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The highest-energy blazars exhibit non-thermal radiation extending beyond 1 TeV with high
luminosities and strong variabilities, indicating extreme particle acceleration in their relativistic
jets. The gamma-ray spectra of blazars contain information about the distribution and cooling
processes of high-energy particles in jets, the extragalactic background light between the source
and the observer, and potentially, the environment of the gamma-ray emitting region and exotic
physics that may modify the opacity of the universe to gamma rays. We use data from Fermi-LAT
and VERITAS to study the variability and spectra of a sample of TeV blazars across a wide range
of gamma-ray energies, taking advantage of more than ten years of data from both instruments.
The variability in both the GeV and TeV gamma-ray bands is investigated using a Bayesian blocks
method to identify periods with a steady flux, during which the average gamma-ray spectra,
after correcting for the pair absorption effect from propagation, can be parameterized without the
risk of mixing different flux states. We report on the search for intrinsic spectral curvature and
spectral variability in these blazars, in an effort to understand the physical mechanisms behind the
high-energy gamma-ray spectra of TeV blazars.
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1. Introduction

Blazars are active galactic nuclei (AGN) with relativistic jets pointing along the line of sight
to the observer. The broadband spectral energy distribution (SED) of blazars exhibits a two-
bump structure with a first component peaking at infrared to keV energies and a second one at
MeV to TeV energies. The radiative processes in blazar jets involve relativistic particles (leptonic
and possibly hadronic), although many questions remain unresolved [1], such as the gamma-ray
emission mechanism. The small viewing angle of the jet makes it possible to observe strong
relativistic effects, such as a boosting of the emitted power and a shortening of the characteristic
time scales.

The energy spectra of blazars are crucial in determining the physical processes underlying jet
acceleration and radiation. Considering the largest section of the GeV to TeV blazar peak possible
increases the ability to distinguish between competing theoretical predictions. Access to spectra
over the full MeV to TeV range makes it possible to address, among others, the following questions:

• What are the highest particle energies that are realized in relativistic jets?

• Is there internal absorption of W-rays in the emission region?

• Can the MeV-TeV spectra be consistently described as a single emission component, or is
there evidence for multiple spectral components?

• Are the different flux states in blazars due to continuous variation of the same underlying
physical phenomenon, or do bright flares show evidence of a new emission region and particle
population?

The study of blazars has benefited in the past decade from the availability of Fermi-LAT
observations in the energy band from 50 MeV - 1 TeV and imaging atmospheric Cherenkov
telescope (IACT) array observations in the energy band above ∼100 GeV, smoothly covering the
GeV-TeV energy band. However, joint studies between the two types of instruments are vulnerable
to biases, particularly when differing source variability in the two energy bands is not taken into
account. Such a bias can be addressed by selecting time intervals in which the source flux does not
vary significantly in either band.

The SEDs of high-frequency-peaked BL Lac objects (HBLs) peak at energies where Fermi-
LAT and the IACTs are sensitive, making them good candidates for the studying the questions posed
above via joint spectral analysis. While spectral analysis in the Fermi-LAT range alone has provided
insight into these questions, extension to higher energies promises more power to test theoretical
predictions [2].

2. VERITAS and Fermi-LAT observations

This ongoing study uses a sample of 17 strongly detected high-frequency-peakedBLLac objects
(HBLs). In this work, we show results on four of the 17 sources: 1ES 1218+304, 1ES 1011+496,
1ES 1959+650, and 1ES 2344+514. All sources have well-established redshifts, allowing for
confident estimation of their spectra after correction for absorption by the extragalactic background
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Target Redshift Observing time window fVTS fLAT #1;>2:B (+)() #1;>2:B (!�))
1ES 2344+514 0.044 2007.10 - 2015.12 29.1 62.7 9 1
1ES 1959+650 0.048 2007.11 - 2016.06 70.1 163 13 10
1ES 1218+304 0.182 2008.12 - 2018.06 64.9 77.4 10 6
1ES 1011+496 0.212 2008.01 - 2018.02 40.7 166 7 7

