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Abstract

The Galactic Centre has a high density of interesting gamma-ray sources, including several
supernova remnants, dense star-forming regions, and the nearest black hole. In order to improve
the resolution of its images of this region, it has been proposed that CTAO add 11 Schwarzschild-
Couder telescopes to their southern array. The dual-mirrored design of these telescopes corrects
for aberrations and results in clearer images, making it easier to both distinguish between sources
and study individual source morphology. This investigation simulates gamma ray event data from
the Galactic Centre with and without SCTs, demonstrating their importance to CTAO’s southern
array.
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1 Introduction

The means by which cosmic rays are accelerated is a major question in high-energy astrophysics.
Supernova remnants, which are considered to be one of the primary Galactic cosmic ray sources, are
proposed to accelerate particles via a process called diffusive shock acceleration (1). Because the shock
waves that spread from a supernova are not completely uniform, particles caught between moving
electromagnetic inconsistencies can ’ping-pong’ between them as seen in Figure 1, gaining kinetic
energy until they have enough to overcome the shock front.
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Figure 1: Cartoon of a particle gaining energy from the magneto-hydrodynamic waves generated by a
supernova (2)

The means by which cosmic rays emit gamma rays depends on the type of particle it is. If the
particle is a proton, it may interact with other protons in the environment and produce neutral pions
which will decay into photons (1). Cosmic ray sources that are near molecular clouds are consequently
more likely to indirectly emit these photons. If the particle is an electron, then it may undergo
inverse Compton scattering, transferring its energy to low-energy photons in the cosmic microwave
background and scattering them. Both interactions produce high-energy gamma rays, which can then
travel unimpeded to Earth’s atmosphere. Protons and electrons themselves can also reach Earth’s
atmosphere, but since they may have been deflected by Galactic magnetic fields, their origin cannot
be reconstructed as accurately.

Upon entering Earth’s atmosphere, both gamma rays and cosmic rays undergo a series of particle
interactions with atmospheric nuclei, creating gamma-ray air showers. The two different processes
that can occur are pictured in Figure 2.
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Figure 2: How relativistic cosmic and gamma rays produce gamma ray airshowers in the atmosphere
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These gamma rays are superluminal in the medium, creating bursts of light analogous to that of a
supersonic jet’s ’sonic boom’. Known as Cherenkov radiation, they only last a few nanoseconds and
cannot be seen by the human eye. However, as the photons reach the ground, they can be imaged by
ground telescopes using the Imaging Atmospheric Cherenkov Technique (IACT), as shown in Figure
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Figure 3: An illustration of the ’light pool’ created by an air shower.(4)

1.1 Imaging Atmospheric Cherenkov Technique

The Imaging Atmospheric Cherenkov Technique (TACT) uses the Cherenkov light from gamma-ray
showers to triangulate sources of high-energy gamma rays. Large, mirrored dishes are used to reflect
light from air showers at cameras as seen in Figure 4. Examples of an individual telescope’s airshower
image are shown in Figure 9. The shower images are parameterized using Hillas parameters (5), and
these parameters are used to reconstruct the energies and the directions of the air showers.
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Figure 4: An illustration of the images from two telescopes in an TACT array being combined to
triangulate an airshower’s origin (6)

1.2 Cherenkov Telescope Array Observatory

The Cherenkov Telescope Array Observatory (CTAO) is the next-generation observatory for high-
energy astronomy utilizing the TACT technology. It will cover large swathes of land to maximize the
potential for imaging rare high-energy gamma rays. There will be a large, medium, and small size for
the telescopes, pictured in Figure 5. These different sizes are designed to detect different energy ranges



(20 to 150 GeV, 150 GeV to 5 TeV, and 5 to 300 TeV respectively) (7). Consequently, the CTAO will
be able to cover a very wide range of gamma-ray energies.

Figure 5: From left to right: CTAQO’s small-sized, medium-sized, and large-sized telescopes (7)

The observatory will consist of two telescope arrays. The northern hemisphere array in La Palma,
Spain will cover low- to mid-energy events (20 GeV to 5 TeV) while the southern hemisphere array
in the Atacama Desert near Paranal, Chile will cover mid- to high-energy events (150 GeV to 300
TeV) (8). The southern array will cover the center of our galaxy, an area dense with cosmic ray
sources. Since the imaging of this region has great potential to advance high-energy astrophysics, the
augmentation of the southern array with higher-resolution telescopes has been proposed.

