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Abstract
Advancing Blazar Science with Very-High-Energy Gamma-Ray Telescopes

Aryeh Louis Brill

Blazars, active galactic nuclei with relativistic jets pointed almost directly at Earth,

are powerful and highly variable sources of nonthermal electromagnetic radiation, including

very-high-energy gamma rays. We can detect these gamma rays with arrays of imaging at-

mospheric Cherenkov telescopes (IACTs), including the Very Energetic Radiation Imaging

Telescope Array System (VERITAS) and the upcoming Cherenkov Telescope Array (CTA).

After reviewing the science of blazars and the methods used by IACTs, we investigate how

gamma-ray variability can provide insight into blazars’ physical properties while also com-

plicating efforts to understand these sources as a population. We first present a study of

three flaring blazars observed with VERITAS and analyze these sources’ spectral and vari-

ability characteristics, taking into account data at other wavebands, including that of the

Large Area Telescope aboard the Fermi space telescope (Fermi-LAT). Next, after laying out

how observing biases and intrinsic variability can confound blazar population studies with

IACTs, we propose methods to account for these effects, and use simulated data to report ex-

pectations for a blazar luminosity function measurement with VERITAS. Sophisticated new

instruments and data analysis methods can further expand the frontier of gamma-ray blazar

science. To that end, we design a camera software system to enable safer and more efficient

operations of a next-generation IACT being developed for CTA, the prototype Schwarzschild-

Couder Telescope (pSCT). Finally, we develop methods to apply deep neural networks to

the analysis of IACT data and employ these methods to reject background events detected

by simulated arrays of IACTs.
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Chapter 1: Introduction

1.1 Very-High-Energy Astrophysics

Very-high-energy (VHE; between roughly 30 GeV and 300 TeV, often referred to simply

as TeV) gamma rays are a window into the Universe's most extreme environments, provid-

ing a vital probe of astrophysics, cosmology, and fundamental physics. Gamma rays in this

energy band can be indirectly detected on the ground using arrays of imaging atmospheric

Cherenkov telescopes (IACTs), which detect the Cherenkov light emitted from air showers

produced by VHE gamma rays when they are absorbed by the atmosphere. Indirect detec-

tion of VHE gamma-ray emission with ground-based instruments is complemented by direct

detection in the high-energy (HE; between roughly 30 MeV and 300 GeV, often referred to

simply as GeV) band with space-based telescopes. VHE astrophysics began in earnest with

the detection by Weekes et al. (1989) of the brightest steady TeV source, the Crab nebula.

The Crab is now used as a �standard candle� in VHE astrophysics, with �uxes often reported

in Crab Units, that is, as a percentage of the Crab nebula �ux. With current-generation

IACTs, the Crab nebula can be detected at �ve standard deviations in about one minute.

The known TeV gamma-ray sources are reported in the TeVCat catalog1, and as of this

writing, over 230 TeV sources have been detected, comprising numerous source classes and

enabling a wide variety of scienti�c studies (e.g. CTA Consortium, 2019). Figure 1.1 shows

a map of the known TeV sources and their classi�cations.

The majority of extragalactic TeV sources are blazars, a class of active galactic nu-

clei (AGN) characterized by luminous, rapidly variable, non-thermal broadband emission,

1http://tevcat.uchicago.edu/
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Figure 1.1: A map of the known TeV sources in Galactic coordinates, from TeVCat.

thought to originate in relativistic jets that are oriented nearly along our line of sight. Most

TeV blazars belong to the class of BL Lac objects, although several �at spectrum radio

quasars (FSRQs) have also been detected. IACTs often try to conduct blazar observations

during �ares, or short periods of elevated �ux often observed at multiple wavelengths, which

have been associated with high-energy neutrino production and can provide high signal-to-

noise datasets enabling probes of AGN structure and searches for new fundamental physics.

Blazars typically appear in the gamma-ray band as point sources with no resolvable spatial

structure. A handful of detected radio galaxies (Archer et al., 2020) and starburst galaxies

(VERITAS Collaboration et al., 2009) round out the extragalactic TeV source catalog.

Gamma-ray observatories play a key role in the emerging era of multimessenger astro-

physics (for a review, see Mészáros et al., 2019), combining signals associated with the four

forces of nature: electromagnetic radiation, gravitational waves, neutrinos (weak force), and

cosmic rays (strong force). Cosmic rays have been observed at energies of over1020 eV, and

while the highest-energy cosmic rays are believed to be extragalactic in origin, their sources

are unknown (Aab et al., 2020). Gamma-ray observations can help identify the sources of

ultra-high-energy cosmic rays, which are charged particles and are therefore de�ected by

electromagnetic �elds en route to the Earth. One recent discovery exemplifying the multi-
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messenger paradigm is the coincident detection of gravitational waves and multiwavelength

electromagnetic radiation produced by a short gamma-ray burst and subsequent kilonova

caused by a binary neutron star merger (B. P. Abbott et al., 2017). IACTs have recently

made the groundbreaking detections of gamma-ray emission from a �aring blazar associated

with a highly energetic neutrino detected by the IceCube Neutrino Observatory (M. G. Aart-

sen et al., 2018; Abeysekara et al., 2018) and of TeV emission produced by a gamma-ray

burst (Acciari et al., 2019).

Observations of blazars in the VHE band, especially in a multiwavelength and multi-

messenger context, can help answer numerous scienti�c questions. Due to their head-on

orientation, blazars produce relativistically beamed emission, presenting an opportunity to

study AGN at the highest energies, greatest apparent luminosities, and fastest variability

timescales. VHE blazar observations can help answer key open questions, including:

ˆ Where is the gamma-ray emission region located, and what is its size and shape?

ˆ How is the central black hole's energy transported to the emission region?

