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Abstract

Recent advances involving ground based observations of the very-high-energy sky
have led to the discovery of a growing number of Galactic tera-electron volt (TeV)
~v-ray sources. Many of these sources have been associated with other high energy
phenomena, such as supernova remnants (SNRs) and pulsar wind nebulae. However,
a number of TeV ~v-ray sources are ‘dark’, with no strong counterparts seen at other
wavelengths.

Astrophysical TeV v-rays are produced via two channels; leptonic and hadronic. The
leptonic process involves the upscattering of background photons by high energy elec-
trons through the inverse-Compton effect. The hadronic process involves the decay of
neutral pions produced by interactions between highly accelerated cosmic-rays (CRs)
and the ambient interstellar medium (ISM). Dark TeV ~-ray sources may result from
CR and ISM interactions, and studying these sources will shed light on the nature of
the parent particle accelerators. Some of the sources selected for study in this thesis
are considered candidate PeVatrons, an emerging class of extreme accelerators which
produce CRs with energies in the peta-electron volt (PeV) range.

A detailed understanding of the ISM towards dark TeV ~-ray sources is vital in
order to investigate possible origin scenarios. In addition to providing contextual
clues, morphological similarities between TeV ~-rays and the ISM can provide strong
evidence of hadronic CR interactions. This may lead to positive associations between
TeV sources and other sources observed at different wavelengths.

The work in this thesis primarily involves the use of radio telescopes to investigate
the distribution of the ISM towards dark TeV v-ray sources. The data has been used
to constrain the mechanisms behind these objects, and underpins the investigations
into their mysterious origins. Five TeV ~-ray sources were studied as part of the work
in this thesis.



HESS J1640—465 and the PeVatron candidate HESS J1641—463 are a pair of ~-ray
sources each coincident with a SNR bridged by bright Hi1 regions. The study of the
ISM suggests that the TeV emission from both sources may be hadronic in origin,
and provides evidence to support the PeVatron nature of HESS J1641—463.

HESS J1614—518 has no obvious counterparts seen in other wavelengths. The inves-
tigation of the ISM reveals an overlapping ring of gas potentially associated with an
undiscovered SNR or the stellar cluster Pismis 22, which may power the TeV emis-
sion. The nearby TeV source HESS J1616—508 has several potential counterparts,
including two SNRs and three pulsars, though there was no evidence in the study of
the ISM to support any association. Spatially matching gas, however, is found coinci-
dent with the TeV source, suggesting a possible link with an undiscovered accelerator.

HESS J1702—420 is both a dark TeV ~-ray source and a PeVatron candidate. Though
a SNR and pulsar are seen near the outskirts of this source, no evidence in the study of
the ISM is found to support any association. Morphologically favourable gas overlap-
ping the TeV source, however, suggests possible scenarios involving nearby acclerators,
such as stellar winds from massive stars or an undetected SNR.
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Chapter 1

Cosmic-rays, Gamma-rays and
High Energy Astrophysics

1.1 Introduction and Motivation

Since time immemorial, humans have cast their eyes upwards in wonderment at the
great expanse of the heavens. Not content with simply admiring the distant lights, we
have continued to question their origins, driven by our natural curiosity and desire for
knowledge. The field of astronomy has come far, expanding past the light that can
be seen by our own eyes to discover a vast universe filled with incredible phenomena
at all frequencies of the electromagnetic spectrum.

At the furthermost end of the electromagnetic spectrum are gamma-rays, the
most energetic form of light. While thermally generated light constitutes much of the
radiation in the universe, physical object typically do not have temperatures large
enough to generate gamma-rays at the highest energies. These astrophysical gamma-
rays are instead produced by some of the most extreme and violent ‘non-thermal’
processes that occur in the universe.

Very high energy (VHE) gamma-rays may be generated through the various in-
teractions of highly accelerated charged particles, known as cosmic-rays. The origins
of cosmic-rays remains an open question, but are generally thought to be produced
by astrophysical particle accelerators. Galactic particle accelerators may include such
extreme phenomena as supernova remnants, pulsars and pulsar wind nebulae, binary
systems, and the stellar winds of massive stars clusters.

Recent advances and observations with ground based gamma-ray telescopes, such
as the High Energy Stereoscopic System (HESS, see HESS website 2017), have re-
vealed numerous Galactic gamma-ray sources in the TeV (10'? eV) energy range.
Many of these sources have been associated with high energy particle accelerators.

However, a large population of these TeV sources are unidentified, with many being
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‘dark’; having no compelling counterparts seen in any other wavelengths. The moti-
vation behind the majority of the work presented in this thesis is the investigation
into the nature of these dark TeV gamma-ray sources.

Astrophysical TeV gamma-rays have two main mechanisms of production: the
decay of neutral pions produced by the interaction between hadronic cosmic-rays and
ambient interstellar medium; and the upscattering of background photons via the
inverse-Compton effect by high energy leptons. Identifying the process behind the
production of gamma-rays is a key task in investigating any particular TeV source.

An understanding of the distribution of the interstellar medium towards dark
TeV gamma-ray sources is paramount in order to constrain the possible gamma-
ray production scenarios. Morphological similarities between gamma-ray emission
and interstellar gas can provide strong indicators of hadronic cosmic-ray interactions,
while additional contextual clues aid to unravel the local environment these sources
reside in.

Radio astronomy, targeting molecular gas tracers, is used to study the interstellar
medium towards TeV gamma-ray sources. The work presented in this thesis is a
dedicated attempt, using data from Earth-based radio telescopes, to investigate the
interstellar medium towards Galactic TeV gamma-ray sources in order to gain further
understanding into the nature of these incredible astronomical phenomena.

This chapter provides background into the high-energy astrophysics involved in this
thesis. A general overview of Galactic TeV gamma-ray sources is first presented (§1.2),
followed by a discussion of cosmic-rays (§1.3). Afterwards, an explanation of the pro-
duction process of high-energy radiation is given (§1.4), followed by a discussion on
ground based gamma-ray astronomy (§1.5), before ending with a brief introduction
to the TeV sources studied (§1.6).

1.2 Astrophysical Sources of VHE Gamma-rays

Beginning with the detection of VHE gamma-rays from the Crab Nebula in 1989
(Weekes et al., 1989), ground based gamma-ray observatories (see §1.5) have revealed
the existence of many VHE gamma-ray sources throughout the sky. These sources are
divided into Galactic and extra-Galactic sources, with most Galactic sources located
along the Galactic plane. Figure 1.1 shows the sky distribution of all currently known
VHE gamma-ray sources.

Astrophysical VHE gamma-rays have two main mechanisms of production, as dis-
cussed in §1.4. These are the hadronic interaction between highly accelerated cosmic-

ray (CR) particles (see §1.3) and ambient interstellar medium, and the leptonic inter-
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Figure 1.1: The positions and source types of the currently known VHE gamma-ray
objects in Galactic coordinates. Image generated using the online source catalogue,

TeVCat (Wakely & Horan, 2008).

action of upscattering of background photons via the inverse-Compton effect. Both of
these mechanisms require an astrophysical particle accelerator to generate the parent
population of energetic particles. Extragalactic sources may include active galactic
nuclei, starburst galaxies and gamma-ray bursts, while possible Galactic sources are
discussed below. The gamma-ray sources considered in this thesis are all Galactic

sources.

1.2.1 Supernova Remnants

Supernova remnants (SNR) are thought to be a prime candidate for the acceleration
of Galactic cosmic-rays (Baade & Zwicky, 1934; Ginzburg & Syrovatskii, 1964). In
a typical supernova explosion, several solar masses worth of material is ejected at
high velocities (~ 10* km/s). The rapidly moving ejecta, interacting with the sur-
rounding interstellar medium, produces a radially expanding magnetised shock front
with conditions necessary for 1st-order Fermi acceleration to occur (see §1.3.3.2). The
canonical amount of kinetic energy that a supernova explosion releases into its ejecta
is ~ 10°! erg (1 erg = 1077 Joules). Based on the average rate of supernovae in the
galaxy (2-3 per 100 years), only a small fraction (~ 3 — 10%) of the available kinetic
energy is required to go towards accelerating CRs in order for SNRs to provide suffi-
cient power (10*! erg/s) to maintain the level of Galactic CRs up to the knee of the
CR spectrum (~ 10 eV) (Blandford & Eichler 1987, see §1.3.1).

Accelerated leptons will lose energy dominantly through synchrotron processes in
the highly magnetised environment of the shock front (§1.4.2). In young remnants
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(< 103 yr), X-ray synchrotron radiation is often seen from accelerated high-energy
leptons. As the remnant gets older (> 10* yr), the energy of the local electron
population decreases, and synchrotron radiation in the radio band is often observed.

TeV gamma-rays from SNRs may be due to accelerated leptons via the inverse-
Compton effect, but competition with the dominant synchrotron energy loss process
generally disfavours this scenario. Accelerated CR hadrons, however, may intact with
the interstellar medium to produce TeV gamma-rays via p-p interactions and neutral
pion decay (§1.4.4). The target material may be located some distance away from the
SNR, and CR escape and diffusion become important aspects to consider (Aharonian
& Atoyan, 1996). An example of a TeV gamma-ray source identified as the result of
CRs accelerated by a SNR interacting with nearby interstellar gas is the W28 SNR
(Aharonian et al., 2008).

