VERY HIGH ENERGY GAMMA-RAY EMISSION FROM TYCHO’S
SUPERNOVA REMNANT

by

Dana Boltuch Saxon

A dissertation submitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree of Doctor of Philosophy in Physics

Spring 2014

(© 2014 Dana Boltuch Saxon
All Rights Reserved



VERY HIGH ENERGY GAMMA-RAY EMISSION FROM TYCHO’S
SUPERNOVA REMNANT

by

Dana Boltuch Saxon

Approved:

Edmund R. Nowak, Ph.D.
Chair of the Department of Physics and Astronomy

Approved:

George H. Watson, Ph.D.
Dean of the College of Arts and Sciences

Approved:

James G. Richards, Ph.D.
Vice Provost for Graduate and Professional Education



Signed:

Signed:

Signed:

Signed:

I certify that I have read this dissertation and that in my opinion it meets the
academic and professional standard required by the University as a dissertation
for the degree of Doctor of Philosophy.

Jamie Holder, Ph.D.
Professor in charge of dissertation

I certify that I have read this dissertation and that in my opinion it meets the
academic and professional standard required by the University as a dissertation
for the degree of Doctor of Philosophy.

Todor Stanev, Ph.D.
Member of dissertation committee

I certify that I have read this dissertation and that in my opinion it meets the
academic and professional standard required by the University as a dissertation
for the degree of Doctor of Philosophy.

John Gizis, Ph.D.
Member of dissertation committee

I certify that I have read this dissertation and that in my opinion it meets the
academic and professional standard required by the University as a dissertation
for the degree of Doctor of Philosophy.

Reshmi Mukherjee, Ph.D.
Member of dissertation committee



ACKNOWLEDGEMENTS

I would like to thank Dr. Jamie Holder for his guidance, patience, and enthusi-
asm during this long and winding journey.

I would like to thank Dr. Ester Aliu, Dr. Matthieu Vivier, Dr. Karsten Berger,
and Sajan Kumar for their collaboration, conversation, and consideration.

I would like to thank the faculty members and support staff in the University
of Delaware Department of Physics and Astronomy who taught and supported me.
The expertise in this department is astounding, and I never could have broadened the
horizons of my knowledge as far as I have without them.

I would like to thank my many colleagues and friends within the VERITAS
collaboration. It has been a privilege to be a member of such a dedicated and wonderful
group. I would also like to thank the technical support staff at the Fred Lawrence
Whipple Observatory and at the collaborating institutions. They truly do keep us
going.

I would like to express my sincerest thanks to the NASA Delaware Space Grant
Program for supporting me through much of this research. I would also like to thank
the several members of the Fermi-LAT team who have provided me with invaluable
support and answered my many questions, particularly those who were involved with
the Fermi Summer School.

Lastly, I would like to thank the friends and family who have provided me with
so much support as I completed my dissertation. Without their encouragment (and
babysitting services!), my achievement would not have been possible. In particular, I
would like to thank A. Robin Bowles, librarian extraordinare, for both her professional

and personal support during this process.

v



DEDICATION

I dedicate this work to my husband, Tony, my son, Connor, my parents, Nick and
Melissa, and my brother, Peter. They have encouraged and inspired me to pursue this

path, and I could not have made it this far without their unending love and support.



TABLE OF CONTENTS

LIST OF TABLES . . . . . . . . . .
LIST OF FIGURES . . . . . . . . . . e
ABSTRACT . . . .
Chapter

1 TYCHO’S SUPERNOVA REMNANT . . ... .. ... .......

1.1 A Brief Historical Background . . . . . . . . ... ... ... .....
1.2 Modern Observations of Tycho’s Supernova Remnant . . . . . . . ..

2 SUPERNOVA REMNANTS AND COSMIC RAY
ACCELERATION . . . . . .. o e

2.1 Cosmic Rays and Diffusive Shock Acceleration . . . . . . ... .. ..
2.2 Observational Evidence . . . . . . .. . ... ... L.

2.2.1 Evidence of Accelerated Electrons and Unidentified Parent
Particles . . . . . . ..
2.2.2 Evidence of Accelerated Hadrons . . . . . . . . . . . . . ...
3 TEV GAMMA-RAY ASTRONOMY . . .. . .. ... ... ....
3.1 Very High Energy Gamma-Ray Production in Astrophysical Sources .

3.1.1 Leptonic Gamma-Ray Production . . . . . .. ... ... ...

3.1.1.1 Inverse Compton Scattering . . . . . .. .. ... ..
3.1.1.2  Bremsstrahlung . . . . . . ... ... ... .

3.1.2 Hadronic Gamma-Ray Production. . . . . .. ... ... ...

3.2 Gamma-Ray Absorption in Space . . . . . . ... .. ... ... ...

vi

-

16
20

24

25

25
25

25

26



3.3 Atmospheric Air Showers & Cherenkov Radiation

3.3.1 Gamma Ray Air Showers. . . . . . . ..
3.3.2 Cosmic Ray Air Showers . . . . ... ..

3.4 TeV Source Classes . . . . . . . . ... .. ...
3.4.1 Galactic Sources . . . .. ... .. ...

3.4.1.1 Pulsar Wind Nebulae . . . ..
3.4.12 Pulsars . ... ... .. ....
3.4.1.3 Supernova Remnants . . . . . .
3.4.1.4 Stellar Winds and Superbubbles
3.4.1.5 Globular Clusters . . . . . . ..
3.4.1.6 Binaries . . . .. . ... .. ..
3.4.1.7 The Galactic Center . . . . ..
3.4.1.8 Unidentified Objects . . . . . .

3.4.2 Extragalactic Sources . . . . . . ... ..

3.4.2.1 Active Galactic Nuclei: Blazars, Flat Spectrum Radio

Quasars, and Radio Galaxies . . . ... .. ... ..
3.4.2.2 Starburst Galaxies . . . . ... ... ... .. ....
3.4.2.3 The Large Magellenic Cloud . . . . . .. .. ... ..
3.4.24 Gamma-Ray Bursts . . . ... ... ... ... ...
3.4.2.5 Dark Matter . . .. ... ... .. ... .......

4 INSTRUMENTATION FOR OBSERVING GAMMA RAYS . ..

4.1 Imaging Atmospheric Cherenkov Telescopes . . . . . .. .. ... ..

4.1.1 Historical Instruments . . . . . . . . . . ... ... ..
4.1.2 Modern IACTs . . . . . . . . . .
4.1.3 VERITAS . . . . . .

4.1.3.1 Observing Constraints . . . . . . .. ... ... ...
4.1.3.2 Optics . . . . . .
41.3.3 Camera . . . ... ...
4.1.3.4 Tracking and Pointing . . . . . . .. ... ... ...
4.1.3.5 Trigger System . . . . . . .. ...
4.1.3.6  Data Acquisition and Recording . . . . . . .. .. ..

4.2 Gamma-Ray Satellites . . . . .. .. ..o

Vil

29

30
33

37

37

38
40
42
44
45
46
46
48

48

48
52
23
23
25

56

26

56
o8
60

60
63
63
65
66
68

71



4.3 Ground-based Particle Detectors. . . . . . . . . . . ... ... ...

4.3.1 Water Cherenkov Telescopes . . . . . . .. ... .. ... ...
4.3.2 Extensive Air Shower Arrays. . . . . . . .. ... ... ..

CHERENKOV TELESCOPE DATA ANALYSIS ... ... .. ..

5.1 Data Quality Selection . . . . . . . ... ... L
5.2 Calibration . . . . .. ...

5.2.1 Flat-Fielding . . . ... .. ... ... ... ... ... ...
5.2.2 Pedestals . . . . ...
5.2.3 Absolute Calibration . . . . . . . .. . .. ... ... ... ..
5.2.4 Simulations . . . . ... ..

5.3 Shower Reconstruction . . . . . . . . . . . . ...

5.3.1 Image Cleaning . . . . . . . .. .. ... ... ... ...
5.3.2 Image Parameterization . . . . ... .. ... ... ... ...

5.4 Generating Skymaps . . . . . ...
541 02 Cut . ...
5.4.2 Background Signal Calculation . . . ... ... ... ... ..
5.4.3 Camera Acceptance and Exclusion Regions . . . . . . . . . ..

5.5 Generating Spectral Energy Distributions . . . . . . . .. ... .. ..

DETECTING GAMMA RAYS FROM TYCHO’S SUPERNOVA
REMNANT . . . . . e

6.1 VERITAS Dataon Tycho . . . ... ... ... ... . ........

6.1.1 Dataset . . . . . . . . ..o
6.1.2 Analysis . . . . . ..

6.1.21 Cuts . . . . . .
6.1.3 Skymaps and Morphological Studies . . . . .. ... ... ..
6.1.3.1 Statistical Trials . . . . . ... ... ... ... ...

6.1.3.2 Exclusion Region . . . . . .. ... ... ... ...
6.1.3.3 Morphological Studies . . . . . ... .. .. ... ..

Viil

74

74
77

80

80
82

82
83
87
90

92

92
96



6.1.3.4 Fitting a 2-D Gaussian Function to the Skymap . . .
6.1.3.5 Testing the Code on Tycho Background . . . . . ..
6.1.3.6 Testing the Code on Other Source Backgrounds . . .
6.1.3.7 Results of Morphological Studies on Tycho . . . . . .
6.1.3.8  Other Attempted Fitting Functions . . . . . . . . ..
6.1.3.9 Likelihood Ratio Testing . . . . . .. .. .. .. ...

6.2 Fermi Dataon Tycho . . . . . ... .. ... ... ... ... ...,
6.3 Spectral Energy Distribution . . . . . . . ... ... ... ... ...

6.3.1 TeV Spectrum of Tycho’s SNR . . . ... .. ... ... ...
6.3.2 GeV Spectrum of Tycho’s SNR . . .. ... .. .. ... ...

7 MODELS, INTERPRETATIONS, AND FUTURE WORK . . ..
7.1 Models of MeV-TeV Emission from Tycho’s Supernova Remnant . . .

7.1.1 Modeling of Hadronic Emission . . . . . . ... .. ... ...
7.1.2 Modeling of Leptonic Emission . . . . .. ... .. ... ...

7.2 Summary of Results . . . . . . ... ...
7.3 Future Work . . . . . . . ...

7.4 Summary of Original Work and Conclusion . . . . . . . ... ... ..
BIBLIOGRAPHY . . . . . . .
Appendix

PUBLICATION PERMISSIONS . . . . . . .. ... .. ... ...,

1X

121
125
126
128
128
131

131
132

132
137

138

138



3.1

4.1

4.2

6.1

6.2

6.3

7.1

LIST OF TABLES

Gamma-ray shower parameters at various energies. . . . . . . . ..
Properties of selected IACTSs prior to the current generation. . . . .
Properties of the current generation of IACTs. . . . . . . . .. ...

A summary of VERITAS observations of Tycho’s SNR discussed in
thiswork. . . . . .. .o

The differential flux points in the 1-10 TeV spectrum of Tycho data
from 2008-2010. . . . . . . . ..

The differential flux points in the 1-10 TeV spectrum of Tycho data
from 2008-2011. . . . . . . . ..

The estimated errors on differential flux points in the 1-10 TeV
spectrum of Tycho data after 150 hours of observations with
VERITAS. . . . .

32

29

61

116

134

135

151



1.1

1.2

2.1

2.2

2.3

2.4

2.5

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

LIST OF FIGURES

Left: Hlustration from De Nowva Stella. Right: Portrait of Tycho
1200 radio map showing a molecular cloud at the northeastern
boundary of Tycho’s SNR. . . . . . . . ... ... ... ... ....
The cosmic ray spectrum. . . . . . . . .. ...

Comparison of shock profiles and particle energy distributions from

shocks modified and unmodified by NLDSA. . . . . . ... ... ..
Multiwavelength map and spectrum of RX J1713.7-3946. . . . . . .
Chandra image of Tycho’s SNR showing nonthermal stripes. . . . .
Fermi-LAT spectra of IC 443 and W44. . . . . . . . .. ... ...
H.E.S.S. measurement of the extragalactic background light. . . . .
Diagram of an electromagnetic air shower. . . . . . . . .. ... ..
Diagram of a hadronic air shower. . . . . . . . ... ... ... ...

Lateral shower profiles of Cherenkov light from electromagnetic and
hadronic air showers. . . . . . . . . ..o

TeV all-skymap. . . . . .. ... o

Spectrum of the Crab Nebula from Fermi-LAT data, demonstrating
synchrotron self-Compton emission. . . . . . . . .. ... ... ...

Energy dependent morphology of PWN J1825-137. . . . . . . . ..

Spectrum of the Crab Pulsar from VERITAS data. . . . . .. ...

x1

11

14

18

21

23

28

33

35

36

37

39

41

43



3.9

3.10

3.11

3.12

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

5.1

5.2

5.3

Orbit-to-orbit variability in binary LS I4+61°303.. . . . . . . . . ..

Multiwavelength observations of unidentified source TeV J2032+4130.

Spectrum of Markarian 501. . . . . . . . . . ... ... ... ...
VHE image of M82. . . . . . . . . .. ...
The first major VHE telescope, operated in the Crimea. . . . . . .

The Whipple 10 m gamma-ray telescope. . . . . . . . . . ... ...

The two layouts of the VERITAS array, pre- and post-summer 2009.

VERITAS telescope mirror reflectivity vs. wavelength. . . . . . ..

Measured photon detection efficiency and quantum efficiency of new
VERITAS PMTs. . . . . . . .

Example of a bias curve. . . . . . .. ... L
Example of an offset muon ring as seen in a VERITAS camera.
Example of an event FADC trace. . . . . . . .. ... ... ... ..

Schematic of the VERITAS trigger system and data acquisition
System. . . ..o oL e

Fermi-LAT performance plots. . . . . . . ... ... .. ... ...
Schematic diagram of the Fermi-LAT telescope. . . . . . . . . . ..
[lustrations of the HAWC water Cherenkov telescope. . . . . . ..
All-sky map as seen by Milagro. . . . . . . . ... ... ...
Example of FIR data. . . . . . . ... ... ... ... .......
Example of a relative high-gain distribution for one telescope.

Example of the distribution of charges measured in a single PMT
during a flasher run. . . . .. ..o oo

xii

47

51

54

57

58

62

63

65

68

69

70

71

75

76

7

78

82

84

85



5.4 Example of a pedestal event FADC trace. . . . .. ... ... ... 86
5.5 Example of a bright Cherenkov event FADC trace. . . .. ... .. 87

5.6 Left: The “holey plate” used for single photoelectron measurements.
Right: histogram showing peaks for 0, 1, 2, 3, and 4 photoelectrons. 89

5.7 Example of lookup tables for width (left) and length (right). . . . . 92

5.8 CORSIKA simulations illustrating air showers initiated by a 1 TeV
photon (left) and a 1 TeV proton (right). . . . . . ... ... .. .. 94

5.9 Examples of images produced in a VERITAS camera by a hadronic
air shower (left), and a possible electromagnetic air shower (right). 95

5.10  Cartoon illustrating the development of the air shower across the
CAIMICTA. . .« + v v v e e et e e e 96

5.11  Cartoon illustrating the main Hillas parameters of an image. . . . . 97

5.12  Diagram showing the projection of an air shower onto the image
plane of a telescope. . . . . . ... 99

5.13  Cartoon of an event seen by all four VERITAS telescopes. . . . . . 100

5.14  Example of distributions of mean scaled width (left) and mean scaled
length (right). . . . . . . ... o 102

5.15  Histogram showing the 62 value of reconstructed events for a point
SOUTCE. . v v v v v e e e e e e e e e 104

5.16  Cartoon illustrating the ring background model (left) and the

reflected region background model (right). . . . ... ... ... .. 107
5.17  Cartoon illustrating how correlated sky maps are produced. . . . . 108
5.18  Example of an acceptance curve. . . . . . . . ... ... ... ... 110

5.19  Example of a gamma-ray signficance map showing bright stars and
exclusion regions. . . . . . . ... 111

5.20  Example of an effective area curve at various zenith angles. . . . . . 113

Xlil



5.21

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

7.1

7.2

7.3

7.4

Spectrum of the Crab Nebula before (left) and after (right) the
inclusion of the effective area curve. . . . . . . . . . . .. ... ... 113

Uncorrelated difference maps of VERITAS data on Tycho’s SNR from
2008-2010 (left), and 2008-2011 (right). . . . . . . ... ... . ... 121

Map of excess events from VERITAS observations of Tycho’s SNR
from 2008-2010. . . . . . . .. 122

Fraction of vertical gamma-ray showers triggering nr telescopes as a
function of the impact position on the ground. . . . . . . . . . . .. 123

6? distribution from 1 TeV gamma-ray showers simulated at zenith. 124

x? distribution of results of fit to symmetric test Gaussian
superimposed on Tycho background data from 2008-2010. . . . . . 127

Map of excess events from VERITAS observations of Tycho’s SNR
from 2008-2011. . . . . . . .. 129

TS map of Tycho’s SNR from 34 months of Fermi-LAT data. . .. 133

The differential gamma-ray photon spectrum of VERITAS data on
Tycho’s SNR from 2008-2010. . . . . . . . . ... . ... ... ... 135

The differential gamma-ray photon spectrum of VERITAS data on
Tycho’s SNR from 2008-2011. . . . . . ... ... ... .. ... .. 136

The SED data points from Fermi-LAT and VERITAS detections of
Tycho’s SNR. . . . . . . . . 137

Spectral energy distribution of radio, X-ray, and VHE gamma-ray
emission from Tycho’s SNR, along with models of the emission. . . 139

Broadband SED models of Tycho’s SNR from Fermi-LAT data
assuming leptonic emission (left) and hadronic emission (right). . . 141

Models of hadronic and leptonic emission from Tycho’s SNR by
Morlino & Caprioli. . . . . . . . . .. ... 142

Model of hadronic emission from Tycho’s SNR by Berezhko,
Ksenofontov, and Volk. . . . . ... ... ... ... ... ... 143

Xiv



7.5

7.6

7.7

7.8

7.9

Model of hadronic emission from Tycho’s SNR by Zhang, et al.. . .
Model of leptonic emisson from Tycho’s SNR by Atoyan & Dermer.

All models proposed to explain the GeV and TeV emission from
Tycho's SNR. . . . . . . ..

The published TeV SED of Tycho’s SNR, and the estimated TeV

SED of Tycho’s SNR after 150 hours of observations with VERITAS.

The published and predicted spectrum of Tycho’s SNR from
Fermi-LAT and VERITAS data, along with models of the emission.

XV

145

147

148

152

153



ABSTRACT

Supernova remnant (SNR) G120.1+1.4 (also known as Tycho’s SNR) is the
remnant of one of only five confirmed historical supernovae. As such, it has been well
studied across the electromagnetic spectrum. This thesis describes the first statistically
significant detection of very high energy (VHE) (~100 GeV to 100 TeV) gamma rays
from Tycho’s SNR, reported in 2011 by the VERITAS collaboration. The analysis that
led to that detection was performed by this author, and this dissertation will discuss
the process in detail. Subsequently, a statistically significant detection in high energy
(HE) (~30 MeV to 100 GeV) gamma rays was reported by other authors using data
from the Fermi Gamma-Ray Space Telescope. Comparison of models to the spectral
energy distribution of the photon flux from this remnant in HE and VHE gamma rays
favors a hadronic origin for the emission, particularly when combined with current X-
ray data, although a leptonic origin cannot be ruled out at this time. This is significant
because a confirmed hadronic origin for the gamma-ray emission would identify this
SNR as a site of cosmic ray acceleration, providing observational evidence for the idea
that SNRs are the source of the Galactic cosmic ray population.

Chapter 1 of this dissertation will provide historical background on Tycho’s
SNR, along with a summary of modern observations of the remnant across the electro-
magnetic spectrum. Chapter 2 is a discussion of the role played by SNRs in the process
of cosmic ray acceleration, including both theoretical underpinnings and observational
evidence. Chapter 3 provides an overview of the field of VHE gamma-ray astronomy,
with discussions of gamma-ray production mechanisms and gamma-ray source classes.
Chapter 4 describes the instruments used to observe HE and VHE gamma rays. Chap-
ter 5 is a discussion of general analysis methods and techniques for data from Imaging

Atmospheric Cherenkov Telescopes (IACTs). Chapter 6 provides details about the

xXvi



specific analysis I completed on VERITAS data on Tycho’s SNR. Lastly, Chapter 7
discusses the modeling and interpretation of the VHE Tycho detection in the context

of current multiwavelength observational results.
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Chapter 1

TYCHO’S SUPERNOVA REMNANT

1.1 A Brief Historical Background

Tycho Brahe was undoubtedly one of the great early astronomers. Born in
Denmark in 1546 to an upper class family, he was one of ten children. He was educated
at the University of Copenhagen and at the University of Leipzig, taking an interest in
astronomy despite his family’s desires that he study law and rhetoric to prepare for a
career as a statesman. In particular, the solar eclipse of 1560 solidified his interest in
astronomy. While a student, he studied the work of Ptolemy, who had attempted to
explain the motions of the planets, and he made the most accurate measurements to
date of the positions of stars, including estimations of errors on the measurements. The
instruments he had available to him for his observations were compasses, cross-staves,
and sextants, as the telescope had not yet been invented [1].

In 1572, Brahe cemented his reputation as a brilliant astronomer. On the
evening of November 11, he noted a new, very bright star in the constellation Cas-
siopeia. It was so bright that he asked his servants if they, too, could see it, to be sure
he was not hallucinating. He immediately took measurements of its position, with the
intention of determining its distance by tracking its motion. Since it could be seen in
daylight, measurements of its position at 12 hour intervals quickly revealed that it was
not moving, and hence must be at a much farther distance than the moon. This was
revolutionary, since it ran counter to the Aristotalean view that the heavens were un-
changing with the exception of atmospheric effects, which were closer than the moon.
He continued to record the star’s position, brightness, and color for many weeks, pub-

lishing his observations in De Nova Stella in 1573 (see Figure 1.1) [1]. It is this ‘star’
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Tycho Brahe.

Figure 1.1: Left: Illustration from Tycho Brahe’s De Nova Stella showing the posi-
tion and relative brightness of the supernova (I) [4]. Right: Portrait of
Tycho Brahe [1].

that is now referred to as Tycho’s supernova (SN), and the remnant associated with
the explosion will be the main subject of this work. Although Tycho made by far the
most detailed and lengthy observations of this ‘star’, it is worth noting that five records
from China, two from Korea, and several others from Europe also note its presence.
In fact, records from Korea and the records of Maurolycus, abbott of Messina, note
its presence on November 6, a few days sooner than it came to Tycho’s attention [2],
likely due to poor weather in Denmark [3]. Actually, since it was so bright as to be
visible in daylight, Tycho’s SN became a bit of a cultural phenomenon, possibly even
being referenced years later in the opening scene of Shakespeare’s Hamlet [3].

Brahe’s publication of De Nowva Stella earned him much publicity, and he was
invited by King Frederick IT of Denmark to become a lecturer at the University of
Copenhagen. His work was also very well-received in Germany, and he considered
moving there. To entice him to remain in Denmark, King Frederick II provided him

with a place to focus on his studies. The Island of Hven was given to him, and



upon it were built a house and the greatest observatory of the time, the castle of
Uraniborg. Soon, Brahe had many students, and a second observatory was constructed
to accommodate them. This observatory housed its instruments below ground, with
only the building roofs appearing above ground level, in order to minimize the effect
of vibrations on the accuracy of measurements. Among his assistants was Johannes
Kepler, who later became a great astronomer in his own right. After Brahe’s death his
observations were left to Kepler, who built on them, eventually using this large body
of accurate data to determine the laws of planetary motion [1].

In addition to being a respected astronomer, Tycho was also a rather colorful
character. In 1566, he had a disagreement with another Danish astronomer nobleman.
To settle the disagreement they held a nighttime duel, in which Tycho lost his nose.
He replaced it with a prosthetic reportedly made of silver and gold [1], although an
examination of his exhumed corpse in 1901 revealed that it contained enough copper
to leave green marks on his skull [5]. He married a commoner with whom he had
eight children [1], employed a dwarf court jester named Jeppe who was reported to be
clairvoyant, and had a pet elk who died after becoming drunk on beer at a nobleman’s
party and falling down the stairs [6]. Tycho himself died in an interesting manner as
well; on October 13, 1601 he attended a dinner at which he had consumed much to
drink, and felt it impolite to leave the table to relieve himself. After this, he suffered
a serious bladder condition and died eleven days later. However, a 1996 analysis of
samples of his remains exhumed in 1901 reveals a high concentration of mercury, taken
in one large dose within 20 hours prior to his death. Thus, he most likely died of
mercury poisoning rather than a bladder infection. It remains unknown whether the
mercury was ingested purposely as an attempt at treating his bladder, or unknowingly
at the hands of a murderer. It is speculated that both Kepler and the Danish King at
the time, Christian IV, had motive, although this mystery is likely to remain unsolved

[7]-



1.2 Modern Observations of Tycho’s Supernova Remnant

Supernova remnants (SNRs) are an active area of study in modern astronomy.
In addition to revealing a great deal about stellar evolution, they are likely to be the
primary acceleration sites for the Galactic cosmic ray (CR) population, whose origin is
as yet undetermined. While this premise has yet to be firmly proven observationally,
arguments of energetics point to SNRs as the most likely source for these CRs. This
aspect of the importance of SNRs will be explored in detail in Chapter 2, Section 2.1.

As one of only a handful of historical SNRs, Tycho’s SNR has been very well
studied throughout the electromagnetic spectrum. Historical remnants are those rem-
nants within the Milky Way whose explosions were observed and recorded in human
history, and hence whose ages are known precisely. In addition to Tycho’s SNR, Ke-
pler’s SNR (SN 1604), the Crab Nebula (SN 1054), 3C58 (SN 1181), and the remnant
associated with SN 1006 are historical remnants. There are also historical records
of supernovae observed in AD393 and AD185, and records of possible supernovae in
AD386 and AD369, although the positions of these objects were not recorded with
sufficient precision to associate them unambiguously with a particular SNR. Several

b

other historical references to “new” stars exist, including one that is positionally very
near to the radio-bright SNR Cassiopeia A, but upon further investigation these were
variously likely observations of meteors, comets, or novae, or measurement errors on
existing stars [2].

