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1 Abstract

The study of gamma ray bursts (GRBs) lies at the frontier of interesting and exciting very high energy
gamma ray astronomy. VERITAS observes GRBs at the highest priority with the goal of detecting
them in the VHE band. We run analyses on the most promising GRBs VERITAS has observed
over its lifespan that have not yet been investigated, and compute flux upper limits to examine the
ability of VERITAS to detect VHE GRBs. In addition, the VEGAS analysis package is examined to
determine the functionality of multiple settings across different versions of the software. The GRB
analyses showed no sign of a detection, but flux upper limits suggest that VERITAS might be able to
detect three of the GRBs if observations are taken at an early enough time after the burst, although
further work is needed for better accuracy. The VEGAS analysis package has issues running ITM
and TDRBM analysis in the newest version of the software, which were referred to the development
team.

2 Introduction

Gamma rays are the highest-energy, shortest-
wavelength photons in the electromagnetic
spectrum, spanning a range from 0.1 MeV to
100 TeV and above. Very high energy (VHE)
gamma rays are the most energetic subset of
gamma rays that we can detect, with energies
between 0.1 and 100 TeV, and are emitted by
some of the most energetic events in the uni-
verse, including active galactic nuclei, super-
nova remnants, and GRBs[7]. Unlike cosmic
rays produced in the same events, gamma rays
are neutrally charged, and so they travel from
their source in a straight line, making it possible
to correlate a gamma ray with the astronomi-

cal event that created it. The study of gamma
rays can thus be used to explore the funda-
mental processes underlying these events[8][1].
Gamma ray astronomy is also used to examine
other fundamental physics questions, including
dark matter searches, Lorentz invariance, and
the intergalactic magnetic field[9].

2.1 IACTs

In the VHE band, unlike lower energies, gamma
ray flux at Earth is so small that space-based
gamma ray telescopes are infeasible. Gamma
rays are instead detected indirectly by IACTs
(Imaging Atmospheric Cherenkov Telescopes)
on Earth. When gamma rays enter the atmo-
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sphere and interact with particles there, they
pair produce an electron and a positron. This
begins an electromagnetic cascade where the
pair produced particles emit further gamma
ray radiation, which in turn pair produce more
electron-positron pairs, and so on, in an air
shower. These charged particles are moving
faster than the speed of light in the atmo-
sphere, and so Cherenkov radiation is produced,
which is then detected by the IACT on the
ground. The angle of the Cherenkov light inci-
dent on telescopes at different positions allows
the original direction of the gamma ray to be
stereoscopically reconstructed, while the inten-
sity of the Cherenkov light is used to recover the
gamma ray energy. Cosmic rays, which interact
with Earth’s atmosphere more frequently than
gamma rays, undergo a similar cascading pro-
cess and therefore also produce Cherenkov ra-
diation which IACTs detect. This background
signal is removed by examining the shape of
the Cherenkov light on the detector: gamma
ray Cherenkov light is elliptical, whereas cos-
mic rays produce more scattered and varied
Cherenkov light[10].

2.2 VERITAS

One of the major gamma ray observatories cur-
rently operating is the Very Energetic Radia-
tion Imaging Telescope Array System (VERI-
TAS). Located at the Whipple Observatory on
Mt. Hopkins, Arizona, VERITAS consists of
four 12-meter IACTs, which each use 350 mir-
rors to focus Cherenkov light onto a camera con-
sisting of 499 photomultiplier tubes. These con-
vert photons into electrical signals, which are
then digitized. VERITAS operates in the en-
ergy range between 85 GeV and 30 TeV, and
has been observing since 2007[12].

2.3 Gamma Ray Bursts

GRBs, which are the most energetic phenom-
ena known in the universe, are of particular in-
terest for gamma ray observations. GRBs re-
lease the highest-energy gamma rays, and thus
have unique particle acceleration processes to