1.2.2 Pulsars and Pulsar Wind Nebulae

Pulsars are rapidly rotating neutron stars produced by the collapse of the progenitor
star core in a supernova event. Pulsars have intense magnetic fields which are usually
misaligned with their rotation axis. The rotating magnetic fields generate very strong
electric fields which accelerate charged particles, primarily leptons, at the surface of
the pulsar. Rotational energy from pulsars are transferred into a wind of charged
particles which stream radially outwards, forming pulsar wind nebulae (PWN). This
outflow of accelerated particles terminate in a shock that may produce synchrotron
radiation, and from which acceleration of charged particles may occur. Gamma-rays
may be produced from inverse-Compton processes between accelerated leptons and
background photons. The Crab Nebula is the most prominent example of a gamma-
ray producing PWN (see e.g. Aharonian et al. 2006b).

1.2.3 Binary Systems

Binary systems contain two objects; a massive star and a compact object, both of
which orbit about a common centre of mass. The compact object is often a neutron
star or a black-hole, products of supernova events. Gamma-ray emission from binary
systems arise from the interaction between the two objects, either via an accretion
powered relativistic jet (microquasar scenario), or via the shock between pulsar and
stellar winds (wind scenario).

In the microquasar scenario, particle acceleration occurs at the jets which are
powered by the compact object accreting material from the companion massive star.
In the wind scenario, particle acceleration may occur in the shocked regions where

pulsar and stellar winds interact. The highly accelerated particles can then go on
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to produce radiation in a wide energy range, including gamma-ray energies, through
processes outlined in §1.4. More detailed reviews of gamma-ray binary systems can
be found in, e.g., Rieger et al. (2013) and references within.

1.2.4 Massive Stellar Clusters

Massive stellar clusters and star forming regions may be sources of Galactic gamma-
rays (e.g. Romero 2008). Stellar clusters may contain a number of energetic stars,
each producing strong stellar particle winds. The collisions between stellar winds
may produce strong shocks, resulting in particle acceleration to relativistic energies.
Additionally, stellar clusters may also contain past supernova explosions, which may
help produce super-bubbles and collective shocks leading to further particle accelera-
tion. Locally generated CRs by these processes may interact with the stellar winds or
ambient interstellar gas to produce gamma-rays. Examples of massive stellar clusters
thought to be involved with the production of TeV gamma-rays are Westerlund 1
(Abramowski et al., 2012) and Westerlund 2 (Aharonian et al., 2007).

1.2.5 Diffuse VHE Gamma-ray Emission at the centre of the
Galaxy

Diffuse VHE gamma-ray emission was seen by HESS towards the centre of our galaxy,
extending over 1° in Galactic longitude (Aharonian et al., 2006a). This gamma-ray
emission is spatially coincident with dense interstellar medium that forms the Central
Molecular Zone (CMZ). It is likely that CRs accelerated near or at the Galactic centre
are interacting with the CMZ to produce the diffuse Galactic ridge of TeV gamma-
ray emission. Recent results from HESS on the diffuse VHE gamma-ray emission
from the central ~ 200 pc suggest that the inferred CR density follows a gradient,
with a maximum towards the inner tens of parsecs (HESS Collaboration, 2016). This
gradient is consistent with a scenario in which CRs are accelerated by some steady
source at the Galactic centre itself and propagating through the CMZ. The lack of a
cut-off seen in the diffuse VHE gamma-ray spectrum indicates that the parent CRs
are have energies of at least 1 PeV (10" eV), likely produced by the PeVatron (see
§1.2.6) linked with the supermassive black hole at the centre of our Galaxy (HESS
Collaboration, 2016).

1.2.6 PeVatrons

PeVatrons are a class of particle accelerators thought to be responsible for generating
our Galaxy’s highest energy PeV CRs. A strong indicator of such an accelerator can be
inferred from the observations of gamma-rays at energies up to and beyond 100 TeV.

5
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The is because inverse Compton scattering (see §1.4.1) is severely hampered due to
the Klein-Nishina effect in this energy band, and the most likely mechanism capable
of producing such gamma-rays is the decay of neutral pions formed by hadronic
interactions between the CRs and target interstellar medium (see §1.4.4).

Young SNRs are promising PeVatron candidates (Gabici & Aharonian, 2007), as
they are thought to be able to accelerate particles to PeV energies through diffusive
shock acceleration (see §1.3.3.2). A nearby molecular cloud may then act as an
effective target for the production of TeV gamma-rays. Multi-PeV CRs are only
thought to be accelerated during a short period during the SNR lifetime. These CRs
will tend to escape the shell earlier and diffuse faster through the ISM compared with
lower energy CRs, thus preferentially arriving first at nearby molecular clouds. The
multi-PeV CRs interacting with the target molecular clouds may then give rise to the
production of gamma-rays with a hard spectrum extending well above several tens
of TeV (e.g. Gabici et al. 2009). The time during which such a spectrum may be
observed is determined by the propagation time of the CRs to the cloud, rather than
the time period in which PeV CRs are able to be accelerated. Hence, the detection
of such gamma-ray spectra from molecular clouds may indicate the past PeVatron
nature of a nearby SNR (Gabici & Aharonian, 2007).

Several PeVatron candidates have been identified among the known Galactic TeV
sources (e.g. Safi-Harb 2017, and references therein), and are included as some of the

specific sources studied as part of this thesis (see §1.6).

1.2.7 Dark and Unidentified Sources

While many TeV gamma-rays sources have been associated with other astrophysical
phenomena, a large population (2 50%) of gamma-ray sources remain unidentified
(Donath et al., 2017). Figure 1.2 shows the distribution of Galactic TeV gamma-ray
source types as seen by the HESS Galactic Plane Survey, and highlights the large
fraction of ‘not firmly identified’” and ‘not associated’ sources.

Many of these unidentified sources have several possible counterparts which may
be linked to the gamma-ray emission. However, several TeV gamma-ray sources have
no promising counterparts seen in any other wavelengths, and have subsequently
been referred to as “dark ~-ray sources” (Aharonian et al., 2005a). While the exact
mechanisms behind these types of sources are unknown, the lack of emission in lower
wavelengths tentatively suggests that the observed gamma-rays are hadronic in origin,
as leptonic processes will also generally produce synchrotron radiation (§1.4).

One method to investigate the nature of dark accelerator TeV gamma-ray sources

is to study the interstellar medium in the regions where these mysterious sources are
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8
Composite

binary

36
Not firmly identified

Figure 1.2: Pie chart showing the distribution of Galactic TeV gamma-ray source
types in the HESS Galactic Plane Survey. Note that a significant fraction are classified
as ‘not firmly identified” and ‘not associated’. Image is from Donath et al. (2017).

located. In addition to contextual clues which may aid in understanding the local en-
vironment in which these sources lie, morphological similarities between gamma-ray
emission and interstellar gas can provide strong indicators of hadronic CR interac-
tions. Radio astronomy targeting molecular gas tracers can be used to study the
interstellar medium towards unidentified TeV gamma-ray sources, (e.g. Voisin et al.
2016; de Wilt et al. 2017). This is described in detail in Chapter 2.

CRs play an important role in the production of VHE gamma-rays. The following
section briefly outlines the current understanding of CRs and how they are produced.

1.3 Cosmic Rays and Electrons

Cosmic-rays (CRs) are extremely energetic charged particles of extraterrestrial origin.
Consisting primarily of protons and nuclei of heavier elements, CRs travel through
the universe with speeds close to that of the speed of light. Over a century ago, Victor
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Hess discovered CRs in a series of experiments conducted in a hot air balloon (Hess,
1912), in which he found the atmospheric ionisation rate increased with altitude. Ever
since, the nature of CRs has been the subject of intense study by scientists around
the world. In this thesis, the term ‘CRs’ will refer to high energy hadrons, while
discussion of high energy electrons will be additionally specified.

1.3.1 The Cosmic-Ray Spectrum

The Earth is constantly bombarded by CRs with a vast energy spectrum. The energy
of these particles range from several GeV (10° eV) to in excess of 10 eV (e.g. Abreu
et al. 2010), over 10 orders of magnitude. The flux of CRs depends strongly with
energy, with CRs in the GeV energies having detected fluxes of ~ 1000 per square
metre per second, and CRs with energies ~ 10?° ¢V having fluxes of ~ 1 per square
kilometre per century. The differential energy spectrum of CRs incident on the Earth

approximates a power law:

— xE™ 1.1
T (1.1)

where N is the number of CRs, F is the energy and « is the spectral index. The
value of o varies somewhat with energy, by can generally be approximated to be 2.7
(Protheroe & Clay, 2004). The power law nature of the CR spectrum (Equation 1.1)
describes the rapid decrease of the CR flux at higher energies.

Figure 1.3 illustrates the CR spectrum as it is observed from Earth. The figure
combines data from many observatories over the vast energy range that CRs appear
in. While the general power law form of the spectrum is clearly seen, there are
three particular spectral variations that are apparent; the ‘knee’; ‘ankle’, and high
energy cutoff. The CR spectral index is seen to be o = 2.7 until the knee region at
E ~ 10% eV, where the spectrum steepens somewhat with a spectral index of o ~ 3.3
(Abraham et al., 2010). Further on, at the ankle region at E ~ 10'85 eV, the CR
spectrum flattens out to a spectral index o ~ 2.6. At extreme energies, £ ~ 10199 eV,
there is a rapid cutoff in the CR flux.