It has been established that Tycho’s SNR is the result of a Type Ia supernova
(SN) [8]. Type Ia SNe are explosions that result from the mass of a carbon and
oxygen white dwarf exceeding the Chandrasekhar limit (~1.4 M®). Traditionally,
the progenitor system for Type Ia SNe has been thought to be a white dwarf and a
companion star in a binary system, with the white dwarf accreting material from the
companion star; this is known as the single-degenerate model. However, a double-
degenerate model involving the merging of two CO white dwarfs can also produce

an explosion consistent with observations, and other, more exotic scenarios have been

proposed (see, e.g., [9] for a review). In any scenario, no stellar remnant is left after the



explosion, only the material which has been blown out in a cloud, forming a SNR (see,
e.g., [10]). Through optical observations of the light echo from the explosion of Tycho’s
SN, Krause et al. have obtained a spectrum of the explosion which firmly identifies it
as a normal (as opposed to overluminous or subluminous) Type Ia SN [8]. The spectra
of Type I SNe show that the progenitor star contained no hydrogen, unlike Type II
and Type III SNe. Type Ia are further distinguished by a notable silicon absorption
line at 6335 A at maximum luminosity, along with other identifying spectral features
(see, e.g., [8]).

In the traditional model, since the progenitor star in a Type Ia SN is always the
same mass, the explosions are assumed always to have the same absolute luminosity.
Because of this, they have been used as “standard candles” in astronomy, and as such
have provided distance estimates on intergalactic scales. However, in 1993, Phillips
discovered that there are intrinsic differences in the absolute magnitudes of individual
Type la SNe, and determined that there is a correlation between the peak luminosity
of the SN and the rate of the initial decline in luminosity [11]. This is explained most
simply by a range of progenitor masses. Quite recently, Scalzo et al. have found more
direct evidence that Type Ia SNe progenitors have a range of masses from ~ 0.9 — 1.4
M®, with a strong correlation between the mass and the width of the light curve
[12]. The role of these objects as standard candles is therefore still useful, but these
adjustments must be accounted for. Furthermore, the canonical explanation of identical
progenitor systems for these explosions is looking less and less likely.

Although a well-studied historical remnant from a Type Ia SN, Tycho’s SNR
(also known as G120.141.4, 3C10, or SN 1572) does not necessarily provide an ideal-
ized example of an evolving SNR. While much is known about this system, there are
lingering questions about both its distance and its surrounding environment.

Various methods of estimating the distance have given results ranging from 1.5
kpc [13, 14] to >6 kpe [15], although most recent results have generally been in the
range of 2-3 kpc. Unfortunately, its luminosity at the time of the explosion could

not be measured accurately enough to apply the “standard candle” estimate, and the



light echo does not reflect the original luminosity. Using spectral Ha line widths to
estimate shock velocity and combining it with proper motion measurements, Chevalier
et al. found a distance of 2.3+0.5 kpc [16]. Using the same method with more recent
observations, Smith et al. later estimated a distance between 1.5 and 3.1 kpc [13, 14].
A sample of distance estimates based on HI absorption gave results between 2.2%52
kpc [17] and >6 kpc [15], with a more recent estimate of 4.54+0.5 kpc [18]. It should
be noted, however, that this method relies heavily on modeling of the velocity in the
Perseus arm of the Milky Way, where Tycho’s SNR is located, and that the velocity field
in that direction is complex. In recent years, a 2010 result from Hayato et al. combines
Suzaku X-ray measurements of ejecta velocites with Chandra X-ray measurements of
proper motion to derive a distance of 4+1 kpc [19]. A 2008 model of the gamma-ray
emission by Volk et al. based on the TeV detection upper limits that were available
at the time derived a lower limit for the distance of 3.3 kpc [20]. It bears mentioning
that many of the shorter distance estimates assume adiabatic (no transfer of heat)
expansion, and rely on calculations involving the temperature of shocked protons and
the velocity of the shock front in this case. If efficient particle acceleration is occurring
in this remnant, these assumptions may not be valid (see, e.g., Helder et al. [21]).

It is well established that a molecular cloud (MC) lies along the line of sight
of the northeastern portion of Tycho’s SNR. The question remains, however, whether
the MC is interacting with the SNR, or lies in front of or behind the remnant. VLA
observations of the 21-cm HI line show evidence of an interaction between Tycho’s SNR
and a high-density cloud of neutral hydrogen, particularly towards the eastern half of
the remnant [22]. Additionally, VLA measurements of the expansion rate show that the
eastern portion of the remnant is expanding slower than the rest of the remnant, further
indicating a possible interaction with a dense medium in that area [23]. Separately, an
analysis of ?CO radio data shows evidence of a MC at the northeastern boundary of
the remnant (see Figure 1.2) [24]. However, Tian & Leahy conclude from HI absorption

spectra that the cloud lies in front of the remnant [25].
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Figure 1.2: Figure 1 from [24]. (©AAS. Reproduced with permission. “Integrated
channel map of 2CO from FCRAO [Five College Radio Astronomy Ob-
servatory] data (-68 km s™'< v <-59 km s™!). White contour: 1420 MHz
radio continuum. Black boundary: Nobeyama [45 m radio telescope] ob-
served region.”

The question of whether or not the MC is interacting with the remnant is par-
ticularly interesting in the context of very high energy (VHE) gamma-ray emission. If
it is interacting, the MC provides target material for any accelerated hadrons from the
remnant to collide with, leading to the production of gamma rays. Thus, substantial
hadronic gamma-ray emission produced by interaction with the MC provides a “smok-
ing gun” for the presence of a large population of accerated hadrons (i.e., CRs). Again,
this process will be explored further in Chapter 2.

For many years, Tycho’s SNR, despite being an excellent candidate for VHE

emission from accelerated CRs, remained undetected at TeV energies. Between 1993



and 1996, the Whipple telescope observed Tycho for ~14.5 hours. They found a 99%
confidence upper limit of 0.8 x 107! photons cm™2 s~ [26]. In 1997-1998, HEGRA
observed this remnant for ~65 hours. They established a 3¢ upper limit of 5.78 x 10713
photons cm™2 ™! for emission above 1 TeV [27]. At the 2009 International Cosmic Ray
Conference, the MAGIC collaboration reported 3o integral upper limits for point-like
emission at the remnant center of 2.95 x 10~'3 photons cm~2 s~! above 1 TeV, and
1.86 x 10712 photons cm™2 s~! above 350 GeV from 69.4 hours of observations [28].
In 2011, VERITAS reported the first detection of Tycho’s SNR at TeV energies
[29]. The analysis and interpretation of that data will comprise a major portion of this

work.



Chapter 2

SUPERNOVA REMNANTS AND COSMIC RAY ACCELERATION

2.1 Cosmic Rays and Diffusive Shock Acceleration

Cosmic rays (CRs) are free, charged, relativistic particles traveling through
space. They mainly consist of protons (90%) and alpha particles (9%), but heavier
elements, electrons, positrons, and antiprotons can also be present [30]. Although
these particles are constantly bombarding the Earth, the exact details of their origin
and acceleration remain unclear; because of their electric charge, the paths they travel
are changed by interactions with magnetic fields in space. Thus, while they can be
detected here on Earth, their direction of travel at the time of detection does not nec-
essarily indicate their direction of origin. CRs constitute a significant portion of the
Galactic energy budget, so it is important to understand where that energy is coming
from and how it is being transferred to the CR population.

Although we do not know for certain the origin of all CRs, we do know that they
span an enormous range in energy. The spectrum of CRs, shown in Figure 2.1, has two
noteworthy features: the “knee” and the “ankle”. Up to the knee, around 10*° eV, the
spectrum behaves as a smooth power law of index 2.7. At the knee, the spectral index
steepens to ~ 3.0. At the ankle, around 10 eV, the spectrum flattens to a power
law of index 2.6 [31]. It is worth mentioning explicitly that the flux of CRs drops off
rapidly with increasing energy; at 100 GeV (10! eV), we observe ~1 particle/m? /s,
while at the knee we observe ~1 particle/m?/year. Current thinking is that below the
knee, CRs are likely accelerated within our Galaxy, and that a combination of galactic
and extragalactic CRs comprise the population above the knee (see, e.g., [32], [30]) .

The reasoning for this is two-fold: first, it is difficult to accelerate particles to energies



above the knee, so there are not many particles of that energy to start with, and second,
those few particles that reach those energies diffuse out of the galaxy relatively quickly.

An example of this can be calculated with the following equation [33]:

Esy
7B,

rg = 100 Mpc

where 7, is the gyroradius of the particle in question, Ey is the energy of the particle
in question in units of 10%° eV, Z is the particle charge, and B_g is the magnetic field
strength in units of 1072 G (nG). For a 10%° eV proton (Z = 1) in a typical interstellar
magnetic field of 1 pG (1000 nG), the gyroradius will be 0.1 Mpc = 100 kpc. The
diameter of the Milky Way is ~30 kpc, so particles with energy that high will easily
diffuse out of the Galaxy. Lower energy particles will have smaller gyroradii, and higher
energy particles will have even larger gyroradii.

Supernova remnants (SNRs) have been thought to be the site of Galactic CR
acceleration since the idea was introduced by Zwicky in 1939 [35][36]. The main argu-
ment for this is based on energetics. Following Gaisser [30], the total power required
to supply the Galactic cosmic ray population is ~ 5 x 10% erg/sec. A typical SNR
provides power on the order of ~ 10%2 erg/sec [30]. So, even as little as a few percent
of the energy from a SNR would be enough to maintain the overall energy contained
in Galactic CRs.

One must also consider the maximum energy to which a SNR shock can accel-
erate a particle. There are three possible limitations to the maximum particle energy:
the age of the SNR (and hence, the finite acceleration time available to particles), radia-
tive losses (mainly a consideration for electrons), and the escape of particles upstream®

based on energy-dependent changes to the diffusion coefficient x. The approximate

I Note that the terms “upstream” and “downstream” are relative to the shock; material upstream of
the shock is in the environment surrounding the SNR, yet to experience the shock
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equations describing these situations are provided below [32]:

E\naz(age, pre-Sedov) ~ 0.5us’*t3B,g(nRy) ™' TeV

t —0.2
Ernaz(age, post-Sedov) = 5E,,..(age, pre-Sedov)t., [1 — <t_> ]
ch

Brnas(rad. loss) ~ 100us(n Ry Buc) > TeV

Ernaz(escape) ~ 108, 7 TeV

where ug = 55— and u; is the upstream flow velocity, 3 = 1000775 B, is the upstream
magnetic field in microGauss, A7 = 1’\0;“% and \,q. is the maximum wavelength of

magentohydrodynamic (MHD) waves present, n = )";—Lgfp is the gyrofactor and A, ¢, is
the effective mean free scattering path of the particle, R;(0p,) is a parameter varying
between 1 at 6p, = 0 and ma‘c 0p, = 90°, where 0p,, is the shock obliquity (the

angle between shock normal and the external magnetic field) and 7.4, = %
is the shock compression ratio, and ¢, is the age at which the Sedov-Taylor stage of
evolution of the remnant (when the mass of material swept up by the remnant exceeds
the mass of the ejecta from the remnant [37]) is reached. Typical values for SNR
environments easily allow particles to be accelerated to TeV energies.

As additional evidence that SNRs are capable of accelerating the Galactic CR
population, the spectrum of particles accelerated in SNRs is predicted to have a similar
power-law index (~ 2) to that of CRs below the knee, and the difference in the indices
can be explained by the energy dependent confinement time of particles within the
galaxy [38]. Lastly, CR electrons have been observed to be accelerated in SNR shocks,
so it seems reasonable to think that CR ions might be accelerated at these same sites
[39].

The mechanism by which SNRs are thought to accelerate CRs is through dif-

fusive shock acceleration (DSA), also known as first-order Fermi acceleration. The

idea was first introduced by Fermi in 1949 [40], and was refined to its current form in
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the late 1970s (see, e.g., [32]). In DSA, charged particles are reflected back and forth
across a shock front by magnetic irregularities on either side of the shock. With each
reflection, they are accelerated (see, e.g., [32] for a review). This process results in a
nonthermal power-law energy distribution of particles, with an exponential cutoff at
some maximum energy determined by environmental constraints (e.g., lack of scatter-
ing centers of appropriate wavelength for resonant scattering, radiative losses in the
case of electrons, limited remnant size/age).

While the simple DSA model does result in a population of test particles with
a power-law energy spectrum, it treats the test particles as energetically unimportant,
and so does not include the effects of the particles on the shock and surrounding
environment. For this, non-linear diffusive shock acceleration (NLDSA) must be used.
In NLDSA, the scattering of the particles off of MHD fluctuations upstream of the
shock causes the upstream fluid to decelerate [32]. This leads to a larger compression
ratio 7.omp between the upstream and downstream fluid velocities, as shown in panel
(a) of Figure 2.2. Additionally, since particles of higher energy will typically scatter
further ahead of the shock front, those higher energy particles in NLDSA experience
the larger compression ratio, leading to a harder spectrum. This is shown in panel (b)
of Figure 2.2.

Another difficulty with the basic DSA model lies with the MHD fluctuations
which scatter the particles. These fluctuations are present in the interstellar medium,
but their amplitude there is too small to constrain energetic particles to the local SNR
environment. NLDSA solves this problem by including the effect that the accelerated
particles themselves excite MHD waves, which then scatter later generations of parti-
cles. This idea was first proposed by Bell in 1978 [41], and was later refined by Bell
and Lucek [42]. Numerical simulations done by Lucek and Bell [43] generate a highly
irregular magnetic field near the shock front with amplification of Fourier components
near the resonant wavelengths for the particles under consideration. This means that
lower energy particles, while affected by the overall magnetic field, are more strongly

scattered by the appropriate amplified components, and higher energy particles hardly
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respond at all to the overall magnetic field, seeing the appropriate amplified compo-
nents almost exclusively [44].

A difficulty which NLDSA has not solved comes in the form of the “injection
problem”. In order for a particle to cross the shock front in the first place to begin
this acceleration process, it must have sufficient initial energy. For ions, the shock
front is only a few thermal gyroradii thick, and having an energy only a few times the
mean energy of the population is sufficient. In a Maxwellian distribution of particle
velocities, there are a reasonable number of such particles in the tail of the distribution.
However, for electrons, the gyroradius (which is directly proportional to the particle
mass) is much smaller. Thus, electrons would need an energy boost from elsewhere
to be able to initially cross the shock instead of simply being swept along with it.
We observe X-rays and gamma rays from populations of accelerated electrons in the
vicinity of SNRs (Section 2.2.1 of this chapter will discuss these observations), so there
must be a solution to the injection problem, but for now the mechanism for the initial
acceleration of electrons remains a mystery.

There has been some additional criticism of SNRs as the acceleration site of

CRs generally. The low anisotropy of Galactic CRs would argue against individual
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SNRs as the origin. High energy Galactic CRs diffuse out of the Galaxy quickly, and
if individual SNRs were the only source of these particles, one would expect greater
anisotropy would be observed (see [39], [38] and references therein for more detailed
discussion). In recent years, however, evidence of such anisotropy has begun to emerge.
Milagro [45] [46], IceTop [47], and ARGO-YBJ [48] (and earlier references therein) have
all reported statistically significant anisotropies in the observed CR flux of fractional
amplitude ~ 1073 at angular size scales ranging from ~ 10° to ~ 30°. Excesses and
deficits are each observed.

Although NLDSA in SNR shocks remains the strongest-supported idea for
Galactic CR acceleration, there are other problems with it that are yet to be solved,
and hence some competing theories. A detailed study of CR propagation and com-
position in the galaxy done by Strong, Moskalenko, and Ptuskin in 2007 found that
the expected source spectrum should be closer to -2.35 than -2.0 [49]. More generally,
the smooth junction of Galactic and extragalactic spectra at the “knee” of the CR
spectrum is considered by some to be highly unlikely if these components truly are
from two different populations of parent particles [38]. One can also consider the fact
that isolated SNRs are rare, and most SNRs exist in superbubbles. Superbubbles are
formed when massive stars in a cluster end their short lives, leaving multiple interacting
SNRs in close proximity. If we assume that shocks in superbubbles behave similarly to
individual SNR shocks, this is not a problem, but such an assumption is not necessarily
valid; interacting shocks forming a superbubble present a far more complex environ-
ment than an individual SNR might encounter [39]. Although these problems are not
addressed by NLDSA, no better coherent theory has yet garnered much supporting
evidence, and so NLDSA remains the favored explanation for accelerating Galactic

CRs.

2.2 Observational Evidence
While it is encouraging that NLDSA solves most of the theoretical problems

with DSA | its predictions must still be confirmed by observational evidence. There is a
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growing body of such evidence supporting the idea that SNRs may be the main accel-
erators of the Galactic CR population. Since the CR particles we are considering are
relativistic, they produce non-thermal radiation (as opposed to the thermal blackbody
radiation produced by all matter). This non-thermal radiation is most often observed
in the radio, X-ray and gamma-ray portions of the electromagnetic spectrum, so I will

mainly discuss observations in these wavebands.

2.2.1 Evidence of Accelerated Electrons and Unidentified Parent Particles

While the presence of CR electrons does not also prove the presence of CR
ions, it would be evidence against DSA if electrons were not also accelerated by the
same process. Indeed, there exists a body of observations which support the idea
that electrons are being accelerated to energies near the “knee” in SNRs. In other
observations, particularly gamma-ray observations, it is often difficult to firmly identify
whether the parent particle population responsible for the emission is hadronic or
leptonic; however, a growing number of observations do confirm that particles are
being accelerated to energies near the “knee”.

X-ray observations of several SNRs reveal bright, non-thermal emission with a
featureless spectrum around the rim of the SNR. This emission is synchrotron radiation
produced by highly energetic electrons accelerated in strong magnetic fields near the
shock front (see, e.g., [50]). Synchrotron radiation occurs when a charged particle is
accelerated radially (spirals) around a magnetic field line. While synchrotron radia-
tion is produced in radio through X-ray wavebands, we can relate the energy of the
observed synchrotron photons to the energy of the electrons that produced them with

the following expression [51]:

B £ \2
B, ~4k ( ¢ )
ph VX ima X o mev

For hard X-ray photons in a magnetic field of a few p-Gauss this corresponds to elec-

trons with energies in the hundreds of TeV, comparable to energies near the “knee” in
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the spectrum of CR nuclei.

The first firm identification of synchrotron radiation from relativistic electrons at
a SNR shock front was in the remnant of SN 1006 in 1995 [51]. Since then, synchrotron
emission has been observed in other young SNRs, including Cassiopeia A [52], Vela Jr.
(also known as RX J0852.0-4622 or G266.6-1.2) [53], RX J1713.7-3946 (also known as
G347.3-0.5) [54][55], G1.940.3 [56], G 330.2+1.0 [57], and G347.3-0.5 [58]. This list is
quickly growing, suggesting that efficient acceleration of electrons in young SNRs may
be common.

The H.E.S.S. Cherenkov telescope in Namibia, which will be described in more
detail in Chapter 4, Section 4.1.2, observed RX J1713.7-3946. The H.E.S.S. collabora-
tion published results from a data set comprised of 91.3 hours of observations spanning
3 years. The measured spectral energy distribution spans from ~300 GeV to over 100
TeV [59][60]. Although the H.E.S.S. data are inconclusive with regards to the nature
of the parent particle population, they do show that particles are being accelerated
to at least 100 TeV (10' eV) in the shell of this remnant. Later, the Fermi-LAT
collaboration published a detection of RX J1713.7-3946 at MeV-GeV energies [61]. In
2 years of observations, they measured a power-law spectrum between 500 MeV and
400 GeV with a very hard index of 1.5 4 0.144; £ 0.15,,. The normalization smoothly
connects with the H.E.S.S. spectrum, and they find that the spectral shape and in-
dex are in agreement with models of emission due to inverse Compton scattering of
electrons. The morphology of the emission is such that the brightest areas in X-rays,
MeV-GeV gamma rays, and TeV gamma rays overlap, indicating that the nonthermal
emission seen over these broad wavebands is likely due to the same population of ac-
celerated particles (see Figure 2.3 for the skymap and spectral energy distribution).
They note that gamma-ray emission with a probable leptonic origin does not signify
a lack of accelerated protons in the shell of this remnant, but merely indicates that
the ambient matter density is too low for any protons present to produce significant

gamma-ray emission. Despite the Fermi-LAT collaboration’s favoring of a leptonic
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Figure 2.3: Figure 3 from [62]. “Spatial and spectral characteristics of RX J1713.7-
3946. (a) (Left panel): The X- and VHE ~-ray images of RX J1713.7-3946
obtained with the ASCA and H.E.S.S. telescope array, respectively (from
[59]). (b) (Right panel): The spectral energy distribution of RX J1713.7-
3946 based on the Fermi [61] and H.E.S.S. [59] data.” Also shown on
the spectral energy distribution are models of inverse Compton emission
(dotted line) and 7%-decay emission (dashed line).

model to explain the observed MeV-TeV spectrum, Aharonian considers several plau-
sible scenarios in which protons could produce the observed spectrum [62]. Further
observations with future instruments having better angular resolution would be able
to distinguish between some of these scenarios.

H.E.S.S. also observed the SNR W28 for a total of ~42 hours over three years,
resulting in a detection of four distinct sources of TeV gamma rays in the vicinity ([63],
and references therein). W28 is an older SNR, with an age between 35,000 and 150,000
years. Its age makes it likely, though not certain, that any electrons it has accelerated
have since lost energy through radiative cooling, and are not capable of producing TeV
gamma-ray emission. Furthermore, W28 is interacting with a molecular cloud along
its northern and northeastern boundaries. The interaction has been confirmed by the
presence of 1720 MHz OH masers, as well as the presence of high-density shocked gas.

As mentioned briefly in Chapter 1, molecular clouds (MCs) provide a denser target
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material than the interstellar medium for accelerated protons to interact with, gen-
erating ¥, which decay into gamma rays (this process will be discussed in greater
detail in Chapter 3, Section 3.1.2). The detection of a cluster of gamma-ray sources
in the region is likely due to the slow diffusion of CR protons into the adjacent MC.
However, at this time electrons cannot be ruled out as the source of the gamma-ray
emission via inverse Compton scattering and/or bremsstrahlung; detailed measure-
ments of non-thermal X-ray emission and local magnetic fields would be required to
make this distinction. Furthermore, even if the emission could be identified as resulting
from hadrons, there are three other SNRs in the H.E.S.S. field of view. One of these is
located adjacent to the TeV emission at the northeastern boundary of W28. Another
lies ~ 0.5° north of the TeV emission at the northeastern boundary. The third has
positional overlap with one of the other detected TeV sources. Ambiguities about the
distances to these remnants and to the MC leave open the possibility that some other
scenario is responsible for the observed TeV emission.

Tycho’s SNR is another remnant which has produced evidence of particle accel-
eration to energies near the “knee” of the CR spectrum. A 2005 analysis of Chandra
data by Warren et al. [64] measured the azimuthal-angle-averaged radii of the blast
wave?, contact discontinuity®, and reverse shock? of the remmnant using a principal
component analysis®. They found that the ratio of the average contact discontinuity
radius to the average blast wave radius was 0.93, too large to be explained by adia-
batic hydrodynamic models. Instead, they interpret their observations as evidence of
efficient CR acceleration at the blast wave; the increased local compression factor from

CR acceleration shortens the gap between the blast wave and contact discontinuity (as

2 also known as the forward shock
3 the division between supernova ejecta and the interstellar medium

4 shock sent back into the remnant interior when the blast wave initially encounters the interstellar
medium

5 a mathematical technique in which a multi-dimensional space is defined using selected data, and a

new set of axes through that space is defined by minimzing the variance in the data
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discussed in Section 1 of this chapter) . They also found that the morphology of the
rim is not well described by models of a thermal plasma affected by an adiabatic shock,
and that spectral analysis of emission at the rim points to it being mostly non-thermal

synchrotron radiation.

2.2.2 Evidence of Accelerated Hadrons

More recent observations of Tycho with Chandra provide more direct evidence
for the presence of protons accelerated up to 10* eV. In 2011, Eriksen et al. [65]
reported the discovery of non-thermal, X-ray bright, highly ordered stripes with spacing
corresponding to the gyroradii of 10 - 10 eV protons (see Figure 2.4). They explain
the presence of the stripes through the Bell mechanism®, but note that current models
cannot explain the regular ordering of the stripes.

Recall again that MCs provide target material for accelerated protons to collide
with, producing 7°, which decay into gamma rays. Neutral pion decay will be discussed
in greater detail in Chapter 3, Section 3.1.2, but it is important for the following
discussion to note that the gamma-ray number spectrum, F'(¢), of photons produced
by this process is symmetric about ~70 MeV when displayed in a log-log format. This
“70 MeV bump” is a signature of neutral pion decay. Thus, observations at energies
below 100 MeV are crucial for firmly identifying 7°-decay gamma rays.

In February 2013, the Fermi-LAT collaboration published the first detection
of firmly identifiable gamma-ray emission from CR protons in two SNRs, IC 443 and
W44 [67]. Fermi-LAT is a satellite-based telescope sensitive to gamma rays between
20 MeV and 300 GeV; the instrument will be discussed in greater detail in Chapter
4, Section 4.2. IC 443 and W44 are both middle-aged (~10,000 years old) remnants
interacting with MCs.

After four years of observations, statistics at the lower end of Fermi’s energy
sensitivity were sufficient to determine significant spectral data points below 200 MeV.

Spectra were generated for photons with reconstructed energies between 60 MeV and

6 amplification of the magnetic field through turbulence caused by CRs [66]
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Figure 2.4: Figure 1 from [65]. (©AAS. Reproduced with permission. “Chandra
X-ray 4.0 - 6.0 keV image of the Tycho supernova remnant, smoothed
with a ~ 0775 Gaussian and displayed with an arcsinh scaling, showing
various regions of striping in nonthermal emission. Clockwise from the
upper right: (a) the main western stripes discussed in [65]; (b) a fainter
ensemble of stripes; (c) a previously known bright arc of nonthermal emis-
sion, with newly discovered streamers; and (d) filaments of ‘rippled sheet’
morphology common in optical observations of middle-aged SNRs.”
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100 GeV from each remnant. The results, spectra well-fit by smoothly broken power-
laws, are shown in Figure 2.5. Models of various emission mechanisms were fit to the
spectral data between 60 MeV and 2 GeV. The 7%-decay model provided the best fit,
particularly in the lower energy portion of the spectrum. Models featuring accelerated
electrons were ruled out; inverse-Compton scattered electrons were rejected based on
energetics, and fitting bremsstrahlung emission required an additional ad hoc break
in the electron spectrum (although the data do not rule out some small contribution
to the emission from electron bremsstrahlung). Furthermore, the Fermi-LAT data
indicate that most of the CRs producing the emission must come from downstream
of the shock; if the CRs were merely distributed upstream (within 0.1R of the shock,
where R is the SNR radius) prior to the SN explosion and interaction with the MC, the
expected energy spectrum at low energies would be much harder than the observations
indicate.