investigate. GRBs are extremely short events,
with an average length of less than a minute.
They are split into two categories: short GRBs,
which last less than a second, and long GRBs,
lasting more than a second. Short GRBs are
produced in the merger of binary neutron star
systems, but are less understood. Long GRBs
are produced in the deaths of massive stars. The
star’s core collapses into a black hole, and mat-
ter near the black hole forms an accretion disk,
which in turn powers relativistic jets which ra-
diate gamma rays and other relativistic parti-
cles. Emission from GRBs are generally split
into two phases: a prompt emission, which in-
cludes the very brief (sub-millisecond to 100s
of seconds) but extremely intense emission of
photons at the highest energies, and an after-
glow phase, which lasts significantly longer, but
emits a wider range of lower-energy photons.
The prompt emission alone from a GRB releases
more energy than the Sun will release over its
entire lifetime[7]. GRBs have exclusively been
observed outside of our galaxy, and have been
observed as far away as a redshift of 6.29[5].
Gamma ray production in GRBs is caused by
several different processes. In the presence
of a magnetic field, electrons moving at rela-
tivistic speeds will undergo synchrotron radia-
tion as they accelerate through the field. Pho-
tons can also undergo inverse Compton scat-
tering, where a photon scatters with an elec-
tron, which transfers some of its energy to
the photon. Finally, gamma rays can also be
emitted via Bremsstrahlung, where one charged
particle decelerates in the presence of an op-
positely charged particle and releases a pho-
ton. Due to the transient nature of GRBs,
and the short duration of gamma ray emission,
mainly during the prompt phase, GRBs are dif-
ficult to detect in comparison to longer-lasting
gamma ray sources. No GRBs had ever been
detected in the VHE band until the detection
of GRB180720B by the High Energy Stereo-
scopic System (HESS) in 2018[1], which means
VHE GRB astronomy is a young but extremely
promising field.
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3 Motivation

3.1 GRB Analysis

The HESS detection in 2018 was a milestone
moment for a number of reasons. As well
as being the first VHE GRB detection, future
prospects were also boosted because the detec-
tion occurred 10 hours after the burst, well into
the afterglow phase. This was surprising, given
that the prompt emission was thought to be the
main source of VHE gamma rays, but the re-
sult meant that the window for detections might
be larger than it was initially thought to be[1].
Since that detection, more VHE detections have
continued to occur. In 2019, the Major Atmo-
spheric Gamma Imaging Cherenkov (MAGIC)
Telescope detected TeV gamma ray emission
for the first time from GRB190114C, cement-
ing the utility of GRBs to examine the sky at
the very highest energies[8]. VERITAS has ob-
served over 200 GRBs since its construction and
has been able to provide upper limits for some.
However, VERITAS has not directly detected a
GRB. Since analysis has not been done on ev-
ery GRB observation, and VERITAS continues
to observe more GRBs with high priority, ana-
lyzing more GRBs with the goal of a detection
or additional upper limits remains an important
task. Furthermore, we can use properties of a
GRB and its observation by VERITAS to select
the GRBs with the best chance of detection for
analysis in order to make the best use of com-
putation time.

3.2 VEGAS Testing

The initial configuration intended for GRB
analysis in the VEGAS analysis package en-
countered critical errors, which prevented op-
timal GRB Analysis from being performed.
These issues showed the importance in under-
standing which VEGAS settings were currently
operational, and which had errors, so that the
GRB analysis could be done in the best func-
tional configuration, and also so issues in broken
configurations could logged and passed on to the
VEGAS team to be fixed.

3.3 Goals

The primary objective of this project was to se-
lect a subset of VERITAS GRB observations,
perform analysis on them using the VEGAS
software package, and interpret the results, ei-
ther by finding a detection, and/or calculat-
ing flux upper limits. Secondarily, the VEGAS
package itself was tested to determine which
configurations were not properly functioning,
due to a number of errors while conducting the
GRB analysis with the software.

4 Methods

4.1 GRB Selection

The main set of information on VERITAS GRB
observations is kept on a Google spreadsheet
maintained by the VERITAS Collaboration.
This information includes information about
the GRB, such as name, position, and redshift,
as well as information about observations, such
as Fermi-LAT, SWIFT, and other telescopes’
detections of the GRB, and VERITAS observa-
tion information like run numbers, observation
start time, and delay before observing. Addi-
tional VERITAS observation information, such
as specific run data and comments, can be found
on the VERITAS log sheet generator. In order
to select the most promising GRB candidates,
we used a systematic method of examining the
information present about a GRB and convert-
ing that to information about how much poten-
tial that GRB had for detection. To do this, a
weighting function[13] was calculated for each
burst as follows:

The first factor considered, τ , is absorption
due to extragalactic background light (EBL),
which occurs when a gamma ray photon inter-
acts with an EBL photon and causes pair pro-
duction, eliminating the initial gamma ray. The
EBL factor is a function of the GRB redshift,
z, and the energy threshold of the observation,
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which depends on the zenith angle of the tele-
scope during the observation. The second factor
is the observing delay time: how long after the
burst data was taken. Both the redshift and de-
lay time were known values listed on the obser-
vations spreadsheet as either data recorded by
VERITAS observers, or gathered from analysis
of observations of the GRB by other telescopes.
The EBL absorption factor was calculated us-
ing the Dominguez EBL model, which is built
into gammapy[6]. The energy threshold param-
eter for the EBL absorption was calculated by
taking the average zenith angle of runs taken
on a given GRB, and then using the VERITAS
performance papers to convert that angle to an
energy threshold.