The shape of the overall CR spectrum, particularly the knee and ankle features, is
thought to be the superposition of CRs spectra from more than one source population
(see e.g. Bliimer et al. 2009). Galactic sources, such as supernova remnants (SNR),
pulsar wind nebulae (PWN), binary systems and stellar winds of massive stars (see
§1.2 for further discussion and references), may be responsible for CRs in the GeV
to TeV energy ranges. Extragalactic sources, such as Active Galactic Nuclei (AGN),
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Cosmic Ray Spectra of Various Experiments
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Figure 1.3: The cosmic-ray energy spectrum, as observed by the indicated CR
experiments. The highest energy terrestrial particle accelerators are marked on
the x-axis for comparison (in rest frame of the lab). Image is taken from
http://www.physics.utah.edu/ whanlon/spectrum1.html. References to the specific CR
experiment results can also be found at the aforementioned site.
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starburst galaxies and gamma-ray burst events, would then produce the highest en-
ergy CRs. As CRs propagate through space, they interact with Galactic magnetic
fields which may also contribute to the resulting CR spectrum observed at Earth.
CRs may additionally interact with other particles and photons through a variety of
different channels. The cutoff in CRs spectrum above E ~ 1095 eV is likely due
to one such interaction; Greisen-Zatsepin-Kuzmin (GZK) suppression (Greisen, 1966;
Zatsepin & Kuz'min, 1966), in which extremely high-energy CRs collide with cosmic
microwave background photons, losing energy through photon-pion production.

1.3.2 Cosmic-Ray and Electron Propagation

CRs and electrons are charged particles, and are deflected by Galactic and extra-
Galactic magnetic fields. The force they experience is described by the Lorentz equa-
tion:

F=¢E+vxB) (1.2)

where F is the force vector, ¢ is the charge of the CR, E is the electric field vector, v is
the CR velocity vector, and B is the magnetic field vector. Typically in the interstellar
medium, the electric field is negligible, and the dominant contribution of force comes
from the magnetic field. Thus we generally ignore the E term in Equation 1.2. We
consider the maximum deviation a CR will experience travelling through a constant
perpendicular magnetic field B;. This will result in uniform circular motion with
some radius 4, and we can find an expression for r, by considering the equation for

centripetal force:

mu?

F="" (1.3)

,
CRs are relativistic particles and travel close to the speed of light, so we can let v — ¢

and m — E/c*. Thus, substituting Equation 1.2 into 1.3, and rearranging for r, it
can be shown that:

where Z is the atomic number of the CR nucleus. The radius r, is known as the
gyroradius; the radius of the circular path a charged particle will have as it propagates
under the influence of a constant and perpendicular magnetic field.

Galactic magnetic fields vary in strength, but are considered to be at and above
the order of 1uG (e.g. Beck 2008). By Equation 1.4 we can see that most CRs,
except those at the highest energies, will have gyroradii much less that the scale of
the galaxy (~ 30 kpc). For example, at 10 eV which is typical of CRs at the ‘knee’ of
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the CR spectrum, the gyroradius will be ~ 1 pc. Thus, due to deflection by Galactic
magnetic fields, CR directional information is lost except at extremely high energies.
Except at the highest energies (= 10'% V), the detection of CRs on Earth tells us
very little about their position of origin, and we require additional information via
other messenger particles to mark CR acceleration sites. Some such messengers are
neutrinos and gamma-rays which are produced at CR collisions with ambient matter
(see §1.4.4). Gamma-rays are far easier to detect than neutrinos, and instruments
such as the High Energy Stereoscopic System (HESS) (§1.5) have made great progress

in studying gamma-ray emission towards suspected CR acceleration sites.

1.3.3 Cosmic-Ray and Electron Acceleration

The acceleration of CRs to their remarkable energies is still an open question in mod-
ern astrophysics. We know, based on the Lorentz equation (Equation 1.2), magnetic
fields acting on a CR will not change the total energy of the particle. However, strong
electrostatic fields due to large charge separations do not typically exist in space, as
free ions are able to move freely to rapidly neutralised any imbalances. In order to
to find such occurrences of electric fields capable of CR acceleration, we can invoke

the Maxwell-Faraday Equation which describes electric fields which are induced by a

jfE.dlz—/%—]?-dA (1.5)

S S

changing magnetic flux:

Here, E and B are the electric and magnetic fields respectively, dl is the infinitesimal
vector element of the path which bounds surface S, and dA is the infinitesimal area
vector element of S. In an astrophysical situation, we assume that magnetic fields are
frozen into the interstellar medium and are transported together with movement of
the gas. The change in the area vector element dA can be given by dA = dl X vy,;.dt,
where vy, is the velocity of the expanding surface S swept up by segment dl. Substi-
tuting this into Equation 1.5 and using the vector identities X - (Y X Z) =Y - (Z x X)

and X x Y = —-Y x X, we can rewrite the relation as:
S S

Assuming a constant magnitude for the magnetic field, the induced electric field will
be maximised if the magnetic field is moving in a direction that is perpendicular to its
orientation. For a fixed magnetic field |B| moving with a velocity vy, the maximum
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induced electric field is given by:

|Emax’ ~ Ubulk|B| (17)

Charged particles will gain energy as they interact with electric fields. The change
in energy of a particle with some velocity v and charge ¢, due to a constant Lorentz
force is given by:
dE
i,
dt (1.8)
=qv-E

The maximum energy gain rate of a charged particle can be approximated by sub-
stituting Equation 1.7 into Equation 1.8, and is given as dE/dt ~ quupk|B|. If we
let the particle velocity, v, and the magnetic field carrying gas velocity, vk, be the
speed of light, ¢, then dFE/dt < gc*|B|. By introducing a parameter £ < 1, we can

write:

dE
— | =¢Zec’B 1.9
| —ezecm (19
Here, we have taken the charge of the particle ¢ as Ze. ¢ is an “acceleration rate
parameter” whose value (0 < £ < 1) depends on the acceleration mechanism. Equa-
tion 1.9 allows for a basic estimate for the rate at which energy is gained by a charged
particle under the influence of an astrophysical magnetic field.

1.3.3.1 2nd Order Fermi Acceleration

A method for the acceleration of CR particles via the interaction with magnetic fields
in interstellar molecular clouds was first proposed by Fermi (Fermi, 1949). Interstel-
lar molecular clouds have, in addition to regular motion about the galaxy, random
local velocities that cause turbulence in their magnetic fields which are ‘frozen in’
to associated ions and plasma (see e.g. Crutcher et al. 2010). Fermi’s original idea
was that CR particles entering these clouds would undergo elastic collisions with the
associated moving magnetic fields. The change in energy of the CR would depend
on the geometry of the collisions; a head on collision with the cloud would impart it
with additional energy, while a trailing collision would cause the CR to lose energy.
Consider a charged particle with energy FE; entering a cloud which has some
velocity Veoua at an incident angle 6, relative to the cloud. This CR undergoes elastic

collisions with the turbulent magnetic field inside the cloud, and eventually escapes
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the cloud with energy F, at an angle 5. This is illustrated in Figure 1.4. For the
relativistic CR particles we are considering, we can use Lorentz transformations to
move between the laboratory frame (our frame - unprimed) and the cloud frame
(primed).

cloud frame
lab frame

Figure 1.4: Left: In the lab frame, a CR with energy F; enters an interstellar medium
cloud, which has velocity Viouq, at some angle ;. The particle scatters off the mag-
netic fields inside the cloud and exits with energy FEs at an angle 6. Right: The
situation as seen in the cloud frame. Image is adapted from Protheroe & Clay (2004).

In the cloud frame, the incident energy of the CR particle is given by:

Ei = /YcloudEl(l - 5Cloud COS 91) (110)

where Suona = Veloud/¢ and Yeoua = 1/4/1 — 3,.4- The scattering of the CR off the

turbulent magnetic fields is collisionless and elastic, so the energy is unchanged in

this frame:
E,=F
’ 1 (1.11)
= Yeloud 21 (1 — Beloud cos 07)
In the lab frame, the energy of the exiting CR is given by:
Ey = Yeroud Fa (1 + Beioud cos 65) L12)

o By = ’YfloudEl(l — Betoud €08 01) (1 + Beiouacostsy)

We find that that there is a change in the energy of the CR between entering and ex-
iting the interstellar medium cloud in the lab frame. The fractional change in energy
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is then:
AE BB
E E
/ 2 / (1'13)
1 — Beioud €08 01 + Beiond €08 05 — BFouq €0S b1 cos 6) .
1 - 0210ud

From here, the average energy change for a large population of charged particles,
(AE/E), can be found by considering the average values of cos; and cosf. The
derivation of these these values can be found in §A.1 of Appendix A, and inserting
the results into Equation 1.13 yields the expression:

(AE) 4 o

T ~ g cloud (114)

The average change in energy is positive and a population of CRs will be, on average,

accelerated by the process. However, since the process is proportional to 5>

cloud» and

Beouda << 1, the average every gain is very small. The reason the energy gain is
small is due to there being almost as many head-on collisions (energy gained) as
there are overtaking collisions (energy lost) between CRs and the cloud. Due to
the proportionality dependent on 32 4, this process is known as ‘2nd order Fermi
acceleration’. While the process likely occurs in nature, the small average gain in
energy per interaction cannot explain the acceleration of CRs to the observed fluxes.

