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Abstract

Blazars are extremely powerful sources of multi-wavelength emission, specifically
very high energy (VHE) gamma rays. By observing gamma-ray emission from
blazars through ground-based detection techniques, we can begin to learn more
about the physical characteristics of these sources as well as the mechanisms that
cause their highly energetic emission. VER J0521+211, which was discovered by
VERITAS in 2009, is just one of over 100 VHE sources that have been detected
so far [6]. In 2020, an unprecedented gamma-ray flare was detected from this
source, which is what motivated the analysis in this report.

1 Introduction

By observing very high energy (VHE) gamma rays, we can gain insight into
some of the most pressing questions in cosmology, astrophysics, and particle
physics. For example, cosmic rays are charged particles whose origins we do not
completely understand, due to the fact that they are deflected by electromag-
netic fields before they can be observed on Earth. This complicates the process
of finding their origin [3]. However, gamma rays have no charge and originate
from the same kinds of events. We can track their origin to better understand
the events which produce these kinds of emission.

1.1 VERITAS

VERITAS (Very Energetic Radiation Imaging Telescope Array System) is a
major ground-based telescope array at the Fred Lawrence Whipple Observa-
tory in Arizona, pictured in Figure 1. It consists of four imaging atmospheric
Cherenkov telescopes (IACTs) that observe VHE gamma rays by detecting the
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Figure 1: Photograph of VERITAS telescope array at the Fred Lawrence Whip-
ple Observatory [6]

Cherenkov radiation produced when gamma rays enter the Earth’s atmosphere
[9].

1.1.1 IACTs

Gamma rays cannot completely penetrate the atmosphere. Gamma-ray photons
lose energy mainly through pair-production interactions with nuclei in the air,
decaying into electron-positron pairs. The resulting electrons undergo a sec-
ondary decay into gamma-ray photons through Bremsstrahlung radiation. This
results in an ongoing cycle until the energy of the particles dip below ∼84 MeV,
forming an air shower. Since the particles travel faster than the speed of light
in air, they emit flashes of Cherenkov radiation which form a conical shape, as
shown in Figure 2 [3].

The opening angle of this cone depends on the particle velocity and refractive
index of air, which causes the resulting light pool to have a radius of about 130
m on the ground. The telescopes capture an elliptical image whose major axis
indicates the direction from which the gamma ray originated [3].

It is important to note that the telescope also captures cosmic-ray induced
showers, which are much more common, but are not what we want to measure.
We can reject these background showers by distinguishing between the shape
of cosmic-ray induced images and gamma-ray induced images. Hadronic cosmic
ray showers have larger and more irregular transverse motion, so their images
tend to have a larger width which we can reject [3].

1.2 Blazars

Active Galactic Nuclei (AGN) are galaxies with central supermassive blackholes.
Figure 3 shows a diagram of an AGN, illustrating the important structures based
on out current understanding. Surrounding matter falls into the accretion disk,
which surrounds the central black hole. The broad line region (BLR) and narrow
line region (NLR) are two areas of ionized gas, named for the associated broad
and narrow spectral lines. The surrounding dusty torus obscures light from the
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Figure 2: Depiction of air shower and IACT observational technique [8]

Figure 3: Schematic diagram of an Active Galactic Nucleus, depicting major
structures [7]
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BLR at certain angles. Additionally, many AGN produce high energy gamma-
ray emission from plasma jets that travel away from the core at relativistic
speeds [3] [4].

Most of the sources detected by VERITAS are blazars, which are a class
of jetted AGN oriented towards the Earth. VHE observations of blazars can
aid our understanding of the particle acceleration mechanisms that cause multi-
wavelength emission and the physical properties of the emission region [9] [3].

Blazars can be classified into two groups: BL Lac objects and Flat Spectrum
Radio Quasars (FSRQs). FSRQs have broader lines in their optical spectra
and are typically more luminous, while BL Lacs have weaker spectral lines
and are less luminous. Synchrotron radiation is the radiation emitted when
magnetic fields accelerate relativistically-moving charged particles; blazars can
be distinguished further by the frequency at which their synchrotron emission
peaks. While FSRQs are usually low-synchrotron-peaked, BL Lacs can have
high (HBL), intermediate (IBL), and low (LBL) synchrotron peaks [3].