1.3 Schwarzschild-Couder Telescopes

Figure 6: CTAO’s medium-sized telescope (left) and a Schwarzschild-Couder telescope (right) (7)

The CTAO’s design for their medium-sized telescopes (MSTSs) uses a Davies-Cotton system, which
are reliable for smaller sources but which suffer from comatic aberrations for larger fields of view (9).
The mirror fails to properly reflect airshowers that are offset from the optical axis, causing spherical
aberrations. This is evident in Figure 7. In contrast, Schwarzschild-Couder Telescopes (SCTs) pictured
in Figure ?? feature a dual-mirrored design that corrects for aberrations as demonstrated in Figure 8.

This design maintains a point spread function of 3.2 arc-minutes across the SCT’s entire field of
view, meaning that the clarity of the SCT’s images do not degrade towards their edges as much as
the MST’s do. It also de-magnifies the image, allowing compact silicon photomultipliers instead of
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Figure 7: When airshowers aren’t perpendicular to the MST’s mirror, only a small part of the image
is usable.
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Figure 8: Regardless of where or at what angle light hits the primary mirror, the secondary mirror of
a SCT can re-reflect it to a single focal point.

photomultiplier tubes (10). The resulting images thus have a much higher pixel density than the MST.
This wider effective field of view and higher resolution can be see in Figure 9.
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Figure 9: Camera images from a MST and SCT of both a gamma ray and cosmic ray airshower. The
SCT provides a much clearer image of both.

The current configuration that CTAO has planned for their southern hemisphere array (their Alpha
configuration) currently includes 14 MSTs. However, the Alpha-V2 configuration pictured in Figure
10 would include 11 SCTs, greatly improving the array’s imaging capabilities.



E
; £ | S.SCTAlpha-v2.M2-14MSTs11SCTs-MSTF
: 21000(—
¢ ° |
| . .
° ¢ e e S ] |
'S 500~ :
e @ : ° ° o
eo’0 0 -y -
fffff o o .9 @ @, o o i ® o0 @
: 0 e e e
A Q0 00 o
° L 4 ® | o & 0 @
b ® i - e *
b ° e i ® ° . |
i -500— 4
'] | ® i
] 9 ° B
LEGEND. -1000—
Medium-Sired Telescape (MEF) . Weather Station . -
Small-Sized Telescape (571 L] Stellar Photometer A #LETE 0 MUETS: 14 FBETE: 0 4BCTE: 11
Large-: _EEI!'EIEXDVECLFH % Raman LIDAR L 1 1 I. i T l 1 1 1 J 11 11 l 1 _— l 1 L
'''' aten ot calaraton evices . -1000 -500 0 500 1000
ST roundition East [m]

Figure 10: Left: The current Alpha configuration of the southern array. Right: The Alpha-V2 config-
uration, which includes 11 SCTs (green) in addition to the 14 MSTs. The small-sized telescopes are
not pictured. (8)

This improvement would be especially relevant to the CTAQO’s imaging of the Galactic Centre,
which has a high density of cosmic ray sources. Of particular interest is a single very-high energy
source which may be connected to Sagittarius A*, the nearest black hole; however, there are also several
SNRs, pulsar wind nebulae, and molecular clouds that are worth investigating. Because these sources
are clustered together (and because several of them are quite small and will be hard to resolve), a high
angular resolution would greatly benefit CTAO’s imaging of the area. My project aims to demonstrate
the importance of adding SCTs to CTAQO’s southern array to better resolve sources of high-energy
cosmic rays in the Galactic Centre.
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Figure 11: A mosaic of Galactic Centre, consisting of twenty pointings from the South African
MeerKAT radio telescope. This data is the foundation of my gamma ray event simulation (11)

As mentioned in Section One, the ability of gamma rays to travel through the interstellar medium
without being deflected by magnetic fields makes them very useful in the investigation of SNRs as
cosmic accelerators. Since matter is required for gamma ray production, SNRs near denser structures
such as molecular clouds are expected to produce a higher flux of gamma rays (12). This has been seen
in the Galactic Center, where ”The diffuse [gamma-ray| emission spatially correlates with the inner
dense clouds” of near Sagittarius A* (13).