Figure 1: VERITAS Performance Paper for
Zenith angle to Energy Threshold

For the cases of extreme zenith angles, a max-
imum or minimum angle was used as opposed
to an average, because of constraints on the al-
lowed zenith angle for VERITAS telescopes. To
serve as a baseline example for what a promising
weight value might be, the weight function was
also calculated for four GRBs that had greater
than 1 TeV detections, as listed on Tevcat[11].
With this baseline set, we calculated the weight
function for a set of VERITAS-observed GRBs,
and then selected from that set six GRBs with
strong weight values and good VERITAS runs.

4.2 GRB Analysis

The analysis for the GRBs was done using the
VEGAS software package, which consists of 6
stages of analysis, although stage 3 no longer
exists on its own. The runs were gathered from
the VERITAS log sheet generator, which also
formats the runlists that VEGAS uses to iden-
tify the runs to use in an analysis. Each GRB
was run with two different analysis modes; stan-
dard analysis and the image template method
(ITM)[3], both using soft cuts. After stage 4,
time cuts were added to avoid using bad data
due to hardware or weather issues, as well as
parts of runs where the telescope was not yet
pointing at the source. Information about po-
tential issues with runs was sourced from the log
sheet generator. Before stage 6, the position of
the GRB was inputted, and the spectrum calcu-
lation was turned off. The results from VEGAS
were stored in a FITS file, and python code was
used to generate excess and significance maps,
as well as a significance distribution, from the
file. VEGAS also records textual information
in the log file as it processes, including analysis
and upper limit results.

4.3 VEGAS Results & Calcula-
tion of Upper Limits

The significance map and significance distribu-
tions were looked at in conjunction with the VE-
GAS text results to look for evidence of a detec-
tion. Next, the VEGAS upper limit results were
used to calculate a flux upper limit. The differ-
ential photon flux dN/dE was modeled as a sim-

ple power law with index 2.5, dN
dE

= k0
(

E
E0

)−2.5
,

in each case by VEGAS, where E0 = 1 TeV.
In python, the integral upper limit was used to
calculate k0 by integrating the differential pho-
ton flux over the energy range given by VEGAS,
and setting the result equal to the integral pho-
ton flux. At that point, k0 could be solved for
algebraically. Then the flux upper limit was cal-
culated as an integral energy flux,

∫∞
Ethr

dN
dE
EdE,

where Ethr is the energy threshold given by VE-
GAS. This flux value was converted into units
of erg cm−2 s−1, and also converted to a lumi-
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nosity in units of erg/s by multiplying the flux
result by 4πd2, where the distance was calcu-
lated from the redshift using the standard Flat-
LambdaCDM cosmology in astropy[2].

4.4 Plotting Upper Limits

Light curve data was taken from the SWIFT
X-Ray Telescope for each GRB. Then, the up-
per limit values were plotted on the light curves
as points at the time that VERITAS observa-
tions began, with standard and ITM analysis
upper limits plotted on the same light curve for
each GRB. If needed, the axis ranges for the
SWIFT light curves were changed to fit the up-
per limit values with the SWIFT data. These
results were then analyzed by looking for time
ranges in the light curve where the SWIFT ob-
served flux was greater than the upper limit flux
values. These times are points where VERITAS
could have potentially observed the GRB.

4.5 VEGAS Testing

All combinations of three settings of VEGAS
were tested by running VEGAS stages 1-6 on

a 3-run dataset of the Crab Nebula, which is a
standard candle for observation due to its high
gamma ray emission. The settings were the ver-
sion of VEGAS, either 2.5.7 or 2.5.8, the anal-
ysis mode, either standard or ITM, and time-
dependent ring model background (TDRBM)
analysis either on or off. There were thus 8
possible combinations to run in VEGAS. Since
TDRBM is set in stage 6, stages 1-5 were run in
2.5.7 and 2.5.8 with itm off and then on. Then,
stage 6 was run with TDRBM turned on and
off for configurations that passed the previous
stages without encountering critical errors. Af-
ter each stage, errors would be written up by
VEGAS in log and error files. These files could
then be examined to find if a stage encountered
any problems. Additionally, the log files were
checked to determine if an error was critical,
where VEGAS would fail to continue process-
ing the stage. The results were recorded in a
spreadsheet with the errors. Finally, stages pro-
ducing errors could be run in debug mode to
gather additional information about where and
why an error occurred.
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5 Results