Due to their orientation, blazar jets are relativistically beamed, causing many
interesting observational properties such as apparent superluminal motion, high
luminosity, and fast variability [3].

1.2.1 Superluminal motion

Superluminal motion is apparent motion in which an object appears to be trav-
eling faster than the speed of light in vacuum. Superluminal knots – regions
within the jet that seem to be moving faster than light – have been detected
in the radio maps of some blazar jets. This phenomenon occurs when a jet is
moving relativistically in the direction of the photons emitted at a small viewing
angle, as shown in Figure 4. There is a smaller time interval from the perspec-
tive of the observer, causing the motion to appear faster [3] [4]. The apparent
velocity as seen by the observer is shown in Equation 1:

βapparent =
∆x

c∆τapparent

=
β sin θ

1− β cos θ
(1)

βapparent is the calculate ratio between the apparent velocity and the speed
of light in vacuum, c. ∆x is the transverse component of the object’s motion
(the apparent motion to the observer). ∆τapparent is the apparent time interval
for the object to travel the distance ∆x. β is the ratio between the actual
speed of the object and the speed of light in vacuum. The apparent velocity is
maximized when the actual velocity is very close to the speed of light and the
viewing angle, θ, is small [3].
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Figure 4: Diagram showing the orientation that may lead to observations of
superluminal motion

2 Motivation

2.1 VER J0521+211

Gamma-ray emission from VER J0521+211, shown on skymap in Figure 2.1,
was discovered by VERITAS in 2009. Observation of the source was motivated
by the detection of high-energy photons in the region by Fermi-LAT. 14.5 hours
of quality data was recorded during this time and gamma-ray events were mea-
sured at a significance of 15.6 σ over background events [2].

VER J0521+211 is highly variable on daily timescales from optical to TeV
wavebands [2]. There is uncertainty regarding the redshift of the source due
to the weak optical spectra of BL Lacs. The VERITAS Collaboration (2022)
lists a lower limit, z > 0.18, and upper limit z ≤ 0.34. The source is classified
as an IBL, but shows HBL-like properties when in a flaring state. Periods of
elevated gamma-ray emission between 2013 and 2014 have been measured by
various observatories, reaching a peak flux of around 37% Crab. [1].

Additionally, VLBA (Very Long Baseline Array) observations have shown
six moving knots and two superposed quasi-stationary knots in the inner jet of
the source since 2009. This could have interesting implications due to a possible
connection between gamma-ray flares and the crossings of superluminal and
stationary knots [1]. This could provide insight into particle acceleration in
blazar jets, so continuing to study the timing of gamma-ray flares compared to
radio knot crossings for this source could be valuable analysis.
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Figure 5: Skymap of TeV sources, indicating location of VER J0521+211 (from
TeVCat). Legend (right) shows the classification of each source type by color.

2.2 Goals

The objective of this project was to analyze the unprecedented gamma-ray flare
from the source VER J0521+211 in February 2020. The project included be-
coming proficient in using the VEGAS software package as a tool to analyze
blazars by generating skymaps, spectra, and light curves for the source. I was
then able to interpret these results to understand characteristics of the flare and
source, such as brightness, variability, and size of the emission region.

3 Methods

3.1 Data selection

The analysis was performed using VERITAS data for the source VER J0521+211.
As shown in Table 1, data between 2019 and 2020 was used - consisting of 18
“runs”, which are ∼30-minute observation periods. Runs with less than B-grade
weather or that used less than 4 telescopes were rejected. Some runs were also
excluded due to the zenith angle of the telescope being too high.

