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Abstract 

The topic of this report pertains to the detection and analysis of  γ-rays emitted from the 

galactic center (GC) using the Very Energetic  Radiation Imaging Telescope Array System 

(VERITAS), a Cherenkov array system.  The specific cause of γ-ray production around this 

region is speculated to be Dark Matter (DM).  DM is an extension of the current standard 

model. The evidence for DM is so plentiful, astrophysicists have begun the search. DM does 

not interact with the electromagnetic force, so information about DM must be extracted in 

indirect ways. The focus of this project is indirect detection, using Cherenkov radiation 

produced in the atmosphere. By appealing to the Weakly Interacting Massive Particle 

(WIMP) model we can assume DM self-annihilates to produce standard model particles, 

such as γ-rays, we can look for these high energy photons coming from regions of the 

universe where DM is expected to be dense, and therefore annihilate more frequently. The 

VERITAS telescopes are designed with hard ware and software to discriminate Cherenkov 

light produced by high energy particles hitting atmospheric particles, from other light 

sources. With these discrimination methods, DM can be studied and better understood. My 

analysis covers a region of the GC where DM is expected to be dense.  With the software 

program, Vegas, I was able to analyze over 3303 minutes of GC data.   

INTRODUCTION 

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) first began 

installation in April of 2003. It was proposed to take γ-ray data from 50 GeV to 50 TeV, and look for 

sources of γ-rays like blazars, black holes, pulsars, supernova remnants, dark matter and more. My 

analysis is specific to dark matter detection and, as will be discussed further on in the paper, 

focuses on the GC as a source of γ-ray emission.  VERITAS uses four Cherenkov telescopes that 

detect  γ-rays via Cherenkov radiation. Cherenkov light is produced when a hadronic cosmic ray, or 

high energy γ-ray interact with the Earth’s atmosphere, which then causes a cascade of relativistic 

charged particles down on Earth. The charged particles produce Cherenkov radiation which emits 

along the shower direction. This radiation produces a light pool which can be detected at ground 

level with Cherenkov telescopes that lie within the light pool’s radius. This radiation will be created 

during the entire shower development, and have a density of approximately100 photons/m2 at 1 

TeV . At ground level, where the telescopes sit, the wavelength of Cherenkov light is expected to fall 

between 300-350 nm.  The light shower lasts for only a few nanosceonds.  

An important aspect to Cherenkov light is it’s the total energy of the shower is proportional 

to the energy of the incident particle. Using reconstruction techniques, and the intensity recorded 



2 
 

by the individual photo multiplier tubes, the energy of the incident particle can be extrapolated. 

Due to the sensitivity of the telescopes, γ-ray events can be recorded between 50 GeV to 100 TeV. 

The equations looks like this,  

 eq. 1 

For the lower energy threshold, ET,  C(λ) as the total Cherenkov light yield, the mirror area A, trigger 

resolving time τ, B(λ) as the background noise,  the efficiency of the photon capture η(λ), and Ω is 

the solid incident angle [12].

THEORY 

Dark Matter and γ-Rays 

Dark Matter (DM) has been speculated to exist since the 1930s, but it is still relatively 

mysterious. DM is best understood gravitationally, as it does not interact electromagnetically. DM is 

non-baryonic, meaning the particles are not made up of protons or neutrons, which is the matter 

we are made of. The abundance of non-baryonic matter is clear, and according to present 

approximations, it accounts for about 83% of the mass density in our current universe [10]. 

Knowing that DM exists is not enough to begin the search for its existence. The most favored model 

for DM is Weakly Interacting Massive Particles (WIMPS), though other models exist. As the name 

suggests, these particles interact weakly. WIMP candidates can be guessed by various extensions of 

the standard model such as Super-Symmetry, Little Higgs, Extra Dimensions [7],  neutralinos [1], as 

well as others.  By applying the WIMP model at the early stage of the universe, particularly when 

the WIMP predicted mass would freeze out,   the very same model predicts the current density of 

DM of ~.227  [1]. Dr. Feng used the Boltzman equation to derive current thermal relic density of 

DM, and arrived at the equation  

      
    

 

