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Abstract

Over the summer, I studied very high energy gamma-ray detection and analysis using the Cherenkov
Telescope Array Observatory’s (CTAO’s) second science data challenge. I learned about cosmic
rays, cosmic accelerators, and the processes that create gamma rays including synchrotron radi-
ation and inverse-Compton scattering. I studied how gamma rays interact with the atmosphere
and, through Bremsstrahlung, create air showers of charged particles. By moving faster than
light in the medium, these charged particles create Cherenkov radiation that IACTs can then
detect. These tools to observe gamma rays can be used to detect dark matter indirectly. In
some models, weakly interacting charged particles (WIMPs) are compelling candidates for dark
matter (DM) where gamma rays may be produced as a result of DM annihilation. The dark
matter emits gamma rays either promptly, as a direct product of the dark matter annihilation,
or secondarily, as emissions from standard model particles produced by dark matter annihilation.
For this reason, it is important that we build more sensitive detectors like the C'TAO. While the
CTAO is still under construction, we can pave the way for the data analysis pipeline now using
the simulated science data challenge data. My project consists of analyzing three dark matter
sources: the dwarf spheroidal galaxies Willman-1 and Sagittarius-2, and a galactic dark matter
subhalo. We establish an analysis pipeline using the well-studied active galactic nucleus source
Markarian-421 as a verification source. We start with background estimation, using both ring
and reflected regions techniques to model the background. Then, we approximate flux spectra
and significance maps using a combination of forward-folding and backward-folding methods. We
compare our resulting flux spectrum with VERITAS and Fermi-LAT data. Finally, we go through
the same analysis pipeline for the three dark matter sources. We find no evidence of gamma-ray
emissions from Sagittarius-2 or the dark matter subhalo. However, we do find a 5.4¢ significance
gamma-ray detection from Willman-1. On further analysis, the significance distribution for the
Willman-1 source shows that the analysis was likely marred by error, so further debugging and
differing analytical approaches will be required to verify the Willman-1 results.
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1 Introduction & Background

1.1 Very High Energy Gamma Ray Detection

One of the oldest unsolved mysteries in astrophysics is the origin of the highest energy cosmic
rays in the universe. Cosmic rays are charged particles that come from space and interact with
the earth’s atmosphere. As shown in Fig. [I, Cosmic rays can have a wide range of energies, from
< 1GeV to > 10°GeV [20]. In 1991, the highest energy cosmic ray ever detected was measured
to be traveling at a speed 0.9999999999999999999999951 times the speed of light and have an

energy of 102%eV. High-energy cosmic rays come from astrophysical power sources that accelerate
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Figure 1: The cosmic ray energy intensity spectrum [20)].

charged particles through electromagnetic or gravitational processes. These accelerators consist
of rotating, highly magnetized objects like pulsars, as well as gravitationally powered objects like
supernovae remnants, black holes, and neutron stars. However, the processes that create these
ultra high energy (UHE) cosmic rays are still being understood. Unfortunately, UHE cosmic rays
are difficult to study because we cannot effectively trace UHE cosmic rays back to their source
accelerators. This is because cosmic rays are significantly deflected by interstellar and intergalactic
magnetic fields. By the time they reach Earth, they will have been greatly and unpredictably
deflected from their initial trajectory. However, through processes like synchrotron radiation and
inverse-compton scattering, the same accelerators that emit cosmic rays also emit X-rays and



gamma rays. Unlike cosmic rays, we can trace these very high energy (VHE) gamma rays back to
their source astrophysical accelerators. This allows us to indirectly detect and study high-energy
cosmic particle accelerators, locations where cosmic particle densities are high, and places where
relic particles collect. Therefore, VHE gamma rays are the key to detecting and analyzing the
astrophysical accelerators that give cosmic rays such high energies.

We can observe VHE gamma rays through ground-level observatories by the Cherenkov radi-
ation they produce in the atmosphere. When VHE gamma rays interact with the atmosphere,
they produce extensive electromagnetic cascades called "air showers" through pair-production and
Bremsstrahlung. These air showers generate short-lived but intense flashes of Cherenkov radia-
tion that we can detect using imaging atmospheric Cherenkov telescopes (IACTs) [32]. Because
of this, we can observe very high energy gamma rays using ground-based IACTs such as those
being used in the Very Energetic Radiation Imaging Telescope Array System (VERITAS) and
the Cherenkov Telescope Array Observatory (CTAO) [32] [23].