1.3.3.2 1st Order Fermi Acceleration

A modified version of the original theory describes a more efficient method of accel-
eration that occurs at strong astrophysical shock fronts. In this scenario, charged CR
particles are able to scatter off the turbulent magnetic fields that exist on either side
of the shock front. Each of these collisions are ‘head-on’, resulting in a rapid increase
in particle energy. This is unlike 2nd order Fermi acceleration, in which both head-on
and overtaking collisions lead to a slow average gain in energy. As will be explained
below, the average energy gain in this process is proportional to some variable [, and
is known as ‘Ist order Fermi acceleration’. This process is also commonly referred
to as ‘diffusive shock acceleration’, due to the charged particles being accelerated as
they diffusively cross the shock multiple times.

Consider a scenario in which a shock front is formed by the pile up of ambient
interstellar medium and associated magnetic fields in front of some rapidly moving
ejecta from a violent astrophysical event (e.g. a supernova explosion). CR particles
are scattered off the magnetic irregularities on either side of the shock front as illus-
trated in Figure 1.5. These collisions cause the particles to diffusively cross the shock
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multiple times, moving between the regions ‘upstream’ and ‘downstream’ of the shock
front, before eventually escaping the system.

Downstream Upstream

Figure 1.5: Particles being scattered off turbulent magnetic fields that exist on either
side of a shock. These magnetic irregularities can be visualised as magnetised clouds
as in 2nd order Fermi acceleration (§1.3.3.1). V, and V; are the velocities of the
ejecta and shock respectively. Particles will cross the shock many times, but in this
simplified diagram, the particle is only shown crossing the shock twice. Image is
adapted from Protheroe & Clay (2004).

Charged particles will cross at at a rate from upstream to downstream, R, .4, and

at a rate from downstream to upstream, R,_,,, given by:

R._q ~ —ncrv cos b, (m2s7h)

(1.15)

Ry & ncrv cos b, (m2s7h)
where nggr is the CR number density, v is the velocity of the CRs, 6; is the angle
between the direction of the shock and CR particle as it moves downstream through
the shock in the lab frame (90° < 6; < 180°), and ¢, is the angle between direc-
tion of the shock and CR particle as it moves upstream through the shock in the
frame of the shock (0° < 60, < 90°). The probability density of cosf; on shock
crossing, P(cosf;) o< — cosfy, and the probability density of cos @, on shock crossing,
P(cos 0}) o cos 6.

For an isotropic distribution of CRs, the average values for cosf; and cos 6, are
given by:
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(cos b)) = fi)l p(cos 1) cos 61 d cos 0y B ffl cos? 0,d cos 0, B
1 ffl p(cos 0y)d cos 6y ffl cos 01d cos 04 3

(1.16)

(cos L) — fo cos 0%) cos 0d cos 0 fol cos® Bhdcos Oy 2
cos - i
fo cos 0%)d cos 0, fol cos@hdcost, 3

Let 8, = V,/c. The average fractional change in energy of a charged CR crossing the
shock is given by:

AE, 11— By(cosbh) + By(costh) — 32 (cos 1) (cos 65)

= -1 1.17
(=) - (117)
Hence, using Equation 1.16 and Equation 1.17:
(AE) 4 4V,
E S/BP 3 c < )

The velocity of the ejecta, V),, and the velocity of the shock V are related by the com-
pression ratio, R, which is the ratio between densities of the shocked and unshocked
gas: R = Pshocked/Punshocked- 101 the ideal case of a strong shock, where V; is much
greater than the local speed of sound in the medium, R = 4 and V/, is related to V; by:

Vo_ R _ % (1.19)

Thus, the average gain in energy per crossing (Equation 1.18) is then:

B0 %y, (1.20)

E ¢
The average energy gain in the process is 1st order in 3y = V;/¢, hence the name
‘1st order Fermi acceleration’. Compared to 2nd order Fermi acceleration, 1st order
Fermi acceleration is a much more efficient method of accelerating charged particles,
and hence a more probable mechanism to explain the observed CR flux.
It can be shown (See §A.2 of Appendix A) that the CR spectrum generated from
1st order Fermi acceleration is given by:

3

> FE) o B R-1 integral form
Q> E) . (integ ) (1.21)
Q(F) x E R-1 (differential form)
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In the case for strong shocks, the compression ratio R = 4, and so for this ideal case
the CR differential energy spectrum Q(FE) oc E~2. Introduction of other factors into
the dynamics of the shock will cause discrepancies in the spectral index of the CR
spectrum (e.g. Marcowith et al. 2006), as will energy-dependent escape and loss effects
during CR propagation. For example, heavier CR nuclei will experience spallation
in collisions during propagation, leading to the production of lighter secondary CR
nuclei. The result of the factors is the steepening or the CR energy spectrum, and
may explain why the observed CR spectrum at Earth has a spectral index o ~ 2.7 (see
§1.3.1). For a further discussion on production of the CR spectrum, see Protheroe &
Clay (2004).

1.4 Production Processes of High-Energy Radia-
tion

Thermal radiation produces much of the electromagnetic radiation that is observed
throughout the universe. The radiation produced from thermal sources is well de-
scribed by Planck’s Law, with the peak frequency proportional to the temperature,
and total intensity proportional to temperature to the 4th power (see §2.1). However,
thermal sources do not account for all radiation, especially that at higher energies.
Non-thermal processes produce electromagnetic radiation over a vast energy range,
from low energy radio synchrotron emission up to the very highest energy vy-rays ob-
served. These processes are divided into two groups, leptonic processes and hadronic
processes, which involve interactions with leptons and hadrons respectively. Com-
mon processes involved in the production of v-rays and other high-energy radiation

are outlined in the following sections.

1.4.1 Inverse-Compton Scattering

The inverse-Compton effect involves the up-scattering of lower energy photons to
produce higher energy photons via a transfer of energy from high energy particles
(Blumenthal & Gould, 1970). In an astrophysical setting, the high energy particles
involved are relativistic electrons. Low energy photons are found in various photon
fields, including the cosmic microwave background (CMB) which permeates the uni-
verse. The average energy loss rate of energetic electrons interacting with an isotropic
radiation field via the inverse Compton effect is given by:
dE 4

— | = ——Upagocy? 1.22
dt |;o g rd?cl (1.22)
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where U,.q is the radiation energy density, ¢ is the interaction cross-section, and ~
is the electron Lorentz factor. When the electron energy is much less than the rest
mass energy, o is equal to the Thompson cross-section, or:

o = 8?7 (q—2> (1.23)

4mregme?

where ¢ is the charge, m is the mass, and ¢; is the permittivity of free space. In the
case of electrons, op = 6.65 x 1072 m~2. For higher energies, in the Klein-Nishina
regime, high-energy suppression occurs (Moderski et al., 2005). This causes a cut-off
in the photon spectrum at energies of ~ 50 TeV. In the Klein-Nishina regime, the

total interaction cross-section oxy is given by:

1 2z + 1) 1 4 1
=ar?= [ |1 - 22— 1n(2 1 -4 - 1.24
TKN Wrex([ x? 1 n(2z + )+2+x 2(2x+1)2) (1.24)
where z = hw/m.c* and the electron radius r, = €?/(4megme.c?). In the ultra-

relativistic limit (v >> 1)), this cross section is approximately:

1 1
OKN = mﬁg <ln(2x) + 5) (1.25)

The approximate energy of the photon, E,, after undergoing inverse-Compton scat-
tering with an electron of energy FE, is given by:

E\2
e 2
E, ~ (ch) € = V5€; (1.26)
where ¢; is the initial photon energy.

The energy spectrum of inverse-Compton scattering emission in our galaxy has
a power-law form, as the energy spectrum of CR electrons also follows a power-law
distribution. Inverse-Compton processes compete with other leptonic energy loss
processes, such as synchrotron losses, and the ratio of energy loss is dependent on the
local magnetic field strength.

1.4.2 Synchrotron Emission

Charged particles are accelerated by magnetic fields and tend to spiral around mag-
netic field lines, causing the continuous emission of polarised light known as syn-
chrotron radiation. This process is most significant for leptons, and the intensity of
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the synchrotron radiation depends on the magnetic field strength and the energy of
the charged particles. The average energy loss rate for a charged particle via syn-

chrotron emission is given by:

dE 4
L (1.27)

sync

where o7 is the Thompson cross section (Equation 1.23), Ug = B?/2p is the energy
density in the magnetic field and v = (E/mc?) is the Lorentz factor of the charged
particle. The characteristic frequency of of the produced synchrotron radiation, v, is:

Ve = 572ch¢1 sin «v (1.28)

where veye = eB/2mm, is the cyclotron frequency of the electron and « is the ‘pitch
angle’ between the electron’s direction and the magnetic field.

Synchrotron emission can produce photons over a large energy range. Synchrotron
photons produced from highly accelerated TeV electrons are typically in the X-ray
band, while lower energy electrons can produce photons anywhere between the radio
and UV bands, depending on the local magnetic field strength, and is the main
source of non-thermal emission observed. Like inverse-Compton scattering emission,
the astrophysical energy spectrum of synchrotron emission is described by a power
law, which reflects the power law form of the CR electron source population.

Synchrotron and inverse-Compton processes will compete with each other for
the energy in a population of leptons. The ratio of energy loss to synchrotron and
inverse-Compton processes depends on the local magnetic field strength. For a given
magnetic field, the relative photon fluxes due to synchrotron radiation, Fjy,., and
inverse-Compton scattering of CMB photons in the Thompson regime, Fj¢, can be
approximated by (Aharonian et al., 1997):

Fsync

Fro~ ——%me
"= 10(B/10pG)?