While firm identification of accelerated protons in two SNRs is not conclusive
proof that the bulk of Galactic CRs are accelerated by SNRs in general, it is certainly
an important and very compelling piece of evidence. Further observations of additional
SNRs in the crucial 70 MeV energy range will help to determine whether acceleration of
protons in SNR shocks is common. This information can, in combination with higher
energy data, determine whether these accelerated protons reach energies at, or even

beyond, the “knee” in the CR spectrum.
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Figure 2.5: Figure 3 from [67]. “Proton and gamma-ray spectra determined for IC
443 and W44. Also shown are the broadband spectral flux points derived
in this study, along with TeV spectral data points for IC 443 from MAGIC
[68] and VERITAS [69]. The curvature evident in the proton distribution
at 2 GeV is a consequence of the display in energy space (rather than
momentum space). Gamma-ray spectra from the protons were computed
using the energy-dependent cross section parameterized by [70]. We took
into account accelerated nuclei (heavier than protons) as well as nuclei
in the target gas by applying an enhancement factor of 1.85 [71]. Note
that models of the gamma-ray production via pp interactions have some
uncertainty. Relative to the model adopted here, an alternative model of
[72] predicts 30% less photon flux near 70 MeV; the two models agree
with each other to better than 15% above 200 MeV. The proton spectra
assume average gas densities of n = 20 cm™ (IC 443) and n = 100 cm ™
(W44) and distances of 1.5 kpc (IC 443) and 2.9 kpc (W44).”

23



Chapter 3

TEV GAMMA-RAY ASTRONOMY

3.1 Very High Energy Gamma-Ray Production in Astrophysical Sources

Gamma rays are the highest energy photons. Although the term “gamma ray”
is not strictly defined, it is generally used to describe photons with energies above
~100 keV. This regime is further divided into medium energy gamma rays (~100 keV
to 30 MeV), high energy (HE) gamma rays (~30 MeV to 100 GeV), very high energy
(VHE) gamma rays (~100 GeV to 100 TeV), and ultra high evergy gamma rays (above
~100 TeV) [73]. Gamma rays comprise over 10 decades in energy, which is as much
as the rest of the electromagnetic spectrum combined. Note also that the divisions
within the gamma-ray portion of the spectrum are somewhat arbirtary and are not
stringent; other sources may define them slightly differently. The divisions are based
as much on the physics of current detectors as they are on the physics of gamma-ray
production. This thesis will focus mainly on VHE gamma rays, with some discussion
of HE gamma rays. Earth’s atmosphere is opaque to gamma rays, so direct observation
of these photons must be done from space. However, through indirect means, VHE
gamma rays can be detected from ground level. This process will be discussed more in
Section 3.3 of this chapter, and the detectors will be described in detail in Chapter 4.

VHE gamma rays can only be produced through non-thermal processes. In
other words, they are produced by populations of accelerated particles with a non-
Maxwellian distribution of velocities. In the environments present in SNRs, there
are three main modes of production: accelerated leptons undergoing inverse Compton
scattering, accelerated hadrons interacting with target material to produce neutral

pions, and bremsstrahlung.
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3.1.1 Leptonic Gamma-Ray Production
3.1.1.1 Inverse Compton Scattering

VHE gamma rays are produced when relativistic electrons interact with an ambi-
ent photon field. Often, this is the cosmic microwave background, but starlight or other
local photons produced by a given source can also serve. An energetic electron collides
with a low-energy photon and transfers some of its energy to the photon, upscattering
it to the VHE regime. This process is called inverse Compton (IC) scattering, since it
is the inverse of the Compton scattering process through which high-energy photons
interact with matter and transfer some of their energy to the constituent electrons,
which then escape the target material. For photons with an initial energy FE, under-
going IC scattering, the average final energy will be F = %72E0, where v =
(see, e.g., [74]).

=(2)?

3.1.1.2 Bremsstrahlung

Electrons accelerating in an electrostatic field produce “braking radiation,” more
commonly referred to by its German name, bremsstrahlung. The electrostatic fields are
produced by the ions and nuclei that compose the material through which the electron
is traveling. In an astrophysical context, this process is notable because electrons with
a power-law energy spectrum undergoing bremsstrahlung will produce gamma rays

with a power-law spectrum of the same spectral index [74].

3.1.2 Hadronic Gamma-Ray Production

Populations of accelerated hadrons (mainly protons) can also lead to the pro-
duction of VHE gamma rays. When accelerated protons collide with other protons
or nucleons in the ambient medium, they produce a collection of secondary particles
including kaons, hyperons, and pions. If the kinetic energy of the originating proton

0

is sufficient (=~ 280 MeV), a neutral pion, 7, can be produced. This 7° decays very

quickly into two gamma rays. The mean lifetime of a 70 is 8.4 x 10717 s [74].
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Gamma radiation of this type is more likely to occur with a dense medium
present to interact with (e.g., a molecular cloud). A signature of 7%-decay gamma rays
is a maximum in the gamma-ray number spectrum occuring at m”TOCQ ~ 67.5 MeV [67].
This “70 MeV bump” occurs regardless of the energy distribution of the parent particle
population [74].

3.2 Gamma-Ray Absorption in Space

Once a gamma-ray photon is created in an astrophysical source, it must travel
through space to Earth before we can observe it. On its journey, there is some chance it
will be absorbed through one of several processes. The most likely cause for absorption
is photon-photon pair production. This occurs when a high energy photon collides
with a lower energy photon and the center-of-mass energy of the photons is greater
than twice the rest energy of the electron, squared. The two photons will annihilate,

producing an electron-positron pair:

Y+y—et+e”

The cross-section of this process reaches a maximum when

E hv(1 — cosf) ~ 2(m.c?)*

where E. is the energy of the higher energy photon, hv is the energy of the lower
energy photon, f is the collision angle between the two photons’ paths, and m.c? is the
rest energy of the electron [73].

Thus, different energy gamma rays will interact most strongly with different
lower-energy photon fields. For a 1 TeV gamma ray, the maximum interaction will
occur with photons of energy 0.5 eV (A = 2um) [73]. These photons fall into the near
infrared (IR) portion of the electromagnetic spectrum. For pair production to cause
significant absorption of gamma rays, the lower energy photon field must be fairly

dense. Within the Galaxy there is no lack of stars, gas and dust to produce infrared
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light, so its effect must be considered. Often it is negligible, if no strong source of
photons of the appropriate energy lies between Earth and the gamma-ray source under
consideration. When studying extragalactic sources, the greater distances involved
make it more likely that a gamma-ray photon will encounter a lower-energy photon
of the appropriate energy, so again, absorption must be considered. The study of the
density of these photon fields in intergalactic space, generally known as extragalactic
background light (EBL), is one of the areas of active research in VHE astronomy.
Generally, pair production off EBL constrains VHE observations to targets with a
redshift z < 0.5 [75].

In recent years, the first measurements of the EBL through studies of the
gamma-ray spectra of blazars have been made (see Section 3.4.2.1 of this chapter
for a detailed discussion of blazars). If no intrinsic break in the spectrum is assumed
for blazars with z 2 0.5, then any attenuation of the flux from the source due to EBL
can be detected as an “imprint” on the spectrum. The specific imprint is dependent
on both energy and redshift, and many models exist to describe it (see, e.g., [76], [77]
and references therein). In 2012, Fermi-LAT data between 1 and 500 GeV on 150
BL Lacertae-type blazars were used to derive the optical depth of EBL photons in
the optical to ultraviolet (UV) range [76]. They found that, for z~1, the flux density
of the UV EBL component is 3 &1 nW m~2 sr~!. This result is in agreement with
the estimate from galaxies individually resolved by the Hubble Space Telescope, and
with the estimate of the average UV background from the proximity effect in quasar
spectra (see [76] and references therein for details). In 2013, the H.E.S.S. collaboration
published a study of the spectra between ~ 100 GeV and 50 TeV of the seven brightest
blazars they had detected [77]. In these spectra, they detect the imprint of the EBL
at a statistical significance of 8.80, where ¢ is one standard deviation. They were able
to study the EBL flux density between 0.3um and 17um (optical to IR wavelengths),
and found a peak in the amplitude at 1.4um. At that point, the EBL flux density was
measured to be 15 & 244 + 35,5 nW m™2 st~ (see Figure 3.1).
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It is also possible for gamma rays to be absorbed through interactions with mat-
ter. In both interstellar and intergalactic space, the density of atoms is low enough that
gamma-ray absorption through this mechanism is unlikely. However, in environments
near to a source, the density of matter may be much greater, and this absorption can

have an effect on the flux of gamma rays observed.

3.3 Atmospheric Air Showers & Cherenkov Radiation

Once gamma rays are produced by populations of accelerated, charged particles,
they travel through space in straight lines. This is because, unlike the parent particles,
the photons themselves are unaffected by interactions with magnetic fields in space.
Thus, while populations of cosmic rays (CRs) cannot be directly observed to come
from a given source, the gamma rays they produce can point the way to their sources.

Once they reach Earth, gamma rays and CRs alike decay upon interaction with
Earth’s atmosphere, producing a shower of secondary particles and photons. The de-
tails of the air showers produced by these two sources will be discussed below. In
each case, Cherenkov radiation is produced by the air shower. Cerenkov radiation is
produced by charged particles traveling faster than the speed of light within a medium
(a velocity still less than ¢). As the charged particles pass through the medium, they
polarize the surrounding molecules that comprise the medium, which then emit a brief
electromagnetic pulse. These pulses interfere constructively to form a coherent wave-
front, seen as a Cherenkov photon (see, e.g., [80]). This process is analogous to the
shock wave produced by an object traveling faster than the speed of sound in a medium.
The direction of travel of the photon with respect to the direction of travel of the orig-
inating charged particle is given by cosf = ﬁ_lm where 3 = 2, v is the velocity of the
originating particle, and n is the refractive index of the medium. In air, n = 1.00029 at
sea level, and 6 ~ 1.3° [80]. These photons produce a spectrum which peaks between
300 and 500 nm, in the blue to ultraviolet portion of the electromagnetic spectrum

[74].
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This Cherenkov radiation is what is actually observed from the ground. From
properties of the images taken of the air showers, gamma-ray-induced air showers can
be separated from CR-induced air showers (see, e.g., [81]). Then, for the gamma-ray
initiated showers, the energy and path of the initial gamma ray can be reconstructed.
The detectors used to observe the Cherenkov radiation will be described in detail in
Chapter 4, and the process of analyzing the resultant images will be discussed in detail

in Chapter 5.

3.3.1 Gamma Ray Air Showers
After entering the atmosphere, a gamma ray proceeds, on average, for one ra-
diation length before interacting with an atmospheric nucleus. A radiation length is
defined as the distance in a given medium over which an electron loses % of its energy
through radiation. This can be calculated from the following formula [80]:
1 N 1

- = da(5 ) 2183275

X, T ( )
where « is the fine structure constant, N is Avogadro’s number, A is the atomic weight
of the substance comprising the medium, Z is the atomic number of the substance

comprising the medium, and 7. is the classical electron radius. For a medium comprised

of several substances, the effective radiation length can be computed as follows [80]:

1 M D2
=il
Xepr X1 Xy

where p1, po, etc. are the fractions by weight of each element in the medium.
In Earth’s atmosphere, a radiation length is 37.1 g/cm?, and the first interaction
occurs at an altitude of ~20 km [73]. This interaction results in the production of an

electron/positron pair, with each particle having half the energy of the initial gamma

ray. In general, the energy of a particle within the air shower is given by £ = %, where
E, is the energy of the initial photon and n is the number of radiation lengths the shower

has traversed [80]. Note that these electrons and positrons are traveling faster than
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the local speed of light, and so are emitting Cherenkov radiation. The electron and
positron will each undergo bremsstrahlung, and after another radiation length will emit
a secondary gamma-ray photon, which then after another radiation length produces
another electron/positron pair, and so on (see Figure 3.2). This process continues until
the average energy of the shower particles reaches a critical value, defined as the point
at which ionization losses equal radiative losses. The energy at which this occurs is

referred to as the critical energy, and can be approximated by the following expression

[82]: Euiy = S%Oﬁzv, where Z is the atomic number of the medium under consideration.
For nitrogen (Z = 7), which composes most of Earth’s atmosphere, this is ~98 MeV.
The point where the critical energy is reached is known as the shower maximum, and
represents the point at which the number of particles in the shower has reached its
maximum. After this point, the number of particles in the shower decreases, and
hence so does the amount of Cherenkov light emitted by the particles. Therefore, it is
beneficial to position one’s detector as close to shower maximum altitude as possible,
to maximize the number of Cherenkov photons available to detect (although ideally,
the entire shower would be observable for purposes of shower reconstruction). The
precise altitude of shower maximum depends on the energy of the initial gamma ray;
see Table 3.1 for a selection of energies and their assorted parameters.

As an air shower travels through the atmosphere, the Cherenkov angle broadens
slightly with decreasing altitude. This is due to small changes in the refractive index
of air, n, with changes in atmospheric density. Because of this effect, the light from the
shower is focused on the ground to form an annulus of radius ~120 m. Additionally,
the light from the top of the shower arrives on the ground at the same time (within
~1 ns) as the light from the bottom of the shower. This is because the photons are
moving through the atmosphere with speed ¢/n (slightly slower than c¢), while the
particles are moving with a speed closer to c¢. Thus, the time it takes for a photon
from higher up in the shower to reach the ground is equal to the time it takes for a
particle to travel to a point lower in the shower and decay, plus the time it takes for

the resulting lower photon to reach the ground. The particle and photon generated
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Figure 3.2: Figure 4.17 from [83]. (©2011 Malcolm S. Longair. Reprinted with
the permission of Cambridge University Press. “A simple model for an
electromagnetic shower.” Here, R is a radiation length, and F, is again
the energy of the initial photon.

lower in the shower have a longer geometric path to travel to reach the same point,

but the particle’s greater speed makes up the difference in time [73].

3.3.2 Cosmic Ray Air Showers

Air showers are also produced by CRs entering Earth’s atmosphere. In these
showers, the primary particle again interacts with an atmospheric nucleus, this time
producing a hadronic shower consisting of secondary nucleons, kaons, and pions. This
process is known as pionization. The nucleonic cascade forms the core of the hadronic
shower, and the resultant particles continue to interact and produce further particles
until the average energy per particle is less than ~1 GeV, which is insufficient to
produce multiple pions [83]. An illustration of a hadronic air shower is shown in
Figure 3.3.

The pions themselves that are created by this process undergo their own de-
velopment, leading to electromagnetic cascades like those described in the previous

section. Neutral pions (7°) decay directly to gamma rays, as discussed in Section 3.1.2
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of this chapter. These gamma rays go on to produce electromagnetic cascades with ac-
companying Cherenkov radiation. Charged pions decay into charged muons and muon

neutrinos in the following reactions, with a mean lifetime of 2.551 x 107% s [83]:

7r+—>,u+—i—l/u

O T R V)

While high energy muons can reach the surface of the Earth because of time dilation,
low energy muons have enough time in flight to decay into electrons and positrons,
electron neutrinos, and additional muon neutrinos via the following reactions, with a

mean lifetime of 2.2001 x 107% s [83]:
;PL — et + Ve + Uy,

W= e + Uty

These electrons and positrons then produce additional electromagnetic cascades, and
more Cherenkov radiation [83]. It is important to note that hadronic air showers are
much less tightly focused than electromagnetic cascades, with some particles landing
hundreds of meters from the shower axis. This occurs because the secondary particles
that are emitted in a hadronic air shower carry momentum in directions other than
the direction of travel of the shower primary [33]. Additionally, the lateral profile of
the Cherenkov light emitted by the two showers has a different profile (see Figure 3.4).
Because of this lateral spreading effect, it is possible to analyze the Cherenkov radiation
from a given shower and determine whether its origin was due to a gamma ray or a
CR. Again, the process of image analysis will be discussed in greater detail in Chapter

d.
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Figure 3.3: Figure 5.11 from [83]. (©2011 Malcolm S. Longair. Reprinted with
the permission of Cambridge University Press. “A schematic diagram
showing the development of a nucleonic cascade in the atmosphere.”
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Figure 3.5: Sky map in Galactic coordinates of all currently known TeV gamma-ray
sources, as provided by TeVCat, an online catalog of TeV gamma-ray
sources [86].

3.4 TeV Source Classes

It has already been established that astrophysical gamma rays are produced by
populations of accelerated particles. As such, they are emitted by the more extreme,
energetic, and often violent environments in the universe. The two most common ac-
celeration mechanisms are shock waves and jets, but other scenarios can also produce
gamma-ray emission. The following discussion will divide observed and strongly sus-
pected TeV gamma-ray source types into Galactic and extragalactic classes, with a
brief discussion of the gamma-ray production mechanism for each source type. Con-
sidering that the first statistically significant detection of TeV gamma rays from an
astrophysical source was in 1989 [85], this field has grown quite rapidly, especially in
recent years. This is due mostly to the improvements in instrumentation, which will

be discussed in Chapter 4.

3.4.1 Galactic Sources
Of the ~150 TeV sources cataloged at the time of this writing [?], ~100 of them
lie along the galactic plane (see Figure 3.5). A few of these are extragalactic sources

whose position happens to lie along the Galactic plane from our perspective, but the
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vast majority are sources in the Milky Way.

3.4.1.1 Pulsar Wind Nebulae

The most populous class of Galactic TeV sources is pulsar wind nebulae (PWNe),
sometimes referred to as plerions. Pulsars, or rapidly rotating neutron stars with strong
magnetic fields, produce an ultrarelativistic outflow of electrons and positrons (see, e.g.,
[87] for a review). This particle wind can interact with the environment surrounding
the pulsar to produce a luminous nebula, known as a PWN. Since pulsars are born in
supernova explosions, some systems will show a composite structure with a SNR shell
and a PWN interior, but shell-less systems are also observed. In recent years, a few
PWN have been observed demonstrating bow shock morphologies as the associated
pulsars travel through interstellar space at supersonic velocities [87].

The electrons and positrons comprising PWNe produce synchrotron radiation in
the radio through X-ray portions of the electromagnetic spectrum [87] (see Chapter 2,
Section 2.2.1 for a discussion of synchrotron radiation). This synchrotron radiation, in
turn, undergoes inverse Compton scattering off the particles that produced it to emit
TeV photons (see Section 3.1.1.1 of this chapter for a discussion of inverse Compton
scattering). Such emission is referred to as synchrotron self-Compton (SSC) radiation.
In this scenario, it is possible to model the magnetic field strength based on the observed
spectral energy distribution. The Crab Nebula is the best example of clearly observed
SSC radiation, with the synchrotron and inverse Compton components of the spectrum
clearly identifiable (see Figure 3.6).

TeV emission has also been observed in PWNe with relatively low synchrotron
luminosity. In such cases, it is thought that the TeV photons are produced by inverse
Compton scattering of cosmic microwave background photons, thermal radiation from
local dust, or starlight, rather than synchrotron radiation [87].

The size of the TeV nebula is often several orders of magnitude larger than the
X-ray nebula of a given pulsar, and the TeV nebula typically grows with time while the

X-ray nebula shrinks. This is because the electrons producing the TeV emission are
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Figure 3.6: Figure 9 from [88]. (©AAS. Reproduced with permission. “Spectral
energy distribution of the Crab Nebula from soft to very high energy
~-rays. The Whipple spectrum above 500 GeV [89] is also consistent
with these measurements. The fit of the synchrotron component, using
COMPTEL and LAT data (blue dashed line), is overlaid. The predicted
IC spectra from [90] are overlaid for three different values of the mean
magnetic field: 100 G (solid red line), 200 G (dashed green line), and
the canonical equipartition field of the Crab Nebula 300 G (dotted blue
line). References: CGRO COMPTEL and EGRET, [91]; MAGIC, [92];
H.E.S.S., [93]; CANGAROO, [94]; VERITAS, [95]; HEGRA, [96]; CE-
LESTE, [97].”.
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lower energy than those producing the synchrotron emission (recall that the electrons
lose energy when the synchrotron emission is produced). These lower energy electrons
cool more slowly than those producing the X-ray emission, allowing the TeV nebula
to continue radiating through more of the particles’ lifetime than the X-ray nebula,
which is produced only by newly-accelerated particles. As a result, the TeV nebula
illuminates the history of particle propagation in the PWN, and the spectrum of TeV
emission varies with distance from the pulsar (age of the particles) (see Figure 3.7 for
an example). While many PWNe have demonstrated this effect, others, such as Vela
X, show no spectral variability across the nebula, leaving open the question of the role

of electron cooling in producing the observed emission [75].

3.4.1.2 Pulsars

Pulsars are rapidly rotating neutron stars. The strong magnetic field of the
neutron star results in beams of radiation being produced at the magnetic poles. Often,
the magnetic axis is not aligned with the axis of rotation, so as the pulsar spins the
beam does also. As we observe these systems from our fixed perspective here on Earth,
the beam sweeps by, similar to a beam from a lighthouse. Thus, we observe a pulse of
emission with every passage of the beam.

The first detection of pulsed emission >10 GeV was in 2008. The MAGIC
collaboration detected pulsed emission above 25 GeV from the pulsar in the Crab
Nebula [99]. Two pulses are observed in the pulse profile: a pulse coincident with
the radio ephemeris, and a stronger interpulse occurring at phase ~0.3. Initially, the
VHE spectral measurements were consistent with an exponential cutoff, as expected in
models of curvature radiation. However, subsequent observations by VERITAS [100]
and MAGIC [101] [102] observe emission above 100 GeV, ruling out the possibility of
an exponential cutoff, and MAGIC has also detected statistically significant “bridge”
emission between the pulse and the interpulse [103]. Fermi-LAT has also detected
pulsed emission from the Crab pulsar, with a spectral break occurring at ~6 GeV [88].

Figure 3.8 shows the combined Fermi-LAT and VERITAS/MAGIC spectral points.
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Figure 3.7: Figure 4 from [98], illustrating the energy-dependent morphology seen in

H.E.S.S. PWN J1825-137. Reproduced with permission (©9ESO. “Energy

spectra in radial bins. Inset: H.E.S.S. excess map as shown in Figure 1
with radii in steps of 0.1°
in which the energy spectra were determined. The innermost region is
centered on the pulsar PSR J1826-1334. Main figure: differential energy
spectra for the regions illustrated in the inset,
the purpose of viewing. The spectrum for the analysis at the pulsar po-
sition is shown as a reference along with the other spectra as dashed line.
For all regions the energy spectrum has been determined as described
in [[98]] and has been fitted by a power-law in a restricted energy range

[of [98]]. The wedges show the radial regions

between 0.25 and 10 TeV.”
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Currently, there is no satisfactory explanation for the VHE emission. Opacity requires
that the VHE emission is produced much further from the pulsar than models can
explain, and the observed MeV-GeV cutoff with no evidence of a TeV cutoff suggests
the possibility that two different mechanisms may be responsible for the emission in
the two energy bands [75].

Thanks mainly to Fermi-LAT, there is also a growing population of radio-quiet,
gamma-ray-emitting pulsars (see, e.g., [104]). While radio-quiet pulsars were known
before Fermi, the mission has greatly increased the known population. These pulsars
are firmly identifiable in HE gamma rays, but are dark in other portions of the elec-
tromagnetic spectrum. The mechanism responsible for this pattern of emission is still

unknown.

3.4.1.3 Supernova Remnants

When a star’s life ends in a massive explosion referred to as a supernova, it
leaves behind a rapidly expanding cloud of the gas and dust that composed the star.
This is called a supernova remnant (SNR). The most noteworthy feature of SNRs is the
shock wave which expands into the surrounding environment ahead of the gas and dust.
The specific morphology of a SNR depends on the progenitor star and the surrounding
environment, but generally there are shell-type SNRs, which exhibit a bright X-ray
shell and fainter interior emission, and composite SNRs, which both exhibit a shell and
contain within them a PWN.

Since the 1930s, SNRs have been thought to be the most likely source of the
Galactic CR population [36] (see Chapter 2, Section 2.1 for a detailed discussion of this
topic). It is thought that particles are accelerated via multiple crossings of the SNR
shock front, a process known as diffusive shock acceleration. If this is true, gamma-
ray emission from the interaction of accelerated hadrons (CRs) with molecules in the
surrounding environment, leading to 7° decay, should be visible from many SNRs.
However, it has been difficult to definitively determine this; while many SNRs are

gamma-ray sources, there are very few where the emission can be firmly identified as
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Figure 3.8: Figure 2 from [100]. “Spectral energy distribution (SED) of the Crab
pulsar in gamma rays. VERITAS flux measurements are shown by the
bowtie. The dotted line enclosed by the bow tie gives the best-fit power-
law spectrum and the statistical uncertainties, respectively, for the VER-
ITAS data using a forward-folding method. The solid red circles show
VERITAS flux measurements using a different spectral reconstruction
method (SOM). Fermi-LAT data [88] are given by green sqaures, and the
MAGIC flux point [99] by the solid reddish triangle. The open symbols
are upper limits from the CErenkov Low-Energy Sampling and Timing
Experiment (CELESTE) [105], the High-Energy-Gamma-Ray Astron-
omy (HEGRA) experiment [96], MAGIC [92], Solar Tower Atmospheric
Cherenkov Effect Expermient (STACEE) [106], and Whipple [107]. The
result of a fit of the VERITAS and Fermi-LAT data with a broken power
law is given by the solid line, and the result of a fit with a power-law
spectrum multiplied with an exponential cutoff is given by the dashed
line. Below the SED, we plot x? values to visualize the deviations of
the best-fit parameterization from the Fermi-LAT and VERITAS flux
measurements.”
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hadronic in origin. More often, models of either hadronic (via 7° decay) or leptonic (via
inverse Compton scattering) emission can be fit to the observed data. There are several
approaches being taken to solve this problem: deeper exposures will reduce the size
of statistical errors on measurements; tailored observation conditions and analyses can
probe the highest and lowest energies visible to the current generation of telescopes,
eventually hoping to cover continuous wavelengths; and sampling a larger population
of SNRs will paint a more representative picture of this class of object. A number
of individual examples of SNRs accelerating leptons, hadrons, and as-yet-unidentified

particles are discussed in detail in Chapter 2, Section 2.2.