1.2 CTAO and the Second Science Data Challenge

My research focuses on the CTAO and its future utility as a cutting-edge instrument for
imaging air showers. The CTAQ is a project that aims to implement next-generation ground-
based IACTs in two new facilities in the northern and southern hemispheres [23]. Capable of
full-sky coverage, unparalleled sensitivity, and, as shown in Fig. [2| a wide gamma-ray energy
coverage from 20 GeV to 300 TeV, the CTAO will be ground-breaking for the field of gamma-ray
astronomy and astrophysics [23]. Furthermore, the CTAO will be a great candidate for observing
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Figure 2: The CTAO’s expected differential sensitivity, defined as the minimum flur needed
by CTAO to obtain a 5-standard-deviation detection of a point-like source [23]. The CTAO’s
performance is compared with other high-energy and very-high-energy gamma-ray instruments

(28] (8] 5] [ [24] [14] [6] [32].

multi-messenger astronomical events. As the most sensitive VHE gamma-ray detector, the CTAO
will be able to follow up on time-sensitive event detection with a unique astrophysical perspective
[23]. Because of this, it is integral that we develop a sound and robust channel for data flow and
data analysis to make full use of the CTAQO’s capabilities. This is the goal of the second Science
Data Challenge (SDC) and my project over the course of the summer. I aim to test Gammapy, an



open-source data analysis tool [19] [2], and to develop a data-analysis workflow using the SDC’s
simulated datasets.

Gammapy is a science analysis package for Python that was developed as a tool to analyze
output CTAO data [23]. Gammapy is open-source and will be used by the greater community
as a data analysis tool. However, Gammapy is still a relatively new package and we must learn
how to effectively use it. This is the general aim of the SDC. The SDC is a series of simulated
CTAO output datasets designed to be used with Gammapy. My project for the summer of 2024
consists of using gammapy to analyze galactic and extragalactic dark-matter-heavy gamma-ray
sources given in the SDC. I will document my results and my experience with gammapy along
the way with the aim of providing feedback and developing a robust data-analysis workflow that
will assist others in their use of Gammapy.

1.3 Dark Matter

Furthermore, this project will allow me to gain a greater understanding of indirect dark matter
(DM) searches. The identity and nature of dark matter is still unknown, but there is much
observational evidence to support its existence. For example, the rotation curves of galaxies
disagree with what we expect from Newtonian gravity [2I]. As illustrated in Fig. |3 the observed
velocities are constant out to large radii instead of decreasing with distance from the galactic
center. Our standard understanding of gravity says that, at such velocities, the outer mass of the
galaxy should escape the galaxy’s gravitational pull. Because of this, we infer that there is some
invisible "dark" mass binding the galaxy together.

Analyzing gamma-ray emissions from DM sources is important because we can indirectly detect
DM self-annihilation or decay [15]. By assuming dark matter in the form of weakly interacting
massive particles (WIMPs), we can attempt to detect the gamma-ray emissions of some self-
annihilation or decay channels. While not the only possible model for dark matter, a several-
GeV-to-few-TeV scale WIMP is convincing and is often considered the most likely dark matter
candidate [I5]. This is due to the predicted weakly-interacting relic abundance being equal to
the observed DM abundance [15] [3I]. WIMP annihilation or decay into standard matter (SM)
through a few primary channels would produce energies on a similar scale to VHE gamma-rays
or charged particles. Thus, dark matter annihilation or decay (DMAD) will emit high-energy and
VHE gamma rays, through prompt emission directly from DMAD or by standard inverse-comption
and hadronic processes from resulting energetic charged particles.

