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Abstract

Astrophysical sources of very-high-energy (VHE) gamma-ray radiation

provide unique information about astrophysical particle acceleration and

cosmic-ray production. In particular, compact binary systems, composed

of a compact object (a neutron star or black hole) in orbit with a massive

stellar companion, provide an ideal environment for VHE gamma-ray pro-

duction. They are not only powerful particle accelerators, but they also

exhibit periodic emission that makes them excellent astrophysical laborato-

ries. However, only a handful of binary systems have ever been observed in

VHE gamma rays. Partly, this is because VHE gamma-ray binaries appear

to be very rare, and part is due to observational bias. Most instruments op-

erating at TeV are pointed and must allocate time to observing many kinds

of objects. The High Altitude Water Cherenkov (HAWC) Observatory, on

the other hand, has high uptime (duty cycle >95%) and a wide �eld of view

(2 sr), making it well-suited for observing transient and time-varying sources

such as binaries. HAWC is also currently the only detector that is sensi-

tive to gamma-ray photons above 10 TeV. Collected HAWC data spanning
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33 months between November 2014 and January 2018 are used to analyze

the known and candidate VHE gamma-ray binary systems in this work.

�Microquasars� are a special subclass of X-ray binaries that are also can-

didate VHE gamma-ray sources. Unlike other types of binaries, compact

objects in microquasars accrete matter from their companion star. This pro-

cess forms an accretion disk around the compact object and relativistic jets

of particles are released perpendicular to the accretion disk. This feature is

very similar to active galactic nuclei (AGN), only smaller in size. Given the

fact that direct observation of particle acceleration in distant AGN is very

challenging, microquasars grant the valuable opportunity to model similar

processes using nearby objects in our own Galaxy.

SS 433 is a known microquasar that has two jets (�east� and �west�)

terminating in radio lobes of a surrounding supernova remnant, W 50. The

recent observation of SS 433 with HAWC marked the �rst direct evidence of

gamma-ray emission from the jets of a microquasar. Using HAWC data, we

have measured a VHE �ux of2:4+0 :6
� 0:5(stat.)+1 :3

� 1:3(syst.) � 10� 16 TeV� 1 cm� 2 s� 1

at the jet interaction region e1 in the east lobe and2:1+0 :6
� 0:5(stat.)+1 :2

� 1:2(syst.) �

10� 16 TeV� 1 cm� 2 s� 1 at w1 in the west lobe with a combined post-trial

statistical signi�cance of 5:4� . The systematic studies used to con�rm the

VHE gamma-ray emission at 20 TeV from the SS 433 jet interaction regions

is discussed in this work, along with a brief description of the theoretical

interpretation associated with the observation.
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The HAWC data were also used to search for gamma rays from the known

VHE binaries HESS J0632+ 057 and LS 5039. No emission was observed

from HESS J0632+ 057, so we compute upper limits on its �ux. Emission

at low statistical signi�cance is observed from LS 5039, which is located

in a crowded region of the Galactic plane and is contaminated by gamma

rays from nearby extended sources. A multiple-source analysis of the region

surrounding LS 5039, as well as a time-series analysis of the light curve from

LS 5039, are presented. At this time, data from HAWC are not signi�cant

enough to support multi-TeV emission from LS 5039.
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Chapter 1

Cosmic Rays and Gamma Rays

1.1 Origin of Cosmic Rays

Cosmic rays are high-energy radiation composed primarily of hydrogen

and helium nuclei with smaller fractions of heavier nuclei, leptons, and anti-

leptons. Leptons are elementary particles with half-integer spin that do not

experience strong interaction. They include electrons, muons, tau leptons,

and neutrinos. The �rst detection of cosmic rays happened in 1909 by

Theodor Wulf when he measured higher rate of ionic radiation at the top

of the Ei�el Tower than at the ground level [4]. However, it was Victor Hess

who truly initiated the study of cosmic rays by observing an increasing �ux

of ionizing particles with elevating altitude (up to 5,300 m above sea level)

during his free balloon �ight experiment in 1912 [5]. By performing the ex-

periment during a near total eclipse, Hess was able to rule out the Sun as

the primary source of this mysterious �ux of particles. Continuous study

of cosmic rays inspired by the works of Hess triggered simultaneous devel-
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opments in the �eld of particle physics as well. Particles such as positrons

(�positive electrons�) and muons (�heavier electrons�) were discovered from

studying cosmic radiation [6, 7]. In recent years, the �eld of experimental

particle physics has utilized particle accelerators and colliders, such as the

Large Hadron Collider, that simulate astrophysical particle acceleration and

interaction.