3.4.1.4 Stellar Winds and Superbubbles

Diffusive shock acceleration (DSA) of particles can occur anywhere there is a
shock front. While SNRs are an obvious example of such an environment, massive
stars in close proximity can also produce shocks capable of accelerating particles, and
thereby producing gamma rays. Massive stars produce high velocity stellar winds, or
outflows of gas from the upper atmosphere of the star. When two massive stars are in
a binary system, the meeting of their stellar winds produces a shock front capable of
supporting DSA [36].

Massive stars in a cluster can also accelerate particles, producing gamma rays.
This occurs through a combination of two factors: stellar winds and SNRs. Massive
stars evolve more rapidly than their less massive counterparts, meaning that their lives
are shorter. Their mass also dictates that, when they die, they do so in a supernova,
leaving behind a SNR. Thus, clusters of massive stars often have a higher density of
SNRs than the typical Galactic average. The combination of SNR shocks and stellar
winds in close proximity results in a net outflow from the cluster, creating a superbubble
within the interstellar medium (ISM) (see Chapter 2, Section 2.1 for a more detailed
discussion of superbubbles). The interaction of the superbubble with the ISM produces

a shock front where particles can be accelerated and produce gamma-ray emission [75].
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Although no massive star binaries or clusters have been firmly identified as
counterparts for as-yet-unidentified gamma-ray sources, several suspected associations
exist. Massive star clusters Westerlund 1 [108][109], Westerlund 2 [110][111], and W43
[110][112] have been associated with sources detected by Fermi-LAT and H.E.S.S.,
although in each case an ambiguity exists regarding the possible source of the observed
emission. Additionally, H.E.S.S. has detected VHE emission positionally coincident
with the star-forming region W49A, although the detection was of marginal statistical
significance (4.40) [113]. The source HESS J1614-518 may be associated with the
star-forming region Pismus 22 [114], although subsequent X-ray observations favor an
association with a SNR [115]. Further observations, in both gamma-ray and lower
energy regimes, may reveal suitable counterparts for some of these sources, although in
some cases significant improvements in understanding are unlikely to be made without

the next generation of instrumentation.

3.4.1.5 Globular Clusters

Globular clusters are gravitationally bound groups of stars orbiting a galaxy. It
is thought that they may contain a high density of dark matter compared to typical
interstellar values, making them a potential source of gamma rays (see Section 3.4.2.5
of this chapter for a discussion of gamma-ray emission from dark matter) [75]. Fur-
thermore, TeV emission has been detected from a position coincident with the globular
cluster Terzan 5 by the H.E.S.S. collaboration [116]. It has been suggested that the
emission from this particular cluster could be due to a large population of millisecond
pulsars within the cluster, producing accelerated electrons which then can undergo
inverse Compton scattering to produce gamma rays [117]. While the observed TeV
emission is extended and slightly offset from the center of the cluster, no other likely
source lies within the emission region, and the probability of the positional coincidence

being random is ~ 10~* [116].
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3.4.1.6 Binaries

Four binary systems featuring at least one compact object (black hole or neutron
star) have been observed to emit TeV gamma rays (PSR B1259/LS 2883, LS 5039,
LS 14+61°303, HESS J0632+057), and an additional TeV source (HESS J1018-589) is
suspected to be associated with a known GeV binary (see, e.g., [75] and references
therein). While this class of sources is not very populous, it remains one of the most
intriguing and least well understood. Each system exhibits a different pattern of TeV
emission, sometimes relating to the orbital period of the binary and sometimes not. In
two of the systems, LS [4-61°303 and HESS J0632+4-057, orbit-to-orbit variability has
been observed [118][119] (see Figure 3.9). Four of the five systems (all except HESS
J0632+057) exhibit GeV emission [120][121][122][123], but LS 5039 and LS 14+61°303
demonstrate an exponential cutoff in the GeV spectrum, indicating that the GeV and
TeV emission mechanisms differ. More data is needed to constrain models of emission
from these systems, and the discovery of more systems exhibiting nonthermal radiation

would improve understanding of this class of objects as a whole.

3.4.1.7 The Galactic Center

The region around the center of the Milky Way is complex in any waveband,
but is particularly so in gamma rays. This portion of the sky is best viewed from
the southern hemisphere, so the H.E.S.S. telescopes are best positioned to observe
it, although CANGAROO-II, Whipple, and MAGIC have also published observations
[127] [128] [129] [130]. H.E.S.S. observations first revealed the presence of a bright,
steady, point-like gamma-ray source near the central supermassive black hole, Sgr
A*. Tt remains unclear if the emission is from Sgr A* itself, or from a nearby PWN
(G359.95-0.04)[127]. In addition to this central source, faint extended emission can be
seen in either direction along the Galactic plane. This fainter emission corresponds in
location to giant molecular clouds, and is likely due to the interaction of cosmic ray
protons with the material in the clouds, leading to 7°-decay gamma rays. Searches for

emission due to dark matter self-annihilation have also been performed in this region,
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Figure 3.9: Figure 6 from [118], illustrating orbit-to-orbit variability in LS I4+-61°303.
(©AAS. Reproduced with permission. “Observations presented in this
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significance larger than 30 are shown from previous observations.”
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but the analysis is difficult because of the number of astrophysical sources present, and
no signal has been detected [131] (see Section 3.4.2.5 of this chapter for a discussion of

gamma-ray emission from dark matter).

3.4.1.8 Unidentified Objects

There are a number of TeV sources whose counterparts at other wavelengths
remain unidentified. This is more of a problem within the Galactic plane than for
extragalactic sources; a higher concentration of sources, as well as diffuse emission,
can make source identification difficult within the Galaxy. Approximately a third of
detected Galactic TeV sources remain unidentified [75].

Many of these unidentified sources are probably PWNe, since the TeV emission
from these sources can be offset from the originating pulsar or X-ray PWN. Several
PWNe have been discovered first at TeV energies, with later radio, X-ray, and GeV
gamma-ray observations revealing the previously unknown energetic pulsar. Two such
sources are MGRO J2019+37 and MGRO J2031+41, both discovered as TeV sources
by the Milagro collaboration (see Chapter 4, Section 4.3.1 for a description of Milagro),
with associated pulsars later detected by the Fermi-LAT Collaboration [132], although
it is worth noting that the observed TeV flux from MGRO J2019+4-37 may contain
contributions from multiple unresolved sources [133]. One still-unidentified TeV source
is TeV J2032+4130. This was the first detected TeV source with no known multiwave-
length counterpart (see Figure 3.10). Current interpretations favor the PWN scenario

for this source, although other explanations could also describe the data [134].

3.4.2 Extragalactic Sources
3.4.2.1 Active Galactic Nuclei: Blazars, Flat Spectrum Radio Quasars,
and Radio Galaxies

Most of the ~50 extragalactic TeV sources now known are active galactic nuclei

(AGN) [36]. An AGN is defined by having a very luminous galactic core, and ~10%
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Figure 3.10:

Figure 5 from [134], showing multiwavelength observations of TeV
J2032+4130. ©AAS. Reproduced with permission. “VER J2031+415
and its vicinity at different wavelengths. (a) VERITAS significance map
with the position of Fermi-LAT PSR J2032+44127 indicated by a black
cross. (b) 1.4 GHz image from the Canadian Galactic Plane Survey
(CGPS; [135]). (c) Spitzer MIPS 24 pm image from the MIPSGAL
survey [136]. (d) Spitzer GLIMPSE 8 um image [137] [138]. In images
(b), (c), and (d) the VERITAS significance contours from 4-8 standard
deviations are shown as white curves. Green circles are OB stars [139].
Cyan circles are star-forming regions [140].”
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of AGN feature relativistic jets. The jets are thought to be powered through accretion
onto a supermassive black hole in the galactic center [141].

Blazars, the most populous category of extragalactic gamma-ray sources, are
AGN with the jets oriented near the line-of-sight to Earth. Due to their orientation,
jets from blazars demonstrate relativistic beaming effects which drastically increase
the energies and luminosities of observed photons, making them interesting gamma-
ray sources. Blazars are also highly variable across the electromagnetic spectrum,
flaring on timescales ranging from minutes to years, which allows constraints to be
placed on the size of the emission region. Blazar spectral energy distributions (SEDs)
exhibit a low energy peak due to synchrotron emission, and also a higher energy peak
(see Figure 3.11). A sub-category of blazars are BL Lacertae objects, named for the
first of such objects discovered. These are further categorized into high- (> 10 Hz),
intermediate- (10 - 10 Hz), and low-frequency (< 10'* Hz) peaked BL Lac objects,
depending on the location of the high-energy peak in the SED [141].

The mechanism for producing the observed gamma-ray emission in these objects
is still poorly understood. Models featuring synchrotron self-Compton emission from
electrons accelerated in shocks in the jets are generally favored (see Section 3.4.1.1
of this chapter for a discussion of synchrotron self-Compton emission). These models
are supported by the strong correlation observed between X-ray and TeV emission.
However, models of hadronic emission do exist, wherein gamma rays are produced
through interactions of hadrons with ambient matter or photon fields. A point against
hadronic models is that they make rapid variability difficult to explain [36]. The
exception to this is the possibility of proton synchrotron emission, where high energy
protons interact with strong magnetic fields within the jet [142].

Flat Spectrum Radio Quasars (FSRQs) are another class of AGN. FSRQs are
defined by bright ultraviolet (UV) emission from their central accretion disk, broad
emission lines in the optical portion of their spectra, and infrared (IR) emission from a
dusty torus. TeV emission from these objects is thought to be due to inverse Compton

scattering of electrons accelerated in shocks within the jets [75]. To date, three FSRQs
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Figure 3.11: Figure 8 from [143]. (©AAS. Reproduced with permission. “SED for
Mrk 501 averaged over all observations taken during the multifrequency
campaign performed between 2009 March 15 (MJD 54905) and 2009
August 1 (MJD 55044). The legend reports the correspondence between
the instruments and the measured fluxes. Further details about the
instruments are given in Section 5.1 [of [143]]. The optical and X-ray
data have been corrected for Galactic extinction, but the host galaxy
(which is clearly visible at the IR/optical frequencies) has not been
subtracted. The TeV data from MAGIC and VERITAS have been
corrected for the absorption in the EBL using the model reported in
[144]. The VERITAS data from the time interval MJD 54952.9-54955.9
were removed from the data set used to compute the average spectrum,
and are depicted separately in the SED plot (in green diamonds).”
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have been observed to produce TeV gamma rays: PKS 1222421 [145], PKS 1510-089
[146], and 3C279 [147].

Radio galaxies are also AGN with jets, but their jets are not oriented towards
Earth. This provides the opportunity to resolve the jet in its entirety from radio
through X-ray wavebands. Thus, variations observed in the gamma-ray emission, which
can be emitted at large angles from the jet, can potentially be correlated with changes
observed in the jet at other wavelengths [36]. Like other AGN, these sources are highly
variable, but the acceleration site (and therefore the site of gamma-ray emission) within
the structure remains elusive. VHE flares have been observed to correlate with changes
both in the jet and, separately, in the core region surrounding the central supermassive
black hole, leaving open both possibilities as the site of emission. Currently three
radio galaxies have been confirmed to exhibit TeV emission: M87 [148] [149] [150]
[151], Centaurus A [152], and NGC 1275 [153]. A fourth radio galaxy, 3C 66B, may
have been detected at TeV energies [154], but there is some ambiguity as to the source
of the emission because of the small angular separation (6’) from known blazar 3C
66A. Note that these galaxies are all nearby, with redshifts of <0.02; were they farther

away, they would be too dim to detect in gamma rays.

3.4.2.2 Starburst Galaxies

Starburst galaxies are galaxies with higher rates of star formation, and hence
a higher population of massive stars which eventually become supernovae, than our
own Milky Way. So far, two starburst galaxies have been observed to emit high-
energy gamma rays: M82 [155] (see Figure 3.12) and NGC253 [156]. There are two
explanations currently proposed to explain the observed emission. SNRs, especially in
relatively close proximity, provide dense gas as a target material for interactions with
accelerated hadrons. And, it is thought that hadrons are accelerated by SNR, shock
fronts. Thus, accelerated hadrons interact with the gas and produce 7°, which decay
into gamma rays. The other explanation is that the high SN rate produces a large

population of PWNe. These PWNe produce gamma rays individually as discussed in
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Section 3.4.1.1 of this chapter, but their overall combined luminosity is consistent with
the observed diffuse emission. More data will permit better measurements of the TeV

spectra of these objects, which will help in discriminating between models [75].

3.4.2.3 The Large Magellenic Cloud

Although the flux of gamma rays from discrete sources within galaxies other
than the Milky Way is generally too low to be detected with current instrumentation,
H.E.S.S. has detected a TeV source in the Large Magellenic Cloud, one of two satellite
galaxies orbiting the Milky Way. The source is positionally coincident with the pulsar
PSR J0357-6910, the most powerful pulsar currently known. The most likely mecha-
nism for generating the observed TeV emission is electrons from the associated PWN

interacting with ambient IR photons to produce inverse Compton emission [158].

3.4.2.4 Gamma-Ray Bursts

Gamma-ray bursts (GRBs) are one of the most elusive phenomena in modern
astronomy. First discovered serendipitously in the late 1960s by the Vela 4 military
satellites [159], they fall observationally into two categories: long- and short-duration
bursts. When they occur, these bursts far surpass in luminosity every other gamma-
ray source in the sky, for a short period of time. It is thought from the distribution
of types of originating host galaxies and their stellar populations that long- and short-
duration bursts arise from different progenitor systems. Long bursts are suspected to
be associated with stellar collapse events which create black holes, and short bursts
are thought to be due to compact object mergers (e.g., two neutron stars) [160]. It is
certain that these events are occurring at cosmological distances, providing a glimpse
of a younger, more violent universe. GRBs are first detected in soft gamma rays
or hard X-rays by survey instruments, with a lower energy afterglow to follow; the
small field-of-view of ground-based VHE telescopes (Imaging Atmospheric Cherenkov
Telescopes, or TACTSs) means that rapid repointing is usually required once an alert

is received. Although TACTs now regularly begin observations of burst locations less
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Figure 3.12: Figure 1 from [155]. “VHE image of the M82 region. The sky map shows
the measured excess (colour scale) of y-ray-like events above the esti-
mated background from a region centred on M82. Each pixel contains
the excess in a circular region of radius 0.1°. The map is oversampled;
neighbouring pixels are thus correlated. The background for each point
is estimated using an annulus centred on its position (the ring method
[157]). The spatial distribution of the observed excess is consistent with
that expected from a point-like source located near the core of M&2.
The white circle represents the VERITAS point spread function (68%
containment) for individual ~-rays. The uncertainty in the source lo-
calization is much smaller. The black star denotes the location of the
core of M82. The coordinates are for the J2000 epoch.”
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than 100 seconds after an alert is received, there has yet to be a statistically significant
detection of >100 GeV emission from a gamma-ray burst. It is uncertain if this is due
to timing (VHE emission may be over by the time the telescope slews to the location
of interest), or because the expected VHE flux is at the edge of sensitivity for the
current generation of instruments. Models predicting TeV emission from these events
feature a variety of mechanisms, including both inverse Compton emission of electrons
accelerated in shocks [161] and ultrarelativistic protons interacting with background

radiation or plasma to produce neutral pions which decay to gamma rays [162].

3.4.2.5 Dark Matter

Dark matter, or matter that can only interact with the visible universe gravita-
tionally or via the nuclear weak force, remains on the cutting edge of physics research.
There are several models describing dark matter, one of which features Weakly Interact-
ing Massive Particles (WIMPs). WIMPs are expected to either decay or self-annihilate,
producing a variety of observable subatomic particles and gamma-ray photons [163].
Dwarf spheriodal galaxies, which have a high concentration of dark matter and a low
concentration of astrophysical TeV sources, are good candidates to detect any gamma
rays produced by WIMPs. Thus far, despite deep exposures on several dwarf galaxies,
no VHE gamma-ray signal has been detected, but upper limits on the velocity-weighted
annihilation cross section are constrained to within 2 orders of magnitude of the canon-
ical value (see, e.g., [164], [165]). It is possible that the predicted sensitivity necessary
will be achieved with the next generation of IACTs [162].
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Chapter 4

INSTRUMENTATION FOR OBSERVING GAMMA RAYS

4.1 Imaging Atmospheric Cherenkov Telescopes

The Imaging Atmospheric Cherenkov Telescope (IACT) is the workhorse of
modern VHE gamma-ray astronomy. These telescopes are cleverly designed, using
Earth’s atmosphere as a key part of the detector. Since gamma rays are not directly
observable from ground level, these telescopes actually detect the Cherenkov light
produced by gamma rays (and cosmic rays) interacting with the atmosphere. The
crucial elements of an TACT are a mirrored surface for light collection, a photodetector
to which the light is focused, and electronics to process the signals produced by the

detector.

4.1.1 Historical Instruments

The first experiment showing that flashes of Cherenkov light in the night sky
were indeed detectable with a photomultiplier tube was published in 1953 by Galbraith
and Jelley [166]. The first telescope to attempt to make use of the Cherenkov light
produced by gamma rays was operated by the Lebedev Institute in the Crimea from
1960-1964 (see Figure 4.1) [73]. Although this telescope did not detect any sources
during its operation, it pioneered the atmospheric Cherenkov technique and showed
that it was a feasible method.

The first telescope designed specifically for gamma-ray observations was the 10-
meter Whipple telescope, built on Mount Hopkins, Arizona in 1968 (see Figure 4.2).
It incorporated a much larger reflecting area, with a diameter of 10 m, allowing for the

detection of lower energy photons [73]. It was not until 1989, however, that the Whipple
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telescope made the first statistically significant detection of a steady celestial gamma-
ray source: the Crab Nebula [85]. This discovery marked the beginning of ground-based
gammma-ray astronomy as a recognized discipline within the astronomical community.

In 1997, the High Energy Gamma Ray Astronomy (HEGRA) telescope began
operations on La Palma, in the Canary Islands. Comprised of five 3.3-meter diameter
telescopes [167], this was the first gamma-ray instrument to succesfully make use of an
array of telescopes. Combining images from multiple telescopes gives better angular
resolution, and also better discrimination of gamma-ray events from cosmic ray events.

Several other Cherenkov telescopes were operational from the mid-1990s into
the early 2000s, and indeed, some of these continue to operate today. They are sum-
marized in Table 4.1. In addition, there were several solar research facilities whose

light-collecting infrastructure was used to collect Cherenkov light from low energy

Figure 4.1: Figure 1.2 from [73]. “The Lebedev Institute experiment that operated
in the Crimea, c¢. 1960-1964. This was the first major VHE telescope.
(Photo: N.A. Porter.)”
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Figure 4.2: Figure 1.3 from [73]. The Whipple 10 m gamma-ray telescope.

air showers during nighttime hours. The two best known of these experiments were
STACEE (see, e.g., [168]) and CELESTE (see, e.g., [169]) (see also, e.g., [170] for a
review of other solar array experiments). These instruments were sensitive to gamma

rays between ~50-500 GeV, and so were complementary to IACTs.

4.1.2 Modern IACTs

Modern TACTSs are very similar in design to the Whipple and HEGRA tele-
scopes. They consist of a large dish (10-30 m diameter) surfaced with mirror facets,
focused to a camera comprised of photomultiplier tubes. Of course, modern instru-
ments benefit from developments in photomultiplier tube quantum efficiency, and in
digital signal processing. There are three major IACTs currently in operation: the

High Energy Stereoscopic System (H.E.S.S.) in Namibia, the Very Energetic Radiation
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Imaging Telescope Array System (VERITAS) in Arizona, USA, and the Major At-
mospheric Gamma-ray Imaging Cherenkov (MAGIC) telescope on La Palma, Canary
Islands. Additionally, the Collaboration of Australia and Nippon for a GAmma Ray
Observatory in the Outback (CANGAROO-III) operated in Australia from 2004 until
~2009 [182]. Of these, VERITAS, H.E.S.S., and CANGAROO-IIT were designed as
arrays. MAGIC was a single dish until 2009, when a second telescope was added [183].
H.E.S.S. was an array of four telescopes until 2012, when a fifth, larger telescope was
added [184]. This telescope, with an area equivalent to a 28 m circular dish, is the
largest Cherenkov telescope built to date. These instruments are further characterized
in Table 4.2. The observations that led to the discovery of VHE emission from Tycho

were conducted using VERITAS, so I will focus on this instrument.

4.1.3 VERITAS

VERITAS is located at the basecamp of Fred Lawrence Whipple Observatory
(FLWO) in Amado, Arizona (31°40°30” N, 110°57°07” W, 1268 m above sea level).
The instrument is composed of four, 12 m diameter telescopes. Each telescope has a
camera comprised of 499 photomultiplier tubes, with a field of view of 3.5° [185].

In 2003, the first VERITAS telescope was installed at the FLWO basecamp as a
prototype. Afterwards, it was decided to construct the full array at the site, resulting
in uneven baseline lengths between telescopes. From 2007-2009, VERITAS was fully
operational in this original configuration. In summer 2009, telescope T1 was moved to
a different location to provide more even baselines (see Figure 4.3). This improved the

sensitivity of the array by ~30% [188].

4.1.3.1 Observing Constraints

VERITAS typically operates from early September through late June or early
July. Arizona experiences a monsoon season during the summer, and not only does
rainy weather make for terrible sky viewing, but operating during high humidity and

lightning storms risks damaging the instrument. Originally, VERITAS did not observe
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Figure 4.3: Adapted from Figure 1 of [189]. The VERITAS array. The array con-
figuration from 2007-summer 2009 is shown in the top panel, and the
configuration from summer 2009-present is shown in the bottom panel.
Note especially the very short distance between telescopes T1 and T4 in
the original layout.

while the moon (in any phase) was up because of the concern that the ambient light
would be too bright and risk damaging the cameras. Later, this condition was relaxed
somewhat, and until the 2011-2012 observing season VERITAS conducted observations
during partial moonlight with the telescopes pointing away from the moon; observations
were ceased only for a few nights surrounding each full moon. However, in Spring 2012
it was decided after testing that using a combination of ultraviolet filters installed on
the cameras and reducing the high voltage to the cameras would create safe conditions
for observing during bright moonlight. Even with these precautions, observers must
carefully monitor currents in the cameras during moonlight observations, and must
select sources as close to 90° from the moon as possible (this is the darkest portion
of the sky). Even with these precautions, observations are still not conducted on the

night of each full moon and the nights immediately preceeding and following it.
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Figure 4.4: Figure 2 from [191]. “VERITAS telescope mirror reflectivity versus
wavelength broken down by telescope. The design specified reflectivties
of 90% at 320 nm and 85% between 280 nm and 450 nm.”

4.1.3.2 Optics

Each of the four VERITAS telescopes is an altitude-azimuth mounted Davies-
Cotton design [190], with 345 hexagonal spherical mirrors. The mirrors are 60.96+0.3
cm across the flat sides, and have a radius of curvature of 24 m + 1%, giving a focal
length of 12 m. They have a reflectivity better than 90% at 320 nm (within the
wavelength regime for Cherenkov radiation; see Figure 4.4) and, once aligned on the
telescope, focus to within a 0.06° point spread function [191]. The total mirror area on

each telescope is ~106 m? [188].

4.1.3.3 Camera
The camera is the heart of any IACT. The four VERITAS cameras are each
comprised of 499 photomultiplier tubes (PMTs), each of which acts as a pixel in the
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camera. During the era of VERITAS’s lifetime when the data in this work were col-
lected, the PMTs were 28 mm Photonis XP2970 phototubes [188]. In Summer 2012,
all of the PMTs were replaced with 25.4 mm Hamamatsu R10560 phototubes. These
PMTs contain superbialkili photocathodes, which have a higher quantum efficiency
than traditional bialkili photocathodes (see Figure 4.5). At the time of writing, the
new PMTs have been installed and detailed studies of the improvements are being per-
formed. The upgrade has resulted in a lower energy threshold and higher sensitivity.
Each of the four cameras has a total field of view of ~3.5°, with each individual PMT
viewing ~(0.14°.

During operations, each PMT has a voltage applied to it, typically in the range
of 800-1000 volts. The calibration of the voltage value for each PMT will be discussed
in Chapter 5, Section 5.2.1. With the high voltage on, if a photon contacts the face
of the PMT, the photocathode emits an electron, which produces a current across the
voltage gap. More photons result in a higher current. The current is monitored in real
time by the observers during operations, and any PMT generating too large a current
is automatically shut down by the high voltage control software to avoid damaging
the PMT. This may occur because the voltage setting is incorrect and needs to be
recalibrated, because a bright star aligns with a particular PMT during a particular
pointing, or because the PMT is broken.

The currents generated in each PMT are AC-coupled and converted to voltages
by a pre-amplifier located physically at the base of each PMT. These serve to amplify
the signals with a gain of 6.66 [193], minimizing loss due to attenuation in the coaxial
cables connecting the PMTs to the signal-processing electronics. The pre-amplifiers
also provide a direct DC output to the current monitoring system; it is these live-time
readouts of the current in each PMT that are monitored by the observers, and in which
fluctuations above a pre-defined threshold cause the high voltage software to shut down
a given PMT. Also housed in the camera box is the charge injection system, in which a
programmable pulse generator is connected to the current monitor boards. This allows

for artificial pulses to be sent from selected PMTs, which is useful when testing the
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data acquisition system during daylight or other conditions not suitable for the PMTs
[194].

4.1.3.4 Tracking and Pointing

The telescopes are each driven by altitude-azimuth positioners. These have a
pointing accuracy of <0.005°, and can achieve drive speeds as quick as 1° per sec-
ond [195]. The ability to slew quickly not only minimizes the loss of observing time

when changing sources during the course of normal observing, but also allows for fast

40
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Figure 4.5: Figure 6 from [192]. “Photon detection efficiency, Hamamatsu QE and
PDE we measured.” The photon detection efficiency (PDE) of several
models of PMT was tested by VERITAS collaborators at the Univer-
sity of California, Santa Cruz (UCSC) and at Purdue University. From
this value, the quantum efficiency (QE) of the PMT can be determined.
These results are shown for the PMTs which were selected for use in the
VERITAS upgrade. Also shown is the reported QE of these PMTs from
the manufacturer, Hamamatsu.
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responses to gamma-ray burst (GRB) alerts (see Chapter 3, Section 3.4.2.4 for a dis-
cussion of GRBs).