5.1 GRB Selection and VEGAS
Inputs

Using the weighting function, six GRBs were
ultimately chosen for analysis with VEGAS.
These GRBs and their weights, along with the
Tevcat baseline GRBs and weights, are shown
in Table 1 above. The selected GRBs had be-
tween two and six VERITAS runs. These runs
and the associated run status, taken from the
log sheet generator, are shown in Table 2. Time
cuts, added in after stage 5, are also shown be-
low in Table 3.

5.2 VEGAS Analysis

Four of the six GRBs analyzed successfully com-
pleted the VEGAS analysis. GRB170519A seg-
faulted in stage 4, and GRB160509A had errors
in stage 6. Of the remaining four GRBs, there
were no detections in either standard or ITM
analysis, with the highest significance value be-
ing 1.10. The plots showed similar results with
no excess or significance at the location of the
GRBs and no significant deviation from the ex-
pected significance distributions. The VEGAS
results and plots for each GRB are shown be-
low. The caption for each plot records the re-
sults from the RBM and Wobble significance
analysis from the VEGAS log files.
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Figure 2: GRB201216C Standard Analysis VEGAS Results. RBM Significance: 0.83; Wobble Sig-
nificance: 1.10

Figure 3: GRB201216C ITM Analysis VEGAS Results. RBM Significance: 0.21; Wobble Signifi-
cance: 0.51
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Figure 4: GRB170428A Standard Analysis VEGAS Results. RBM Significance: 0.28; Wobble Sig-
nificance: 0.32

Figure 5: GRB170428A ITM Analysis VEGAS Results. RBM Significance: 0.37; Wobble Signifi-
cance: 0.47

Figure 6: GRB150423A Standard Analysis VEGAS Results. RBM Significance: 0.58; Wobble Sig-
nificance: -0.05
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Figure 7: GRB150423A ITM Analysis VEGAS Results. RBM Significance: 0.74; Wobble Signifi-
cance: 0.92

Figure 8: GRB150120A Standard Analysis VEGAS Results. RBM Significance: -1.79; Wobble Sig-
nificance: -0.95

Figure 9: GRB150120A ITM Analysis VEGAS Results. RBM Significance: -0.07; Wobble Signifi-
cance: -0.14

5.3 Upper Limits

Using the VEGAS upper limit results shown be-
low in Table 4, the flux and luminosity upper

limits were calculated as described in 4.3 using
python. Then the results from the flux and lu-
minosity upper limit calculations are shown in
Table 5.
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5.4 Light Curves

Next, the flux upper limit results were plot-
ted on the SWIFT-XRT light curves for
each GRB, as shown below. Three of
the GRBs (GRB150120A, GRB150423A, and

GRB201216C) had observed fluxes greater than
the upper limit fluxes, which suggest those
GRBs potentially could have been detected.
GRB170428A had upper limit fluxes greater
than the observed flux at all times, which sug-
gests that it could not have been detected.
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Figure 10: Light Curves for all GRBs. Green dots indicate the standard analysis flux UL, and red
dots indicate the ITM analysis flux UL. Light curves are taken from SWIFT X-Ray Telescope data.

5.5 VEGAS Testing

Five of the eight configurations tested success-
fully completed all six VEGAS stages. Three of
those five configurations were successful with-
out any errors, while two had errors in stage 6
that did not stop stage 6 from completing and
giving good results. However, it is uncertain if
these errors could be problematic for analysis
on other sources. Of the remaining three con-
figurations, two segfaulted in stage 4, while one
failed in stage 6. The complete table of results,

as well as short error descriptions, is below in
Table 6.