3.2 VEGAS

The VERITAS Gamma-ray Analysis Suits (VEGAS) is a software package cre-
ated by the VERITAS Collaboration for the analysis of VERITAS telescope
data. The analysis process consists of 6 stages. Stage 1 computes calibration
parameters related to telescope hardware, referencing the VERITAS database
for information about the runs used in the analysis. In stage 2, these cali-
brations are applied to the raw data. In stage 3, the images are cleaned and
parameterized. Stage 4 applies cuts based on data quality and reconstructs the
shower image, calculating the origin of the shower. In stage 5, time cuts and
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Date Run Time Duration (min) Weather grade
cuts (s)

20191003 94040 40 A
20191009 94164 30 A
20191027 94376 30 A
20191031 94468 30 B
20191218 94854 30 A
20200215 95731 30 B
20200216 95752 30 A
20200217 95770 30 B
20200220 95823 0/105 20 A
20200225 95881 30 A
20200225 95882 30 A
20200225 95883 30 A
20200225 95884 30 A
20200225 95885 30 A
20200225 95886 30 A
20200226 95905 30 A
20200226 95906 30 A
20200226 95907 30 A

Table 1: 2020 season runs used for analysis of VER J0521+211

background rejection are applied to the data. Finally, in stage 6, 1-D and 2-D
analyses are performed, generating plots that can be further analyzed [5].

4 Results

4.1 Significance map and distributions

The map shown in Figure 6 demonstrates the significance of VER J0521+211
over the background. The significance is calculated by measuring the photon
count from the source region (“on” events) compared to the photon count from a
control region (“off” events) [3]. This analysis uses the Ring Background Model
(RBM), which utilizes a ring shaped region around the source as a control region,
and excludes regions in which there are other potential gamma-ray sources or
bright stars [4]. A simplified formula which estimates the significance is shown
in Equation 2 [3]:

S =
Non − αNoff√
α(Non − αNoff)

(2)

RBM analysis resulted in a strong significance of 60.119 σ.
The significance distributions, shown in Figure 7, are essentially a 1-D rep-

resentation of the significance maps. The four plots show the distribution com-
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pared to a normal distribution when various factors are excluded. Figure 7(a)
shows the distribution including all bins, and there is a significant deviation
from the normal distribution. Figure 7(b) excludes stars in the field of view,
which does not seem to have much effect compared to 7(a). Figure 7(c) excludes
the source region. This plot barely deviates from the normal distribution, indi-
cating that the significance we are observing in 7(a) is caused by emission from
VER J0521+211.

4.2 Spectrum

Figures 8 and 9 show the differential photon flux as a function of energy. Figure
8 is fit to a power law function, as shown in Equation ??.

dN

dE
= N0

(
E

E0

)−α

(3)

N0 is the normalization constant. E is the measured energy in TeV. E0 = 1
TeV. α is the power law index. The χ2/ndf for this fit is 15.482, which is not
ideal.

Figure 9 is fit to a log parabola function, shown in Equation 4 [3].

dN

dE
= N0

(
E

E0

)−(α+β(log(E/E0)))

(4)

α is the index parameter, and β is the curvature parameter [3]. The χ2/ndf is
1.24, which is a much better fit.
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Figure 6: Significance map of region around VERJ0521+211 during 2020 sea-
son. The central white circle depicts the source region. The upper left and
right circles indicate two stars in the FoV. RBM was utilized for background
estimation.
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Figure 7: Significance distributions for region around VERJ0521+11 during
2020 season. Normal distribution with mean 0 and standarad deviation 1 (blue).
A: Distribution for all bins (black). B: Distribution excluding stars in FoV
(black). C: Distribution excluding source region (black). D: Distribution
excluding stars and source (black).
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Figure 8: Differential flux as a function of energy for VER J0521+211, fit to a
power law model as indicated by the solid line. The markers indicate VERITAS
data points, and the arrows indicate upper limits.

Figure 9: Differential flux as a function of energy for VER J0521+211, fit to a
log parabola model, as shown in Equation 4
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4.3 Light curves

4.3.1 Variability timescale

Figure 10 is a daily-binned light curve showing the photon flux as a function
of time, between October 2019 and February 2020 with energy threshold > 350
GeV. There is a very dramatic flare in 2020 beginning at around MJD 58900.