(1.29)

It is clear that synchrotron emission will tend to dominate in regions of strong mag-
netic fields. This can also be seen by comparing the respective energy-loss timescales

(see §1.4.5) for synchrotron and inverse-Compton processes.
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1.4.3 Bremsstrahlung

Bremsstrahlung (‘braking radiation’) is the radiation that is produced by the deflec-
tion and deceleration of charged particles when interacting with electric fields of other
particles. This process is most significant for electrons. The average electron energy
loss rate due to Bremsstrahlung, propagating through material with atomic number

Z, is given by:

"8

dE| . nz2(Z+13)° { (183> 11 _ _Lepe (1.30)

dt |, 16m3heicdm? Z1/3 X0
where the nz is the number density of the target material, E. is the electron energy,
p is the density and Xj is the Bremsstrahlung radiation length. For hydrogen gas,
Hy, Z = 1 and Xy = 61.28 gem™2. In the interstellar environment, the density of
target material can be very low (~ 1 cm™2) and as such the effect of Bremsstrahlung
on high energy electrons is often not significant compared to that of synchrotron and

inverse Compton processes.

1.4.4 Cosmic-ray and Interstellar Medium Collisions

Collisions between relativistic protons (such as CRs) and other protons or nuclei pro-
duce a shower of secondary particles. These processes are known as ‘proton-proton
interactions’ (p-p interactions). Many of the secondary particles are pions, which
are hadronic particles consisting of two quarks. There are 3 types of pions; posi-
tively charged, negatively charged and neutral, all of which are produced in roughly
equal quantities via these collisions (Allan, 1971). Charged pions have a mean life of
~ 107%s and quickly decay into a muon and muon neutrino. The neutral pions, o,
have a mean life of ~ 10765 and decay even more rapidly into a pair of gamma-ray
photons. In p-p interactions, roughly half the energy of the primary proton is carried
away by the leading proton or nuclei, while the rest goes into the generation of pions
and a small number of heavier hadrons. As a consequence, approximately 1/6 of
the energy of the primary CR proton is carried away by the gamma-rays generated
through neutral pion decay. The average energy loss-rate for CRs via p-p interactions
is given by:

dE

| = NypOpp f Ly (1.31)
P

where n,, is the proton density of the target, o,, is the total p-p interaction cross-

section, f is the inelasticity of interactions and E, is the energy of the original proton.
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A more detailed review of this process can be found in Aharonian (2004). Throughout
this thesis, the ‘hadronic’ production of gamma-rays refers to this process of neutral
pion production and decay. However, it is worth noting that additional channels
such as the production of other neutral mesons also contribute sub-dominantly to the
hadronic gamma-ray population.

Taking a power law injection spectrum of CRs, the spectrum of gamma-rays pro-
duced by p-p interactions and neutral-pion decay will also be a power law distribution.
Above a few GeV, the gamma-ray spectrum will closely follow that of the parent pop-
ulation of protons (Aharonian, 2004).

1.4.5 Energy-Loss Timescales

In order to compare the energy loss rates of the above described processes, one can
consider the approximate time for a particle to give up all its energy through a single
process, assuming a constant energy loss rate. This parameter, 7 ~ E/(dE/dt), is
known as the cooling time of the process.

For inverse Compton emission (leptons), the cooling time 77¢ is:

Urad - E -
~3x10% | 2 1.32
Tic ~ 3 x 10 (eV Cm—3> <G6V> ig (1.32)
For synchrotron emission (leptons), the cooling time 7y, is:
EN'/ B\
wme ~ 1.3 x 10° [ —— — 1.33
Toy % (Te\/) (10 ,uG) iy ( )

For Bremsstrahlung (leptons), the cooling time 75, is:

Ty ~ 4 x 107 ( >_1 [y1] (1.34)

cm—3

For pion decay from proton-proton scattering (hadrons), the cooling time 7, is:

Ty ~ 5.3 x 107 ( )_1 [y1] (1.35)

cm™—3

For highly energetic TeV leptons in the interstellar medium, synchrotron and inverse-
Compton will be the main energy-loss processes competing, as the effect of Bremsstrahlung
is often not significant given the relatively low gas densities. As described in the above
sections, the local magnetic field strength and the relative interstellar radiation field

will determine the relative dominance between synchrotron and inverse-Compton. In
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regions of strong magnetic fields, high energy leptons may emit non-thermal X-rays
via synchrotron, while an absence of such magnetic fields in a region may result in
the up-scattering of ambient photons to gamma-ray energies via inverse-Compton.

It is often difficult to discern which processes produce the gamma-rays that are
observed from a given region. In many cases, both hadronic and leptonic emission
mechanisms can be invoked to explain the gamma-ray flux. However, hadronic pro-
duction via p-p interactions requires target material for energetic hadrons (CRs) to
interact with. Thus, observations of the interstellar gas, which may act as the re-
quired target material, is a useful tool to aid in distinguishing between hadronic and
leptonic production of gamma-rays. Gamma-rays produced hadronically are expected
to have overlap with gas, and will be less likely to occur towards regions where there
is little or no gas present.

1.5 Ground Based Gamma-ray Astronomy

Very high energy (VHE, E' > 100 GeV) gamma-rays cannot be observed directly on
the surface of the Earth, due to attenuation caused by the atmosphere. In addition,
the low flux of these gamma-rays limit the use of space-based detectors, as the required
collection area would be both physically and economically impractical. The relatively
recent advent of ground based detection techniques, however, has allowed for the rapid
progression in the exploration of VHE gamma-ray sky.

Ground based gamma-ray astronomy takes advantage of the cascade of secondary
particles that are produced when an incident gamma-ray interacts with the Earth’s
atmosphere. These energetic secondary particles, collectively known as an extended
air-shower, produce Cherenkov light as they travel at speeds greater than the local
speed of light. Ground-based Imaging Atmospheric Cherenkov Telescopes (IACTS)
collect this Cherenkov light, and analysis techniques are applied to the image to re-
construct the parameters of the original gamma-ray. Current generation instruments,
such as the High Energy Stereoscopic System (HESS) utilise multiple IACTs in an
array which allows for the observation of air showers from several different angles to
uniquely determine the shower direction, improving angular and energy resolution.

1.5.1 Extensive Air-Showers

When highly energetic CRs and gamma-rays enter the Earth’s atmosphere, they
will eventually interact with atmospheric nuclei, producing secondary particles. The
nature of the interaction differs depending on whether the ‘primary particle’ is a
hadron (a CR) or a gamma-ray. These secondary particles will go on to interact
with other atmospheric nuclei, producing additional particles. This process repeats
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again and again, forming a cascade of secondary particles called an extended air-
shower. Extended air-showers initiated by CRs are known as hadronic extended air-
showers, while those initiated by gamma-rays are known as electromagnetic extended
air showers. Figure 1.6 shows simulated examples of the extended air-showers. The
properties of these two types of extended air-showers differ, and are briefly described
in the following section.

300 GeV gamma-ray 1 TeV proton

Figure 1.6: Simulated tracks of secondary particles and photons in extended air-
showers. Left: An electromagnetic extended air-shower initiated by a 300 GeV
gamma-ray. Right: A hadronic extended air-shower initiated by a 1 TeV proton.
Image is adapted from Vélk & Bernlohr (2009).

1.5.2 Electromagnetic Extensive Air-Showers

Gamma-rays incident on the Earth’s atmosphere will initiate an electromagnetic ex-
tended air-shower. In the presence of atmospheric nuclei, a gamma-ray will undergo
the process of pair production to create an electron-positron pair. This electron-
positron pair will interact with atmospheric nuclei via Bremsstrahlung to create new
photons. These new photons, which are of high energy, can further go on to produce
more electron-positron pairs through pair production. The cycle continues, resulting
in a cascade of particles and photons. The process will continue to exponentially grow
until the energy of the particles fall below some critical energy, E., where the energy

loss rate from ionisation processes dominate over the energy loss from Bremsstrahlung.
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At this point, the number of particles and photons no longer increase and the shower
terminates.

One idealised model that is used to understand this secondary particle shower
is the Heitler model, formulated by Heitler (1954). For simplicity, this model only
considers pair production and Bremsstrahlung processes, and assumes that the inter-
action length and radiation length, A [gcm™2], is equal (true to within ~ 25%). For
every individual interaction, it is assumed that the energy is split evenly between the
photons and particles. Thus, a Bremsstrahlung photon will carry half the energy of
the lepton, and pair production will result in two photons of the same energy. Fig-
ure 1.7 is a schematic diagram of the Heitler model for an electromagnetic extended

air-shower.

Incident gamma-ray

X =4

Atmospheric depth Energy of each particle

Figure 1.7: A schematic diagram of the Heitler model for an electromagnetic extended
air-shower. Four interaction lengths, A\, are shown in this diagram, indicated by the
left-hand scale. The primary gamma-ray has an initial energy of Ej, and the energy
of each particle is shown on the right-hand scale.

In the Heitler model, the number of secondary particles double after each interac-

tion length. After n number of interaction lengths, the number of secondary particles

is then 2", each with some energy given by:
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B(n) = 5

(1.36)

There exists some critical energy, E., at which energy losses are dominated by ion-
isation processes and the number of particles in the shower begin to decline. Thus,

the maximum number of particles that can occur in the shower is:

Npax = — (1.37)

Since the maximum depth of the shower is given by X,,.. = n\, the maximum num-
ber of particles can also be expressed as:

Ny = 275max/A (1.38)

By combining Equations 1.37 and 1.38, an expression for the maximum shower depth

can be derived:

N = A@ (1.39)

The above equations show that the number of particles at the shower maximum
is directly proportional to the initial energy of the gamma-ray FEj, and that the
atmospheric depth at the shower maximum is logarithmically proportional to Ej.

