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ABSTRACT

Supermassive black holes in the center of galaxies can launch relativistic plasma jets along their polar axis. The

physics of black-hole jets is a very active research topic in astrophysics, owing to the fact that many questions remain

open on the physical mechanisms of jet launching, particle acceleration in the jet, and the radiative processes. In this

work, I focus on the last item and present a review of the current understanding of radiative emission processes in

supermassive-black-hole jets.
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1. INTRODUCTION

From black holes to supernovae, High Energy As-

trophysics aims to understand the mechanisms behind

these extreme objects and processes. Spanning the

“last window” of astronomical observations, over eight

decades of high-energy photons from a variety of non-

thermal sources have been used to investigate our uni-

verse’s most energetic processes. There is a rich science

to be discovered at these energies. Ten classifications of

γ-ray emitters are currently accepted, one of which will

be the focus of this analysis: blazars.

1.1. Blazars

At the center of virtually every galaxy is a supermas-

sive black hole. The exact reason for this is still an ac-

tive debate among galactic astronomers, but the study

of black holes and their physics has been the center of
much astronomical research, with the 2020 Nobel Prize

in Physics awarded for research on black holes. Black-

holes possess uniquely strong gravity, which, in turn,

leads to unique physics. Areas of very high gravitational

potential can create phenomena that are not possible

anywhere else in the universe. Hawking radiation (11),

gravitational lensing, and gravitational waves have all

been theorized to be caused by black holes.

These SMBHs at the center of galaxies are sometimes

qualified as ”active.” In an active galaxy, the central

region near the SMBH can outshine the billions of stars

in the surrounding bulge and disk. This central region,

about 10 parsecs in diameter, is called Active Galactic

Nuclei. In the unified model of AGN (see Figure 1),

the classification of different sources is dependent on the

presence or absence and orientation of the relativistic jet

relative to the observer.

Figure 1. The Unified Model of Active Galactic Nuclei (4)

1.2. TeV Observational Techniques

To cover the wide range of energies that blazars emit,

special techniques have needed to be developed for prob-

ing the highest energies. The Earth’s atmosphere is

opaque to most wavelengths besides optical and radio.

As such, astronomers often resort to space-based ob-

servation methods, avoiding the atmosphere altogether.

Telescopes are used to observe from microwave to in-

frared, from ultraviolet to X-rays. The Fermi Large

Area Telescope (LAT (1)) is even able to observe up

to 300 GeV photons with its pair conversion detector.

But what about the energies even higher than this? To

observe the highest energies, astronomers looked back to

ground-based telescopes using an interesting technique.

VERITAS, the Very Energetic Radiation Imaging

Telescope Array System (2), is one of around seven ob-

servatories worldwide that currently probe the high en-

ergy range. Located in the desert of Southwest Arizona

at the Whipple Observatory, the array of four telescopes

is sensitive to a wide range of photons, from around 100

GeV up to over 30 TeV. Rather than directly measuring

them, VERITAS is used to observe the byproducts of

these high-energy photons: air showers.

When a high-energy photon hits a nucleus in the

Earth’s upper atmosphere, a shower of particles is pro-

duced. γ-rays above critical energy E0 ≈ 84 MeV in-

teract with the electromagnetic field of the nucleus to

produce a positron and an electron, γ → e+ + e− (6).

These electrons then radiate through Bremsstrahlung

radiation caused by a deceleration of the electron due to

an interaction with another atmospheric atomic nucleus.

This process produces another γ-ray, and if the energy

of this photon is above E0, the process will continue in

a cascading fashion. Figure 2 shows how the different
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shapes of the showers, illustrating how an observer can

distinguish between one and the other.

Figure 2. Air Showers Due to γ-Rays vs Cosmic-Rays (3)

2. Γ-RAY EMISSION MECHANISMS

The processes of AGN are primarily, and intuitively,

powered by one thing, the supermassive black holes at

their centers. Understanding black holes is both neces-

sary for determining the characteristics of AGN, as well

as a consequence of studying them. While there are in-

fluences separate from the SMBH, it is often considered

that the jets of relativistic plasma that they eject are the

source of the γ-ray emission we detect. The composition

of these jets, the mass of the SMBH, the magnetic field

strength, and a score of other factors are taken into ac-

count to create theoretical models of the processes that

would create emissions across the electromagnetic spec-

trum.

2.1. Leptonic

One of the objectives of studying AGN is to deter-

mine the composition of their relativistic jets. Leptons

are often necessary for models of AGN spectra due to

their abundant mechanisms. Electrons moving near the

speed of light are diverted by the electric fields which are

present in the jet. This acceleration causes the emission

of a photon through a process called synchrotron radia-

tion.

The same electrons which produce these synchrotron

photons can inverse-Compton scatter with the photons,

creating higher energy X-rays and γ-rays. This process

is called synchrotron self-Compton or SSC (9). It is pos-

sible, as well, that the photons which are upscattered

through the inverse-Compton process do not come from

the synchrotron emission within the jet. Thermal emis-

sion from the accretion disk of the SMBH can enter the

relativistic electron environment (5) and, through was is

called external inverse-Compton (EIC), gain energy to

become γ-rays.

2.2. Hadronic

Leptons are likely not the only particles present in rel-

ativistic jets; hadronic models of AGN spectra are com-

monplace in the current literature. Protons can undergo

a similar process to electrons, interacting with the mag-

netic fields within relativistic jets to produce sycntroton

emission. Protons can also interact with the photons

in the jets, both those created by synchrotron emis-

sion as well as the external photons. However, rather

than inverse-Compton scattering most interactions lead

to photo-meson production (7). Inverse-Compton scat-

tering for protons does happen, but it can be safely ne-

glected for most modeling of AGN emission. The process

for photo-meson production is illustrated below:

p+ γ → p′ + π0

p+ γ → n+ π+

p+ γ → p′ + π+ + π−

Next, the pions decay. Neutral pions decay into γ-

rays, while charged pions decay into neutrinos. This is

one of the reasons why AGN are considered candidates

for mulit-messenger astronomy, and observatories such

as IceCube are used to probe these objects.