Immediately in front of the cameras are mounted a set of light cones. These
reflective cones fill in the gaps between photomultiplier tubes (PMTs) that comprise
the camera, directing photons into the PMTs that might otherwise fall between them.
On the edges of the plates supporting the light cones are four red light emitting diodes
(LEDs), which are used in monitoring the telescope’s pointing accuracy. The VERITAS
Pointing Monitor (VPM) consists of two charge-coupled device (CCD) cameras and a
set of four LEDs for each telescope [196]. One CCD camera (the “sky camera”) is
mounted to the frame of the telescope, aligned with the telescope’s optical axis, and
pointed at the sky. The other CCD camera (the “focal plane camera”) is pointed at
the telescope’s PMT camera. The four LEDs allow for accurate measurement of the
actual light cone positions (and therefore camera position) in the images taken by the
focal plane camera. Approximately once a month, calibration measurements are taken
wherein a white screen is placed over the PMTs and the telescope is pointed at a series
of bright stars at various elevations. The observers record the centroid position of
the star in both the sky and focal plane cameras, and through comparison are able
to determine which PMT actually corresponds to the telescope’s optical axis. Ideally,
this is the central PMT in the camera, but any known offset can then be corrected
for. A study performed using Crab Nebula data from 2009 and 2010 revealed that the
typical pointing offset is ~20”. In analyzed data, this results in a source localization

uncertainty of ~25”.

4.1.3.5 Trigger System

VERITAS data consists of flashes of Cherenkov light, referred to as events,
reflected from each telescope to the camera. To determine if light in the PMTs qualifies
as an event (as opposed to random background light) and is recorded, a three-level
triggering system is used. The first level, L1, selects for the amount of light in an

individual PMT. This helps to select relatively bright flashes of Cherenkov light from
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general night sky background light. This task is accomplished with the use of constant
fraction discriminators (CFDs). These differ from simple threshold discriminators in
that the trigger always occurs after the same time delay from the beginning of the
event, no matter the input pulse’s shape or amplitude [197]. The threshold at which
a PMT triggers the L1 system is measured in mV, corresponding to the number of
photoelectrons produced by the PMT. This is a value which is set experimentally by
measuring bias curves. Bias curves are taken by pointing the telescopes at a dark
patch of sky, setting the CFD threshold to a relatively high value, and successively
reducing that value. As the CEFD threshold is reduced, night sky background events
will trigger the system more and more frequently, and will eventually dominate any
Cherenkov signal. The goal is to set the threshold at a level where triggering night sky
background events, along with deadtime for reading out the electronics, are minimized,
but as many low-energy gamma-ray events as possible are kept. For the data in this
work, a 50 mV CFD threshold (corresponding to ~ 20 photoelectrons) was used, which
was the standard operating threshold for dark sky observations at the time. Figure 4.6
shows an example bias curve.

The second level trigger, L2, requires that several adjacent pixels trigger the
L1 system within a given length of time. This eliminates background light triggering
only a single pixel, and also imposes the requirement that all the triggering light comes
from the same place on the sky (hence adjacent pixels, not simply any coincidentally
triggering pixels). Currently, as well as during the era when the data on Tycho were
recorded, the L2 trigger requires a minimum of 3 adjacent PMTSs to trigger L.1 within
6 ns.

The third level trigger, L3, ensures that only events triggering two or more
telescopes within a given time window (currently 50 ns) are recorded. The L2 signals
are sent to the L3 computer, which inserts a pre-defined delay for each telescope into
the signal to account for the different cable path lengths from each telescope and the
differences in Cherenkov light arrival time to each telescope due to physical location and

pointing, and then searches for coincident signals. The L3 trigger helps to eliminate
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Figure 4.6: Example bias curve, taken June 17, 2012. The red, green, blue, and
purple stars indicate the L2 rates from T1, T2, T3, and T4, respectively.
The black stars indicate the L3 rate for the array.

background light produced by muons, which are created in air showers and can be
relativistic, thus producing Cherenkov light. If a muon travels straight down the axis
of a telescope, its Cherenkov light cone will produce a ring in the camera. If instead
a muon impacts a telescope at an angle, a full ring will be produced, but will be
offset and will not be fully contained within the camera (see Figure 4.7). But, if the
muon lands near a telescope instead of on it, only a partial ring will be produced.
Small ring fragments can trigger only a few adjacent pixels, looking like a gamma ray.
However, the Cherenkov light cones from muons are too small to be seen by more
than one telescope at a time, so the array-level L3 trigger can effectively remove these

background events.

4.1.3.6 Data Acquisition and Recording
Each PMT is connected via a 140-foot-long [194], 75 © coaxial cable [193] to a
channel on a Flash Analog-to-Digital Converter (FADC) board. The FADC samples
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) to produce a digitized version of

each PMT signal at a rate of 500 MHz (every 2 ns

(see Figure 4.8). The

the signal containing both pulse shape and timing information

digitized pulse has 8-bit resolution in its standard mode, the high gain mode. If the

amplitude of a pulse exceeds the range provided by the high gain mode, the signal is

instead processed through a low gain path, where the gain is reduced by a factor of

dc), which is correlated

(

to the number of photoelectrons (pe) originating from that PMT. VERITAS operates

6. The amplitude of the pulse is measured in digital counts
with 1 pe = 5.3 dc

such that the signal from a single photoelectron is just measureable

Y

Section 5.2.3 for a detailed description of this

see Chapter 5,

(

by the FADC system
calibration measurement

A single photoelectron produces a pulse of height 2.4 mV

).
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[194].

When an L3 signal is generated, it is sent back to the FADCs, signalling a
busy state for the boards during which a buffer segment is read out. The entirety
of the buffer is 64 us. The location of the segment within the buffer is determined
by the externally-dictated lookback time, and the length of the buffer segment is also
externally determined to be long enough to contain the entire pulse (20 samples, or
40 ns, for the Tycho data, as with all standard VERITAS data). Only the buffer
segment containing the pulse is read out, in order to minimize deadtime during which
the FADCs are in a busy state. These buffer segments are sent to the “Eventbuilder” in
each telescope, at which point the busy signal in the FADCs is turned off and buffering
begins again. The Eventbuilders are computers, one for each telescope, which run

software to combine the signals from each FADC crate into a single event. Fach
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Figure 4.8: An example of an event FADC trace. The y-axis is given in digital
counts, which can be converted to a number of photoelectrons (1 pe =
5.3 dc), and the x-axis is given in FADC samples (1 sample = 2 ns).
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Figure 4.9: Figure 1 from [198]. “Illustration of the trigger system’s operation
and interface with data acquisition.” Acronyms are defined as follows:
CFD - Constant Fraction Discriminator; FADC - Flash Analog-to-Digital
Converter; PDM - Pulse Delay Module; SAT - SubArray Trigger; FIFO
- First In, First Out

Eventbuilder then passes on its signals to the array-level “Harvester”. The Harvester,
a single computer getting signals from each telescope in the array, is responsible for
generating a file for each data run, containing the shapes and timing of all events
from all telescopes. The files are a customized data format, known as VERITAS bank
format files (.vbf). These files are compressed and stored on a secure server, where
they are available for download to VERITAS collaboration members. Each compressed
file for a 20-minute data run is ~5.5-8.5 GB; in a night where, e.g., 10 hours are spent
observing, ~200 GB of data are generated. A schematic of the telescope electronics is

shown in Figure 4.9.

4.2 Gamma-Ray Satellites
In Chapter 2, I briefly discussed the opacity of Earth’s atmosphere to gamma

rays. Because of this, satellite-based telescopes are a natural tool to use when studying
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gamma rays. Space-based gamma-ray telescopes are sensitive to gamma rays in the
HE regime. In principle, a space-borne detector could be used to observe VHE gamma
rays, but the low flux of such photons combined with the small collection area available
on launched instruments makes the prospect impractical. To illustrate this, consider
the Crab Nebula, the brightest steady gamma-ray source in the Northern Hemisphere
sky. Its flux above 1 TeV is on the order of 107'! photons/cm?/s. The effective
collection area of the satellite-based Fermi-LAT telescope is ~8000 cm? (the Fermi-
LAT instrument will be discussed in detail momentarily). This results in an anticipated
collection of fewer than 10 photons per year. Most known sources of VHE gamma rays
emit less than 10% of the flux of the Crab Nebula, so our hypothetical satellite-based
VHE instrument could expect to detect less than one photon per year from these
sources.

Historically, there have been two types of satellite gamma-ray detectors: spark
chamber detectors and scintillator detectors. Spark chambers, first used in balloon-
borne CR detectors, appeared on the satellite carrying the instrument SAS-2 (1973),
the satellite bearing the COS-B instrument (1975-1982), and the EGRET detector on
the Compton Gamma Ray Observatory (CGRO) satellite (1991-2000). COMPTEL,
also on the CGRO, was a scintillator detector [73].

A spark chamber detector consists of a tracker, a trigger, a calorimeter, and
an anticoincidence detector. The tracker is made up of stacked metal plates inside
a closed, gas-filled chamber, alternately electrically connected with one set grounded.
The other set has high voltage applied when a charged particle enters the chamber, as
happens when a gamma ray interacts with the plates and produces an electron/positron
pair. The ionization caused by the passing charged particles produces a spark discharge
between the plates, and thus the paths of the particles can be tracked. The trigger
is responsible for initiating the high voltage in the tracker plates, and is activated
by an electron emerging from the spark chamber. A high voltage difference cannot
be maintained in the spark chamber because spontaneous discharges would occur,

invalidating the purpose of the chamber. The trigger consists of two plates separated by
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a distance sufficient to reject upward-traveling particles. The calorimeter is present to
completely absorb electrons from the spark chamber in order to measure their energy.
Lastly, the anticoincidence detector surrounds the rest of the instrumentation, and
while it registers the arrival of a charged particle, it has a very small interaction cross-
section for neutral gamma rays. This allows free charged particles entering the detector
to be distinguished from charged particles created inside the detector by the decay of
a gamma ray [73]. Most modern space-based gamma-ray telescopes are based on this
design.

The basic components of a scintillator detector are a material which emits light
when it interacts with charged particles via either Compton scattering or the photo-
electric effect, and a PMT. They are commonly used in Compton telescopes, where
two scintillators are present. A gamma ray enters the first scintillator, where it un-
dergoes Compton scattering. In the second scintillator, which is surrounded by an
anti-coincidence detector, it is absorbed [73].

Currently operating gamma-ray satellites include INTEGRAL (launched 2002),
which is sensitive to photons from 15 keV to 10 MeV [199], AGILE (launched 2007),
which is sensitive to photons from 50 MeV to 30 GeV [200], and Fermi (launched
2008, formerly known as GLAST), which is sensitive to photons from 20 MeV to 300
GeV [201]. Swift, an X-ray/UV telescope launched in 2004, carries the Burst Alert
Transient (BAT) instrument, designed to quickly detect and precisely locate gamma-
ray bursts (GRBs), as well as the X-Ray Telescope (XRT) and Ultraviolet/Optical
Telescope (UVOT), used for follow-up observations of GRBs [202, 203].

Since Ferms is the major operating gamma-ray satellite at the time of this writ-
ing, I will discuss it in more detail. Fermi carries two instruments: the Large Area
Telescope (LAT), and the Gamma-ray Burst Monitor (GBM). The LAT is the main
instrument, observing the entire sky once every ~3 hours with a field of view covering
2.4 steradians. At 1 GeV, the effective area is ~8000 cm?, the angular resolution is

~0.5° and the energy resolution is ~0.1° (see Figure 4.10). Similar to earlier spark
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chamber detectors, the LAT is a pair-conversion telescope with an additional calorime-
ter and anti-coincidence detector; however, the LAT has a solid state particle tracker
consisting of silicon strip detectors interwoven with tungsten as a converter material

[201] (see Figure 4.11).

4.3 Ground-based Particle Detectors
4.3.1 Water Cherenkov Telescopes

A different method of observing VHE gamma rays is used by detectors like
Milagro and its successor, the High Altitude Water Cherenkov observatory (HAWC).
These detectors are water Cherenkov telescopes, which consist of large, deep pools or
tanks filled with water and covered with light-tight material, with PMTs arrayed on
their interiors. They are at high enough altitude that particles from air showers can
penetrate directly into the tanks, where they then produce Cherenkov radiation which
is detected by the PMTs. These are all-sky monitors rather than pointed instruments,
and have a high duty cycle (>95%). Milagro, located in New Mexico at an altitude of
8600 ft (2.62 km), consisted of a 60 m x 80 m x 8 m pool surrounded by ~170 cylindrical
“outrigger” tanks of 2.4 m diameter and 0.91 m height [205]. It was operational from
1999 until 2008, and had a peak sensitivity near 1 TeV [206]. HAWC, currently under
construction in Mexico at an altitude of 4.1 km, will consist of 300 cylindrical tanks of
7.3 m diameter and 4.5 m water height (see Figure 4.12). It is expected to be completed
in 2014 [207].

Milagro was the first water Cherenkov telescope to succesfully detect sources.
Although water detectors are significantly less sensitive than IACTs!, and have much
worse angular resolution?, their light-tight design allows them to operate during day-

light hours. This gives them a much better chance to see transient events (e.g. GRBs,

1 The Crab Nebula, e.g., was visible to Milagro at a statistical significance of 50 in ~18 months [205],
in comparison to ~1 minute for VERITAS

2 0.75° [205] for Milagro vs. 0.1° for VERITAS [185]
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Figure 4.10: Figures 31, 57, and 69 from [204]. ©AAS. Reproduced with permission.
Top: “On-axis effective area as a function of the energy (a) and angu-
lar dependence (b) of the effective area at 10 GeV for the PTSOURCE
class.” Center: “68% and 95% containment angles as a function of en-
ergy for the PTSOURCE_V6 event class.” Bottom: “Energy resolution
as a function of energy on-axis (a) and incidence angle at 10 GeV (b) for
the PTSOURCE_V6 event class.” PTSOURCE_V6 refers to the current

version of the instrument response function.
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Figure 4.11: Figure 1 from [201]. (©AAS. Reproduced with permission. “Schematic
diagram of the LAT. The telescope’s dimensions are 1.8m x 1.8m x
0.72 m. The power required and the mass are 650 W and 2789 kg,
respectively.”
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Figure 4.12: Left panel: Figure 1 from [207]. “HAWC layout. The 7 upper left
tanks are part of the VAMOS test array,” a preliminary array of water
Cherenkov telescopes at the HAWC site. Right panel: from [208]. “Steel
water-Cherenkov tank used in HAWC.”

blazar flares) than dark-sky, pointed IACTs have. As the first all-sky instrument sen-
sitive to TeV energies, Milagro also completed the first survey of the Galactic plane
at these energies (see Figure 4.13). This provided a good list of possible targets for

follow-up observations at higher angular resolution with next-generation IACTs.

4.3.2 Extensive Air Shower Arrays

The ARGO-YBJ (Astrophysical Radiation with Ground-based Observatory at
YangBalJing) air shower array is located at the Yangbajing Cosmic Ray Laboratory in
Tibet, China, at an altitude of 4300 m a.s.l. This detector consists of a central carpet
of Resistive Plate Counters (RPCs) covering an area of 5772 m?. This central carpet
is surrounded by a guard ring of RPCs partially covering an additional area of 5228
m? [210]. Tt has an energy threshold of ~100 GeV, and an angular resolution on the
order of 1° [211]. This instrument is primarily suited to the study of air showers from
cosmic rays [210], although a full sky survey of gamma-ray sources is also achievable.
Note, however, that ARGO-YBJ has much lower sensitivity to gamma-ray sources than
modern TACTS; in five years of observations, they detected six sources with statistical

significance greater than 5o [212].
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Figure 4.13: Figure 1 from [209]. (©AAS. Reproduced with permission. “Signifi-
cance map of the Galactic plane. The color code shows the pretrial sig-
nificance in this PSF-smoothed map. The maximum positive value of
the color code saturates at 7o, although three of the gamma-ray sources
are detected with much higher statistical significance. The Crab image
is inset with the same x- and y-scale in the bottom left, as an indication
of the PSF. Boxes (crosses) indicate the locations of the EGRET 3EG
(GeV) sources.”
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The Tibet-III air shower array also operates at Yangbajing. Since 1999, it has
been operating with 533 scintillation detectors covering an area of 22,050 m?2. In 2000-
2003, the detection area was increased to 36,900 m? with the addition of 256 PMTs
to the interior of the array [213][214]. The energy threshold of this array is ~1.5 TeV
for protons and ~1.0 TeV for gamma rays [215], with sensitivity extending past 107
eV [213], and the angular resolution is ~1° at 3 TeV [215]. This instrument also is
well-suited to studying the cosmic ray spectrum, especially in the vicinity of the knee,
and serves as a full-sky survey instrument for gamma rays. Tibet-III is also far less
sensitive to gamma rays than current IACTs; in ~3.5 years of observations, they detect

the Crab Nebula at a statistical significance of 6.30 [214].
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Chapter 5

CHERENKOV TELESCOPE DATA ANALYSIS

As clever and complex as the detection technique and hardware are for a Cherenkov
telescope array, they are meaningless unless the data that is collected can be analyzed.
To achieve this, VERITAS maintains two independent software analysis packages which
are coded differently and use slightly different calculation methods. In order for a result
to be published, the collaboration requires agreement (within errors) between the two
analyses. The analysts discuss beforehand what data to analyze, and which cuts to
apply to the data (this will be explained in Sections 3 and 4 of this chapter), and then
carry out their analyses independently. This chapter will explain what data analysis
consists of. It is important to keep in mind during the following discussion that the cos-
mic ray (CR) flux observed is thousands of times greater than the flux of gamma rays,
so the analysis is designed to remove as many CRs as possible while simultaneously

keeping as many probable gamma rays as possible.

5.1 Data Quality Selection

During standard operations, VERITAS collects data in increments of a set time
length. Each of these increments is referred to as a run. During the era the data in
this work was collected, the standard length of a run was 20 minutes; it has since been
increased to 30 minutes to reduce the time spent slewing the telescopes to different
locations on the sky.

Once a list of all the data on a particular source during a particular timeframe
has been compiled, any runs with significant problems are rejected. These include

hardware issues affecting multiple telescopes, poor weather, or any other issue that
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renders the data unusable. For many studies, data taken with three of the four VER-
ITAS telescopes still has sufficient accuracy in the reconstruction of the air shower to
be useful (air shower reconstruction will be explained in Section 3 of this chapter). For
some studies, such as analysis of very weak sources or complex fields with many bright
stars or multiple gamma-ray sources, only four-telescope data is desirable; in this case,
runs with issues affecting any telescope are rejected. Generally, runs taken with only
one or two telescopes fully functional do not have high enough shower reconstruction
accuracy to draw strong conclusions about the source, so they are not used (and, in
fact, are only very rarely taken; more than 90% of runs are taken with 4 telescopes,
and more than 99% are taken with > 3 telescopes). If some significant portion, but not
all, of a run is usable, the analyst may choose to apply time cuts to the data during
the analysis (e.g., if clouds moved through the field of view during 2 minutes of an
otherwise fine 20 minute run).

Evaluation of what constitutes poor weather for our purposes is actually a rather
difficult task. VERITAS approaches this in several ways. First, for each run taken,
the observers on site assign a subjective letter grade to the weather (ABCDF). Second,
VERITAS uses a system of three far infrared (FIR) cameras to monitor cloud cover via
changes in temperature. Two of these are mounted directly on two of the telescopes, so
their field of view overlays the pointing direction of each observing run, and the third,
with a wider field of view, is fixed on zenith. These cameras are particularly useful
in identifying runs where thin, high clouds that are difficult to see with the naked
eye are present. Figure 5.1 shows examples of good weather and poor weather FIR
data. Note that the letter grades assigned by the observers, while qualitative, are still
extremely useful; a smooth FIR trace may indicate continuous cloud cover, not clear
skies. In addition to the FIR data, VERITAS also has a LIght Detection And Ranging
(LIDAR) system to measure atmospheric temperature, and an all-sky optical telescope
for viewing cloud cover. Lastly, although not intended for the purpose, the L3 trigger
rates (which are comprised almost entirely of CR background events) taken in context

with other weather information may also provide some indication of sky conditions;
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Figure 5.1: Left panel: FIR data taken during clear sky conditions. Right panel: FIR
data taken while clouds moved through the field of view. The corrected
FIR values represent the same dataset as it would be at 90° elevation
and 20° C ambient temperature.

clouds result in lower and unstable L3 rates, so a large deviation from clear-sky rates
for the source in question would be an indication that the data quality for a given run

may not be good.

5.2 Calibration
5.2.1 Flat-Fielding

VERITAS requires calibration data to be taken each night of observing, analo-
gous to flat-fielding for an optical telescope. This is currently accomplished by means
of a light emitting diode (LED) flasher mounted on each telescope frame in front of
the camera. The flasher contains seven LED bulbs, and has a diffuser attached to pro-
duce even, near-simultaneous illumination for each PMT in the camera, allowing for
measurements of pulse heights and response timing, which vary by individual pixel®.
With this information, the voltage for each PMT can be adjusted to produce uniform

average pulse heights, and timing adjustments calibrated between pixels. Typically, a

L The voltage in each PMT is different, and so the transit times in the PMTs vary. Additionally, the
lengths of the cables connecting the PMTs to the Flash Analog-to-Digital Converters (FADCs) are
not identical, so timing and attenuation differences are introduced.
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5-minute flasher run is taken each night, during which the flasher is pulsed at 300 Hz,
although both the frequency and the duration of the flasher run can be controlled by
the observers.

The LEDs are housed in modified Maglite flashlight cases with an opal diffuser
replacing the flashlight lens. The peak of the LED light is at 465 nm, each light pulse
is about 10 ns long, and the flasher cycles through eight intensity levels (0 LED bulbs
illuminated, 1 bulb illuminated, etc.), providing calibration data for both the high- and
low-gain FADC signal paths (see Chapter 4, Section 4.1.3.6 for a description of high-
and low-gain paths) [216]. After adjusting the voltage on each PMT, the distribution
of relative gains over all 499 PMTs in the camera for each telescope has a root mean
square (RMS) value of ~0.05-0.07. As can be seen in Figure 5.2, the distribution of
relative gains for each telescope is quite narrow. Figure 5.3 shows an example of the
distribution of charge, the mean of which is the relative gain, in one PMT as determined
from a flasher run.

Until September 2010, a 337 nm nitrogen laser was used for calibration mea-
surements instead of the flasher. The single laser signal was split and sent to each
telescope via fiber optic cables with diffusers on the ends. This introduced variation in
the intensity of light seen by each telescope due to the different length cables required
to reach each telescope. This effect was accounted for in the analysis. Much of the

data in this work was taken while the laser was the standard calibration tool.

5.2.2 Pedestals

Even in a remote part of Arizona, VERITAS is still affected by general night
sky background (NSB) light. This is produced by natural sources, like the moon and
ambient starlight, and by light pollution from artificial sources. To complicate things
further, the amount of NSB varies with time and with telescope pointing location. At
the VERITAS site, the average NSB photon flux above 60° elevation was measured to
be ~ 3 — 4 x 10'? photons/s/sr/m? [217].
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Figure 5.2: An example of a relative high-gain distribution for one telescope, T4 (see
Chapter 4, Section 4.1.3.6 for a discussion of high and low gain). The
histogram measures the number of PMTs along the y-axis, and relative
gain along the x-axis. During this particular run, 6 PMTs on T4 were
disabled, so only 493 PMTs were included in the histogram.
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An example of the distribution of charges measured in a single PMT
during a flasher run. The voltage of each PMT is adjusted to produce a
relative gain (ratio of a single flasher pulse’s charge in that PMT to the
average charge from all flasher pulses in that PMT) centered at 1. The
y-axis on this histogram denotes number of flasher pulses, and the x-axis
is the charge produced by each pulse.
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Figure 5.4: An example of a pedestal event FADC trace. The y-axis is given in
digital counts, which can be converted to a number of photoelectrons,
and the x-axis is given in FADC samples.

To account for this fluctuating NSB light, a constant offset voltage (~16 digital
counts) is added to the PMT signal. This allows both positive and negative fluctuations
around the artificial baseline (due to Poisson noise inherent in the measurement) to be
measured when the only signal in the PMTs is from NSB (see Figures 5.4 and 5.5). The
voltage in a PMT receiving only NSB light is known as the pedestal, and the standard
deviation of the signal around the pedestal value is known as the pedestal variance, or
pedvar. The PMT output pulses are in negative voltages, so the pedestal offset is also
negative. To calculate the pedestal and pedvar, a 1 Hz artificial trigger is sent to all

telescopes to read out (by definition, pedestal events do not trigger the system).
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Figure 5.5: An example of a bright Cherenkov event FADC trace. Again, the y-
axis is given in digital counts, which can be converted to a number of
photoelectrons, and the x-axis is given in FADC samples.

5.2.3 Absolute Calibration

The flasher is also used to measure the response of the instrument to single
photoelectrons (p.e.). This is how the absolute calibration of the instrument is deter-
mined. The number of p.e.s generated in the PMTs is proportional to the amount of
Cherenkov light observed in an air shower, which, together with the impact distance
to the shower, allows the energy of the initiating particle or photon to be determined.
Thus, it is necessary to know the response of the FADCs to a single p.e. in order to
quantify the relationship between the observed pulses and their physical causes.

To make this measurement, a plate perforated with tiny holes aligned with each
PMT is placed over each camera to severely limit the amount of light entering the
PMTs (see Figure 5.6), and a flasher run is taken. By comparing histograms of charges

in each PMT for the dimmest flasher illumination levels, and fitting these histograms
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with Gaussian distributions, the 0-p.e. (pedestal), 1-, 2-) 3-, and 4-p.e. peaks in the
overall charge distribution can be extracted [216].

The above procedure is carried out twice, once with the cameras set to their
nominal high voltage value, and once with them set to 110% of the nominal high
voltage. At higher voltage, the single p.e. peaks are shifted further from the pedestal
value, and are therefore easier to resolve and measure more precisely. In order to scale
these values to their value under nominal high voltage for comparison, the voltage
dependence of the gain of the PMT is used; for small changes in voltage, the gain can
be described by [218]:

HV \«a
G =G, <H_v0)
where G is the increased gain of the PMT, GGy is the gain at nominal high voltage, HV
is the increased high voltage, HVj is the nominal high voltage, and « is a constant
determined from the below fitting procedure for each PMT. The gain of a PMT can
be estimated from the charge distribution produced by the full 7-LED intensity level
of the flasher; the gain at nominal high voltage, the nominal high voltage, and the
increased high voltage values are known. Thus, a plot of these values demonstrates
the power-law dependence, and provides a value for «. This value of « is then used to
scale the single p.e. measurements taken at increased voltage to their values at nominal
voltage; the two values at nominal voltage are then compared for verification.