1.1.1 Composition and Spectrum

Cosmic rays are composed of leptonic and hadronic particles. Hadronic

particles or hadrons include composite particles made up of quarks that are

held together by the strong force. Some of the well-known particles such as

protons, neutrons, and pions are all hadrons. Since atomic nuclei are com-

posed of protons and neutrons, hydrogen nuclei (proton) and other heavier

nuclei are also hadronic. When observed above the atmosphere of Earth,

� 86%of Galactic cosmic rays are protons,� 11%are helium nuclei (alpha

particles), � 1% are other heavier nuclei and only� 2% are electrons [8].

The �ux (number of particles observed per area per solid angle per en-

ergy per time) versus energy spectrum of cosmic rays has been measured by

various experiments over the course of decades. Fig. 1.1 shows a cosmic-ray

spectrum for energies above108 eV governed by a power-law with two distinc-

tive kinks, the �knee� (at � 5 � 1016 eV) and the �ankle� (at � 4 � 1018 eV).

Up to the knee, the power-law spectrum has a spectral index of2:7, which

steepens to3:0 (i.e. softer spectrum) beyond the knee and up to the ankle.
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At energies higher than the ankle and up to the Greisen-Zatsepin-Kuzmin

(GZK) energy of � 4� 1019 eV, the spectrum �attens (i.e. harder spectrum)

back to 2:69 [8]. Particles with energies up to the knee are believed to be of

the Galactic origin and those with energies beyond it are thought to be ac-

celerated by more powerful objects outside the Milky Way. The cosmic rays

with the highest energies, beyond energies that any laboratory can reach

(proton-proton collision reaching1:3 � 1013 eV center of mass energy with

the Large Hadron Collider [9]), provide unique information about the most

energetic astrophysical phenomena that cannot be studied elsewhere.

Since the particles composing cosmic rays are electrically charged, they

are in�uenced by ambient magnetic �elds. When a charged particle of ve-

locity ~v, chargeq, and rest massm is de�ected by a magnetic �eld ~B, the

gyroradius / Larmor radius (the radius of the circular motion exerted by the

particle) of the particle is given by

rg =

mv ?

jqjj ~B j
; (1.1)

where v? is the velocity component of the particle perpendicular to~B and


 = (1 � v2=c2)� 1=2 with c as the speed of light in vacuum [10]. As an

example, a 1 PeV proton in the Milky Way (j ~BMW j � 3 �G ) would have a

gyroradius of � 0:3 pc, which is smaller than the Galactic disk of thickness

� 300 pc. However, a proton at the ankle has a gyroradius that exceeds

1 kpc, which allows for the particles to escape. This could be one of the
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Figure 1.1: Spectrum of observed cosmic-ray �ux from various experiments
plotted against energy. The �rst region in yellow is considered to be of solar
origin, the blue region is of Galactic origin, and the far right is considered
extragalactic. The analysis in this work focuses on the energy band between
the two dotted red lines in the Galactic region. The spectrum shows relatively
smooth transitions at features we call the �knee� (at4 � 1015 eV) and the
�ankle� (at 5 � 1018 eV). Original image: S. Swordy and W. F. Hanlon
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reasons for the hardening of the cosmic-ray spectrum at the ankle.

1.1.2 Cosmic-ray Acceleration

Though controversial still, the current understanding is that the di�usive

shock acceleration from supernovae (powerful explosions of stars at the end

of their life cycle when they satisfy certain conditions) is the main source

of cosmic-ray acceleration. One of the important features of the di�usive

shock acceleration is that it is �rst order in the shock velocity that results

in a power-law spectrum, i.e. the �rst-order Fermi acceleration by powerful

shock waves [10].