The sources I examined for this analysis include the dwarf spheroidal galaxies Willman-1
and Sagittarius-2 3.2 the high-synchrotron peaked blazar (HBL) Markarian-421 3.1 and
a galactic dark-matter subhalo [3.3] Markarian-421 is one of the brightest and most studied
extragalactic sources of TeV gamma rays [I7]. It has a redshift of z = 0.031 and was first observed
by the Whipple observatory in 1992 [34]. Because the source is well-studied, and of its known
redshift, spectrum, and model [17], I can analyze Markarian-421 data as a verification source
for the data analysis pipeline and compare my spectrum with known values. Dwarf spheroidal
galaxies are good source candidates for dark matter due to their high mass-to-luminosity ratio
[21]. Willman-1 is an ultra-low luminosity dwarf-spheroidal satellite galaxy [36] with a redshift of
z = —0.000043 4 3.00e — 6 [36]. Despite its incredibly low mass of 3.9772 x 10° My, its mass-to-
light ratio of 7707930 is very high [36]. This makes Willman-1 an ideal candidate for dark matter
detection, as it has a high concentration of dark matter and very few SM sources of luminosity.
Sagittarius-2 is a more unknown source. At first, Sagittarius-2 was assumed to be another ultra-
low luminosity dwarf spheroidal galaxy [26] [30]. It was believed that Sagittarius-2 is one of the
most compact dwarf galaxies in its luminosity range [26] and, like Willman-1, has a very high mass-
to-light ratio [26], making it a good candidate for dark matter searches. However, further analyses
suggest that Sagittarius-2 may be an extended globular cluster [29]. Furthermore, a reanalysis
of the source’s makeup suggests that Sagittarius-2 is less DM dependent than we thought [29].
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Figure 3: The measured rotational velocities of NGC 3198 compared to theoretical values [21)].

Gamma-ray analyses from VERITAS [9] and Fermi-LAT [7] yield no evidence for gamma-ray
emission from either Willman-1 or Sagittarius-2. The final source examined is a galactic dark
matter subhalo. DM subhalos, as described by [33], are radial substructures of varying DM
density within the Milky Way’s DM halo [33]. These subhalos would be good candidates for dark
matter because of their very high DM to SM mass ratios, meaning that any gamma-ray emissions
from the subhalo could only be from DMAD [33].

While VERITAS has looked at DM-heavy dwarf spheroidal galaxies [4] and galactic DM
subhalos [33] as VHE gamma ray sources in the past, they have found no evidence of indirect DM
detection. VERITAS was then able to place new limits on the WIMP’s annihilation/decay cross
section [33]. However, it is possible that, with CTAO’s increased sensitivity, future investigations
may see observations of VHE gamma-ray emissions from DMAD. At the very least, the CTAO’s
unparalleled sensitivity will allow us to further constrain the upper limits of the WIMP’s cross
section.

This outlines my central goal during the summer. I hope to analyze DM-heavy gamma-ray
sources using Gammapy. I then create significance maps to confirm gamma ray emissions beyond
cosmic ray background, and, if there is a source detection, create 1D flux spectrums of each
source. With this, I aim to define a data analysis pipeline for gammapy that will serve as a guide
to analyzing dark matter sources in the future.



2 Analytical Methods

2.1 Gammapy and SDC data

Gammapy is an open-source, community-developed Python package designed for use in gamma-
ray astronomy [19] [2]. Gammapy is built on other Python packages such as Numpy [22], Scipy
[35], and Astropy [12] [10] [1I], and is the core library for science data analysis by CTAO [23].
Because CTAO is being built with the intention of open use by a wide range of scientists, it is im-
portant that Gammapy, the data analysis package used by CTAQ, is well-developed, thoroughly
detailed, and effectively documented. Because of this, I developed and tested the Gammapy data
analysis pipeline using simulated CTAO data through the SDC. While the SDC data will be
available to the public in the future, it is important to note that the SDC data is internal and not
yet for public release. The SDC data consists of fully calibrated, event-level data in FITS format
(data-level 3). These data contain reconstructed gamma-ray directions and energies, instrument
response functions for deriving sky maps and gamma-ray spectra, and corresponding indices to
maintain a consistent file-system. These data given by the SDC are supposed to simulate the same
kind of data users will receive by the CTAO [23]. 1 was provided the SDC data by Dr. Ruo Yu
Shang, who himself received the data from Paolo Da Vela and other members of the SDC technical
team. Typical data level 3 IACT data are in the form of "observations", which depict particular
time frames in which the instrument response is stable [19] [2]. The data I focused on were the
active galactic nucleus long-term-monitoring (AGN-LTM) Markarian-421 event data consisting
of 118 observations over a livetime of 14 hours, dwarf spheroidal galaxy Willman-1 event data
consisting of 181 observations over a livetime of 50 hours, dwarf spheroidal galaxy Sagittarius-2
event data consisting of 125 observations over a livetime of 45 hours, and two galactic dark matter
halo sources consisting of 41 and 51 observations, and both with livetime of 50 hours.