Table 1: Sources analyzed for this study, together with redshift, observing time, detection significance, and
the number of Bayesian blocks by VERITAS and Fermi-LAT.

light [EBL; 3]. In addition to having measured redshifts, the sources were selected for their
brightness in both the Fermi-LAT and VERITAS energy bands, with the goal of minimizing the
statistical uncertainties in the joint spectral analysis. The sources have been observed by both
VERITAS and Fermi-LAT for over a decade, facilitating a long baseline variability analysis. As
all sources are observed to be variable by both VERITAS and Fermi-LAT, variability analysis is a
critical component of this study.

The VERITAS and Fermi-LAT instrument performance is described in detail elsewhere (see
[4] and [5]). Data were processed with the standard calibration and reconstruction pipelines for
each instrument. Throughput corrections were applied to the VERITAS data to address instrument
aging [6]. The key properties of the sources and the strength of their detection by VERITAS and
Fermi-LAT are given in Table 1.

3. Spectral analysis

The spectra averaged over the entire Fermi-LAT and VERITAS observing time windows are
constructed and are shown in Figure 1. With the longest possible exposure, these spectra provide
the strongest statistical constraints on the gamma-ray emission, although the interpretations are
limited due to the lack of consideration of variability. To study the intrinsic spectral curvature of
the sources (or potential exotic effects from the propagation of gamma rays), we corrected for the
effect of EBL before fitting the spectra.

All of the four sources show hard spectra in the energy range of Fermi-LAT and spectral
curvature after correcting for the absorption from EBL. Two models were used to describe the
spectra, namely a power-law model with an exponential cutoff

3#

3�
= #0(�/�0)−Γ exp [−(�/�c)VW ], (1)

where #0 is the normalization at the energy �0, Γ is the photon index, �c is the cutoff energy, and
VW quantifies how steep the cutoff is; and a log-parabola model

3#

3�
= #0(�/300 GeV) [−U−V log10 (�/300 GeV) ] , (2)

where U is the index and the V is the curvature parameter. The exponential cutoff shape in the first
model is related to the particle distribution and emission mechanism [2], while the log-parabola
model could suggest stochastic acceleration [7].
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Figure 1: Time-averaged Fermi-LAT (red filled circles) and VERITAS (blue filled squares) spectra of the
four blazars. From top left to bottom right, the spectra shown are for 1ES 1011+496, 1ES 1218+304, 1ES
1959+650, and 1ES 2344+514. The faded colors represent the observed spectra, whereas the deeper colors
represent the deabsorbed spectra using the EBL model from [3]. The best-fit power law with an exponential
cutoff is shown for each blazar in black dashed lines, and the log-parabola models are shown in cyan dotted
lines.

When the power-law model with an exponential cutoff is used to describe the spectra, all four
sources show a sub-exponential, or stretched, cutoff (VW<1). 1ES 1959+650 exhibits the most
prominent spectral curvature among the four sources, which is better described by a power law
with a sub-exponential cutoff than a log-parabola model. For the other three sources, there are
no significant differences between the two models. The gamma-ray spectral cutoff (VW) can be
used to estimate the spectral cutoff (V4) of the energy distribution of the emitting particles, which
sheds light on the acceleration and energy loss rate of these particles. For example, for a source
emitting through the synchrotron self-Compton (SSC) mechanism in the Thomson regime, the
cutoff sharpness V4 of the radiating electrons can be calculated as V4 = 4VW/(1 − VW) [2]. For
1ES 1959+650, a VW ∼ 0.44 gives a sharp electron cutoff V4 ∼ 3.1 under the SSC scenario.