We can further analyze this by focusing on the 3-day period of the flare
itself in Figure 11. This light curve has 30-minute bins and has been fitted to
an exponential function, shown in Equation 5 [3].

F (t) = F0e
−(t−tpeak)/tdecay + Fconst (5)

F0 is the amplitude. tpeak is the time at which the peak flux occurs. tdecay
is the decay period, and Fconstant = 0.From this, we obtain a decay period of
2.52± 0.60 days. We will define this value as the variability timescale, tvar.

4.3.2 Characterizing rise/fall times

Additionally, Figure 12 shows the 10-minute binned light curve on February
25th, 2020. This curve is fit to a piecewise exponential function, shown in
Equation 6 [3].

F (t) =

{
F0e

(t−tpeak)/trise + Fconst

F0e
−(t−tpeak)/tdecay + Fconst

(6)

From this, we obtain a rise time of 1.68 ± 0.03 hours and a decay time of 1.21
± 0.06 hours. More generally, symmetry of flares can give us more information
about cooling processes in the emission region. For example, if the cooling time
is longer than the time it takes for light to travel through the emission region,
we will see a flare with a longer decay period [3]. However, this one plot is
not enough to make any conclusions, and there was not enough data for me to
generate any additional light curves to characterize the rise/fall times during
this time period. Regardless, this is a topic that may be worth looking into in
the future.

4.4 Constraining size of emission region

After estimating the variability timescale, we can constrain the size of the emis-
sion region using Equation 7 [10]:

R ≲
ctvarδ

1 + z
(7)

c is the the speed of light in vacuum. tvar = 2.52 days is the variability
timescale defined in Section 4.3.1. δ = Γ[(1 − β cos θ)]−1 = 26 is the model-
based doppler factor listed by the VERITAS Collaboration (2022) [1]. The
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lower limit z > 0.18 is used for the redshift. This results in an upper limit of
R ≲ 1.44 · 1017 cm for this source.

This equation comes from the idea that if an object were to give off a flash
of light from each point on its surface, we would not observe an instantaneous
flash. Rather, we would first see light from the point on the surface nearest
to us. Our observation of the flash would end after a certain period of time,
corresponding to the light-travel time across the object [11].

In real cases, we observe fluctuations of luminosity rather than instantaneous
flashes, but we can use this same logic to estimate an upper limit for the size
as shown in Equation 7.

Figure 10: Daily binned light curve showing the integral flux > 350 GeV for
VER J0521+211 during the 2020 season. MJD 58760 = 10/4/2019. MJD 58880
= 2/1/2020.
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Figure 11: Light curve (30 minute bins) showing the integral flux > 350 GeV
for VER J0521+211 during the 2020 flare (February 25th - 27th, 2020). The
black dashed line indicates an exponential decay fit as shown in Equation 5.
Estimated amplitude and decay period are listed. MJD 59804 = 2/25/2020

Figure 12: Light curve (10 minute bins) showing the integral flux > 350 GeV
for VER J0521+211 during the day of February 25th, 2020. The black dashed
line indicates an exponential decay fit as shown in Equation 6. The amplitude
and rise (blue dotted line) and decay (red dotted line) periods are listed.
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5 Summary & Conclusions

An unprecedented gamma-ray flare was detected from the blazar VER J0521+211
in 2020. The statistical significance from the source during the flare has been
found to be 60.119 σ according to RBM analysis. The decay timescale esti-
mated by studying the flare light curve is 2.52± 0.60 days. From this analysis,
an upper limit for the size of the emission region was calculated, obtaining a
result of R ≲ 1.44 · 1017 cm ≃ 0.0467 pc. This result can help with future work
of modeling the jet and understanding the location of the jet relative to the
central engine [10].

Additionally, smaller rise/fall periods were characterized on an hourly scale,
but more analysis is needed here. More refined light curve analysis for this
source would help to characterize these rise/fall times and perhaps even give
insight into a possible radio/gamma-ray connection.
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