2.2 Instrument Response Functions

In high-level gamma-ray data, we assume that the instrument response can be simplified to
be the product of three independent functions:

R(p7 E|ptru57 Etrue) = Aeff(ptruea Etrue) X PSF(p\ptruea EtTue) X Edisp(E|ptrue7 Etrue)u (1)

where Acff(Ptrue, Errue) 18 the effective area function, A.f¢(perue, Etrue) is the point-spread function,
and Egisp(Elp,,.., Eirue) 1s the energy dispersion function. The instrument response functions
(IRFs) given by the SDC consist of simulated effective area data, energy dispersion data, and
point spread function data for the instruments. Each of the IRFs are calculated from simulated
event reconstruction, for which the true energy Ej,... and position py,... of the incident gamma-ray
are compared with the reconstructed energy E and position p [19] [2]. The effective area describes
the effective collection area of the detector. It is the product of the detector’s total collection
area, the detection efficiency at a given true energy Fy..., and the detection efficiency at a given
true position py... The point-spread function is the probability of reconstructing a particular
direction p when the true direction is py.. and true energy is Fy.. [19] [2]. Similarly, energy
dispersion is the probability of reconstructing a particular energy E with a true direction pg.e
and energy Ej.... The PSF and energy dispersion can be thought of as the spatial and energy
resolution of the instrument [19] [2]. Ideally, the PSF and energy dispersion approach unity as p
and E approach pye and Ey.e, respectively [19] [2]. The IRFs are used for a variety of techniques
during the data analysis process, such as calculating the expected number of events, deriving the
background approximation, and estimating flux spectra.



2.3 Background Estimation

To convert from data level 3 to data level 4, we must convert the data to binned, background-
reduced datasets. To do this, we start by performing a 5° cut around the source to isolate the
observations we will analyze. We then interpolate a logarithmic energy axis from provided energy
bounds. Derived from the energy ranges the CTAO is capable of taking, we use energy bounds of
0.01 TeV to 300 TeV [23] with 10 bins per decade. This will be the binning of the reconstructed
events and the binning of the final maps. We then define the energy axis for the reduced IRF
and model binning. This "true energy" axis will have a larger energy range than that of the
reconstructed energy axis to avoid background cutoffs [I9] [2]. For the true energy axis, we
interpolate the same axis as the reconstructed energy axis but extend the energy bounds to be
from 0.005 TeV to 600 TeV.

Then, we perform the data reduction process to estimate a background and convert the data
to reduced datasets. In gamma-ray analysis, the background comes from deflected VHE cosmic
rays. Therefore, to isolate the gamma-ray signals in the data, we need to subtract the cosmic-ray
background. During the data reduction process, our goal is to estimate the excess counts from
total counts and a modeled background. To estimate background, we examine a patch of empty
sky, known as the OFF region. From this OFF region, we extrapolate background counts for the
entire observational FoV. We then subtract the estimated background counts from the counts in
the integration region, known as the ON region, to determine an excess.

Nexcess - NON - aNOFF (2)

Equation [2] shows the excess counts (Nezeess) calculation, where Noy are the ON counts, Nopp
are the OFF counts, and « is a normalization factor that accounts for differences between the
source region and the empty region. Using this excess, we can calculate the significance and flux
spectrum of the source.