π0 → γγ
π+ → µ+ + νµ → e+ + νe + ν̄µ + νµ
π− → µ− + ν̄µ → e− + ν̄e + νµ + ν̄µ
Another proton-photon interaction which can occur

in relaticistic jets is Bethe-Heitler pair-production, de-

scribed like so:

p+ γ → p′ + e+ + e−

This process is dominant at lower energies, but as soon

as the threshold for photo-meson production is reached,

Bethe-Heitler pair-production loses dominance.

3. ANALYSIS

3.1. Dataset

Data for the blazar 1ES 1215+303, which is the focus

of my analysis, is limited in the last three years. With a

combined total of 1.1 hours of usable runs from the 2020

to 2022 period, which I am focusing on, I had to come up

with a solution to increase the statistical significance of

any findings. The obvious solution is more time on tar-

get, but since runtime on VERITAS is decided through

committee, I had to find another way rather than ac-

quiring new runs.

The solution that proved to be the simplest was to

use data from the nearby blazar 1ES 1218+304, which

is within the field of view of my target source. This

means any runs of 1218+304 will also contain within
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them data from 1215+303. The brighter 1218+304, had

many more usable runs in the target period (see Ta-

ble 2), so the use of these runs would prove useful. The

first step I took was to do an analysis of 2021 data alone,

using both source runs. The total runtime for this anal-

ysis was far greater than the single source run, increas-

ing to 5.2 hours total for the year. This number does

take into account time cuts, which were substantial for

1215+303 data, but only occurred in one of the seven

1218+304 runs.

2020 2021 2022

Total Runs 0 4 0

Usable Runs 0 3 0

Total Runtime 0 hrs 1.1 hrs 0 hrs

Table 1. 1ES 1215+303

2020 2021 2022

Total Runs 20 11 8

Usable Runs 12 9 7

Total Runtime 5.4 hrs 4.1 hrs 3 hrs

Table 2. 1ES 1218+304

3.2. Results

Using the combined data from 1215+303 and 1218+304,

I was able to produce two sky maps of the entire sur-

rounding the target source. Figure 3 shows the number

of excess counts over the background. In this case,

background calculations are made using a section of the

sky where it is believed that no other TeV sources ex-

ist. Counts from this region are labeled as Noff , while

on-source counts are labeled Non. The equation for the

background is given by

NS = Non − αNoff ,

where α = ton/toff , the ratio of the exposure times.

Figure 4 shows the significance of region on the

skymap in units of σ. The calculator of significance

involves a complicated equation which is outlined in

T.-P. Li and Ma (1983) (reference forthcoming). A sim-

plified version of the equation, which is valid for a high

number of counts, is shown here:

S =
Non − αNoff√
α(Non +Noff )
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Figure 3. Excess Counts Map
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Figure 4. Significance map

Figure 5 is a one-dimensional representation of the

sky maps above. In order for our target source to have

significant counts, we want the left most plots to have

more counts in the > 5σ regions. What we see in this

case, however, is in the top right plot, which shows the

excess counts minus the source, what we hoped to see

in the plot of the significant distribution minus the star

exclusions. This means that there is a source with high

significance in the region, but it is not our source. Given

that the analysis was completed using runs with 1ES

1215+303 and 1ES 1218+304, it is understandable that

there is a source in the region which has high signifi-

cance.

In the case of such low significance, the next step is

to create upper limits on the flux. Upper limits can be

created so as to set boundaries on the possible shapes

of SEDs. Figure 6 shows the upper limits calculated

for 1ES 1215+303. The reason that the upper limits
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Figure 5. Significance Distributions

increase as the energy increases is due to the fact that

the rarity of higher energy photons causes a decrease

in the ability to constrain the flux. In fact, it is the

opposite of what we would expect for real data, as the

spectrum is expected to drop off steeply at high energies

in the VERITAS range.

Figure 6. Spectrum of 1ES 1215+303 in the VERITAS
Energy Range

3.3. Discussion

At first, no detection may seem like a disappointing

result, but it is important to remember the broader con-

text of the analysis. Figure 7 shows the amount of obser-

vation time necessary for the detection of a source based

on its flux relative to the crab nebula. 1ES 1215+303 is

notable for a couple of reasons, one of which is its ex-

treme differential between its low-state and flared-state

(8). Blazar flux can be categorized through an imagi-

nary unit called a crab unit, which relates a target TeV

source’s flux to the crab nebula’s flux. 1ES 1215+303

shows a very low low-state flux of 0.035 crab units (ref-

erence TeVCat), compared to a flaring flux of 2.4 crab

units. What this means is that to get a detection of the

target, a minimum of around 5 hours of observation is

required. This analysis was completed with 5.2 hours of

observation, but if the target source dipped below the

0.035 crab units during that time, it is possible to have

no detection.

Figure 7. Observation Time vs Source Strength for 5 Sigma
Signal (10)

3.3.1. Next Steps

Continuing this analysis with more observation time

by including the runs from 1ES 1218+304 in 2020 and

2022 may be able to show detection. This would, in

turn, set better limits on the flux, allowing for a more

detailed multiwavelength analysis to be performed. An-

other step that can be taken is to consider of effects

of interactions with the extragalactic background light

(EBL). Characterizing how this affects our observations

can further improve results.
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