Lastly, from these measurements of the positions of the 1-p.e., 2-p.e., etc. peaks,
a correlation between digital counts (d.c.) and p.e. can be determined. This is how
VERITAS is able to determine how many p.e. produced an observed pulse of a given
size in the FADCs. The relationship is 1 p.e. = 5.3 d.c., which produces a pulse height
of 2.4 mV after preamplification and signal propagation through the coax cable to the
FADCs [194]. Note that these are average values over all PMTs; for an individual

PMT, the pulse from a single p.e. may differ from this value significantly.
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Figure 5.6: Left panel: the “holey plate” used for single photoelectron (p.e.) mea-
surements, as installed on one of the VERITAS cameras. Right panel,
adapted from [219]: histogram showing peaks for 0 (pedestal event), 1,
2, 3, and 4 p.e.’s. The overall function is shown as a solid red line, and
the component functions are shown as dotted lines in green, blue, black,
and red. The y-axis shows the number of events, normalized so the total
area under the curve equals 1, and the x-axis is charge in digital counts.
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5.2.4 Simulations

In order to determine if our understanding of the instrument and the data it
produces is correct, we compare the real data to simulations. Every portion of an air
shower’s journey is modeled in these simulations, from the initiating particle’s first
interaction with the atmosphere through the responses of the telescope optics and
electronics. The simulations’ purpose is two-fold: if the physics we model describes the
observations accurately, we can have greater confidence in our understanding of the
processes at work; additionally, once we have confidence that the instrument is well-
modeled, we can simulate either gamma rays or CRs to determine the instrument’s
response to them, and use the results to help us differentiate between gamma rays and
CRs in real data.

In the VERITAS simulation studies, air showers are modeled using the KAS-
CADE [220] and CORSIKA [221] shower generators. Multiple simulation packages are
used to avoid systematic effects that may arise from a single package [222]. For the
analysis of data on Tycho’s SNR described in this work, CORSIKA simulations were
used. KASCADE is a software package first produced in 1989 by current VERITAS
collaborators M. Kertzman and G. Sembroski; however, it is a general-use (i.e., not
specific to VERITAS) air shower simulator designed for IACT studies. It uses Monte
Carlo models of air showers resulting from gamma rays and CRs. CORSIKA is a soft-
ware package produced externally to VERITAS and used throughout the field of CR
studies; it contains Monte Carlo simulations of several detailed models of air showers
from various species of CR primary, as well as gamma-ray air showers. Both packages
model the air showers’ interactions with the atmosphere, including the Cherenkov light
created in the process (see Chapter 3, Section 3.3 for a discussion of air showers).

Within CORSIKA, VERITAS uses the QGSJet interaction model for initiating
particles with energies above 500 GeV, and the FLUKA model for energies below 500
GeV. We model air showers induced by gamma rays, protons, and helium nuclei from 50
GeV (30 GeV for protons) to 30 TeV at zenith angles ranging from 0° to 65°. Simulated

showers are thrown randomly over a circular area of 600 m radius centered on the center
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of the telescope array [222]. Measurements of the atmosphere at the VERITAS site are
input to the air shower simulations. Until 2010, the U.S. standard atmospheric model
was used to model the atmosphere; currently, we use winter and summer atmospheric
profiles based on radiosonde data taken by the University of Arizona, Tucson (~ 60
km from the observatory).

The response of the instrument to the air showers is also modeled using multiple
packages: ChiLa, KASCADE, and GrISUDet [223]. For the analysis of the data on
Tycho’s SNR described in this work, GrISUDet simulations were used. All of these
packages include models of the telescope optics, the camera, and the trigger system.
Within models of the optics, the mirrors’ alignment accuracy and reflectivity are ac-
counted for. To simulate signals in a PMT, real measurements of the system’s response
to single p.e.’s are input; simulated pulses are produced by summing recreated single
p-e. pulses and applying the appropriate amplitude and time jitter. The quantum ef-
ficiencies of the PMTs are included in the model, as are the geometrical and collection
efficiencies, the electronic noise, and the loss due to signal transmission. The simu-
lated pulses are then digitized with 2 ns sampling to reproduce the sampling frequency
of the real FADCs [222]. Night sky background light is also modeled in a range of
brightnesses, spanning from 75-1000 p.e./ns/m?/sr [223], and added to the simulated
signal. Typical values for an extragalactic pointing are ~150 p.e./ns/m?/sr, and are
200-250 p.e./ns/m?/sr for a pointing along the galactic plane; higher values reflect var-
ious levels of moonlight. Finally, the trigger system is simulated, with the performance
parameters and requirements of the real system as input. Although a simplified model
of the constant fraction discriminator (CFD) is used (see Chapter 4, Section 4.1.3.5
for a description of the CFD), the pattern trigger and array triggers are accurately
represented [222]. The final output files from this simulation chain are .vbf files (see
Chapter 4, Section 4.1.3.6), identical to the format for real data. The simulations can
then be analyzed using the same software that is used for actual observations.

From simulated gamma rays and CRs, lookup tables can be produced. Lookup

tables are histograms of the parameters of the images produced by gamma-ray-induced
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Figure 5.7: An example of lookup tables for Hillas parameters “width” (left) and
“length” (right). The color scale indicates the median value of the pa-
rameter being shown, in degrees. The X-axis indicates the size of the
image (shown on a log,, scale), and the Y-axis indicates the distance
from the telescope to the shower impact point.

air showers of various zenith angles, impact distances, and energies (see Figure 5.7 for an
example of lookup tables, and see Section 5.3.2 of this chapter for a discussion of image
parameters). From these simulated gamma rays, and the simulated response of the
instrument, one can determine values of various parameters below which mainly gamma
rays survive, and above which mainly CRs can be cut. These values are optimized to
keep the maximum number of gamma rays while simultaneously cutting the maximum
number of CRs. These cuts, which will be described in the following section, are then

applied to real data.

5.3 Shower Reconstruction
5.3.1 Image Cleaning

As discussed in Chapter 3, both gamma rays and cosmic rays (CRs) produce
atmospheric air showers and Cherenkov radiation. Thus, gamma-ray astronomers must
first identify which air showers are likely caused by gamma rays before proceeding with
further data analysis. This is made more challenging by the fact that there are 10% -

10* times more CRs entering the atmosphere than gamma rays [73].
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Fortunately, the images produced by gamma rays are generally smaller and more
compact than those produced by CRs. As mentioned in Chapter 3, electromagnetic
atmospheric air showers are more tightly bunched around the path of the initiating
photon than CR air showers are around the path of the initiating particle. This is
because the secondary particles created in a hadronic air shower are emitted at wider
angles than Cherenkov photons are emitted from an electromagnetic air shower. Figure
5.8 illustrates this effect. Examples of camera images consistent with electromagnetic
and hadronic air showers are shown in Figure 5.9. The image produced by a hadronic
air shower is larger and more irregular than the one possibly produced by an electro-
magnetic air shower. The development of an air shower across the camera is illustrated
in Figure 5.10.

Once events have been recorded, a process which was discussed in Chapter 4,
cuts are applied to the data. These cuts primarily separate images likely produced
by electromagnetic air showers from those likely produced by hadronic air showers,
but also affect the energy threshold of reconstructed gamma rays. Standard VERITAS
analysis cuts are optimized for a hypothetical source with a Crab Nebula-like spectrum
(spectral index of ~ 2.5) and a flux 5% of that of the Crab (the Crab Nebula is the
brightest steady gamma-ray source in the Northern hemisphere, and so is often used as
a standard), but for sources expected a priori to differ significantly from this template,
cuts can be optimized for other scenarios. The standard cuts require the following

characteristics for an event to be considered as an image for analysis:

e At least 4 neighboring PMTs must contain non-pedestal FADC traces, defined
as a signal at least 5 times the pedvar value. PMTs contiguous to these must
contain a signal at least 2.5 times the pedvar to be considered part of the image.

e The size of an image, or the integrated charge over all the pixels which comprise
the image, must be at least 500 digital counts. This correlates to the brightness
of the image, and hence the energy of the initiating gamma ray or CR.

e The loss, or the fraction of the total integrated charge of the image occurring
within pixels at the edge of the camera, must be no more than 20%. This prevents
the inclusion of images where a large portion of the image is off the edge of the
camera.
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Figure 5.8: CORSIKA simulations illustrating a shower initiated by a 1 TeV pho-
ton, left, and a 1 TeV proton, right [224]. Red tracks indicate electrons,
positrons, and gamma rays. Blue tracks indicate hadrons. Green tracks
indicate muons. All showers simulated have a fixed first interaction al-
titude of 30 km. These images have a vertical axis ranging from 0 to
30.1 km, and a horizontal axis ranging £5 km from the shower core. For
electrons, positrons, and gamma rays, a minimum energy of 0.1 MeV
was required for plotting. For muons and hadrons, the threshold was 0.1

GeV.
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Figure 5.9: Example of an image produced by a hadronic (CR) air shower (left)
and an image possibly produced by an electromagnetic (gamma-ray) air
shower (right). The color scale indicates the charge contained in each
PMT, measured in digital counts (d.c.).

e Lastly, to take advantage of the benefits of using an array of telescopes, it is
required that at least 2 telescopes record a given event.

The charge in a PMT is determined by integrating over the pulse in the FADC
window. In order to define the integration window, a double-pass method is employed.
The first pass identifies the time T at which the pulse reaches 50% of its maximum
amplitude. The second pass places a pre-determined integration window over the pulse,
usually either 7 or 12 samples wide (each sample is 2 ns). The starting position of this
window is determined using the time gradient of the image; the Ty of the pulse for each
PMT along the major axis of the image (the major axis will be defined in the following

section) is fit to a straight line, the slope of which is the time gradient for the image

[225).
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Figure 5.10: Reproduced from figure 2.7 of [73]. A cartoon illustrating the devel-

opment of the air shower across the camera. “The geometry of the
Cherenkov light images from an air shower (on left) as recorded by a
camera on an atmospheric Cherenkov telescope (on right). The shower
is parallel to the optic axis of the telescope and is inverted here. The
light in the image comes from the top of the shower (a), from the middle
(b) and from the bottom (c).” FOV indicates the field of view of the
camera. Note that this illustration is not to scale; the placement of the
ellipse in the camera does not accurately reflect the distance from the
shower impact position to the telescope, nor does the size of the ellipse
reflect the size of the shower.

5.3.2 Image Parameterization

Once an image has passed the applied quality selection cuts for image cleaning,

one can identify the “Hillas parameters” for that image [81]. These parameters are then

used to define a two-dimentional Gaussian distribution (the cross-section of which is

an ellipse). The basic parameters, illustrated in Figure 5.11, are defined as follows:

Length: RMS spread of light along the semi-major axis of the ellipse. Correlates
to longitudinal shower development in the atmosphere.

Width: RMS spread of light along the semi-minor axis of the ellipse. Correlates
to lateral shower development in the atmosphere.

Distance: Distance of the image centroid to the source position, in degrees.

Alpha: Angle between the major axis of the ellipse and a line drawn from the
image centroid to the source position.
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Figure 5.11: A cartoon illustrating the main Hillas parameters of an image. Modeled
after figure 11 from [227].

Other parameters may also be calculated, but these are the most crucial to the analysis.

Mathematically, the width and length are defined as follows [226]:

0$22+0y22—3
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where s* = t* + 40,4 and t* = 02 — 02, 0,2 and 0,2 are the variances of the image
signal distribution in the camera in the x and y directions, respectively, and o2 is the

covariance. These calculations are of the form

oo = (ab) — (a) . (b)

where (a) is the mean value of a.
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The orientation of the major axis of the ellipse is calculated according to the

following;:
(2 + s*){y) + 204 (x)

204 (y) — (#* — s%)(x)

This can then be used to reconstruct the shower impact location on the ground and

tan ¢ =

the shower direction of origin on the sky. Figures 5.12 and 5.13 illustrate this concept.
Since the air shower axis, and therefore the arrival direction of the incoming gamma
ray or CR, is colinear with the major axis of the image ellipse, both the impact point of
the shower on the ground and the source location on the sky will lie somewhere along
the line defined by the major axis of the image ellipse.

To determine the shower’s impact point on the ground, the images from each
telescope can be projected onto the ground plane. By combining images from multiple
telescopes, one can determine the intersection point of the image major axes on the
ground (see Figure 5.13). This indicates the shower impact point on the ground. It
is important to know the location of the shower’s impact on the ground to accurately
determine the energy of the initiating gamma ray; a shower closer to the telescopes
will appear brighter than an identical shower farther away.

The direction of the shower’s origin on the sky (i.e., the source of the shower-
originating gamma ray) is determined through a similar process, this time by tracing
the origin direction indicated by the major axis in the image (camera) plane. Again,
views from multiple telescopes allow for more precise determination of this point; for a
single telescope, the origin of an image could lie anywhere along the line defining the
major axis.

Once an ellipse has been defined for an image and the impact distance of the
shower from the telescope has been reconstructed, one can compare the values of the
parameters length and width to lookup tables of these quantities generated from sim-
ulations. The cuts on these values are optimized to keep the maximum number of
gamma rays while simultaneously cutting the maximum number of CRs (see Figure

5.14).
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i Shower

Figure 5.12: Figure 1 from [228]. A diagram showing the projection of an air shower
onto the image plane of a telescope. P labels the impact point of the
shower on the ground, 7 designates the " telescope in the array, S
labels the source location, and C; labels the centroid of the image ap-
pearing in the camera of T;.
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Figure 5.13:

A cartoon of an event seen by all four VERITAS telescopes. The
left panel shows the cameras of each telescope with the image ellipses.
The right panel shows the “top down” view of the four telescopes and
the shower location on the ground (red star)(the telescopes and their
corresponding cameras are in the same relative arrangement). The ori-
entation of the major axis of each fitted image ellipse indicates the
direction to the location on the ground where the shower landed. By
using multiple images (i.e., multiple telescopes), this location can be
identified more accurately.
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These cuts are known as Mean SCaled Width (MSCW) and Mean SCaled Length
(MSCL) cuts. These are scaled cuts because the measured length and width of each
ellipse is normalized to the mean length and width of simulated gamma rays of the

appropriate impact distance and size:

_ w(S,D)
SCW = ws(S.D)
_ (8, D)

where w is the width of an image (a function of size, S, and impact distance, D), wg
is the mean width of simulated images, [ is the length of an image (also a function of
S and D), and [g is the mean length of simulated images.

Then, the Scaled width and length quantities are averaged over all the telescopes
participating in that event, resulting in final values for MSCW and MSCL for each

image.

1 " w; —wg (S, D)
M&%V—nZ: 5(5.D)

11 —1s(S, D)
MSCL =~y 227/
¢ Zl: UI(SJ D)

n

where i is the number of telescopes participating in a given image, w; (I;) is the width
(length) of the image for each telescope, wg (lg) is again the mean width (length)
of simulated images, and (S, D) (0,(S, D)) are the spread on the simulated width
(length) values.

The energy of the initiating gamma ray is also determined through the use of
lookup tables. As was previously described, simulated gamma rays of known energies
can be used to generate histograms of length and width based on impact distance.
Therefore, observed gamma rays can be compared to these same tables, and their
associated energy determined by comparison to simulations, and interpolation from

surrounding histogram bins.
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Figure 5.14: An example of distributions of mean scaled width (left) and mean
scaled length (right). The black shaded region indicates signal from the
region of the sky corresponding to the source position, and the green
shaded region indicates signal from a region of the sky containing only
background. Events with parameters falling between the two vertical
lines in each plot are kept; this keeps most of the signal from the on-
source region while cutting most of the background.

At the end of this process, one is left with only cleaned, gamma-ray-like images of
known reconstructed energy and origin direction. These presumed gamma-ray images
can then be used to construct a skymap and a spectral energy distribution of the source
in question. Note that the images are gamma-ray-like, not necessarily gamma rays:

CRs producing images that pass the applied cuts will survive to this stage.

5.4 Generating Skymaps
5.4.1 6% Cut

In generating a skymap of a gamma-ray source, one additional cut is applied
to the data. This is a cut on the parameter known as 6%, where 6 is the angle on
the sky between the reconstructed origin direction of an event and the nominal source
location. The reason for this cut is that CRs are isotropic, so any events passing the
previous cuts but originating far from the nominal source position are presumed to be

gamma-ray-like CRs.
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The nominal source location for a previously undetected point source is deter-
mined a prior: from observations in other wavebands. After analysis, the sky map will
reveal whether or not the highest statistical significance of gamma rays is positioned
at the nominal source location. For a source known to be extended in observations
at other wavelengths, a nominal source location is selected based on where in the ex-
tended object one might expect gamma rays to be produced. Observations are wobbled
around this nominal source location (wobbled observations will be described in Section
5.4.2 of this chapter), and it functions as the nominal source location when generating
sky maps. Again, after analysis, a sky map will reveal whether the emission reaches
its maximum statistical significance at the selected nominal source location, or else-
where in the field of view. For follow-up observations of previously detected gamma-ray
sources, both point and extended, observations are typically wobbled around the known
location of the gamma-ray emission (or other point of interest in the gamma-ray map).

In order to actually generate a sky map, every position in the field of view is
tested as a potential source of gamma rays, not just the nominal source position. This
will be discussed further in the following section. This approach also makes it possible
to detect gamma rays from an entirely unexpected location in the field of view; indeed,
many as-yet-unidentified TeV sources are dark in other wavebands (see Chapter 3,
Section 3.4.8.1).

At the time the VERITAS Tycho data were analyzed, the standard analysis for
point sources cut events with 62 larger than 0.015°? (see Figure 5.15). After the relo-
cation of telescope T1 (see Chapter 4, Section 4.1.3 for details), the angular resolution

of the instrument improved, so this value was able to be reduced to 0.01°%.

5.4.2 Background Signal Calculation

While the cuts discussed in the previous sections have reduced the amount of CR
events in the data drastically, there will still be gamma-ray-like CRs that survive. So,
in order to extract a potential gamma-ray signal, one must estimate the remaining CR,

background at the source location. Once estimated, this background can be subtracted
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A histogram showing the 62 value of reconstructed events for a point
source (in this case, the Crab Nebula). The x-axis designates the square
of angular distance from the source position on the sky, and the y-axis
indicates the number of reconstructed events. The vertical line shows
the position of the cut value. As one considers positions further from the
source, the number of events falls until it reaches a plateau consistent
with the isotropic background CR signal. The 6% cut is designed to
keep as many gamma rays as possible from the on-source region, while
simultaneously cutting as much of the isotropic background as possible.
An extended source will have a larger on-source region than a point
source.
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and the statistical significance of any remaining events at the source location can be
calculated. It is general practice in the field of gamma-ray astronomy to require at least
5o significance in order to claim a detection, where ¢ is one standard deviation above
the norm. This is equivalent to a 99.9999% probability that the signal is not a random
fluctuation. Note that non-detections can still provide valuable scientific information;
upper limits for use in modeling can be derived.

There are three methods which are commonly used by VERITAS to determine
the background signal, although others exist (see, e.g., [157]). Two of these methods,
the reflected region background method and the ring background method, can be used
with the same wobbled observations that contain the source in the field of view, making
efficient use of observing time and minimizing systematic effects due to differences in
zenith angle, weather, or hardware issues. The third method of background estimation,
typically only used for very large extended sources where the source fills most of the
field of view, requires separate observations of on-source and off-source regions. With
these on/off observations, concerted effort must be made to minimize the systematic
effects mentioned above.

The wobble method of observation, first developed by the Whipple collaboration
[229], involves taking a series of observations of a source, each pointed at a designated
offset distance from the source (typically 0.5° for point sources and 0.7° for extended
sources) towards one of the four cardinal directions. The direction of the wobble cycles
through the four cardinal directions with each observing run in an attempt to eliminate
systematic effects related to background estimation. When the data set is complete,
the number of observations with North wobble, South wobble, East wobble, and West
wobble should be approximately equal.

In both the reflected region and ring methods of background signal estimation,
one must designate a test on-source region potentially containing the source, and (an)
off-source region(s) containing no gamma-ray signal. The number of events in the on-

source region is Npy, and the number of events in the off-source region(s) is Nopp. A
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third parameter, «, is the ratio between the geometrical areas of the on-source and off-
source regions. It is necessary to calculate o in order to estimate the background signal
in the on-source region. The ring background method, as is implied by its name, uses
a ring surrounding the on-source region as the off-source region. The reflected region
background method uses a number of circles each equal in area to the on-source region,
offset from the camera center by the same distance as the on-source region (see Figure
5.16 for illustrations of each). The number of circles to use for the off-source region
can be defined by the analyst, but usually is maximized while still avoiding exclusion
regions in the camera for both the on-source region and bright stars (exclusion regions
will be discussed in detail in Section 5.4.3). The off-source region is always chosen to be
larger than the on-source region to provide values of a < 1, improving the statistical
significance of the signal by reducing the effects of background fluctuations [157]. There
are several methods by which the statistical significance (S) of a signal in the on-source
region can be calculated, but the one most commonly used in the field of gamma-ray

astronomy is Equation 17 from a 1983 paper by Li and Ma [230]:

1+Oz( Non ) (1 +a)< Norr ) :
o} Non + Norr Non + Norr

Once all cuts have been applied to the data, any surviving events are used

+ NOFF In

S = \/§{NON lIl

to fill sky maps. Two varieties of map are produced: correlated and uncorrelated.
In a correlated map, the standard binning is squares of 0.01° per side, and for an
uncorrelated map, 0.05°. To produce an uncorrelated map, the reconstructed arrival
directions of events are simply binned. A correlated map is created by filling each
bin with all reconstructed events passing the 62 cut when that bin is the test “on”
position. The bins are correlated because, at 0.01° on a side, they are smaller than
the value of 6% (0.015°?) that is being used to fill them. Thus, the placement for
each test “on” position also includes events falling into neighboring bins (see Figure
5.17). This allows for higher statistics at each test position, but also means that the

morphology of the map is artificially smoothed from the correlation. So, correlated

106



Figure 5.16: A cartoon illustrating the ring background model (left) and the reflected
region background model (right). In each case the pointing direction
is marked by a black dot (centered), the on-source region is shown in
red, the nominal source position is marked by a yellow star, and the off-
source region(s) is/are shown in blue. The ring background observation
pictured is wobbled to the South, while the reflected region observation
pictured is wobbled to the West.

maps are used for measurements of statistical significance, and uncorrelated maps are
used for morphological studies.

Several varieties of correlated map, and several varieties of uncorrelated map,
are produced. The most critical for producing final sky maps are on maps, off maps,
and difference (diff ) maps. In an on map, each bin contains the raw number of events
calculated when that bin was the test “on” position, prior to background subtraction.
In an off map, each bin contains the raw number of events calculated when that bin
was part of the test “off” region. In a diff map, the contents of each bin are calculated
using the formula diff = on - a x off; this removes the estimated background from
each test “on” position. The correlated and uncorrelated diff maps are then used to

conduct statistical significance and morphological studies.
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Figure 5.17: A cartoon illustrating how correlated sky maps are produced. When
the test “on” position is located in the left-hand bin (top illustration),
all events falling within the value of the 6% cut (black circle) from the
position of the bin center (black dot) will be included in the bin, even
if their reconstructed arrival direction places them outside the bin. The
neighboring bin will be filled the same way (bottom illustration), and
will therefore include some of the same events. One such “shared” event
is illustrated by the red dot.
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5.4.3 Camera Acceptance and Exclusion Regions

A topic closely related to background calculation is camera acceptance. Events
falling near the edge of the camera have a higher likelihood of being only partial,
truncated images. The cuts then applied to the data have the effect that the closer to
the edge of the camera an event is, the less likely it is to pass the cuts. In order to
determine how likely an image is to pass the cuts (with the exception of the 6* cut)
based on its position in the camera, one can generate an acceptance curve, normalized
to the acceptance at the camera center. An example is shown in Figure 5.18. The
ring background model must take into account the acceptance curve. This is because
the ring covers a range of distances from the camera center. The reflected region
background model does not suffer this disadvantage, because each of the off-source
regions is the same distance from the camera center and covers the same area as the
on-source region. This makes the reflected region background model preferable when
reconstructing energy spectra, although certainly the ring background model can be
used.

Another factor which must be considered when generating skymaps are the
effects of bright stars in the field of view. A bright star will produce photoelectrons,
and therefore current, in the PMT aligned with it. If the current is high enough, the
high voltage to that PMT will automatically shut off to avoid damage to the PMT.
Even if the current does not exceed this threshold, the pedvars, or fluctuations in the
average charge, will be very large in that PMT when compared to an average PMT.
Both of these scenarios will distort any Cherenkov images that PMT participates in.
To prevent these spurious pixels from influencing the final result, exclusion regions are
defined around the positions of any stars brighter than a pre-defined magnitude. The
standard analysis excludes stars brighter than 6" magnitude with an exclusion radius
of 0.15°, although different exclusion radii can be defined by the analyst for especially
bright stars (see Figure 5.19 for an example). Exclusion regions are excluded from being
part of the off-source regions in background estimations; an artificially dim background

due to the removal of events falling within the exclusion region will falsely increase the
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Figure 5.18: An example of an acceptance curve. The horizontal axis is measured in
degrees from the camera center, while the vertical axis is the likelihood
of an event passing the specified cuts (except for the §% cut), normalized
to the likelihood at the camera center. The solid line represents the best
fit to the data.

statistical significance of any signal in the field of view. Also excluded are regions of
strong gamma-ray excess, for similar reasons: were the gamma-ray signal to be included
in the estimation of background, it would artificially brighten the background, falsely

decreasing the statistical significance of a signal.

5.5 Generating Spectral Energy Distributions

If a gamma-ray source has been detected, a spectral energy distribution (SED)
can be calculated for that source. The SED is a plot of energy vs. number of events
per unit area per unit time per unit energy: (Mfld%. The shape of the energy dis-
tribution of the source provides information about the physical processes producing
the observed photons. With sufficiently small error bars on the data and detailed,
well-informed models, identification of the parent particle population as hadronic or

leptonic is possible.
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Figure 5.19: An example of a gamma-ray significance map (the Crab Nebula) show-
ing bright stars in the field of view (black circles) and exclusion regions
(magenta circles) around those brighter than 6 magnitude. The mag-
nitudes of the stars are labeled. The standard exclusion radius of 0.15°
is shown for the star located at RA: 05h 27’ 38.17, Dec: +21° 56’ 13”.
Zeta Tau, located at RA: 05h 37 38.77, Dec: +21° 08 33”7, has an
exclusion region of 0.25° defined, as does the Crab Nebula itself.
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Determining the energy of a reconstructed photon was discussed previously in
Section 5.3.2. However, in order to correctly graph a SED, the live-time and effective
area of the observations must be accounted for. During observations, as events are
read out from the FADC buffers, new events cannot simultaneously be read in. This
readout time is known as dead-time, and constitutes ~ 10% of observing time in total.
Live-time is simply the total observing time minus this dead-time.