To estimate background, we use a variety of techniques. The first is during observational
data collection. One way to collect ON/OFF data is to spend half the observation time looking
at the source while the other half is spent looking at empty space at an equal zenith angle
(to maintain consistency). You can then directly subtract the OFF data from the ON data to
eliminate background. However, the drawback is that only half the observational time is spent
looking directly at the source. One way to avoid this problem is to use the wobble technique,
pioneered by the HEGRA collaboration [16]. This technique involves keeping the source in the
FoV during the entire observational period, but alternating, or 'wobbling’, the offset relative to
the source’s position (typically £0.5deg) [13]. A background estimate can then be made from the
empty part of the FoV (the section that does not include the source region or any ON data) [13].
For this analysis, a wobble of +0.7deg in right ascension and declination is used for all sources
except the DM halo source, which does not use a wobble [3.3] Furthermore, we will
use multiple background models for different purposes. The two background models we will use
are a ring background model and a reflected regions background model, and we will use them
for significance maps and flux spectra, respectively. The ring background model involves using a
solid ring around the source position as the OFF region [13] [3]. The inner and outer radii of the
ring are Tinper = Toffset — TON AN Touter = Toffset + ToN, Where 1454 18 the ring’s offset radius
(often the same as the wobble radius) and roy is the radius of the ON region [3]. While this
technique is applicable to every point in the FoV, an extra acceptance correction function must
be used to derive the normalization « for each position on the ring [I3]. This is because the ring’s
segments vary in their offset from the source position [13]. For this analysis, the ring backgrounds
we use will have an inner radius of 0.6 deg and a width of 0.2deg. This corresponds to an ON
radius of 0.1 deg. The ring background method is the most robust background estimation method
for weak sources detection [13]. Because of this, we use the ring background method for deriving
significance maps. An example of a ring background can be seen in Figure {4 (left).
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Figure 4: A visualization of the ring background ON/OFF regions (left) and the reflected region
background ON/OFF regions (right). Note that this visualization includes a +0.5 deg declination
wobble. Image courtesy of Berge, Funk, and Hinton [13].

The reflected regions background can be applied to any point in the FoV besides the observa-
tion position [I3]. For each observation position, a ring of n,r; concentric OFF regions are used
[13]. These OFF regions are identical in size and shape to the ON region, and are equidistant
from the observation position [I3]. Any observation positions or OFF regions inside an exclusion
region are not used during the analysis [3]. Then, due to the equal offset for each reflected region,
no radial acceptance correction is necessary and the normalization « is just ﬁ An example of

a reflected regions background can be seen in Figure {4 (right).

For this analysis, we use the ring background method for deriving significance maps and we
use the reflected regions background method for estimating flux spectra. Furthermore, for the
ring background method we use a combination of point-source (integration radius ~ 0.07 deg) and
slightly-extended source (integration radius =~ 0.10 deg) analysis [3]. For the spectral analysis, we
use only the slightly-extended source integration radius of 0.10 deg. Furthermore, we define a safe
mask for the background estimation. For the ring estimator, we use a maximum offset of 3.5 deg
and for the reflected regions estimator, we use a maximum effective area of 2% to maximize the
spectral band we can estimate over. Furthermore, we use an exclusion mask to remove from the
analysis any other known gamma-ray sources within the observational FoV. After the safe mask
and exclusion regions are applied, we estimate the background and subtract it from our datasets.
This returns reduced datasets with background estimates, a values, and excess counts.

2.4 Modeling, Fitting, and Estimators

After we perform background estimation and subtraction, we fit models and estimators to our
reduced datasets to create flux spectra and significance maps. To create significance maps, we
convolve the IRFs over a correlation region within the reduced map datasets. For significance
analysis, we use backward folding, also known as the Li-Ma formalism and is described in [27].
We use Li and Ma’s analytical solution [27] to estimate the significance. In this case, the excess
over the null hypothesis determine the “best fit” flux and significance [27]. Once correlated, we can
construct significance maps to determine whether or not we detect gamma-rays from the source
beyond background. We choose to use backward folding over forward folding because it gives us a
(mostly) model-independent significance [27]. However, for the flux spectra we perform forward-
folding flux estimation, in which we determine a model, optimize the parameters to fit it to the
data, and derive a flux spectra from that fit [19] [2]. For this analysis, we use a combination of
standard power law models (PWL) and exponential cutoff power law models (ECPL) to analyze



various spectra. These models are shown by Equations [3] and [} respectively. The optimized
parameters and fit statistic (wstat) for each model can be found in [I The ECPL model for
Markarian-421 was taken from [I7]. In addition, we multiply the Markarian-421 model with an
extragalactic background light (EBL) normalization factor to model EBL spectral absorption.
Using the Dominguez EBL model [I8], we correct the optimized Markarian-421 model to account
for background spectral absorption for a source with a redshift z = 0.031. Furthermore, we use
the MINUIT [25] backend for model fitting, and we use Gammapy’s [19] [2] algorithms to estimate

flux points.
o =0 (2 ) )