Here, a shock produced from a supernova explosion travels at a speed

u, much faster than the speed of sound in the ambient medium (vs). When

relativistic particles propagate through the shock in either direction, they are

scattered, which forces the velocity distribution to become isotropic in the

frame of reference of the bulk motion on either side of the shock [10]. Fig. 1.2

(left) illustrates the two sides of the shock with di�erent pressures Pi , mass

densities� i , and temperaturesTi .

In the frame in which the shock is at rest, the upstream gas moves towards

the shock with speedjuj and leaves the shock as a downstream gas �ow of

velocity v2 as illustrated in Fig. 1.2 (right). Since the mass through the shock

needs to be conserved,� 1u = � 2v2 and � 1=� 2 = ( Y + 1) =(Y � 1) = 4 where

Y = 5=3 is the ratio of speci�c heat capacities for a fully ionized gas [10].

Hence, forv1 = u, v2 = u=4, which givesv = jv2 � v1j = 3u=4.
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We now de�ne E = �E 0 as the average energy of a particle after one

collision whereE0 is the initial energy of the particle and� is the energy

gain factor after a collision. With P de�ned as the probability of a particle

not escaping the shock region after a collision andN0 as the initial number

of particles, there areN = N0P k particles with E = E0� k (average) energy

after k collisions. CombiningE = E0� k and N = N0P k gives

N
N0

=
�

E
E0

� ln P = ln �

; (1.2)

and since some fraction of the particles continue to be accelerated to higher

energies, Eqn. 1.2 expressed as:

N (E) dE / E � 1+ ( ln P
ln � ) dE: (1.3)

Figure 1.2: Dynamics of shock propagation and ambient particles in two
di�erent reference frames. Left: In the lab frame, the shock propagates
with velocity u. Each side of the shock has its own pressure, density, and
temperature. Right: In the shock rest frame, the ratio between the velocities
v1=v2 = 4.

By using the di�usive shock acceleration model,ln P=ln � is found to
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be approximately -1 (derived in Appendices 1.A and 1.B). Hence, Eqn. 1.3

exhibits a power-law spectrum asE � 2. Indeed, the �rst-order Fermi accel-

eration predicts a power-law spectrum similar to the observed spectrum of

cosmic-ray acceleration, somewhat harder than the observed index of 2.7 from

Section 1.1.1. One of the possible reasons for the softer observed spectrum

is that the cosmic-ray particles cool and lose energy.

Furthermore, the Hillas criterion can be used to estimate the maximum

energy a particle can reach in a given accelerator. The criterion uses the fact

that if a particle escapes the acceleration site, it will no longer gain energy

from the accelerator. Therefore, charged particles can only be con�ned and

accelerated if the particle Larmor radii do not exceed the size of the accel-

erator, which puts a limit on the maximum energy (in peta-electronvolts)

as:

Emax =
1
2

Z�B � GLpc [PeV]; (1.4)

whereZ is the charge or atomic number,� = u=c, Lpc is the size of the accel-

erator in units of parsec andB � G is the strength of the magnetic �eld com-

ponent strictly normal to the velocity, v, of the particle in microGauss [11].

The Hillas criterion is used to estimate the maximum energy various astro-

physical particle accelerators can generate as a function of their magnetic

�eld and size. A plot illustrating energy coverage based on Hillas criterion

of various astrophysical particle accelerators is presented in Fig. 1.3.
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Figure 1.3: Hillas plot showing magnetic �eld versus size of various astro-
physical objects. The plot also has lines corresponding to di�erent cosmic-ray
composition for comparison. Image credit: [12]

1.2 Sources of Cosmic-ray Acceleration

Studying cosmic rays has helped us understand some of the fundamental

pieces of the Universe such as elementary particles and led us to develop

various physics models to try and explain the constant stream of particles
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we observe. However, due to the fact that the composing particles of cosmic

rays are electrically charged, their trajectories are distorted by magnetic �elds

before we can observe them (Fig. 1.4). Therefore, tracing the true sources

of cosmic rays via direct observation of primary cosmic-ray particles is very

di�cult. Fortunately, cosmic rays produce other neutrally charged particles

such as neutrinos and photons with a wide spectrum of energies including

gamma rays.