Both of these are results that are important for energy reconstruction.

1.5.3 Hadronic Extensive Air-Showers

CRs incident on the Earth’s atmosphere will initiate a hadronic extended air-shower.
Compared to electromagnetic extended air-showers, additional hadronic interactions
occur, leading to creation of larger variety of secondary particles. These particles
include muons, pions and nucleons, which are produced from nuclear fragmenta-
tion, along with pair produced electron-positrons and Bremsstrahlung photons. The
hadronic components of the air-shower often have larger interaction lengths than those
present in electromagnetic air-showers, and hence the shower maximum is generally
reached at a lower point in the atmosphere.

In a hadronic extended air-shower, the initial primary hadron interacts with the

4,0

atmosphere via a p-p interaction producing charged and neutral pions, 7=, along
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with other mesons and baryons. The nucleons can then go on to interact via fur-
ther p-p interactions. Neutral pions will rapidly decay into a pair of gamma-rays.
These gamma-rays can undergo pair production, spawning an electron-positron pair,
initiating an sub-electromagnetic shower component (§1.5.2). The charged pions can
decay into a charged muon-neutrino pair, and the charged muons will further decay
into electron/positrons and more neutrinos. The decay chain of pions are summarised

below:

sty ut o ettt
T = u +U, pWo—e +r.+v, (1.40)

70— 2y

Figure 1.8 is a schematic diagram of a hadronic extended air-shower, illustrating the
various decay paths and sub-components within.

Primary Hadron N = High energy nucleon
p, n = product nucleons

N
p
a0 T, p
n N P
_ 70
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2/ ?’ ‘ n p n n P
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Sub-electromagnetic Mesonic Sub-electromagnetic Nuclonic
component component component component

Figure 1.8: A schematic diagram of a hadronic extended air-shower. These extended
air-showers contain sub-electromagnetic components, mesonic components and nu-
clonic components.

Compared with electromagnetic extended air-showers, inelastic scattering in a
hadronic extended air-showers cause a greater lateral spread in the particles and
shower structure. Thus CR initiated air-showers can often be distinguished from
gamma-ray initiated showers based on their lateral extents. This difference is clearly
seen when comparing the simulated air-showers displayed in Figure 1.6.
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1.5.4 Cherenkov Light and its Imaging

Cherenkov light is radiation that is emitted when a charged particle moves through a
dielectric medium at a velocity greater than that of the local phase velocity of light.
As the high velocity charged particles propagate through the medium, the surround-
ing molecules are temporarily polarised due to the electromagnetic disruption. These
polarised molecules oscillate back to restore equilibrium and in the process emit elec-
tromagnetic radiation. Typically, for charged particles moving at velocities less than
the local speed of light, destructive interference occurs between the photons and the
radiation is not detected. In the case where the velocity of the charged particle is
greater than the speed of light in the medium, constructive interference occurs in an
electromagnetic scenario analogous to a sonic boom (see Figure 1.9). This light is
known as Cherenkov light and is produced by the relativistic secondary particles that

form in an extended air-shower.

charged
particle

Cherenkov

light

Coherent wavefront

' —
v Particle track Cherenkov light cone

Figure 1.9: Schematic diagram illustrating the geometry of Cherenkov light produced
by a charged particle moving faster than the local speed of light. Left: Huygens con-
struction of wavelets (blue) show how a coherent wave-front of Cherenkov light (red)
is formed due to constructive interference. Right: Adapted from Volk & Bernlohr
(2009), this shows the atmospheric Cherenkov emission from a downward-moving
single particle.

The Cherenkov light for a single particle can be shown to be emitted in a forward

cone as illustrated in Figure 1.9. The angle of the cone, «, is given by:
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1
cosa =~ for v > < (1.41)
vn n

where v > ¢/n is the velocity of the particle, and n is the refractive index of the
medium. In the case of the atmosphere, the refractive index increases with lower
altitude and consequently the value of « is greater at lower altitudes. « reaches
a value of ~ 1.3° at sea-level. The sum of the Cherenkov light generated by the
secondary particles in an electromagnetic extended air-shower due to a high energy
gamma-ray will create an approximately uniformly distributed ‘light pool’ at ground
level. The light pool will have a radius of about ~ 150 m for initial gamma-ray
energies of ~ 100 GeV, but can extend up to ~ 1 km for gamma-rays of energies
> 100 TeV.

IACTSs used in ground based gamma-ray observatories image the Cherenkov light
generated by the particles of an extended air-shower. When projected onto the 2D
focal plane, the Cherenkov light cone appears as an illuminated ellipse. Hence, the
combined Cherenkov light from the many secondary particles in the shower will be
seen as an elliptical burst of light by ITACTs. These ellipses are described geometrically
by the semi-major (‘length’, /) and semi-minor (‘width’, w) axes, and are calculated
from the TACT images (see e.g. Aharonian et al. 2006b for the analysis carried out
by HESS).

The parameters of the ellipse are useful in distinguishing between gamma-ray and
CR initiated extended air-showers. Since hadronic extended air-showers have a larger
lateral extent than electromagnetic extended air-showers (see §1.5.3), Cherenkov light
images of hadronic air-showers are generally less ‘tight’ than electromagnetic air-
shower. This can be seen in Figure 1.10, which shows an example of the Cherenkov
images seen from electromagnetic and hadronic extended air-showers. This allows of
the rejection of the CR background, which comprises of ~ 99.9% of observed events.

1.5.5 High Energy Stereoscopic System

The High Energy Stereoscopic System (HESS), is an array of IACTs used to detect
gamma-rays in the GeV to TeV energy range (see HESS website 2017). It is located
on the Khomas Highlands of Namibia. HESS, as part of ‘Phase I’; consisted of four,
12 m diameter IACTs arranged in a square formation with sides of length 120 m.
These telescopes came to full operation at the end of 2003. As part of Phase II, a
much larger 28 m IACT was built at the centre of the array, and has been operating
since 2012. A photograph of the HESS site with the 5 TACTs can be seen in Figure
1.11.

28



1.5. GROUND BASED GAMMA-RAY ASTRONOMY
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Figure 1.10: Examples of Cherenkov light images that are seen from gamma-ray
induced (electromagnetic) extended air-showers and from CR induced (hadronic) ex-
tended air-showers. Image is from Vélk & Bernlohr (2009).

HESS has an energy threshold of ~ 100 GeV before selection cuts and an angular
resolution of ~ 0.1° for individual gamma-rays. The sensitivity of HESS between
several hundred GeV and few tens of TeV is ~ 1% of the flux of the Crab Nebula,
given an observation time of ~ 25 hours. Details on the analyses conducted on the
images taken by HESS can be found in Aharonian et al. (2006b).

Throughout its operation, HESS has discovered and observed the majority of
VHE gamma-ray sources along the Galactic plane (Aharonian et al., 2005a, 2006c;
Deil et al., 2015). Many of these extended, Galactic sources have been associated with
high-energy phenomena, such as pulsar wind nebulae (PWN), supernova remnants
(SNRs) and binaries (Renaud et al. (2008); Aharonian et al. (2005b, 2008) etc.). In
addition, a large population of VHE sources appear to have no clear counterparts
seen in other wavelengths, and are considered dark or unidentified sources (Aharo-
nian et al., 2005a; Deil et al., 2015). A discussion of these sources can be found in an
earlier section of this chapter (§1.2).

To investigate the nature of dark TeV gamma-ray sources, we can study the inter-
stellar medium towards where these sources are located. These studies may provide
contextual clues about the sources, and morphological similarities between gamma-
ray emission and interstellar gas may suggest sites of CR interactions. In order
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Figure 1.11: The High Energy Stereoscopic System (HESS) in the Khomas Highlands
of Namibia. The four smaller IACTs are located at the corners of a square with
side lengths of 120 m. The larger IACT, HESS II, is located at the center of the
arrangement. Image credit: HESS Collaboration, Clementina Medina.

to study the interstellar medium towards VHE gamma-ray sources, radio astronomy
techniques can be applied to study spectral lines emitted by the gas. This is discussed
in more detail in the following chapter.

1.6 TeV gamma-ray sources studied

The interstellar medium towards five TeV gamma-ray sources, each unique in their
own way, were studied as part of this thesis.

HESS J1640—465 and HESS J1641—463 are a pair of gamma-ray sources each
coincident with a SNR, and bridged by a complex structure of bright Hi1 regions.
HESS J1641—463 is peculiar in that it is one of the strongest PeVatron candidates
known, with a very hard gamma-ray spectrum which extends into several tens of TeV
with no sign of a cutoff. The study of the interstellar medium towards this pair of
sources is presented in Chapter 3.
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HESS J1614—518 has no immediately obvious counterparts seen in any other wave-
lengths, and is one of the best examples of a dark TeV gamma-ray source. The
nearby TeV source HESS J1616—508 has several potential counterparts, including
two SNRs and three pulsars, though none have been firmly associated with the TeV
emission. The interstellar medium study conducted towards these sources as part of
this thesis is presented in Chapter 4.