E—F

O(F) = do- (E )exp<—<AE>a> @)

Source | Model | ¢y (TeV-1 s°1 cm2) r A (TeV-1) | Ey (TeV) | wstat
MRK-421 | ECPL 1.0505¢-10 1.7854 1.0559 1.0000 3.36
Will-1 ECPL 1.1651e-13 51718 48791 1.0000 2.93
Sagi-2 PWL 6.0138e-16 3.8909 N/A 1.0000 3.72
Subhalo PWL 1.3996e-14 2.8807 N/A 1.0000 3.68

Table 1: Optimized parameter values and wstat values for power law models fitted to source
spectrums.

After flux estimation, we also calculate flux (TeV cm2 s°1) values by hand for multiple flux
bins. We do this using the gamma-ray counts (excess counts) estimated by the data reduction
process, the effective area for that particular energy as calculated by the IRFs, and the livetimes
of the observations. We average the gamma-ray count, effective area values, and livetimes over
every observation.

It is important to note that we lack a trial factor estimation or correction, so background
significance and upper limits will be somewhat inflated in each graph. Further analysis will be
required to show more exact statistical results, but even from these preliminary results we can
make some simple conclusions. Furthermore, these results will be useful for comparison with other
data analysis pipelines and techniques.

3 Results

3.1 Markarian-421

For Markarian-421, we performed a spectral and significance analysis using the methods de-
scribed in For Markarian-421, we only perform an analysis using a point-source integration
radius and correlation radius. Figures pal and display the significance plot and related OFF
significance distribution, respectively. Plotting the significance distribution outside the source
region is important as a check that the background estimation does not contain stray gamma-ray
events. This can happen when the ON region(s) are not large enough or when there is a different
gamma-ray source in the FoV. Typically, we want the OFF significance distribution to be a stan-
dard normal distribution. Markarian-421’s OFF distribution is a good example of this. The ON
region looks strange because the plot is cut off at 100, despite the significance being on the scale
of a few hundred, as shown by the significance plot in Figure [bal
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Figure 6: Markarian-421 flux spectrum compared to VERITAS and Fermi-LAT flux data.

Furthermore, the resulting flux spectrum from the spectral analysis can be found in[6] This is
compared with Markarian-421 spectral analyses from the VERITAS collaboration [32] and Fermi-
LAT data [5]. As we can see, the two spectra quantitatively agree for the 107! TeV to 10% TeV

range.
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Figure 7: Sagittarius-2 significance analysis

3.2 Sagittarius 2

The first dwarf spheroidal galaxy we analyzed is Sagittarius-2 with icrs coordinates of 298.2 deg
ra and —22.07 deg dec. The significance map for the point-source analysis and related distribu-
tion can be found in Figures [7a] and [Th] Furthermore, the extended-source analysis and related
distribution can be found in Figures[7dand [7d], respectively. The peak significance values for both
are ~ 3.70. Figure [§ illustrates the flux spectrum for Sagittarius-2. After applying a standard
power law fit, the only upper limit found by the flux estimator has a flux value of 1.447 x 10713
TeV cm?2 s°1 in the 0.079 TeV to 0.220 TeV bin.

3.3 Dark Matter Subhalo

For the galactic DM halo source, the SDC dataset has no wobble, so we use the analysis
techniques described in [2 at a 0.5° displacement from each source position.

For the galactic dark matter subhalo, with icrs coordinates of 72.3 deg ra and —44.8 deg dec,
the significance maps with related significance distributions are found in Figures [9d] [ob]
and [9al This covers both a point-source and extended-source analysis. Both analyses have a
peak significance value of 4.0c within the source region. Furthermore, Figure [I0] displays the
flux spectrum upper limits. The first upper limit, in the 0.369 TeV energy bin, has a flux of
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Figure 8: Sagittarius-2 flux spectrum. Fluz upper limit of 1.447 x 10712 TeV c¢m2 s°1 with a
significance of 0.485 for the 0.132 TeV bin.

1.355 x 1071 TeV cm?2 s21 with a significance of 0.977. The second, in the 1.034 TeV bin, has a
flux value of 3.402 x 107* TeV cm?2 s°1 with a significance of 0.28¢.