4. Variability analysis

Light curves for three blazars were constructed for both the VERITAS and Fermi-LAT obser-
vations and are shown in Figure 2. Fermi-LAT lightcurves are shown for an energy threshold of
100 MeV in monthly time bins. VERITAS lightcurves were constructed in 24 hour time bins above
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Figure 2: The monthly Fermi-LAT (top panels) and nightly VERITAS (bottom panels) light curves for three
of the four sources. From top to bottom, the sources are 1ES 1011+496, 1ES 1218+304, and 1ES 1959+650,
respectively. The black solid lines and the grey shaded regions show the average and the standard deviation
of the fluxes within a Bayesian block.
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an energy threshold of 200 GeV for all sources other than 1ES 1959+650. The high declination of
1ES 1959+650 with respect to the VERITAS site results in a higher energy threshold of 316 GeV.

A Bayesian block analysis was performed on all lightcurves in order to define time intervals
in which the flux did not vary significantly [8]. The significance of change points defining the
boundary between two blocks of differing flux was required to be greater than 3f. The blocks are
shown in Figure 2, and the number of Bayesian blocks per source is shown in Table 1. All three
sources shown have significant variability in both energy bands. For 1ES 2344+514 (not shown),
variability was significantly detected only in the TeV band and not in the GeV band due to its low
GeV flux.

In addition to defining periods of non-varying flux with the VERITAS and Fermi-LAT energy
bands, time intervals where neither VERITAS nor Fermi-LAT observed flux variability were
defined. These intervals of common non-varying flux are intended to prevent different flux states
from being averaged together when performing joint spectral analysis, which can lead to a more
stretched spectral cutoff.

5. Spectral variability analysis

The source 1ES 1011+496 exhibited a strong TeV flare in 2014, with contemporary elevated
GeV flux. The spectrum of 1ES 1011+496 integrated over six intervals determined by both the
VERITAS and Fermi-LAT Bayesian blocks around the time of the TeV gamma-ray flare are shown
in Figure 3. When the flux of the source was the highest (lower left panel), the duration of the
interval was also the shortest (∼ 1 day). The large effective area of the VERITAS array allows
good statistics in the TeV gamma-ray regime over such a short flaring episode, whereas the GeV
gamma-ray spectrum was not as constraining. The opposite occurs for the longer intervals, during
which the flux of the source was lower but the GeV spectrum is well constrained thanks to the long
exposure from Fermi-LAT enabled by its large field-of-view.

The same analysis will be performed for the 17 sources in the sample. The relation between
the spectral hardness and the flux of the sources will also be studied.

6. Summary

In this work we present preliminary results from a study of gamma-ray spectral data of four
TeV blazars, measured by Fermi-LAT and VERITAS, covering a decade in time. Blazars detected
at TeV energies are perhaps the most extreme objects in the AGN population, the properties of
which are not completely understood. The spectral data cover more than five decades in energy
and time-averaged spectra show sub-exponential spectral curvature for all four sources. Significant
variability was detected in the light curves. Analysis is ongoing to cover all hard-spectrum HBLs
with a firm detection by VERITAS, and spectra for these sources will be assembled for the time
windows during which both GeV and TeV fluxes are steady. These time periods will be selected
following the same Bayesian block variability analysis as presented in this work. The block-by-
block spectra will allow the particle distribution for a given steady state to be probed without mixing
states, which introduces bias to the cutoff sharpness. We hope that the assembled GeV-TeV spectral
data will help quantify the spectral hardness and curvature from ∼ 100 MeV to > 10 TeV and will
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Figure 3: Spectrum of 1ES 1011+496 integrated over six intervals determined by the Bayesian blocks around
the time of the TeV gamma-ray flare. From top left to bottom right, the integration intervals progress in
time. Filled circles and squares represent Fermi-LAT and VERITAS spectra, respectively. The faded colors
represent the observed spectra, whereas the deeper colors represent the deabsorbed spectra using the EBL
model from [3]. The dashed lines show the best-fit power-law model with an exponential cutoff without
consideration of the upper limits.

provide insights into the acceleration and cooling mechanisms of the emitting particles in the jets
of blazars.
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