The following two equations from Aharonian et al. (12) give the relationship between gamma ray
flux and the density of a nearby cloud through the factor A:

Fy(2 B) = (fox 1079 (E ) () )

in which E is the energy of the gamma rays, f, x 107! is a constant that approximates the proton-
proton cross-section of a hadronic collision (f, ~ 1), « is the spectral index of protons, and A is



provided by the following equation:
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in which 6 is the fraction of total SNR energy converted to cosmic rays, Fgy is the total explosion
energy of the supernova, d is the distance to the SNR, and n is the density of hydrogen atoms sur-
rounding the SNR. The first two terms simplify to Fcog, the total cosmic ray energy from the SNR.
Since this investigation assumes a constant diffuse cosmic ray flux, the volume V in the denominator
of n can be moved to the denominator of Ecg. The equation is now:
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Figure 12: A graph of cosmic ray energies versus flux. The changes in slope at E = 10'6 and 10'° are
referred to as the 'knee’ and ’ankle’ respectively, and the causes for these changes is unknown

The energy range of interest for gamma rays is around 1 TeV, the range that MSTs and SCTs
detect energy at. Since hadronic cosmic rays only transfer about 1/10 of their energy to gamma rays
when they interact with other hadrons (14), a cosmic ray energy of 1 TeV x 10, i.e. 10* GeV, can be
assumed. The cosmic ray flux at this energy is of the order of 1072 GeV/cm?/s (see Figure 12). £cz

can be found using the definition of flux, F' = %:

V. axL ax(cAt) claxAt) ¢
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where a and L are the area and depth of the volume V and c is the speed of light. The only variable
left is the hydrogen column density in the medium surrounding the SNR, n. This can be found using
the Galactic Centre mosaic from the South African MeerKAT radio telescope 11, which is an image
of the Galactic Centre’s spectral flux density (11). Assuming that the radiation has a wavelength of
21 cm (i.e. the hydrogen line, a spectral line commonly used in radio astronomy for the detection of
hydrogen), then the following equation (15) can be used to convert spectral flux density to column
density for sources with no redshift:

N1~ (2.33 x 102%)(672) / Sdf (4)

in which Ny is the hydrogen column density, z is the redshift, 6 is the telescope’s beam width in
arcseconds, and f Sdf is the spectral flux density integrated over the telescope’s detected frequencies.



The spectral flux density is provided by the mosaic itself, and the MeerKAT data band width is
Af = 800 MHz. Using this equation, the area surveyed by the MeerKAT mosaic has approximately
8 x 1056 hydrogen atoms.

Combining Equation3 and Equation4, A is thus 1.54 x 10717,

I used ctools, a software package designed for gamma ray image analysis, to simulate the gamma
ray flux from the Galactic Centre using A to normalize the power law spectrum. The simulations were
of three different configurations: one using 14 MSTs, the second using 14 MSTs and 11 SCTs, and the
third using a configuration with 25 MSTs as a control. Any increase in the number of telescopes will
create a higher resolution image; the 25 MST configuration demonstrates the effect that the SCTs will
have specifically.

3 Results

3.1 Sagittarius A* image of hadronic gamma ray emission

The following images are the result of a ten-hour pointing at the Galactic Centre. Each image covers
approximately 3 x 3 degrees of sky. The only visible cosmic ray source is Sagittarius A* and the Radio
Arc above it.

14 35

Figure 13: Simulated gamma-ray event data from 14 MSTs with simulated background subtracted.
Sagittarius A* overwhelms@articlearticle, author = Nieto, D.Y. and Griffiths, S. and Humensky, Brian
and Kaaret, Philip and Limon, M. and Mognet, I. and Peck, A. and Petrashyk, A. and Ribeiro, Dora
and Roussselle, Julien and Stevenson, B. and Vassiliev, V. and Yu, Peijiong and Consortium, for, year
= 2015, month = 09, pages = , title = Construction of a medium-sized Schwarzschild-Couder telescope
as a candidate for the Cherenkov Telescope Array: development of the optical alignment system the
image
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Figure 14: Simulated gamma-ray event data from 14 MSTs and 11 SCTs with simulated background
subtracted
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Figure 15: Simulated gamma-ray event data from 25 MSTs with simulated background subtracted

Even though other sources were washed out by Sagittarius A*, slight improvements from the inclu-
sion of the SCTs are still visible. The Radio Arc is more clearly defined and the edges of Sagittarius A*
are better delineated from the background in Figure 14. While 25 MST's seems to be an improvement
from 14 MSTs, it still does not create as dramatic of a change in clarity as the 11 SCTs. As seen in
the colorbars of each image, the array with 11 SCTs included was also able to image more events than
both the 14 MST array and the 25 MST array.