Figure 1.4: Schematic diagram of various particle propagation through
space to reach Earth. Protons are de�ected by magnetic �elds before reaching
Earth. This is not the case for photons and neutrinos, both of which can
be generated from various cosmic-ray interactions. Original image: NASA /
ESA / J. Hester and A. Loll / Apollo 17

Gamma rays or gamma radiation is a type of electromagnetic (EM) radi-
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ation with energies above a few kilo-electronvolts (keV). In order to account

for their very wide spectral band, the gamma-ray energies are divided and

usually named at every 3 orders of magnitude as: mega-electronvolts (low en-

ergy), giga-electronvolts (high energy), tera-electronvolts (very high energy),

peta-electronvolts (ultra high energy) and exa-electronvolts (extremely high

energy). Although nowadays, gamma rays are commonly used in the �eld of

high-energy (HE) and very-high-energy (VHE) astrophysics, the discovery of

gamma radiation happened during the study of radioactive decay in 1900 by

Paul Villard [13], and was not named as a separate class of radiation until

1903 by Ernest Rutherford [14]. The �rst detection of astrophysical gamma

rays is considered to have been achieved by a satellite telescope, Explorer-11,

in 1961 [15].

Gamma radiation is composed of photons with energies greater than any

other species of EM radiation. Very energetic cosmic-ray particles can pro-

duce gamma rays via nonthermal processes (i.e. emitted radiation is not

associated with the temperature of the source), which make gamma rays an

ideal secondary messenger to observe powerful cosmic-ray accelerators. In

this section, brief descriptions of various types of astrophysical objects as

candidate accelerators of cosmic-ray particles, motivated by their emission of

gamma rays, are provided.
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1.2.1 Active Galactic Nuclei

An active galactic nucleus (AGN), as the name suggests, is a compact

region at the center of a galaxy that is believed to host a supermassive

black hole. Emission from AGN is unique in that it shows characteristics

of unusually high luminosity across the EM spectrum (or parts of the EM

spectrum) [16]. A galaxy containing an AGN at its core is called an "active

galaxy". AGN are associated with an astrophysical phenomenon known as

jets. Jets contain highly ionized particles that are shot out in collimated

beams, perpendicular to the galactic disk or along the black hole spin axis.

Although not experimentally proven yet, these relativistic jets of particles

are thought to be induced from accretion of matter onto the supermassive

black hole, forming an �accretion disc�. Fig. 1.5 is a multiwavelength image

of Hercules A, featuring its jets observed in radio by Karl G. Jansky Very

Large Array (VLA) radio telescope. The elliptical galaxy in the center is

imaged by the Hubble Space Telescope in the visible light spectrum.

Various AGN have been observed with various features, raising a ques-

tion as to what is physically causing the observed di�erences. However, the

concept of the grand uni�cation of AGN hypothesizes that projection e�ects

and the orientation of AGN with respect to the line of sight determine their

observed properties rather than the intrinsic nature of AGN. For instance,

the observational angle of the relativistic jets emitted from the supermassive

black hole and the relativistic e�ects in�uence the observed features of the
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Figure 1.5: Multiwavelength image of Hercules A. It is an elliptical galaxy
with a supermassive black hole in its core, producing powerful jets of parti-
cles. The image is a combination of observation from the Wide Field Cam-
era 3 on the Hubble Space Telescope, and Karl G. Jansky Very Large Array
(VLA) radio telescope. Image Credit: NASA, ESA, S. Baum and C. O'Dea
(RIT), R. Perley and W. Cotton (NRAO/AUI/NSF), and the Hubble Her-
itage Team (STScI/AURA)

AGN (Fig. 1.6). Such quasars (extremely luminous AGN) with its jets point-

ing toward the line of sight are known as blazars. Also, the obscuring torus

may obstruct observation of the nucleus apart from through a narrow angle

around the line of sight.
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