The effective detection area of the array is not constant; it is actually a function
of photon energy, zenith angle of observations, azimuth of the observations, angu-
lar distance between the incoming photon and the pointing position of the telescope,
brightness of the night sky background light, number of telescopes in use for the data
run, and cuts applied to the data. To calculate the effective area of a Cherenkov
telescope array, Monte Carlo simulations are used. Simulated gamma rays covering a
range of the listed parameters are thrown over a large area surrounding the simulated
array, and the fraction of events of a given energy detected by this simulated array
determines the effective area at that energy. The formula used to calculate this in a
given energy bin is:

n

where Ay is the area the simulated gamma rays are thrown over, n is the number of
gamma rays detected, and N is the number of gamma rays simulated. Figure 5.20
shows an example of an effective area curve. Figure 5.21 shows the spectrum of the
Crab Nebula before and after the inclusion of the effective area curve. At low energies,
the division of the spectral points by the effective area curve increases their value. At
higher energies, where the effective area curve is nearly constant, it has little effect
on the spectral points. The power-law demonstrated in the spectrum is only clearly

visible after the inclusion of the effective area.
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Figure 5.20: An example of an effective area curve at various zenith angles.
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Spectral Energy Distribution, Including Effective Area
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Chapter 6

DETECTING GAMMA RAYS FROM TYCHO’S SUPERNOVA
REMNANT

6.1 VERITAS Data on Tycho
6.1.1 Dataset

In April 2011, VERITAS published the first detection of gamma-ray photons
from Tycho’s SNR [29]. The detection was the result of 66.7 hours of observations
spanning two years and two array arrangements.

The published data were taken during two observing seasons, between which
telescope T1 was relocated to provide a more symmetric array layout, increasing the
sensitivity of the array (see Chapter 4, Section 4.1.3 for details). During the first
season, 21.9 hours of data were taken between October 2008 and January 2009, with a
mean zenith angle of 35°. In the second season, 44.7 hours of data were taken between
September 2009 and January 2010, with a mean zenith angle of 39°. At the location of
the VERITAS telescopes, Tycho’s SNR (RA: 00h 25’ 15”7, Dec: +64° 8" 00” (J2000)) is
only visible during the Fall and early Winter months, and culminates at an elevation
of 58° (zenith angle of 32°); hence, all the observations are at relatively low elevation
(large zenith angle). All data included in the analysis were taken under “A” weather
conditions (see Chapter 5, Section 5.1 for a discussion of weather evaluation). The
observations were all taken in “wobble mode” with an offset of 0.5° (see Chapter 5,
Section 5.4.2 for an explanation of “wobble mode”). All of the 2008-2009 data were
taken with 4 telescopes, as were all of the 2009-2010 data except for 80 minutes of
3-telescope data.

Between September 2010 and January 2011 an additional 22.4 hours of data

were taken on Tycho’s SNR. The mean zenith angle of these new, as-yet-unpublished
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data is 38°. Again, the data are all taken under “A” weather conditions and with 0.5°
wobble observations. The dataset includes 90 minutes of 3-telescope data, and the

remainder is 4-telescope data. A summary of the dataset is provided in Table 6.1.

6.1.2 Analysis

In Spring 2009, the first analysis of the 2008-2009 VERITAS data on Tycho’s
SNR was completed. This was a relatively small data set, and at the time this source
was undetected in TeV gamma rays, so all cuts had to be defined a priori to avoid
unnecessary statistical trials (discussed below in Section 6.1.3.1 of this chapter). Given
that this source is a SNR, the physics at work in this environment (i.e., acceleration
of particles by the shock front) dictate that any emission will likely have a Crab-
like or harder (more high energy photons) spectrum. Additionally, previous upper
limits on Tycho dictated that any detected emission would be weak. Therefore, it
was decided initially that the data should be analyzed with both “standard” cuts and
“hard” cuts!. It was known from previous observations at radio and X-ray wavelengths
that the diameter of the remnant is ~8=0.13°, which is approximately the same as the
VERITAS point spread function (68% containment) of 0.11°; so the point source (rather
than extended source) version of each set of cuts were applied. Additionally, analyses
were run for both the ring background model and the reflected region background model
(see Chapter 5, Section 5.4.2 for a discussion of background calculation); because the
source was previously undetected, using two methods of calculating the background
would reveal if any signal was an artifact of one of the methods.

The analyses using standard cuts showed no signal, but the analyses using hard
cuts showed a signal > 20 at the nominal source position, and contained a bin slightly
offset from the nominal source position with a signal > 40. Motivated by this intriguing
result, at least 25 hours of observations of Tycho were awarded for the 2009-2010
VERITAS observing season, with possible additional data to be taken based on the

! In addition to being suited to hard-spectrum sources, hard cuts also remove more background than
standard cuts, making them a suitable choice for weak sources.
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results from the initial time allotment. The analysis and results of the 2008-2010 data
will be discussed in detail below.

While the published results from the 2008-2010 data are extremely interesting,
questions remain about the source of the observed emission. The signal is relatively
weak, so the error bars on spectral energy distribution (SED) data points are relatively
large. Furthermore, the position of the signal made it ambiguous whether or not the
emission was related to the nearby molecular cloud. Because of this, further observation
time was awarded in 2010-2011. The analysis and results of those data will also be
discussed below.

In 2011-2012, VERITAS did not collect any data on Tycho. Observing time
was approved by the time allocation committee, but only after datasets on some other
interesting targets near the same RA were completed. Exceptionally poor weather that
Fall meant that those sources did not complete their allotted time, so Tycho did not
receive any time. However, in 2012-2013 and 2013-2014, additional data on Tycho has

been collected, and analysis of the complete data set to date is ongoing.

6.1.2.1 Cuts
Data from all three observing seasons were analyzed with the following (hard)
cuts (see Chapter 5, Section 5.3.1 for descriptions of cut parameters):
e Size per image > 1200 d.c. (=~ 226 photoelectrons, or p.e.)

e Minimum number of adjacent PMTs containing a signal at least 5 times the
pedvar to be considered an image: 4

e Maximum value of loss for a given image: 20%
e -1.2 < MSCW < 0.5
e -1.2 < MSCL < 0.5

The standard cuts also used on the 2008-2009 data were identical, except for the size

cut. Standard (as opposed to hard) cuts require a size per image > 500 d.c..
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Recall from Chapter 5 that MSCW and MSCL are calculated in the following

way:

1 < wi —ws(S, D)
M S
Sew n Z ow(S, D)

n
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MSCL=-Y +—5 =)
5C n Z O'l(S, D)

Thus, negative values for these quantities can occur if the width (length) of the image
in question is smaller than the average value of width (length) from simulated gamma
rays.

In the 2008-2009 data on Tycho, the value of #% used was 0.015°2. In the 2009-
2010 and 2010-2011 data, the value of 6% used was 0.01°2. This reduction in the value
of the standard 62 cut reflects the improved angular resolution of the array due to the

relocation of T1.

6.1.3 Skymaps and Morphological Studies
6.1.3.1 Statistical Trials

In any statistical analysis, there is a small chance that a high significance (sev-
eral standard deviations above or below the norm) signal will appear due to random
fluctuations. The more times the analysis is performed (e.g., the more sets of cuts
applied to the data, or the larger the search area for a potential signal), the more likely
it is that a high significance signal will be found purely randomly. As an analogy, if
a die is rolled, the chance that a six will come up on one roll is 1:6. But, if the die
is rolled a hundred times, the chance of getting a six on at least one of those rolls is
much higher.

In order to account for this, one must include a statistical trials factor in the
final result. In mapping gamma-ray data, this is calculated by tiling the search area for
a potential signal with squares of appropriate size, and multiplying by the number of
sets of cuts being applied. For Tycho, the extent of the radio remnant is 8. In order to

include any gamma rays resulting from possible interaction with the molecular cloud
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in the field of view, a square was considered with sides twice this size, 16" = 0.267°.
Then, the square was tiled with 0.04° square bins (see, e.g., [231]). This size bin (~ &
the instrument point spread function) was selected in order to slightly oversample
the signal, guaranteeing that the peak significance would not fall between bins. This
procedure resulted in a trials factor of (0.267°/0.04°)? = 44.5. This was rounded to 50,
to be conservative. Then, the factor of 50 was multiplied by 2 because two sets of cuts
(standard and hard) were used with the initial 2008-2009 dataset. Thus, the total trials
factor for the 2008-2010 data was 100. Note that statistical trials are only an issue for
observations where it is unknown if a signal is present. Thus, for datasets including
only data taken after 2010 (the 2008-2010 dataset comprising the initial detection),
one need not consider trials when completing an analysis.

The trials factor is then used to adjust the statistical significance of the signal.

The pre-trials statistical significance can be converted to a probability (p):

p=1-erf(*2)

V2

This probability can then be converted to a post-trials probability (P), using the trials
factor (N) [232]:
P=1-(1-p"

This overall probability can then be converted back to a post-trials significance:
Tpost = V2 x erf1(1— P)

For the 2008-2010 Tycho data, the skymap bin containing the highest signifi-
cance (note that this is not the nominal source position nor the best-fit position of the
excess; more on this below) contained 5.84¢ pre-trials. With a trials factor of 100, this
becomes 5.020 post-trials. In the 2008-2011 dataset, the skymap bin with the high-
est significance contained 5.94¢ pre-trials. Because this dataset contains the original

dataset (i.e., it is not an entirely new, independent analysis), the same trials factor is
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applied, resulting in a post-trials significance of 5.130.

6.1.3.2 Exclusion Region

The 2° field of view in which Tycho’s SNR sits contains one star brighter than
6th magnitude, the location of which was excluded from the analysis. It is a magnitude
4.3 star, located at RA: 00h 33’ 00.0”, Dec: 62° 55’ 54.1”. The exclusion radius around
the star was 0.15°, which is the standard exclusion radius (see Chapter 5, Section
5.4.3 for a more general discussion of exclusion radii). This star was excluded from
the analysis in this way for all three years of data. The distance from the position
of Tycho’s SNR to this star is 1.385°, and so the exclusion region affected neither the

on-source nor off-source regions in the pre-defined search area.

6.1.3.3 Morphological Studies

When skymaps are generated, events are sorted by their reconstructed arrival
direction into square bins on the map. Two kinds of skymap are generated: correlated
and uncorrelated (see Chapter 5, Section 5.4.2 for a general discussion of correlated
and uncorrelated maps). When performing morphological studies, the uncorrelated
map should be used. Specifically, one should use the uncorrelated difference map (see
Figure 6.1), where for each bin in the map, diff = Non - a X Nogr (recall from Chapter
5, Section 5.4.2 that « is the weighting factor that accounts for the difference in area
between the on-source region and the off-source region(s)).

Depending on the particular gamma-ray source under study and its surrounding
environment, a gamma-ray signal may or may not appear at the nominal source posi-
tion. If the emission region of maximum significance is offset from the nominal source
position, one wants to know a) the best-fit centroid position for the emission, and b)
the distance and direction of the offset from the nominal source position. In the case
of extended emission, one also wants to know the quantitative extent of the extension.

The correlated skymap from 2008-2010 data on Tycho is shown below in Figure

6.2. Note that the area of maximum statistical significance (indicated by the black
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()
()

=3
o

Y-position on Sky

04 B | BN  H | .., -04F

02 04
X-position on Sky (°)

Figure 6.1: Left panel: uncorrelated difference map of VERITAS data on Tycho’s
SNR from 2008-2010. Right panel: uncorrelated difference map of VER-
ITAS data on Tycho’s SNR from 2008-2011. In each map, the color scale
indicates the number of excess events after background subtraction, and
the black cross indicates the best-fit position; the lengths of the arms
indicate 1o statistical errors. The maps are displayed in camera coordi-
nates; here, North is up and East is to the left.

cross) is offset from the nominal source position (indicated by the black diamond).
Qualitatively, this is an interesting result because the offset is towards the molecular
cloud, implying that the gamma rays seen may have originated from SNR-accelerated
CRs interacting with the molecular cloud. However, one must quantify the offset in
order to determine whether or not it is significant, and one must consider the SED to
determine the parent particles for the gamma rays. To quantify the offset, we fit a

function to the emission and determine the errors on the fit.

6.1.3.4 Fitting a 2-D Gaussian Function to the Skymap

The simplest function that can be fit to the emission map is a symmetric 2-D
Gaussian. However, gamma-ray emission from a point source is actually better fit by a
combination of two Gaussians, one broad and one narrow. This is related to telescope
multiplicity, or the number of telescopes detecting a particular event. Events triggering

only two telescopes tend to have shower impact points on the ground outside of the
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Figure 6.2:

Color scale: map of excess events from VERITAS observations of Ty-
cho’s SNR from 2008-2010 after background subtraction. Green contours:
extent of Tycho’s SNR from Chandra ACIS observations [64]. Magenta
contours: 2CO (J = 1 — 0) emission from the FCRAO survey [233].
Black diamond: center-of-remnant position. Black cross: best-fit posi-
tion of gamma-ray emission maximum; the lengths of the bars represent
lo statistical errors on the position. White circle: VERITAS PSF (68%
containment). The horizontal direction maps right ascension (J2000 co-
ordinates), and the vertical direction maps declination.
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Figure 6.3: Figure 15 from [234]. “Fraction of vertical v-ray showers triggering ny
telescopes as a function of the impact position (X and Y coordinates)
on the ground. From left to right: ny = 4, np = 3, np = 2. The
~-ray spectrum is a power law with a spectral index of 2.4. The black
dots indicate the position of the H.E.S.S. telescopes.” Although this
figure specifically uses simulations designed for the H.E.S.S. array, the
VERITAS array is similarly arranged and the same concept applies.

array, while events triggering four telescopes tend to impact nearer to the center of the
array. This effect is illustrated in Figure 6.3. Since the higher multiplicity events (i.e.,
events impacting nearer to the array core) provide more views of the same event, they
are reconstructed more accurately. This results in higher multiplicity events creating
a “central spot” in the angular distribution of reconstructed gamma rays, while lower
multiplicity events produce a “broad halo” around the central spot [234]. The 62
distribution of simulated gamma rays from zenith, shown in Figure 6.4, demonstrates
the broadening of the reconstructed shower with decreasing telescope multiplicity.

In fitting the results from Tycho, we considered that a Gaussian with a width
smaller than the PSF of the instrument is a non-physical result (the shape of the
emission is inherently smeared out by the instrument PSF), so the instrument PSF
was convolved with the combined 2-D Gaussian function to ensure a minimum width
matching the PSF. The numerical value for the instrument PSF was determined by
fitting an unrestricted combined (broad and narrow component) 2-D Gaussian to a
skymap from observations on the Crab Nebula (a known point source) analyzed with

the same cuts as the Tycho data.
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Figure 6.4: Figure 21 from [234]. “#* distribution from 1 TeV 7-ray showers simu-
lated at zenith. (a) Dashed [red] line: events triggering two telescopes.
(b) Dashed-dotted [blue] line: events triggering three telescopes. (c) Solid
[black] line: events triggering four telescopes.”

The symmetric 2-D Gaussian function used to fit to the Tycho map was:

1 ((x;wo;2+(y2—yo)22> 1 ((w;wo)22+(y2—yo)22)
2 (e o o [ep 2 o o (e o
Ax<(rxe often —coton J 4+ ((1—r) xe oty ooty /)

where A is the overall normalization (related to the amplitude of the excess emission),
r is the ratio of the broad component of the Gaussian defining the PSF to the narrow
component of the Gaussian defining the PSF, z( is the x-position of the center, yq is
the y-position of the center, o, is the width of the Gaussian function, o,, is the width

of the narrow component of the Gaussian used to define the PSF, and o, is the width
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of the broad component of the Gaussian used to define the PSF. In the end, the best
fit was achieved when o, was fixed to be zero, indicating that the source is consistent
with a point source convolved with the instrument PSF.

The morphology code I wrote made use of the fitting capabilities in ROOT, a
software package published by CERN and used within VERITAS to perform fits and
display results, to fit the Gaussian to the uncorrelated difference map. In order for the
fit to converge, it was necessary to first set the error for bins containing zero events to
+1 event. The fit was limited to be within a square 0.5° on a side, centered on the
nominal source position. This limited the fitting algorithm to finding a fit within the
emission area, as opposed to some smaller local maximum elsewhere on the map, while

encompassing the entirety of the possible SNR/MC interaction.

6.1.3.5 Testing the Code on Tycho Background

To ensure that the morphological fitting software was providing a good fit to the
data, several tests were performed with the code. First, a fixed width, fixed amplitude,
symmetric 2-D test Gaussian was superimposed onto the uncorrelated Tycho difference
map. The test Gaussian had an amplitude ~10 times greater than the amplitude of the
Tycho excess. This was to simulate a strong signal on real background data, including
fluctuations. The fitting function was then run over the entirety of the map, removing
the restriction to fit within a 0.5° square centered on the nominal source position.
Then the centroid position of the test Gaussian was shifted by 0.1° and the process
was repeated. For each iteration, the y? value of the fit, the probability of being a
good fit, and number of degrees of freedom (DOF) available to the fit were recorded.

After tiling the entire map in 0.1° steps, the distribution of x? values of all
the fits was examined, excluding those positions within the 0.3° square centered on
the nominal source position (i.e., excluding the area containing the real Tycho signal,
since one would not necessarily expect a Gaussian to be a good fit to a test Gaussian
+ real background + real signal). Thus, this distribution of y? values represents

only the results of the fitting function on the fixed test Gaussian superimposed on
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actual background data. The distribution is shown in Figure 6.5. Mathematically,
as the number of DOF increases, any x? distribution quickly approaches a Gaussian
distribution with a mean equal to the number of DOF and a width equal to the square
root of the number of DOF. The solid line shown in Figure 6.5 is a Gaussian function
fit to the distribution of x? from fits to the test Gaussian superimposed on the real
Tycho background. The x? of the fit of the Gaussian to this distribution is 61.87,
with a probability of goodness of fit of 0.00635, corresponding to a poor fit at the 2.7¢
level. The mean of the distribution of data points (455.3) and the mean of the fitted
Gaussian function (455.4) agree within 0.02% (3.70 good agreement), and the RMS
width of the data (44.3) and the width of the fitted Gaussian function (25.3) agree
within 57% (0.560 good agreement). This fit was acceptable, given the fluctuations

inherent in the real background data on which the test Gaussian was superimposed.

6.1.3.6 Testing the Code on Other Source Backgrounds

As an additional check that the morphological fitting code was robust under
varying conditions, the code was tested on two other sets of gamma-ray data. The first
dataset contained observations of M82, a starburst galaxy and a comparably weak, but
detected, TeV gamma-ray source. The second dataset was comprised of observations
of Segue 1, a dark matter candidate with no detected TeV emission. The same process
used for the Tycho data was repeated on these sources: superimpose a symmetric 2-D
test Gaussian on the uncorrelated difference map; use the fitting code to fit a symmetric
2-D Gaussian convolved with the 2-component VERITAS PSF to the map; record the
Y2, probability of goodness of fit, and number of DOF of the resultant fit; shift the
position of the superimposed test Gaussian by 0.1° and repeat until the entire map
has been covered. For the M82 data, as with Tycho, the results from iterations within
a 0.5° square of the nominal source position were excluded from the y? distribution.
This was not necessary for the Segue 1 data since there was no statistically significant
signal within the field of view.

The distribution of x? values of fits to the test Gaussian atop background data
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from MS82 was well fit to a Gaussian approximation of a x? distribution with the
appropriate number of degrees of freedom. The probability of the fit being good was
35.8% (poor at the 0.920 level). The distribution of x? values of fits to the test
Gaussian atop Segue 1 background data was also a good fit to a x? distribution with
the appropriate number of degrees of freedom. The probability of the fit being good ws
40.2% (poor at the 0.84¢ level). The success of these fits shows that the morphological

fitting code was providing reliable results.
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Figure 6.5: x? distribution of results of fit to symmetric test Gaussian superimposed
on Tycho background data from 2008-2010. The solid black line is a
Gaussian function that has been fit to the data. Here, the events shown
on the y-axis are the x? values of fits to the superimposed test Gaussian.
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6.1.3.7 Results of Morphological Studies on Tycho

The best-fit position to the 2008-2010 data with a symmetric 2-D Gaussian
convolved with the instrument PSF was at RA: 00h 25’ 27.0”, Dec: 64° 10’ 507, offset
by 0.04° from the nominal source position towards the MC located to the northeast
of the SNR (see Figures 6.1 and 6.2). The statistical uncertainty in the location is
0.023°, and the uncertainty in the position due to telescope pointing accuracy is 0.014°.
The systematic uncertainty is determined through the use of the VERITAS Pointing
Monitor (VPM) system, discussed in Chapter 4, Section 4.1.3.4.

The statistical significance of the offset from the X-ray and radio remnant center
(nominal source position) is 1.607; this offset is statistically insignifcant, and thus the
emission is consistent with originating from the nominal source position. The Gaussian
provided the best fit when the width was fixed to be only that of the PSF; that is, the
emission was best fit as a point source.

For the 2008-2011 data, the best-fit position with a symmetric 2-D Gaussian
convolved with the instrument PSF was still within errors of the fit to the 2008-2010
data. A map of the 2008-2011 data, along with the best-fit positions from the 2008-2010
and 2008-2011 data sets, is shown in Figure 6.6.

6.1.3.8 Other Attempted Fitting Functions

One can see in Figures 6.2 and 6.6 that by eye, the VERITAS excess emission
appears not circular, as would be well-described by a 2-D symmetric Gaussian func-
tion, but rather somewhat elongated in the north/south direction. Thus, it was also
attempted to fit a 2-D asymmetric Gaussian to the data, convolved with a 2-component
symmetric 2-D Gaussian representing the instrument PSF. The 2-D asymmetric Gaus-

sian convolved with the PSF was defined by the following function:

A {(7’ e T 4 ((1—1) x e*TQ)}

where A is the overall normalization, and r is the ratio of the broad component of the
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Figure 6.6: Color scale: map of excess events from VERITAS observations of Ty-
cho’s SNR from 2008-2011 after background subtraction. Green contours:
extent of Tycho’s SNR from Chandra ACIS observations [64]. Magenta
contours: '2CO (J = 1 — 0) emission from the FCRAO survey [233].
Black diamond: center-of-remnant position. Black cross: best-fit posi-
tion of gamma-ray emission with a 2-D symmetric Gaussian convolved
with the instrument PSF from 2008-2010 data; the lengths of the bars
represent 1o statistical errors on the position . Red cross: best-fit po-
sition of gamma-ray emission with a 2-D symmetric Gaussian convolved
with the instrument PSF from 2008-2011 data; the lengths of the bars
represent 1o statistical errors on the position. White circle: VERITAS
PSF (68% containment). The horizontal direction maps right ascension
(J2000 coordinates), and the vertical direction maps declination.
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Gaussian forming the PSF to the narrow component of the Gaussian forming the PSF.

The functions T} and 75 are defined as follows:

Ty = ay(dz)? + 2by (dz) (dy) + c1(dy)?
Ty = ap(dx)* + 2by(dz)(dy) + c2(dy)*

where

dx = (x — o) X cosdec

dy = (y — o)
1 cos? g sin? 7
“= e s o T s o)
1 sin 2rq sin 2rq
=G P T )
1 sin® 7 cos® 1
NPT P T P e
1 cos? g sin? rq
“= A ror T )
1 sin 27 sin 2rg
= _Z{ (02)* + (00)* ~ (0y)? + (Ub)2}
1 sin® 7 cos? rg
= o T o (0)% + e

where x( is again the x-position of the center, yy is again the y-position of the center,
dec is the declination of the source, rq is the rotation angle of the function in degrees
counter-clockwise from the positive y axis, o, is the width in the x-direction of the
Gaussian function, o, is the width in the y-direction of the Gaussian function, o, is
the width of the narrow component of the Gaussian used to define the PSF, and oy is

the width of the broad component of the Gaussian used to define the PSF.
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6.1.3.9 Likelihood Ratio Testing

The asymmetric Gaussian did indeed provide a fit with a higher probability
of matching the data than did the symmetric Gaussian. However, the asymmetric
Gaussian had additional degrees of freedom, so it is not surprising that it provided
a better fit. To determine whether or not these additional degrees of freedom are
justified by the result, a likelihood ratio test was performed (see, e.g., [235] for a
detailed description). This test calculates the y? value of the ratio of the likelihoods

of the two hypotheses in question:
Ly

)\—Ll

2= —-2In\

and compares the result to a y? percentile distribution with k degrees of freedom,
where k is the difference in the number of free parameters between the two models
under consideration (in the case of this analysis, &k = 3). If the calculated x? value is
smaller than the x? percentile distribution value chosen by the analyst for comparison,
then the extra degrees of freedom are statistically justified.

The fit to a point source convolved with the instrument PSF gave a probability
of goodness of fit of 0.0116 (L), whereas the asymmetric Gaussian convolved with the
instrument PSF gave a probability of goodness of fit of 0.0193 (L;). The x? value of the
ratio of likelihoods is then calculated to be 1.023, corresponding to a probability of 0.80
and a statistical significance of 0.25¢ for 3 degrees of freedom. For justification of the
extra degrees of freedom at the 3o level, the x? of the ratio of likelihoods would need
a corresponding probability of 0.0027 or lower. Clearly, the extra degrees of freedom
provided by the asymmetric fit are not justified at the required level, and so the best

fit is a symmetric 2-D Gaussian point source convolved with the instrument PSF.

6.2 Fermi Data on Tycho
In January 2012, the first detection of Tycho’s SNR in the MeV-GeV energy

range was published [236]. Data from nearly three years of observations with the
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Fermi-LAT revealed weak high energy gamma-ray emission from the remnant. The
authors found that a simple 7%-decay model was sufficient to fit the observed radio
through TeV spectrum.

The Fermi Tycho detection included the first 34 months of sky-survey data
taken with the LAT. Events included were in the energy range 400 MeV to 100 GeV.
The relatively high minimum energy, above the 70 MeV that would reveal any crucial
“bump” in the spectrum, was chosen to minimize the interference of low-energy photons
that constitute the bulk of the diffuse emission in and around the Galactic plane (Tycho
sits only 1.4° above the plane). Additionally, the analysis included only photons with
an Earth zenith angle greater than 105° in order to minimize contamination from
gamma rays produced by cosmic rays interacting with Earth’s upper atmosphere. This
cut is standard in most analyses of Ferm: data.

