuation, it was suggested that
ultra-high-energy protons (1017 – 1019 eV) produced at the source then proceed to interact with
background photons and generate VHE secondary gamma rays along the line of sight [24–26].
Such models predict that the observed VHE gamma-ray flux from blazars at redshift z > 0.15 and
energy E > 1 TeV contains a significant contribution from secondary gamma rays. This contri-
bution is expected to have distinct spectral and temporal features which should be visible in the
observed gamma-ray flux. In particular, in the energy range dominated by secondary gamma rays,
time variability on time scales shorter than ∼0.1 year should not be observed [27]. The detection
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of a contribution from secondary photons can help in setting upper limits on the magnetic fields
along the line of sight, as the intergalactic magnetic fields must be . 10−14 G for their contribution
to be observable.

To test the contribution of secondary photons, the VERITAS lightcurves of the sources are
divided into energy bins according to their opacity [28]. The EBL energy and redshift evolution in
the Franceschini et al. 2008 model, τ(E,z), [29] is used to set the energy ranges of three opacity
bins, τ < 1, 1 < τ < 2 and τ > 2. These correspond to attenuation of the primary photons of
µ . 63%, 63% . µ . 87% and µ & 87% respectively. The lightcurves of 1ES 1011+496 in these
opacity bins are shown in Figure 6. The February 2014 flare is visible and detected by the Bayesian
block analysis in all three opacity bins. Correlation between the lightcurves is tested using the
ZDCF method, as shown in Figure 7. A ∼ 4σ correlation is observed between the τ < 1 lightcurve
and the other two lightcurves, indicating a dominant contribution from the flare even for the τ > 2
bin.

Figure 6: VERITAS VHE
1ES 1011+496 lightcurves binned
nightly in three energy ranges, as
indicated in the panels. The mean
flux and the corresponding uncer-
tainty in each Bayesian block are
shown in grey. Pearson correlation
coefficients between different bins
are also displayed.
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Figure 7: The ZDCF between the 1ES 1011+496 lightcurves in the energy ranges (a) τ < 1 and
1 < τ < 2; and (b) τ < 1 and τ > 2. The vertical red dotted line and band indicate the most likely
lag between the two bands and the corresponding 1-σ confidence interval. The ZDCF distribution
obtained from simulated lightcurves is shown in the 2D histogram colour map (see text for details).
The correlation significance levels correspond to the quantiles of the ZDCF distribution in each lag
bin.

A toy study is performed to assess whether this level of correlation can be observed within the
secondary gamma rays hypothesis. The latter predicts that primary photons emitted at the source
contribute less than 13% of the observed flux in the τ > 2 bin. The rest of the flux is assumed to
come from secondary gamma rays. Following this proposed composition, a simulated lightcurve
is constructed to represent the τ > 2 opacity bin, L sim

τ>2 = 0.13×L τ<1
primary +0.87×L sim

secondary. The
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first element, L τ<1
primary, is extracted from data corresponding to the τ < 1 lightcurve, which are

predominantly made up of primary photons. The second component, L sim
secondary is derived from

L τ<1
primary. As the first step, the flare period is removed from L τ<1

primary. This is done in order to assure
that no fast variability is introduced to the secondary gamma ray contribution. Next, the PSD of
the resulting lightcurve is calculated, and used to simulate L sim

secondary. Finally, the ZDCF between
L sim

τ>2 the τ < 1 lightcurve is calculated. Correlation at the ∼ 3σ level is observed. This suggests
that a 13% contribution from primary photons during the flare is sufficient to produce the ∼ 4σ

correlation observed between the τ < 1 and τ > 2 1ES 1011+496 lightcurves. Therefore, based on
the observed correlation, the hypothesis of ultra-high-energy protons producing secondary gamma
rays along the line of sight cannot be ruled out.

4. Conclusions

The short- and long-term variability of xHBLs/HBLs was studied in the VHE, HE, and X-ray bands.
Day-scale variability was observed in VHE during the 1ES 1011+496 flare, while a simultaneous
increase in flux was seen in HE. Correlation at the level of ∼ 4σ and with no significant lag was
observed between the two lightcurves, supporting the hypothesis that the same particle population
emits gamma rays in those energy ranges. The VHE and X-ray lightcurves of 1ES 1218+304
present short time-scale variability with no apparent correlation between them. Typically, this
indicates that two different zones and/or particle populations are responsible for the VHE and X-
ray emissions. All three PG 1553+113 lightcurves feature variability, where correlation between
VHE and X-ray is seen at 3.8σ level and no correlation is detected between those bands and the
HE one. The former is compatible with a SSC scenario in which the VHE and X-ray emission
originate from the same zone. The lack of correlation with the HE band joins the reported evidence
for quasi-periodic modulation in the HE flux [22] in challenging the one-zone SSC model. This
tension prompts the need for more sophisticated models (e.g., Refs. [30] and [31]).

The VHE lightcurves were divided in three energy ranges, corresponding to three opacity bins.
A search for correlations between the resulting lightcurves was performed in order to assess the
contribution from secondary gamma rays produced along the line of sight from ultra-high-energy
protons. The three 1ES 1011+496 lightcurves were found to be correlated at a ∼ 4σ level, pointing
to the existence of a significant contribution from primary gamma rays to all lightcurves. However,
it was shown that such correlation could appear even in the case that primary photons contribute
only 13% to the τ > 2 lightcurve. The current dataset cannot therefore be used to set constraints on
this model. For that purpose, a similar short-term variability and correlation needs to be observed
with the τ > 3 bin, in which the primary photons contribution is predicted to be < 5% and no
correlation is expected.
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