Finally, HESS J1702—420 is another dark TeV gamma-ray source. While a SNR
and pulsar are seen near the outskirts of this source, neither have been considered
strong contenders for association. This source is also considered a potential PeVatron
candidate, with a hard gamma-ray spectrum extending to at least several tens of
TeV. The study of the interstellar medium towards HESS J1702—420 is presented in
Chapter 5.
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Chapter 2

Spectral Lines and Radio
Astronomy

As briefly touched upon in the previous chapter, a detailed understand of the inter-
stellar medium (ISM) is required in order to help identify the production mechanisms
responsible for TeV gamma-ray sources. In particular, to distinguish between the
hadronic and leptonic nature of the TeV emission. An accurate understanding of the
ISM may also yield contextual clues, such as the conditions of the local environment
and the distance to the emission, all of which are useful in unravelling the nature of
the TeV source.

One method to study the ISM is to observe the spectral line radiation emitted by
excited molecules. Radio observations targeting the various molecular spectral lines
can provide information on the physical parameters of the ISM. Understanding the
distribution of the local ISM is useful in the modelling of TeV gamma-rays produced
by energetic CRs or electrons from nearby high energy sources.

This chapter begins with a review of basic radiation theory (§2.1) and the under-
lying physics behind molecular line emission (§2.2). Following this, an explanation
of the techniques used in single-dish radio astronomy is given (§2.3), as well as an
overview of the physical parameters that can be calculated from spectral line obser-
vations (§2.4, §2.5). Finally, the atomic and molecular lines tracers utilised in this
thesis are discussed (§2.6) Much of the following is based on Townes & Schawlow
(1955), Rybicki & Lightman (1979), Goldsmith & Langer (1999) and Wilson et al.
(2009).
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2.1 Basic Radiation Theory

2.1.1 Intensity, Flux and Luminosity
The specific intensity, I, of radiation in the frequency range v to v + dv is given by:

dE
I, =————  [Wm2Hz 's? 2.1
dAdtavaq  VmHz s 21)
where dF is the energy of the radiation received over area dA in the time interval dt
from some solid angle df2.
Consider some astrophysical source of radiation with angular diameter df2,. The
specific flux, F,,, of the source can be derived by integrating I,, over df2,:

F, = / L(QdQ  [Wm2Hz ] (2.2)

which is also commonly expressed in units of Jansky (1 Jy = 10*3 ergem—2s7! Hz™1).
In the case where the source has a uniform intensity, the expression for F, can be
simplified as:

F,=1,AQ, [Wm?Hz| (2.3)

For an isotropically radiating source, the flux is dependent on the distance. In
this case, the radiative energy is distributed evenly on a sphere of surface area 4md?,
where d is the distance from the source. The specific luminosity of a source, L,, is
the total radiative energy emitted between the frequency range v to v + dv. For an
isotropically emitting source, L, can be given in terms of F, by:

L, =4nd*F, [WHz ] (2.4)

The bolometric intensity, bolometric flux and bolometric luminosity can be ob-

tained by integrating I,, F, and L, respectively over the entire frequency range.

2.1.2 Thermal Radiation and Brightness Temperature

Thermal radiation is the radiation that is produced by the thermal motion of par-
ticles. A black body is an idealised object which absorbs all incident radiation. In
thermal equilibrium, where there is no heat flow to or from the object, the intensity
of the thermal radiation of frequency v produced by a black body is described by
Planck’s Law:

(2.5)
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where h is Planck’s constant (6.626 x 10734 Js), ¢ is the speed of light (3 x 10® ms™!)
and k is Boltzmann’s constant (1.380 x 10723 JK~1). For a given temperature, this
distribution has a maximum intensity at some frequency vpeax and corresponding

wavelength Apeax which can be calculated using Wien’s displacement law:

b

= (2.6)

)\peak =

where b is the constant of proportionality (2.898 x 1072 m K)

The total radiative energy flux from a black body can be obtained by integrating
Planck’s Law (Equation 2.5) over the entire frequency range, and is described by the
Stefan-Boltzmann law:

F=oT* (2.7)

where o is the Stefan-Boltzmann constant (5.670 x 1078 Wm™2 T4).
In the radio band, where hv << KT, a Taylor series expansion can be used to

simplify Planck’s Law (Equation 2.5) to the Rayleigh-Jeans Law:

202kT

I, = BV(T) (28)

In radio astronomy, it is common practice to express the observed intensity of an
object in terms of a ‘brightness temperature’ Tj, which is the equivalent temperature
required to thermally produce the same observed radiation at frequency v. Rearrang-
ing Equation 2.8 gives the expression for T}, as:

c? hv

I, =—J,(T) (2.9)

T =
b7 92k k

where J,(T) = [exp(hv/kT) — 1]71.

2.1.3 Radiative Transfer

Radiation from astrophysical sources will propagate some distance through the ISM
before it is able to be detected here on Earth, and it is important to consider any
changes that may occur during this process.

Photons have a finite probability of being absorbed as they propagate through a
medium. Conversely, particles in the medium may also emit photons, increasing the
overall intensity. Figure 2.1 illustrates the effect that particles in a medium have on
the intensity of incident radiation.
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Figure 2.1: Radiation with frequency v and intensity I, enters a column of particles
with length ds and cross-sectional area dA. The particles in this column absorb and
emit radiation, changing the intensity by dI, as described by the equation of radiative
transfer (Equation 2.10).

Considering these two factors, the propagation of radiation of some frequency v
through the ISM can be described by the equation of radiative transfer:

% = —a,(8),(s) + () (2.10)
This equation gives the net intensity change, dI,, over a given infinitesimal distance,
ds.

The emission coefficient, j,(s) [Wm™3 Hz ' sr!], describes the power emitted at
frequency v per unit volume of the medium. The absorption coefficient, a,,(s) [m™!],
describes the number of absorption interactions per unit distance. For a medium
with density n and a constant absorption cross-section o,, the absorption coefficient
is given by «, = no,. The mean free path length, [,, is the inverse of the absorption
coefficient (I, = ;') and is the distance that photons will travel through the medium
before 1/e are absorbed.

The absorption coefficient is not a directly measurable quantity, and so the ab-
sorption of radiation is better characterised by the optical depth, 7,,, which is defined
by:

dr, = a,ds (2.11)

Dividing Equation 2.10 by the absorption coefficient, one can express the equation of
radiative transfer in terms of optical depth as:

dI,

. —1,(1,) + S,(1) (2.12)
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where S,(7,) = j,(7,)/a,(7,) is the source function, which describes the ratio of
photons emitted and absorbed by the particles in the medium.
The solution to Equation 2.12, a 1st Order Linear Differential Equation, is:

I(1,) = L(0)e ™ + / e~ TS, (7)) dr! (2.13)
0

The first term in Equation 2.13, I,,(0)e~", is the radiation from a background source
which is attenuated as it passes through the medium. The second term is the radiation
contribution from the medium itself. In the case where the source function S, remains

constant in the medium, Equation 2.13 becomes:
L(1) =S, +e™[,(0)—S,] (2.14)

There are two limiting cases in terms of optical depth. In the case where the medium
is ‘optically thin’ (7, << 1), Equation 2.14 becomes:

I(r) = (1-7)L(0)+ 8,7 (2.15)

In this case, a small fraction of the intensity will be absorbed by the particles in
the medium, and an observer will be able to see radiation from background sources
together with a contribution from the medium via the source function. In the case
where the medium is ‘optically thick’ (1, >> 1), Equation 2.14 becomes:

I(1,) = Su(1) (2.16)

In this case, the medium is opaque, and an observer will only see photons emitted
from the outside envelope of the medium.
Equation 2.14 can be expressed in terms of brightness temperature, T}, (see Equa-
tion 2.9):
hv hv

Ty = = Ju(Thg)e™ + () (1 =) (2.17)

where Ty is the source temperature, and Tj, is the background temperature.

Many astronomical telescopes employ a source and background subtraction method
in observations in order to remove contributions to the measured signal that arise from
the atmosphere, telescope electronics, and background noise. This can be achieved
by subtracting the brightness temperature of a background position from the bright-
ness temperature of the ‘on-source’ position, and is characterised by the detection

equation:
h

Ty = - [J(Ts) = Ju(Thg) (1 = e7™) (2.18)
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2.2 Molecular Line Emission

Molecules are able to store their internal energy in several different ways, such as
in rotational and vibrational modes. These internal energy levels are discrete, and
the transitions between molecular energy levels are accompanied by the emission or
absorption of photons with specific frequencies. The frequency of the photon emit-
ted/absorbed when transitioning from some energy state j to another energy state k

is given by:

|E; — Ei|

; (2.19)

ij =

where h is Planck’s constant. This type of radiation is known as line emission. Dif-
ferent species of molecules have unique characteristic spectral lines, and the detection
of such emission allows us to gain information on the distribution and population of

molecules.

2.2.1 Rotational Molecular Energy Levels

Within much of the cold and quiescent ISM, the temperature does not typically
reach temperatures required to activate vibrational energy modes (above ~ 100 K).
However, the excitation of rotational energy states only require several tens of Kelvin
to occur, and consequently most molecular spectral lines seen in the ISM are from
the transitions between these energy levels. These rotational molecular line emissions
are generally within the radio to microwave frequency bands.