The excess emission from Tycho was quantified by its likelihood Test Statistic
(TS). The TS was determined by accounting for all contributions from diffuse and
point sources except for Tycho; the remaining excess at the position of Tycho has TS
= 33, corresponding to a statistical excess of ~ 5o. The Fermi-LAT source localization
included events with energy > 1 GeV, and is centered at RA: 00h 25m 37.00s, Dec:
+64° 06° 56"0. The 95% error ellipse is shown in Figure 6.7. Recall when viewing this
map that the angular resolution of Fermsi is 0.5° at 1 GeV. The integral flux from Tycho
in the 400 MeV to 100 GeV energy range was measured to be (3.521.154,£0.74,,) ¥ 107°
em 2 s
6.3 Spectral Energy Distribution
6.3.1 TeV Spectrum of Tycho’s SNR

The spectrum resulting from the 2008-2010 VERITAS data on Tycho’s SNR is

shown in Figure 6.8. The data were best fit by a power law of the form

IN _ o _E -
dE 3.42TeV
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Figure 6.7: Adapted from figure 2 from [236]. (©AAS. Reproduced with permission.
“Fermi-LAT TS map zoomed in. The green contours are 4.5 keV-5.8 keV
continuum band from XMAM-Newton ([237]) and the black line denotes
the 95% confidence area for the Fermi-LAT position.” Purple cross shows
the best fit position of the VERITAS excess from 2008-2010 data; the
lengths of the bars represent 1o statistical errors on the position.
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Energy dE Differential Flux
(TeV) (TeV) (ecm™2s7! TeV1)
1.58 1.51  (7.96 &+ 3.23)x10~1
3.98 3.80 (8.78 + 4.80)x1071
10.00 9.54  (2.45 + 1.24)x1071

Table 6.2: The differential flux points in the 1-10 TeV spectrum of Tycho data from
2008-2010.

where C' = (1.55+0.4354¢ £ 0.475,5) X 107 em™2 s ! TeVtand I' = 1.954+0.51 40 £
0.305ys. The integrated flux above 1 TeV is (1.8740.5144) x 107! cm™2 71, equivalent
to 0.940.2% of the steady flux of the Crab Nebula above the same energy. Table 6.2
lists the differential flux points shown in the spectrum.

The systematic errors on the spectral index and normalization are determined
through studies done with simulations [238]. A variety of factors introduce uncertainties
into measurements (e.g., modeling atmospheric conditions; modeling of the physics of
particle interactions; modeling of the instrument optics, pointing, photon collection
efficiency, and digital pulse size and shape; uncertainties in the analysis related to
calculating dead time, background models, and gamma/hadron separation cuts; etc.).
These effects are studied by changing one factor at a time (e.g., modeling a tropical
atmosphere instead of a desert climate) and comparing the results to the results from
standard models. It was found that overall, there is ~30% uncertainty in the flux
normalization and ~15% uncertainty in the spectral index.

The spectrum resulting from the 2008-2011 VERITAS data on Tycho’s SNR
is shown in Figure 6.9. The data were best fit by a power law of the same form
as above. Here, C' = (1.34 £ 0.3744 + 0.404,5) x 107 cm™2 s7! TeV™! and T’ =
1.94+£0.41 44 £0.29,,,. The differential flux points comprising the spectrum are shown
in Table 6.3. The integrated flux above 1 TeV was found to be (1.478 £ 0.4364,;) x
10713 em =2 s71, corresponding to 0.740.2% of the steady flux of the Crab Nebula above
the same energy. All of these measurements agree within errors with the measurements

from the 2008-2010 dataset.
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Figure 6.8: Figure 2 from [29]. ©AAS. Reproduced with permission. The differential
gamma-ray photon spectrum of VERITAS data on Tycho collected from
2008-2010. Error bars represent 1o statistical errors. The solid red line
shows the result of a power-law fit to the data. The lower panel shows
the residuals from this fit. The dashed blue line represents the hadronic
model from Vélk, Berezhko, and Ksenofontov [20], scaled to a distance of
4 kpe. VER J0025+641 was the name given to the newly-discovered TeV
gamma-ray source positionally coincident with Tycho’s SNR; the name
refers to the detecting instrument (VERITAS) and the source’s location

measured in Right Ascension and Declination.

Energy dE Differential Flux
(TeV)  (TeV)  (em™2s7! TeV™!)
1.58 1.51  (5.74 + 2.57)x1071
3.98 3.80  (1.06 4 0.453)x 10~
10.00 9.54  (1.54 + 0.954)x1071°

Table 6.3: The differential flux points in the 1-10 TeV spectrum of Tycho data from

2008-2011.

135




ke
=]
)

=
=]
o

Flux (TeV''m2s™)
=
=

-
[ =]
&
L]

Residuals
[ =]
—
»—.—4

_1 | | | I | | I I 1 | |
1 10
Energy (TeV)

Figure 6.9: The differential gamma-ray photon spectrum of VERITAS data on Tycho
collected from 2008-2011. Error bars represent 1o statistical errors. The
black line shows the result of a power-law fit to the data. The lower panel
shows the residuals from this fit.
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Figure 6.10: Adapted from figure 2 of [239]. The SED data points from Fermi-LAT
[236] and VERITAS [29] detections of Tycho’s SNR. Modeling of the
data will be discussed in Chapter 7.

6.3.2 GeV Spectrum of Tycho’s SNR
The GeV through TeV SED of Tycho’s SNR is shown in Figure 6.10. The
spectral index of the best power-law fit to the data from 400 MeV to 100 GeV is

2.3£0.244:£0.15s. Modeling of the emission will be discussed in the following chapter.
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Chapter 7

MODELS, INTERPRETATIONS, AND FUTURE WORK

7.1 Models of MeV-TeV Emission from Tycho’s Supernova Remnant
Considering its status as a well-studied historical Type Ia SNR, Tycho is a near-
ideal candidate to study CR acceleration. Even before the detection of TeV emission
from this remnant, many models of the anticipated emission were proposed. In the
paper detailing the TeV detection, we employed relatively simple models created by
co-author P. Slane [240]. These models attempted to identify the emission as being
of either hadronic or leptonic origin (see Figure 7.1). In either a hadronic or leptonic
emission scenario, it is important to remember that both protons and electrons are
present, and will contribute to the overall gamma ray emission. The difficulty lies in
establishing which population of particles is responsible for the dominant component of
the emission. Our models assumed no interaction between the SNR and the MC. One
model assumed the TeV emission was due to IC scattering of electrons off the cosmic
microwave background. The other assumed the emission originated from neutral pion
decay. Both of the models were able to fit the data within the relatively large error
bars. These, as well as models by other authors, will be discussed in detail in this
chapter. Recall that at the time of the publication of the TeV detection, the MeV -

GeV emission was not yet detected.

7.1.1 Modeling of Hadronic Emission

In modeling the TeV emission from Tycho as hadronic in the paper announcing
the detection [29], the spectral shape of protons undergoing 7° decay was assumed, and
the normalization was adjusted to match the observed data points. The normalization

of the electron spectrum was then adjusted to allow the hadronic emission to dominate.
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Figure 7.1:
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(©AAS. Reproduced with permission.
(non-thermal) X-ray, and very high energy gamma-ray emission from
Tycho’s SNR, along with models for the emission.
shows a lepton-dominated model, while the lower panel shows a model
In each, the IC emission corresponds to the
(cyan) long-dashed curve, while the pion-decay emission corresponds to
the (magenta) short-dashed curve. The solid curve at high energies is
the sum of these components; at lower energies it corresponds to the

The upper panel



This resulted in an electron-to-proton ratio re, ~ 4 x 107*. Then, the magnetic field
required to reproduce the observed synchrotron emission was calculated, and it was
found that a minimum of ~230 uG is required, comparable to values found using other
models (see [29] and references therein). The calculations assumed no interaction
between the remnant and the nearby molecular cloud, but it is noted that involvement
of the cloud as target material for hadronic interactions reduces the total particle energy
requirements of the model. At the time of publication, a leptonic model fit the data
equally well; this model will be discussed in Section 7.1.2 of this chapter.

The authors of the Fermi detection paper found that a hadronic origin for the
emission provided the best explanation for their observations [236] (see Figure 7.2).
They assume efficient acceleration of protons at the SNR shock front, producing a
population of protons with the same power-law spectrum and spectral index (2.2-2.3)

as the electrons present, but with a much higher cutoff energy (E, 0. = 44D7 . TeV

kpe
for a downstream magnetic field of 215 uG, where E, 4, is the maximum proton
cutoff energy and Dy, is the distance in kpc; the cutoff energy for electrons was 6-7
TeV). They had the advantage of the TeV detection when forming their models; the
TeV data indicates no cutoff. This implies that particle acceleration continues through
the present age of the remnant. The gas density required behind the shock front to
reproduce the emission in this model is ~ 3ng, where ny is the ambient density!, and
the authors assume a modest 10% efficency in the transfer of energy from the shock to
the proton population. Thus, a standard neutral pion decay model explains the GeV-
TeV emission in a way consistent with all multiwavelength observational constraints.
Soon after the Fermi detection was announced, Morlino and Caprioli [241] pub-
lished a model of emission from Tycho. They used a semi-analytical NLDSA model
including magnetic field amplification due to the presence of CRs (see Chapter 2, Sec-

tion 2.1 for a detailed discussion of this topic). Their model assumes Bohm diffusion?

L ny < 0.3(2.8kpc/D)%®em =3, where D is the distance to the remnant in kpc

2 diffusion of a plasma across a magnetic field
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SED model of Tycho’s SNR for the far scenario in leptonic model (left)
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as assuming a distance of 3.5 kpc, leading to an explosion energy of 2 x

10°! erg and an ambient density of 0.24 cm™3.

3 as scattering centers.

for all particles, and scattering of particles with Alfvén waves
This scattering off Alfvén waves in an enhanced magnetic field leads to a reduced ef-
fective compression factor for particles, allowing for a steeper energy spectrum than is
expected according to standard models. They conclude that the flux from IC scattering
and bremsstrahlung is too low to account for the observed gamma ray SED, and that
the shape of the spectrum from these emission mechanisms also does not match the
data. In contrast, the SED they find from neutral pion decay matches the data well
(see Figure 7.3).

Prior to the detection of GeV and TeV gamma rays from Tycho, researchers
Volk, Berezhko, and Ksenofontov produced and refined models of hadronic gamma ray
emission in SNRs, and in Tycho’s SNR. in particular, using the constraints provided by
the upper limits on emission available at the time (see, e.g., [243], [244], [20], [245]).
In 2013, they published an updated model of the emission from Tycho based on the

recent GeV and TeV detections [246]. Their model assumes a warm, clumpy interstellar

medium (ISM), where the spatial volume and gas number density of the cooler clumps

3 magnetohydrodynamic waves in a plasma
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Figure 7.3: Figure 6 (left) and Figure 11 (right) from [241]. Reproduced with permis-
sion ©ESO. Left figure: “Spatially integrated spectral energy distribu-
tion of Tycho. The curves show synchrotron emission, thermal electron
bremsstrahlung and pion decay as calculated within our model. The
experimental data are, respectively: radio from Reynolds and Ellison
[242]; X-rays from Suzaku (courtesy of Toru Tamagawa), GeV gamma-
rays from Fermi-LAT [236] and TeV gamma-rays from VERITAS [29].
Both Fermi-LAT and VERITAS data include only statistical error at
lo.” Right figure: “Gamma-ray emission observed by Fermi-LAT and by
VERITAS compared with spectral energy distribution produced by pion
decay (dot-dashed line), relativistic bremsstrahlung (dot-dot-dashed) and
ICS computed for three different photon fields: CMB (dashed), Galac-
tic background (dotted) and IR photons produced by local warm dust
(solid). The thick solid line is the sum of all the contributions. Both
Fermi-LAT and VERITAS data points include only statistical errors at
lo. For VERITAS data the systematic error is found to be ~ 30% [29],
while for Fermi-LAT the systematic uncertainties are comparable to or
even larger than the statistical error especially for the lowest energy bins
due to difficulties in evaluating the galactic background (see Fig. 3 in
[236], and the related discussion).”
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respectively.”

is much less than that of the warm uniform medium. So, on large scales, the ISM
appears warm and uniform. The effect of the clumps is to increase by a factor of ~5
the total gamma ray emission below 100 GeV; their previous model already fit the TeV
data well. The SED of gamma ray emission in the MeV-TeV energy range is well-fit by
their new model, as shown in Figure 7.4. Furthermore, previous Chandra observations
had revealed a small amount of thermal X-ray emission in the region just behind the
blast wave [247], as well as irregularities in the blast wave itself [64], both of which are
consistent with a scenario where the SNR expands into a clumpy medium.

Although Berezhko, Volk, and Ksenofontov reach the same final conclusion that
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Morlino and Caprioli did (the gamma ray emission seen from Tycho is likely due to
hadrons undergoing neutral pion decay), they had several criticisms of the latter’s work.
They show that assuming Bohm diffusion for all particles invokes an internal contra-
diction; the highest energy particles would diffuse with a coefficient approximately ten
times that of the Bohm limit, meaning that they largely would not feel the amplified
magnetic field and therefore could not gain the momentum that Morlino and Caprioli
assume they carry. Additionally, they criticize Morlino and Caprioli’s treatment of
the large-scale magnetic field near Tycho; Berezko et al. apply, from their study of SN
1006, the idea that only portions of the SNR shock which are quasi-parallel to the mag-
netic field it expands into will allow for diffusive shock acceleration of particles. This
means that only ~20% of the shock surface efficiently accelerates particles. Morlino
and Caprioli ignore this effect. A third criticism is that Morlino and Caprioli do not
include nonadiabatic gas heating of the shock precursor, which skews their determi-
nation of the shock parameters by overestimating the effect of magnetic field pressure
and underestimating the effect of gas pressure. So, although these authors ultimately
agree that hadrons are likely responsible for the emission, there is still healthy debate
about the exact mechanisms by which the emission is being produced.

Finally, Zhang et al. [248] have proposed a model in which Tycho is interacting
with the nearby molecular cloud (MC) (as opposed to the lower-density interstellar
medium) to produce emission from accelerated hadrons via neutral pion decay. They
assume a distance to the remnant/cloud system of 2.5 kpc (see Chapter 1, Section
1.2 for a review of distance estimates), and a very modest energy conversion efficiency
between the shock and the particles of only 1%. They also assume a spectrum with an
exponential cutoff. Their calculations lead to a cutoff energy of ~5.6 TeV for electrons
and ~380 TeV for protons, and an electron-to-proton ratio k., ~ 0.7 x 1072, They
note that, unlike other SNRs shown to be interacting with MCs and producing hadronic
emission, Tycho is relatively young, and so the protons undergoing the interaction are
freshly accelerated, not the result of thousands of years of diffusion out of the remnant.

The SED produced by their model is shown in Figure 7.5.
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Figure 7.5: Figure 2 from [248]. “Broad-band SED of Tycho’s SNR with the observed
data in the radio [249], X-rays [250], and y-rays (Fermi:[236], VERITAS:
[29]).”

7.1.2 Modeling of Leptonic Emission

In the initial publication of TeV emission from Tycho, we also considered a
lepton-dominated scenario. To do this, the magnetic field and normalization necessary
to reproduce the synchrotron emission seen in radio through X-rays were calculated.
Then, IC scattering of cosmic microwave background photons in this environment
was modeled. The magnetic field derived for this scenario is ~80uG, with ~15%
uncertainty. It is worth noting that this magnetic field, the weaker of the two allowed
within the models in the initial publication of a TeV detection, is still significantly
higher than the ~3uG typically found in interstellar space. This is additional evidence
that magnetic field amplification is occurring in Tycho’s SNR.

The authors of the paper detailing the Fermi detection considered two mech-
anisms for electrons to produce the observed emission: bremsstrahlung and IC scat-
tering. For bremsstrahlung to be responsible for the emission, they calculate that the

necessary gas density would be ny = 9.7 cm~3. This value is a factor of 30 higher than

145



the value derived from X-ray observations. The implied SN energy in this scenario
is 4.4 x 10! erg, which is rather higher than one would expect from a typical Type
Ia SN explosion. In examining IC scattering as a possible origin for the gamma ray
emission, the authors calculated the necessary conditions to reproduce the observed
gamma ray flux. While the flux could be reproduced at higher energies, the conditions
necessary resulted in a flux of bremsstrahlung emission too low to reproduce the MeV
portion of the spectrum (since both IC and bremsstrahlung are produced by the same
population of particles). Additionally, the shape of the spectrum with IC scattering as
the dominant component does not fit the data well.

Although several authors have concluded that a hadronic emission scenario is
likely responsible for the observed MeV-TeV emission from Tycho, Atoyan and Dermer
[251] have created a model of leptonic emission that also fits the data. Their model
features two zones, one narrow zone around the shock front and another zone that
occupies most of the SNR interior, each containing a population of electrons. These
two zones have different magnetic fields and volume filling factors, with the interior
zone having a significantly weaker field and larger volume filling factor. By assum-
ing multiple populations of electrons, they were able to reproduce the observed data
points in both the Fermi and VERITAS spectra (see Figure 7.6). They restrict their
investigation to two zones to illustrate the concept, but note that further division into
multiple zones would more realistically represent the environment in a SNR, as well as
allowing for additional free parameters to better match observations.

A SED including all models from the authors discussed above is shown in Figure
7.7. Although most literature on Tycho that has been published since the Ferm: and
VERITAS detections were announced concludes that the observed emission is likely
from a population of accelerated hadrons, the question has not been firmly settled.
Even if the emission is determined to be hadronic in origin, the possiblity of an in-
teraction with the nearby MC (or not) remains open. Spectral measurements near 70
MeV, the energy of the tell-tale pion decay “bump”, would be definitive, but will also

be very difficult to achieve since Tycho is a weak source in a region bright with diffuse
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Figure 7.6: Figure 2 from [251]. ©AAS. Reproduced with permission. “y-ray fluxes
in the two-zone model with parameters described in Figure 1 [of [251]].
The heavy solid line shows the total flux of leptonic origin. The total
bremsstrahlung and Compton radiation fluxes are shown by dashed and
solid (thin) lines, respectively. For comparison, the Compton flux con-
tribution from zone 1 is also shown (dot-dashed line). The open dotted
curve shows the flux of hadronic origin calculated for protons with total
energy E, = 3 x 10 erg.” The parameters described in Figure 1 are
density ny ~3 em™ at dyp. = 2.8, ny ~ ny, By = 100uG and By = 344G,
n =02 a=231, and E.; = 40TeV.
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Figure 7.7: Figure 2 from [239]. “Previously published VERITAS [29] and Fermi-
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emission. A more realistic approach would be to improve the statistics, and hence the
spectral measurement, at high energies. This could conclusively determine whether
hadrons in Tycho’s SNR are truly being accelerated to energies near the “knee” of the

CR spectrum.

7.2 Summary of Results

The first detection of TeV gamma rays from Tycho’s SNR was published in
April 2011 by the VERITAS collaboration [29]. The detection resulted from a total of
66.7 hours of observations between October 2008 and January 2010. Approximately

the first 1/3 of the data were taken in the original, less sensitive array configuration,
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and the remaining (approximately 2/3) were taken in the current, more sensitive array
configuration resulting from the relocation of telescope T1.

The detection was significant at the 5.00 level, post-trials. The integrated flux
above 1 TeV was found to be (1.8740.51,4) x 10713 cm™2 s71, equivalent to ~0.9% of
the steady flux from the Crab Nebula above the same energy. The spectrum was found
to be compatible with a simple power law with spectral index I' = 1.95 + 0.51 44 +
0.304ys. Models of both hadronic and leptonic emission were able to fit the data within
its relatively large statistical error bars.

The morphology of the TeV emission is interesting. There is a possibility that
the northeastern portion of the remnant is interacting with a pre-existing molecular
cloud, which would provide target material for accelerated hadrons to interact with
to produce TeV gamma rays through neutral pion decay. To add further fuel to this
scenario, the best-fit centroid position of the TeV emission is offset from the remnant
center towards the molecular cloud. However, the evidence regarding the cloud inter-
action is inconclusive at present, and the offset of the TeV centroid is not significant
(1.60).

VERITAS observed Tycho for an additional 22.4 hours between September 2010
and January 2011. The addition of this data to the original dataset does increase then
number of events available for analysis, thus improving the statistical significance of
calculations, but it does not significantly change the previous conclusions.

In January 2012, the first detection of MeV-GeV gamma rays from Tycho’s
SNR was published using Fermi-LAT data [236]. The addition of these lower energy
data points to the Tycho SED allowed for much better constrained modeling than did
the TeV points alone. The authors of the Fermi detection paper conclude that the
MeV-TeV emission is likely hadronic in origin, and subsequent models produced by
other authors agree (see [241], [246], and [248]). However, it is also possible to fit the
MeV-TeV data with a model of leptonic emission [251]. The lowest energy photons
included in the Fermi analysis were at 400 MeV, above the crucial 70 MeV where a

“bump” in the spectrum would unequivocally reveal the presence of hadronic emission.
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This threshold was chosen to minimize the interference of low-energy diffuse Galactic
emission. As both the Fermi spacecraft and VERITAS continue to collect data, im-
proved statistics in MeV-TeV energy bands should allow for eventual determination of
the particles responsible for the observed emission. This will be crucial evidence in the

search for the origin of cosmic rays.

7.3 Future Work

Both VERITAS and Fermi are continuing observations of Tycho’s SNR. Based
on measurements to date, it is possible to estimate what the spectral measurement from
each instrument will look like by the end of the instrument’s lifetime. For VERITAS,
I assume a total data set on Tycho of 150 usable hours by the end of the instrument’s
lifetime. This represents an additional ~60 hours beyond the 2010-2011 data set®. I
then used the measured flux in each energy bin to estimate how much the existing error
bars would be reduced after 150 hours of observation, and fit a power-law spectrum
to the spectral data points with the estimated errors. The measured and estimated
spectra are shown in Figure 7.8, and the estimated errors on the flux are given in Table

7.1. The data with estimated errors are fit by a power law of the form

IN _(_E ot
dE 3.42TeV

where C' = (1.57 4 0.3344: £0.4755) x 100" em™2 s TeV ™ and I' = 1.94 4+ 0.3440: +
0.295ys. These values are in agreement with the published values within errors. The
statistical error bars on the normalization constant (C) are reduced by 25% compared
to the published value, and those on the spectral index (I") are reduced by 29%.

A similar estimate can be made for the predicted spectrum of Tycho as seen by
the Fermi-LAT after 10 years of operations (the anticipated mission lifetime). Based

on the error bars provided in Giordano, et al. [236] for 34 months of data, a 53%

4 Although additional data may produce enough statistics at higher and lower energies to extend
the spectral measurement, errors on the current spectral data points are reduced approximately by a
factor of v/time, meaning that additional observations produce diminishing returns.
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Figure 7.8: The published TeV SED of Tycho’s SNR, and the estimated TeV SED
of Tycho’s SNR after 150 hours of observations.

reduction in the error bars can be expected after 10 years using the v/time method
of estimation. Figure 7.9 shows the measured and predicted spectra from Fermi-LAT
and VERITAS data, along with the models discussed previously in this chapter.
Although the reduction in the existing spectral error bars with additional ob-
servations, particularly in the Fermi-LAT energy range, is not negligible, it does not
appear that additional data from this generation of instruments will easily be able to
firmly exclude any of the proposed models to explain the emission. However, addi-
tional observations could still be useful; besides providing improved statistics at higher
and lower energies, the upgraded VERITAS cameras have improved the instrument’s
sensitivity in these ranges. Additionally, advanced analysis techniques are under de-
velopment which will improve the sensitivity of the analysis. An extension of the TeV
spectrum of Tycho’s SNR is possible, and might begin to rule out some of the proposed
models. And even if the knowledge to be gleaned from Tycho’s SNR is limited with
current instrumentation, other, brighter SNRs can still be observed, improving our
understanding of the processes at work in this class of objects as a whole.

The next generation of TACT is already being designed, and prototypes are
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being tested. The Cherenkov Telescope Array (CTA) is proposed to be the most
extensive IACT ever to operate. It will include two physical arrays, one in the Northern
hemisphere and one in the Southern hemisphere, to provide all-sky coverage. Each site
will include arrays of small (4-6 m diameter), medium (12 m diameter), and large (23
m diameter) telescopes to provide sensitivity to a broad range of energies. The energy
coverage is expected to extend from ~20 GeV [252] to >100 TeV [253]. This instrument
will surely lead to new scientific discoveries, and deeper understanding of the universe

we live in.

7.4 Summary of Original Work and Conclusion

The author was involved in the entire process of achieving the VHE detection
of Tycho’s SNR. Beginning with weeks-long observing shifts at the VERITAS site in
Arizona to operate the telescopes and collect data, I then completed the analysis of the
data. I also wrote an additional piece of software to perform morphological studies on
the final result; this tool was then made available to the VERITAS collaboration for
general use. Finally, I co-wrote the paper announcing the detection, including editing
and revisions of both the text and figures, and went on to present the result in both
talk and poster formats at national conferences, and at the Fermi Summer School.

The detection of TeV gamma rays from Tycho’s SNR provides a key piece in
the cosmic ray origin puzzle. Tycho, being one of only a very few historical SNRs, has
been observed across the electromagnetic spectrum for decades. As a young remnant
likely expanding into a clean environment, it provides a nearly ideal natural laboratory
to test the hypothesis of cosmic ray acceleration at SNR shock fronts, and so extensive
and detailed models have been developed. Indeed, within the past decade, the evidence
of accelerated particles present in Tycho’s SNR has become increasingly convincing.
The detection of TeV emission provides unrefutable evidence that particles are being
accelerated to at least TeV energies in this remnant. Additionally, the observed SED

of TeV emission from Tycho requires the presence of magnetic fields amplified by at
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least an order of magnitude above typical interstellar magnetic field strengths; this,
too, points directly to the acceleration of cosmic rays in this remnant.

While the nature of the particles being accelerated in Tycho’s SNR has yet to
be firmly determined, it remains one of only a few SNRs to demonstrate evidence of
particle acceleration at all. As the high-energy telescopes suited to probe this topic
continue to improve in sensitivity, this situation will likely change. In the current
era, however, anything we learn about particle acceleration at any SNR shock front
provides extremely valuable information for refining models of the processes we think
are at work. VERITAS, Fermi, and their successors will certainly continue to study
SNRs as the likely birthplace of Galactic cosmic rays, and these models will continue
to be refined. Although great strides have been made in solving the mystery of cosmic

ray origins, the case is far from closed.
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