3.4 Willman-1

The final source we analyze is Willman-1 with icrs coordinates of 162.33 deg ra and 51.049 deg
dec. For the Willman I source, we perform a spectral and significance analysis using the meth-
ods described in 2 We perform a significance analysis using both a point-source integration
radius and a slightly-extended integration radius of 0.10 deg. Furthermore, we perform two more
extended-source analyses: an extraction region of 0.15deg and an extraction region of 0.20 deg.
For the significance analyses, we take the average peak significance for all four maps. Each peak
significance is labeled on each map. The significance values have a range of 0.80 from a minimum
significance of 5.00 to 5.80. We find a positive gamma-ray detection with an average significance
stat of 5.50. Furthermore, each significance distribution is displayed with its related significance
map. We can tell from the distribution plot that there is likely some analytical error causing
an uneven significance distribution. While there is a possibility that the source may be further
extended, it is highly unlikely due to the extended source analyses we have performed on the
source. Further analytical investigation and likely debugging will be necessary to confirm. The
distribution becomes more normal as the correlation radius decreases. The significance maps and
their related significance distributions are shown in Figures [13b], [13al, [12b], [12al, [L5b], [15al, [I4b], and
[14al

What’s more, the flux spectrum for Willman-1 is shown in Figure[T1] As illustrated in[I] we fit
an exponential cutoff power law model to Willman-1 with a fit statistic (wstat) of 2.93. The flux
estimator gives us a > 50 significance for the spectrum within the 1.7 TeV to 4.9 TeV energy bin.
Within this bin, we find a flux value of (1.394x 10713 +2.948 x 10~!) TeV c¢m?2 s21 with significance
value 5.50. Furthermore, the 1.0 TeV bin has a flux value of (6.763 x 1074 4 3.224 x 107'*) TeV
cm?2 s°1 with a significance of 2.1 and the 8.1 TeV has a flux value of (4.768 x 10714 +£1.942x1014)
TeV cm?2 s°1 with a significance of 2.9. It is surprising that we see a > 50 detection for Willman-1
because previous analyses of the source find no evidence for gamma-ray emissions from Willman-1
[9]. However, this is nonetheless a simulated dataset, so it is possible. Plus, it is worth noting
that the same analytical error as we see in the significance maps may be plaguing the spectral
analysis. Further analysis will be needed to verify these flux points.
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4 Summary and Conclusions

Over the summer, I learned about the process behind analyzing VHE gamma rays. I studied
different gamma-ray sources, including active galactic nuclei, a galactic DM subhalo, and extra-
galactic DM-heavy dwarf spheroidal galaxies. I learned about different processes that accelerate
particles, such as synchrotron radiation and inverse-Compton scattering. Additionally, I gained a
deeper understanding of the reactions that occur in the atmosphere that allow us to detect gamma
rays using IACTs. I studied the VERITAS and CTAO instruments, how they collect data from
gamma-ray emissions, and how we can read the data they give us. In addition, I learned about
dark matter and the different possible models that we can attempt to detect, such as WIMPs
or axions. Additionally, I gained a grasp on indirect detection of WIMPs through dark matter
annihilation or decay. I learned about CTAO and Gammapy, and gained experience using the
Gammapy data analysis pipeline by analyzing DM sources. 1 gained in-depth experience with
the gamma-ray analysis pipeline. From this, I learned and applied methods involving instrument
IRFs, background modeling, and flux estimation. I comprehended the different techniques used in
gamma-ray data analysis, such as reflected regions background estimation, backward-folding and
forward-folding algorithms, and fitting models. Over the course of my project, I used the Second
SDC data to compare simulated data with real, analyzed data for the Markarian-421 source. Once
I had an effective data analysis pipeline, I construct flux spectra and significance maps for four
DM sources using standard analytical methods. I surprisingly detect Willman-1 as a gamma-ray
source with a significance of 5.50 using backward-folding excess estimation and forward-folding
flux estimation. The other three DM sources show no evidence of gamma-ray emission, but we
find the flux upper-limits and significance peaks for each. Further analysis of the Second SDC
data will allow us to further refine the Gammapy data analysis pipeline. An extension of this
project may be to compare the results of these analyses with real DM upper limits. In addition, a
more in-depth Gammapy data analysis pipeline may be constructed, and the documentation may
be updated or amended with the suggestion of my notes and comments.
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