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Abstract
Gammapy is a python-based package for gamma-ray astronomy, built on other established
packages like Astropy, Numpy, and Scipy. It can be used to simulate and analyze
very-high-energy (VHE) gamma-ray sources as seen by ground-based Cherenkov telescopes.
Gammapy has recently been chosen as the official analysis tool of the next-generation
ground-based observatory for VHE gamma rays, i.e. the Cherenkov Telescope Array (CTA). My
summer internship work focused on learning how to use Gammapy to simulate and analyze the
reference source for VHE astronomy, i.e. the Crab Nebula, using the instrument response
functions (IRFs) of the CTA array.

1. Introduction

1.1  Gamma Ray Photons and Their Sources

Gamma rays are the most energetic form of light known and are produced by
astronomical objects where extreme acceleration of particles (mostly cosmic ray protons and
electrons/positrons) takes place. Objects like supernova remnants (SNR), active galactic nuclei
(AGN), and gamma-ray bursts (GRBs) are some examples of astrophysical sources that are
known to emit gamma-rays.

1.1.1 Supernova Remnants

Supernova remnants (SNRs) are the remains of a star exploding into a so-called
supernova. Due to the explosion, the outer layers of the pre-supernova star are ejected at high
velocity and particles are accelerated by the shock wave up to very high energies, hundreds of
times higher than those reached at the Large Hadron Collider (LHC), currently the most powerful
particle accelerator on Earth. Gamma-ray emission from SNRs can come from either accelerated
electrons scattering off low-energy ambient photons (inverse Compton scattering) or from
interactions of accelerated protons with the interstellar medium gas. In the latter case, neutral
pions are produced that promptly decay in two gamma rays [1]. In some SN explosions, a
compact neutron star remains; most of the known neutron stars are pulsars, i.e. rapidly rotating
neutron stars that emit twin beam of radiation from their magnetic poles. A nebula that is formed
by a pulsar wind is often referred to as “plerionic SNR” or, more commonly in the HE



community, “pulsar wind nebula” (PWN). The Crab Nebula is one such example of a PWN and
it is commonly used as a reference source in the Very High Energy (VHE; E > 100 GeV)
gamma-ray band, due to its brightness.

1.1.2 Gamma Ray Bursts

Gamma Ray Bursts (GRBs) are short but extreme emissions of gamma rays that, for a
few seconds, become the brightest objects in the Universe. GRBs can be classified in short (few
second duration) and long (tens, hundreds of seconds). The merging of neutron stars in a binary
system has been recently confirmed to be one source of GRBs. Supernovae are instead thought to
be the source of long GRBs [2].

1.1.3 Active Galactic Nuclei (AGN)

AGN are central regions of galaxies whose brightness cannot be explained by starlight
alone. They are thought to be the result of matter accreting onto the supermassive blackhole at
the center of most galaxies. AGN make up a large portion of astronomical gamma-ray sources. A
subset of AGN known as blazars are common targets of observation, with jets of relativistic
matter beamed at least nearly along the line of sight of Earth. These blazars outshine all the stars
in their host galaxy, complicating studies of galaxies with blazars present. The relativistic jets are
thought to be composed of either protons or electrons and emit gamma rays in the VHE band [3].

1.2  Gamma-ray Astronomy Instrumentation

1.2.1 Types of Gamma-ray observatories and Examples

The observation of gamma rays can be performed with space-based detectors like the
Fermi Gamma-Ray Space Telescope (in the GeV domain) or ground-based observatories such as
Imaging Atmospheric Cherenkov Telescopes (IACTs) like the Very Energetic Radiation Imaging
Telescope Array System (VERITAS). IACTs work by observing the air shower that results from
a gamma ray interacting with the atmosphere. The gamma-ray interactions create a shower of
relativistic charged particles that in turn emit Cherenkov radiation. IACTs reconstruct the air
shower from multiple angles in order to determine the gamma ray’s initial direction and energy.
There are currently three active IACTs: The High Energy Stereoscopic System (H.E.S.S.) located
in Namibia, the Major Atmospheric Gamma Imaging Cherenkov (MAGIC) telescope located in
the Canary Island of La Palma, and VERITAS in southern Arizona [4].

1.2.2 The Cherenkov Telescope Array (CTA)



The upcoming Cherenkov Telescope Array (CTA) will be the next observatory to use the
IACT method. The array will feature more than 100 telescopes split between the current location
of MAGIC in the northern hemisphere and the European Southern Observatory in Chile in the
southern hemisphere. The overall sensitivity of the array spans the energy range between 20 GeV
and 300 TeV and, in its core energy range (between 1 TeV and 10 TeV) CTA is expected to also
be ten times more sensitive than current instruments.

1.3 The Schwarzchild-Couder Telescope (SCT)

Most IACTs are based on the single-mirror Davies-Cotton (DC) design. A group of US
institutions (among which Barnard College and Columbia University) has lead an international
effort to build the Schwarzchild-Couder Telescope (SCT), an innovative dual-mirror IACT
proposed to complement the single-mirror Medium-Size Telescopes (MSTs) of CTA (see e.g.
https://cta-psct.physics.ucla.edu/). The SCT design is expected to correct for optical aberrations
that result from off-axis observations by correcting for possible comatic aberrations. Also, thanks
to the de-magnifying secondary mirror, a compact silicon-photomultiplier-based camera can be
used. The prototype Schwarzchild-Couder Telescope (pSCT) was constructed and is currently
operating at the Fred Lawrence Whipple Observatory in Arizona. At present, only the central
sector (1600 pixels) is equipped; an funded upgrade of the focal plane instrument will populate
the full camera (11328 pixels) with new sensors, preamplifiers and front-end electronics.