     
〈   〉   eq. 2 

For    equal to the mass of the WIMP divided by the temperature at freeze out,    is critical density, 

and    is the current temperature of the universe. The scenario works in this manor; directly after 

the big bang, the universe began cooling, and expanding. Once a particular temperature was 

reached, the WIMPs were free, and would have completely annihilated immediately it were not for 

the congruent rapid expansion. During this process the number of WIPMs approach a constant. By 

knowing the current density of DM in the universe, and extrapolating its original production, a limit 

can be put on the mass of a WIMP, ~10 GeV to > 1TeV. This limit is extremely helpful in indirect 

detection of DM, since the energy of a detected γ-ray is directly linked to the mass of the particles 

that produced it. The WIMPs model also addresses the cosmologiccal consistency of DM. The 

abundance of DM in the current universe has stayed about the same since the particle reached a 

stable number shortly after the big bang [7].Through pair annihilation, DM particles can be 

detected by decaying into a SM particles. 
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Since pair annihilation is the goal for indirect detection, there needs to be a prediction as to 

where the densest region of DM is. DM is known to interact gravitationally, as that is how it was 

originally discovered.  The team at Fermi and LAT constructed an N-body simulations to further 

understand the geometry of high density DM regions.  They found that DM forms approximately 

spherical shells with the densest portion in the center, and gradually getting less dense toward the 

edges [13]. In other words, baryonic matter was gravitationally attracted to DM halos. N-body 

simulations done by Frenk, Navarro, and White (NFW) show that the densest portion of a halo is at 

the center, this can be seen in Fig 1.  

                                                 

Fig 1: Created, by a collaboration at H.E.S.S., using two density profile schemes, Einasto and NFW. [3] 

The two different density profiles used were simulated using two different equations,   

   eq. (3, 4)  

for NFW and Einasto respectively.  These two profiles predict the densest region of DM within the 

Milky Way galaxy to be in the center. Due to γ-ray flux from surrounding astrophysical sources, the 

region of space the telescopes will look is ~1o off center of the true GC. The Einasto profile expects 

there to be a high  γ-ray flux at the source region. On Earth, the difference in flux from DM self-

annihilations differs by only a factor of two between the two profiles. This means, for the Milky 

Way, DM is most dense at the galactic center, and therefore more self-annihilations will occur. From 

understanding the density of the galactic center and throughout the galaxy, the flux of γ-rays can be 

calculated.  

DM self-annihilation is expected to produce γ-rays, as well as other SM particles. Almost all 

decay processes produce γ-radiation at some point in its evolution. So it is safe to assume that if DM 

decays at all, γ-rays will be a byproduct, via bremmstrahlung, pion production, or inverse Compton 

[2].  γ-rays are a key to DM indirect detection because they do not interact with other bodies 
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electromagnetically, and therefore do not get deflected by magnetic fields, or absorbed by galactic 

dust and gas. The direction of the γ-ray leads to the source of the γ-ray production. The H.E.S.S. 

telescope array, a Cherenkov telescope array system in South Africa, has been collecting γ-ray data, 

and, using 112 hours of GC data, the H.E.S.S. collaboration has placed an upper limit on the 

annihilation cross section for WIMPs, as outlined in Fig 1[3].  

                                                   

Figure 2: Created, by a collaboration at H.E.S.S., using two density profile schemes, Einasto and NFW, cross 

sectional limits were placed on DM self-annihilation. The green squares are simulated DarkSUSY candidates 

within the WIMP model [3]. 

For the GC, an estimated flux has been constructed in order to predict the luminosity of γ-

rays at 8.5 Kpc away from the source,   

eq (5) [14],  

 This equation tell us that the expected γ-ray flux is proportional to the number of DM annihilations 

per unit of time per unit of volume, and also proportional to the energy spectrum of secondary 

particles. 

γ-rays, as mentioned before, are produced in abundance, and originate from a diverse 

assemblage of sources like, cosmic rays, pulsars, super nova remnants, and blazars. The last 

three sources I mentioned have simple solutions; do not point the telescope at a pulsar, for 

example, if the goal is to detect DM. This however gets complicated near the GC where there 

are a slew of outlying astrophysical bodies contributing to the γ-ray flux. In order to 

discriminate DM produced γ-rays from cosmic rays, the estimated mass of the DM is taken 

into account. The γ-ray’s energy will have a clear cut off when equal to the mass is the DM 

particles that produced it. Shown in Fig 3, the differences in cut off for DM, and cosmic ray 

induced γ radiation. [5].   
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Fig 3: Using N-Body simulations and data taken from the Fornox cluster, an estimated surface brightness of 

DM , cosmic rays, and their sum.  [5] 

Cherenkov Telescopes 

Cherenkov Telescope Arrays detect, as the name suggests, Cherenkov light.  The collision 

produces characteristic traits that can be discriminated against.  