6 Discussion

6.1 GRBs

The objective for this project was to complete
the analysis of the selected GRBs and then in-
terpret those results. The analysis is clear in
showing that there was no detection for any of
the selected GRBs. Although the exact reason
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is not necessarily clear, there are several rea-
sons which are generally true in making GRBs
difficult to detect that are valid in these cases
as well. First of all, GRBs are transient events,
and gamma ray emission is often found mainly
towards the very beginning of the burst. This
makes it extremely difficult for ground-based
telescopes to be able to monitor the correct
region of the sky when a burst occurs, due
to the time it takes for the telescopes to slew
to the correct position. It is also difficult to
predict when a GRB might occur, and given
that the telescopes have other monitoring tar-
gets, it is infeasible to stare at a part of the
sky that might house a GRB and wait for
it to occur. Even though the detection of
GRB180720B suggests that VHE emission may
be found hours into the afterglow phase, this is
certainly not expected for every GRB, and also
requires additional observing time that is not
always possible (due to weather, or the time of
day) or given (due to time constraints). How-
ever, the calculation of flux upper limits can
give us insight into the plausibility of detecting
GRBs with VERITAS. The upper limit calcula-
tions suggest that GRB150120A, GRB150423A,
and GRB201216C could have been detected by
VERITAS, if caught early enough. However,
there are additional factors to take into consid-
eration. First of all, the upper limit values were
not adjusted for EBL absorption, which may
change the results. Secondly, the SWIFT ob-
served flux values are in the x-ray band, and

while that can be a good measure of gamma
ray flux, that is not always the case. The flux
in different bands can differ significantly both
between bands and between GRBs, and so the
observed x-ray flux from SWIFT might not be
an accurate predictor of VERITAS’ ability to
detect the GRBs in the VHE band.

6.2 VEGAS Testing

The purpose of this aspect of the project was to
determine which configurations of the VEGAS
analysis package were properly functioning, and
log errors to help fix configurations which en-
countered problems. Errors from VEGAS anal-
ysis on the Crab were successfully logged, and
in the case of the stage 4 segfaults, the stage was
run again in debug mode to gain further insight.
Fixing the configurations that failed would im-
prove GRB analysis prospects for the future,
given that VEGAS settings such as TDRBM
are better suited for GRB analysis, but are cur-
rently unusable.

7 Next Steps

7.1 GRBs

The immediate next step for the GRB anal-
ysis would be to apply the EBL correction
to the upper limit results, and use those up-
dated results to more accurately understand
whether or not VERITAS could have observed
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these GRBs. Looking further ahead, the GRB
analysis could be re-done with better VEGAS
configurations once they are working prop-
erly. Ideally, we would use v2.5.8, ITM anal-
ysis, and TDRBM modeling, as this would
give better results for GRBs specifically. Fi-
nally, on a longer-term scale, the Cherenkov
Telescope Array (CTA) will be a major asset
for GRB observation, detection, and analysis.
With order-of-magnitude sensitivity improve-
ments over current-generation IACTs, a broader
energy range, and faster slewing speed, the CTA
arrays will hopefully be able to detect GRBs
with much more regularity, and provide more
insight in GRB analysis[4].

7.2 VEGAS Testing

With one round of testing complete using the
Crab dataset, there is now a clear direction
where further investigation should be aimed.
This is true both for the critical errors, where
VEGAS was unable to continue, but also for
the non-critical errors found in version 2.5.7 for
TDRBM analysis, both in ITM and standard
modes. Although the errors found in these two
configurations did not seem to impact analysis
for the Crab, it is uncertain whether they might
pose a problem for other analyses. It would cer-
tainly be useful to run these configurations with
other datasets to see if the problem persists, and
if it causes issues. For the critical errors, the log
and error files have been recorded and saved,
and hopefully work by the VEGAS team can
be done to address those issues.

8 Conclusions

Six GRBs were selected using a weighting func-
tion as the most promising GRBs observed by
VERITAS to undergo further analysis. The
analysis was performed on each GRB using VE-
GAS in both ITM and standard analysis modes.
Four of the six GRBs successfully completed the
VEGAS analysis, while two encountered critical
errors. Of the successful GRBs, VEGAS showed

no sign of a detection in either ITM or standard
analysis. The flux upper limits were then calcu-
lated from the VEGAS upper limit results. In
combining these upper limits with the SWIFT-
XRT light curves from the GRBs, we expect
that VERITAS potentially had the capacity to
observe three of the GRBs, but simply did not
observe them at the right time. These results
could be improved with EBL corrections to the
upper limit results and more light curve data.

The VEGAS analysis package was also tested
using Crab data in eight configurations due to
errors encountered when trying to perform anal-
ysis on the GRBs in the newest version of the
software. Of the eight configurations, five were
successful, although two encountered noncriti-
cal errors. The remaining three configurations
failed at some point in the process. These issues
were recorded to help potentially fix the issues.
The current errors prevent optimal GRB anal-
ysis using settings such as TDRBM.
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