1.3.1 The SCTs dual-mirror design

The pSCT shares its central support tower and telescope positioning system design with
the DC-MST of CTA. The primary mirror is 9.7 m in diameter, while the secondary mirror is 5.4
m in diameter. The focal length is 5.6 m. The mirrors are segmented: the primary mirror has a
total of 48 individual mirrors arranged in concentric rings of 32 (outer) and 16 (inner) panels and
the secondary mirror is made of 16 (outer) and 8 (inner) panels. The pSCT was first successfully
aligned in December 2019, achieving an on-axis PSF of 2.9 arcmin (3.2 arcmin and 2.6 arcmin
being the acceptable and goal PSF, respectively).

1.3.2 The SCT Camera

The pSCT camera is based on silicon photomultipliers (SiPMs). The SCT will have a
comparably reduced plate-scale with respect to standard DC-MSTs (0.78 m instead of 2.23 m),
which allows the telescope to benefit from a camera design that would be low cost, high speed
and extremely high density. The pSCT has only the central sector (out of 9) equipped and was
installed in 2018. The square grid configuration of the sector allows it to host up to 25 camera



modules. The center of the camera holds a temporary optical alignment module, so that the
detection modules are 24. Each module consists of 64 SiPM image pixels with a photosensitive
area measuring 6mm2. Each SiPM image pixel can capture a 0.067° x 0.067° region of the sky,
with the entire pSCT camera viewing a 2.7° x 2.7° region of the sky. The analog sum of 4 image
pixels makes a trigger pixel, while a camera trigger is created by the coincidence of three
adjacent trigger pixels. The length of the signal waveform readout window is 128 ns, sampled at
1ns. The waveforms for all pixels are saved for offline analysis. The final camera design will
feature 177 modules, totaling 11328 SiPM image pixels and allowing for an 8° field of view.

1.4 Gammapy
Gammapy is a python-based package designed for gamma-ray astronomy that has been

chosen as the official science tool of the CTA. The package is supported by Astropy, Numpy, and
Scipy. Gammapy supports high-level analysis, like extracting spectra and plotting sky maps of
gamma-ray sources. Gammapy also allows simulations of gamma-ray sources using predefined
models, and instrument response functions (IRFs). Gammapy works with the FITS file format
which makes Gammapy available for analysis use by multiple observatories. Gammapy is
open-source, which is rare among the various private internal analysis tools that are in use today.
As the Gammapy version 1.0 has yet to be released, development of the package is ongoing.

1.5 Motivation
My summer internship work focused on learning how to use Gammapy to simulate and

analyze the reference source for VHE astronomy, i.e. the Crab Nebula, using the IRFs of the
CTA array. An overview of how the analysis process, and the analysis of those simulations
follows.

2. Methods

2.1 Summary of High-level Gamma-ray Analysis
Analysis of observational data begins with removal of the background signal from the

total recorded signal observed. The difference is known as the excess signal. A spectral model is
fit to the excess signal. The background is also modeled. The quality of the fit is determined to
compute spectral parameters and to understand the spatial distribution of the signal in the form of
sky maps.

2.2 Source Models
In observations, the spectral model is what helps us to understand the source

characteristics. For example, a simple power law model, defined as:
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where I0 is the flux normalization, and Γ is the photon index. For simulations of sources, an
additional model, known as a spatial model, is needed to define the position and shape of the
source.

2.3 Simulation Setup
Three simulationed observations of the Crab Nebula were created in order to understand

the simulation tools that come with Gammapy. The overall process starts with defining which
IRFs, spectral models, and spatial models are to be used. For the simulation of the Crab Nebula,
a power law was used for the spectral model, while a point source model was used for the spatial
model. The power law model was used over other models for simplicity. The values of I0 and Γ
used for the power law model were generated from an analysis of the Crab Nebula using public
H.E.S.S. observations. Γ was estimated to be 2.5 and I0 to be 4.5 x 10-11 cm-1 • s-1 • TeV-1. A point
source spatial model will define a source at a distance such that it will appear to be a point on the
sky. The source position was defined as a right ascension of 83.63° and a declination of 22.01°.
After the initial simulation parameters were defined, gammapy was used to create fake counts for
each observation and combine the simulated counts, models, and IRFs into what is referred to as
a “map dataset” in gammapy. The observation counts were added together into what Gammapy
calls a “stacked dataset.” The sky map and spectrum were then generated from the stacked
dataset.

3. Results

Figure 1: The sky map of the counts of the stacked simulations with the colorbar indicating the
significance.



Figure 2: The spectrum of the stacked dataset with fitted flux points.

Defined Fitted

Photon Index 2.5 2.4798 0.0133±

Flux Normalization (cm-1 • s-1 • TeV-1) 4.5 x 10-11 4.5355 x 10-11 0.08439 x 10-13±

Table 1: The Injected parameter versus what the Gammapy tools determined.

The sky map and spectrum of the stacked dataset were extracted successfully. Both
spectral parameters were determined as well.

The sky map shows evidence of the existence of a source at the predefined position and
with a point-source-like shape. The spectral parameters extracted were outside the error range,
however. This raises questions about how this combined simulation compares using the
instrument response functions of the Davies-Cotton (DC) MSTs that CTA may field, and against
DC telescopes at other observatories.
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