 

Fig 4: Event reconstruction using three Cherenkov telescopes. 

Figure 4 shows three ground based telescopes reconstructing the direction of the incident  γ-ray. 

Extend the length of the depicted ellipse, the point where they cross when projecting the image on 

the sky, will be the direction the γ-ray came from [11]. The number of photons produced in the 

Cherenkov light shower is correlated to the energy of the original incoming γ-ray, which, in the case 

of DM, is also proportional to the mass of the particles that annihilated to make the γ-ray.   

From Monte Carlo simulations performed by A.M. Hillas, the energy range that can be 

produced by γray like events can range from 100 GeV to 100 TeV.  The characteristics from a γ-ray 
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collision as opposed to a cosmic-ray collision are hard to distinguish, but possible. As described by 

Hillas, there are at least four distinguishing features, which are depicted below in Fig 5. (a, b, c, d) 

                                                   

As can be seen above, there are many ways to discriminate γ-ray events with cosmic ray events. 

Firstly in Fig 4,A, γ-ray events produce a neat angular spread on the telescopes that have a clear 

uniformity to its elliptical shape. This is used, as previously mentioned, in reconstructing the 

direction of the incoming γ-ray, whereas cosmic rays produce more globular picture. The graph 

above that one depicts the wavelength distribution timing structure of a γ-ray event versus a 

cosmic ray event. There are two clear peeks for a cosmic ray event, which are due to penetrating 

particles that survive to the ground. Fig 4,D shows a graph of the lateral spread, which will be much 

more uniform for a γ-ray [4]. 

Analysis 

Method  

In order to digest all of the data taken by Cherenkov telescope arrays, such as VERITAS, 

analysis packages were developed to configure, reconstruct, and present all necessary data. Vegas 

was developed by a group called the Offline Analysis Working Group (OAWG) specifically for 

VERITAS.  There are a total of six stages, though some have been absorbed by the others. The first 
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stage takes the raw data and calibrates the parameters. Relative gains and pedestals are calculated 

in this stage, and then saved in binary form. Stage two takes the binary stage one outputs and 

applies pedestal subtraction, and timing corrections. In previous versions, the data from stage two 

was saved in binary form, but stage two and three have been combined for the current version of 

Vegas. The stage three portion cleans the data, removes pixilation, and discriminates against noise. 

It also takes other Hillas parameters into account. The output for the updated version can be 

accessed using the vaDisplay command. Individual events can be analyzed. Stage four of the Vegas 

program applies quality cuts, as well as a stereo reconstruction. These cuts are intended to weed 

out any events that were not complete enough for reconstruction. Depending on the source, or the 

time of year certain parameters need to be cut in order to reduce uncertainties and insure sufficient 

data for analyzing. Some sources are very close to the horizon, like the GC, and therefore would 

need more stringent height cuts, for example. This stage reconstructs the direction of the events, 

and therefore the source, the core ground position, and the energy of the primary γ-ray. Stage six is 

the final stage. This stage does back ground estimations using two background estimation 

techniques, as well as determining many important features of the analyzed data, such as 

significance, raw event count, and the energy of events. For GC analyzing purposes, a good 

background analysis is imperative, as there is so much activity in the region [8].               

Four Years of Data 

Over 3,303 minutes of data was collected and analyzed of the GC from 2010 to 2013.  Alpha is 

defined as the ratio of “on” counts to “off” counts. For the four year analysis, I received an alpha of 

0.095.  18.00 σ is what I calculated at the significance, with a γ-ray rate of 0.13. This can be seen in 

the sky map below. 

A)     B) 

Fig 6: A, This map was reconstructed using the ring background model, a background analysis technique. B, a 

graphic created by OWAG, depicting the technique in action. 
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The four dots in figure 6, B are specified distances away from the source region that can be 

manipulated. For my analysis, I chose the default of 0.5o wobble offset. The ring size can be chosen 

per source.  

The spectrum from the last four years of data shows the change in γ-ray events over change 

in energy versus the energy of the incident γ-rays.  There is error associated with higher energy 

because the higher the energy, the smaller differential flux, which makes data acquisition difficult.  

Regardless, these values associated with the spectrum are consistent with values measured by 

H.E.S.S. 

                                     

Fig 7: The spectrum of the GC data from 2010 to 2013. 