ˆ What particle acceleration and radiative processes give rise to gamma-ray and multi-

wavelength emission, and are blazar �ares neutrino sources?

ˆ What causes blazars' extreme variability on all observed timescales?

ˆ Can blazar �ares be predicted on any timescale, and what is their duty cycle?

ˆ Do �ares originate from di�erent physical processes than quiescent emission?

ˆ What physical mechanisms explain the observed di�erences between FSRQs and BL Lac

objects? Do these blazar classes have an evolutionary relationship?

We can further use VHE gamma-ray emission from blazars at cosmological distances as a

laboratory to study cosmology and particle physics, taking advantage of the fact that VHE
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gamma rays may be absorbed via photon-photon interactions with intergalactic radiation

�elds. Measuring the extent and products of these absorption processes provides a probe of

the extragalactic background light and intergalactic magnetic �eld, giving insight into how

stars and large-scale magnetic �elds formed over the history of the Universe. We can also use

these measurements to constrain new physics, including potential interactions with axion-

like particles (de Angelis, Galanti, and Roncadelli, 2011) and energy-dependent Lorentz

invariance violation predicted by theories of quantum gravity (Abdalla et al., 2021).

Closer to home, Galactic TeV sources come in a diversity of types, including supernova

remnants, pulsar wind nebulae, and gamma-ray binaries, often displaying complex morpholo-

gies; in addition, complex structures and large-scale di�use emission are present throughout

the Galactic plane and in the Galactic ridge in particular (Abdalla et al., 2018; Archer

et al., 2016). The Crab nebula is a pulsar wind nebula. In addition to detections of TeV

sources, constraints have been placed on hypothesized sources of TeV gamma-ray emission,

such as gamma rays produced by the annihilation or decay of dark matter in dwarf galaxies

(Archambault et al., 2017a).

1.2 Ground-Based Very-High-Energy Gamma-Ray Detectors

The �rst atmospheric Cherenkov telescope was built by Galbraith and Jelley (1953), who

by placing a photomultiplier tube (PMT) at the focus of a parabolic mirror were able to

observe pulses caused by cosmic-ray-induced Cherenkov showers. Although it was quickly

realized that Cherenkov telescopes could also be used to observe gamma-ray showers, over

three decades would elapse until the Crab nebula was successfully detected using the Whipple

10 m telescope by Weekes et al. (1989). This breakthrough was made possible by introducing

imaging, allowing gamma-ray and cosmic-ray showers to be e�ciently separated based on

their morphology. The next major improvement to be introduced, by the current generation
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of observatories, was the use of arrays of IACTs, dramatically improving event reconstruction

and enabling the cosmic-ray background to be cut down still further. A history of the �eld

of VHE astrophysics from the early days through the current generation of instruments is

given by Hillas (2013).

Three major IACT observatories are currently in operation: the High Energy Stereoscopic

System (H.E.S.S.), located in Namibia (F. Aharonian et al., 2006); the Major Atmospheric

Gamma Imaging Cherenkov (MAGIC) telescope array, located on the island of La Palma in

the Canary Islands, Spain (Aleksi¢ et al., 2016); and the Very Energetic Radiation Imaging

Telescope Array System (VERITAS), located at the Fred Lawrence Whipple Observatory

(FLWO) in southern Arizona (Holder et al., 2006; Holder, 2011). H.E.S.S. has four 12 m

telescopes as well as one 28 m telescope, which provides enhanced low-energy sensitivity,

while MAGIC has two 17 m telescopes. VERITAS, the successor to Whipple, has four 12 m

telescopes. Figure 1.2 shows a photograph of the VERITAS observatory.

Figure 1.2: A photograph of the VERITAS Observatory.

Building on the experience gained from these instruments, the next-generation observa-

tory for VHE gamma-ray astronomy, the Cherenkov Telescope Array (CTA), is currently

under development (Actis et al., 2011). CTA, with approximately 100 telescopes located in
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two separate arrays in the Northern and Southern Hemispheres, will improve on the capa-

bilities of the current-generation observatories by an order of magnitude. The CTA project

includes the development of a novel dual-mirror IACT design, the Schwarzschild-Couder

Telescope (SCT). A prototype SCT (pSCT) has been constructed at the VERITAS site. In

addition to the major observatories, the First G-APD Cherenkov Telescope (FACT), located

on La Palma, operates as a single telescope to perform automated monitoring of bright

blazars (Dorner et al., 2019).

Observations with IACTs are complemented by data from water Cherenkov detector

arrays, which detect air showers using the Cherenkov light emitted as shower particles pass

through water tanks. Observatories using this technique include the High-Altitude Water

Cherenkov (HAWC) observatory (Abeysekara et al., 2017) and the Large High-Altitude Air

Shower Observatory (LHASSO; Bai et al., 2019). While these instruments have much higher

duty cycles and larger �elds of view compared to IACTs, they are less e�cient at rejecting

background cosmic-ray showers and are only sensitive to gamma rays with energies greater

than about 10 TeV.

1.3 Space-Based High-Energy Gamma-Ray Detectors

Above the Earth's atmosphere, direct gamma-ray detection is possible. Typical astro-

physical gamma-ray sources have steeply falling power-law spectra, making observations

with space telescopes (with collection area limited to� 1 m2) feasible only for the relatively

higher photon �uxes in the HE band. The �rst high-energy gamma-ray source was the quasar

3C 273, which was detected by the COS-B satellite (Swanenburg et al., 1978). Following that

discovery, a large-scale survey in the HE band was conducted with the Energetic Gamma

Ray Experiment Telescope (EGRET) instrument aboard the Compton Gamma Ray Obser-

vatory (CGRO) satellite, which was sensitive to gamma rays between 30 MeV and 30 GeV.
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