3.2 Hadronic gamma ray emission from molecular cloud structures near
Sagittarius A*

There are several features of interest in the Galactic Centre other than Sagittarius A*. In addition
to several supernova remnants, Sagittarius Bl is a region dense with over a hundred thousand solar
masses of young stars and Sagittarius C is an extremely dense molecular cloud. All three are potential
sources of hadronic gamma rays. In order to see these other sources in the Galactic Centre, it was
necessary to mask Sagittarius A* in the MeerKAT data ((seen in Figure 16). Using the masked version,
I ran a twenty-hour pointing at the Galactic Centre with the same three configurations of telescopes.

11



Figure 16: The masked version of the MeerKAT data
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Figure 17: An image of simulated gamma ray events using an array of 14 MSTs. The event counts are
indicated by the color bar at the bottom
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Figure 18: An image of simulated gamma ray events using an array of 25 MSTs. This is meant to act
as a ’control’; any increase in the number of telescopes will yield a higher-resolution image, but there
is still a noticeable difference between this image and Figure 19

304

Figure 19: An image of simulated gamma ray events using an array of 14 MSTs and 11 SCTs
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The round black shape between Sgr B1 and Sgr C is the result of the mask, but other features of
the Galactic Centre such as Sgr B1, Sgr C, SNR 359.1-0.5, a part of SNR 359.0-0.9, and the Christmas
Tree are still clear.

A

N Chnstmas Tree

SNR 359.1-0.5

SNR'359.0-0.9

Figure 20: The image from 14 MSTs and 11 SCTs with features from the MeerKAT mosaic labelled

From Figures 18 and 19 it is immediately apparent that the configuration with the SCTs created
an image with clearer differentiation between sources. The shell surrounding SNR 359.1-0.5 is more
distinct with 11 SCTs than it is with 25 MSTs; with only 14 MSTs, not only is the shell much ’fuzzier’,
but the structures surrounding the SNR almost blend into it. Additionally, the morphology around
Sagittarius C is more clearly defined with the 11 SCTs. The Christmas Tree, for example, is seen as
more elliptical with the SCTs, while it is only vaguely round with the MSTs. It’s also worth noting
that the SCT array was able to detect nearly twice as many events as the 14 MSTs, providing much
more data with the same duration of pointing.

4 Further investigation

This report assumes that there is a uniform flux of cosmic rays interacting with the molecular clouds
observed in the MeerKAT data, creating a gamma-ray image that mirrors the distribution of molecules.
However, there is also the ”local” cosmic ray flux produced by individual SNRs that can only illuminate
nearby clouds. The next step of this research would be to consider the local flux by assuming a particle
diffusion model in the presence of the interstellar magnetic field. For example, Figure 22 has a Gaussian
scale applied to it such that flux is inversely correlated with distance.

14



Figure 21: Simulated gamma ray events from SNR359.1-0.5

Figure 22: SNR359.1-0.5 with a Gaussian function applied such that the cosmic ray flux is higher at
the center of the shell

5 Conclusion

The IACT allows the investigation of ultra-high energy cosmic ray sources by detecting the gamma
ray emission from the interactions between cosmic rays and molecular clouds near the source. With 11
SCTs added to their southern array, the CTAQO’s findings would be at the very forefront of astroparticle
physics. Better images of these particle accelerators and their morphologies will translate into a
better understanding of both the astronomy and the physics behind these sources. The SCT’s higher
resolution could lead to the discovery of new cosmic ray sources and distinguish between known ones
(10). Furthermore, by resolving the details of accelerators’ morphologies, astronomers will be able to
learn more about these sources’ acceleration mechanisms. These mechanisms are relevant to particle
physicists, as the extraordinary environments of the Galactic Centre provide an opportunity to study
high-energy physics well beyond any environment that could be created on Earth. High-energy physics
stands to gain much from the addition of 11 SCTs to the CTAO’s southern array.
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