 The 2010 data needed some special attention due to a high volume of TOffset and RelGain errors in 

the stage two output. Different flasher flies were used, and the errors were suppressed, but the 

significance for that year alone went from 11.2   to 8.5  .  ~11.0 is the accepted significance for 

2010 GC data.  

Light Curve Analysis 

A light curve is the graph of γ-ray flux per bin. The binning can vary depending on how 

smooth or accurate the graph maker wants the graph to be. When creating the light curve for 2010 

to 2013 I chose a daily binning, for the most data points with the most accurate results.  Figure 8 

shows the collective light curve result.  

                                     

Fig 8: Light Curve from 2010 to 2013 with 1440 minuet timing bins. 
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There are four distinct clumps of data point corresponding to the four different years of data. 2011 

and 2012 both have a single bin with large uncertainties that smooth out with larger bins.  These 

uncertainties are largely due to short data runs, either caused by weather for a telescope 

malfunction. Though it is difficult to see in the graph, the flux stays semi-constant with an overall 

decrees in error for the 2013 data set. Looking at the 2013 data in figure 9, notice the down turn 

toward the end of the graph where the flux looks to decrease. This is most likely due to an 

atmospheric degradation heading in to the monsoon season. Figure 10 is that same data from 2013, 

with monthly binning to see the clear flux decline.  

                               

Fig 9: 2013 light curve with daily binning. 

                             

Fig 10: 2013 light curve with monthly binning. 
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2013- More Detail 

Because of this downward point, the γ-rate, background rate and zenith angle were looked at 

stringently. 

                                     

Fig 10: The Background rate with error bars versus the average zenith angle of the telescopes. 

The above graph depicts the background rate versus average zenith angle.  There seems to be no 

clear correlation between the two. There are clearly more data points where the zenith angle is 

smaller, as there is a clearer signal for smaller zenith angles, due to the GC being so close to the 

horizon in the northern hemisphere. Similarly for the γ-ray versus average zenith angle, there is no 

correlation aside from the amount of γ-rays counts.   
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When comparing the γ-rate to background rate, there is a definite anti-correlation.  

                       

This means for higher γ-rate, the background analysis is not picking a similarly high background 

noise. This graph should show a positive correlation or none at all. This could also be due to event 

trigger discrimination. Perhaps more stringent trigger systems need to be put in place.  

Conclusion 

Using the Vegas software system, over 3,303 minutes of GC data was analyzed. Going through the 

2010 data, there were some discrepancies with the known significance, and the significance I 

calculated, 8.5. In the future, the data runs that caused the errors in the first place should be tested 

with, yet again, different flashers, to see if the significance changes. I constructed a light curve for all 

four years, and for 2013. The overall light curve was relatively stable, with the 2013 data at a 

slightly higher flux due to more sensitive data acquisition techniques. Looking closer at the light 

curve, the later bins had a decrease in flux, most likely due to atmospheric degridation. This decline 

was motivation to look at the γ-rate, background rate, and average zenith angle. Though there is no 

correlation to the flux decline and the zenith angle, there is an anti-correlation between the γ-rate 

and background rate.  

 
 
 
 
 
 
 
 
 



12 
 

Bibliography  
[1]J. L. Feng, arXiv e-prints (Feb. 2013), 1302.6587 
[2] M. Wood et al. arXiv (May. 2013), 1305.0302v1 
[3] A. Ambramowski et al. Phys. Rev. Lett. 106, 161301(2011) 
[4] T. Weekes, arXiv (Aug. 2005), 0508253v1 
[5] M. Doro, arXiv (Aug. 2012), 1208.5356v1 
[6] J. F. Navarro, C. S. Frenk, S.D.M. White, arXiv (Aug 1995), 9508025 
[7] Stefano Profumo, arXiv (Jan. 2013), 1301.0952v1 
[8] P. Cogan, arXiv (Sep. 2007), 0709.4233v1 
[9] John Ellis, Keith A. Olive, arXiv (Jan. 2010), 1001.3651v1 
[10] D. Nieto et al, arXiv (May. 2013), 1305.0312v2 
[11] A. M. Hillas, Cosmic Ray Conference (Aug. 1985), Vol. 3 pg 445-448 
[12] The VERITAS Collaboration, (2011), http://veritas.sao.arizona.edu 
[13] M. Ackerman et al, arXiv (Jan. 14), 1205.6474v2 
[14] L. Pieri et al., Phys. Rev. D 83, 023518 (2011)

 

 

 

 