For a single molecule, the rotational energy is described by its angular momentum,
which is quantised in multiples of i = h/2w. Consider 3 perpendicular axes x, y and z
through the centre-of-mass of a molecule, with the corresponding angular momentum

components J,, Jy, and J,. The total rotational energy of the molecule is given by:

N E R N
By = ~2 4 -2 4 2= 2.2
ot 21, "o (220)

where I, I,, and I, are the moments of inertia about the x, y and z axes. The
rotational energy can also be written as:

1
Eror = 5 (Lw + Iyw, + L) (2.21)

where w; is the angular velocity of component i. Molecules can be divided up into
four different rotor groups, which depend on the relative values of the three moments
of inertia. These classifications are summarised in Table 2.1.
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Table 2.1: Classifications and examples of molecular rotors. I, I, and I, are the
moments of inertia about the x, y and z axes respectively.

Rotor Type Moment of inertia | Example molecules
Spherical Rotors I, =1,=1, CH,4, SiHy

Linear Rotors I, =01, =1, CO, CS, OH, SiO
Symmetric Rotors | [, = I, # I, NHj3, CH3CN
Asymmetric Rotors | I, # I, # I, CH3;0OH, H,O

Of the different rotor types, linear rotor molecules are some of the most common
in the ISM (see §2.6). Linear rotors have one principal axis (I, = 0) and two iden-

tical perpendicular axes (I, = I, = I, ). The rotational energy of a linear rotor is then:

J1

Eoy=— 2.22

ot 9 ]L ( )

where J, is the angular momentum component perpendicular to the principal axis.

By using the correspondence principle in the quantum regime, the angular momen-

tum term can be replaced with J? — J(J+ 1)k?, where J now represents the angular
momentum quantum number. Equation 2.22 then becomes:

h2

= — 1 .
Erot 21J<J + ) (2 23)

Each linear rotor molecule species has a unique moment of inertia I, and Equa-
tion 2.23 allows the calculation of the rotational energy levels for any linear rotor
molecule. In the case of a change in the rotational energy of a linear rotor molecule,
the frequency of the emitted or absorbed photon is given by v = AE,./21h (see
Equation 2.19), where AFE,y is the difference in the energy of the rotational levels.
Photons have a spin of 1, due to conservation of angular momentum will only be able
to change J by AJ = £1 via emission/absorption processes. Thus, the frequency of
the photon is given by:
h

v= (S +1) (2.24)

where Jy, is the lower rotational quantum number.

39



CHAPTER 2. SPECTRAL LINES AND RADIO ASTRONOMY

2.2.2 Einstein Coefficients

There are several radiative mechanisms involved with the emission and absorption of
photons due to a change in a molecule energy state, as illustrated in Figure 2.2. The
rate at which each process occurs is characterised by their corresponding Einstein

coefficient.
Spontaneous emssion Absorption Stimulated emission
i—@ j j O
hvj AVAVY 3 1V
VAVAVAVE 847" VAVAVAVA S0 VAVAV
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k k .— k

Figure 2.2: The mechanisms associated with line emission, which results in a change
in the energy state of the molecule. v is the frequency of the photon with energy
equivalent to the difference in energy states j and k (see Equation 2.19).

Spontaneous emission (Figure 2.2, left panel) occurs when a single photon is ra-
diated spontaneously from a molecule. This takes place together with a transition
from a higher energy state j to a lower energy state k& within the molecule. The rate
at which this occurs is given by the Einstein coefficient A,j:

3.3
167 Vi

A, = — 2
7k 3€0hC3

gl 57 (2.25)

where vj;, is the frequency of light corresponding to this transition and g is the

electric dipole moment of the molecular transition.

Absorption (Figure 2.2, centre panel) occurs when a molecule transitions to a higher
energy level by absorbing a photon of the specific frequency corresponding to the en-
ergy gap. This process depends on the specific intensity of the photons, [, and the
Einstein coefficient By; [W~!cm? sr Hz s71.

Stimulated emission (Figure 2.2, right panel) is also known as negative absorp-
tion. A molecule in an energy state j can interact with a photon of frequency v
which stimulates a transition into the lower energy state k. This results in the emis-
sion of another photon with the same frequency v;;. Stimulated emission is depen-
dent on the specific intensity of the radiation, I,,, and the Einstein coefficient Bjj

(W=tem? sr Hz s71.
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The Einstein A and B coefficients are related by the following:

2
c

By = —

k= opys

Ajk Brjgr = Bjkgu (2.26)
where g; and g, are the degeneracies of the states j and k respectively.

In addition to radiative processes, atoms and molecules can be excited and de-
excited between energy states via collisions. These process are described by the
Einstein coefficients Cj;, and Cy;, where Cjj, is the collisional de-excitation rate and
C; 1s the collisional excitation rate. These Einstein coefficients are proportional to
the number density of the molecules, n. In the astrophysical case, the most abundant
molecular species is Ho, and it is assumed that Hs molecules are the dominant colli-

sional partner. Thus, C}; and Cj; are defined as:

Cik = nmy i and  Cij = nmy iy (2.27)

where ny, is the number density of Hy and «;; and 7; are the coefficients for down-
ward and upward collision processes respectively (with units of molecules per second
per Hy molecule).

In a steady state, where the number of molecules in the upper and lower energy

states remain constant, the Einstein A, B, and C coefficients are related by:

where n; and n; are the number density of molecules in the j and k energy states
respectively.

Consider now the system under the conditions of local thermal equilibrium (LTE),
an idealised scenario in which the population density of molecules in some state ¢ with

energy FE; follows the Boltzmann distribution:

E
n; X g; exp (—ﬁ> (2.29)

where g; is the degeneracy of the state i. For a population of molecules in LTE, the
ratio of the number density of molecules in energy states j and k is given by:

7”Lj gj Ej — Ek
A " 2.30
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where T, is called the excitation temperature of the transition. Combining Equations
2.28 and 2.30 relates T, with the Einstein coefficients:

; E,-F By I, + Cy;
9 exp (— 4 k) = ki v Ok (2.31)
kT, Ajr + Bjrl, + Cji,

If we consider the case of only collisions (i.e. Equation 2.28 = n;Cj; = nyCy;), then
by using Equation 2.30 we obtain:

Cj 9 ( E; — Ek)
—— =—=exp | ————— 2.32
T~ g O W (2.32)

where T} is the kinetic temperature of the molecules. This relationship is known as
the ‘detailed balance’ condition, and always holds true regardless of the radiation field
as it only depends on the parameters of the molecule. If we assume that the radiation
field the population of molecules are subject to is from a blackbody with temperature
Tk, then the intensity I, will be given by Plank’s Law (Equation 2.5). Substituting
this into Equation 2.31 together with Equation 2.32 returns a expression that relates
T, to T}, for a population of molecules exposed to some blackbody radiation field:

exp (Ej _ Ek) =7 AL+ Jo(Toe)] + G (2.33)

kT, kv (Tor) + Ci exp(—E; /kTy,)

where J, = [exp((E; — Ex)/kT}) — 1]

2.2.3 Ciritical Density

To determine whether a particular spectral line is observable from population of
molecules, a useful parameter to consider is the critical density. The critical density
is the density at which the rate of downward radiative processes is equal to the rate
of collisional de-excitation. In a steady state situation, the downward process terms
are given by:

Aj + AjkJ,(Ty) = n, Vi (2.34)

The critical density, n., is then defined as:

A1 T A;
Ne = Jk’( + ‘]( bk’)) ~ Jk (235)
Vik ik

The critical density is the density at which collision excitation (with Hy molecules) is
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effective. Below n.., the rate of collisions is too low to excite the gas, and a spectral line
will not be visible against the background radiation. Different species of molecules
have different critical densities, and these properties are used for the detection of
molecular gas in a range of densities within the ISM. Table 2.2 lists the critical
densities of some useful molecular transitions. More in-depth discussion of these
molecules can be found in §2.6.

Table 2.2: Critical densities of several useful molecular transitions

Molecule  Transition  Critical density [cm ™3]

CO (1-0) ~ 5.0 x 102
CS (1-0) ~ 1.8 x 10*
C3S (1-0) ~ 1.7 x 10*
SiO (1-0, v=0) ~ 6.0 x 10*

2.3 Millimetre Radio Astronomy

Much of the spectral line emission from molecules within the ISM are found in the
radio band of the electromagnetic spectrum. As such, radio telescopes are employed
to target these specific frequencies in regions of interest. In this thesis, most of the

observations of the ISM come from the Mopra radio telescope.

2.3.1 Mopra

Mopra is a 22 metre, single dish radio telescope located near Coonabarabran in New
South Wales, Australia, at an elevation of ~ 850 m above sea level. It was part of the
Australia Telescope National Facility (ATNF) operated by the Commonwealth Scien-
tific and Industrial Research Organisation (CSIRO). Since 2013, operations have been
funded (first in part, now in whole) by external groups. From 2013 to 2015, funding
came from the National Astronomical Observatory of Japan (NAOJ), the University
of New South Wales (UNSW) and the University of Adelaide (UoA). Since 2016,
funding has come from UNSW, UoA, Western Sydney University (WSU), Nagoya
University and a Linkage Infrastructure, Equipment and Facilities (LIEF) grant from
the Australian Research Council (ARC).

Mopra has a suite of three receivers that can be used for single-dish observations
in the 3mm band (76-117 GHz), 7mm band (30-50 GHz), and 12mm band (12-28
GHz). The Mopra spectrometer (MOPS) can operate in two modes: ‘wideband” and
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Figure 2.3: The Mopra radio telescope (Image credit: Mopra CSIRO website 2017).

‘zoom’. In wideband mode, MOPS provides four overlapping 2.2 GHz sub-bands over

a 8.3 GHz range with 8096 channels. In zoom mode, each of the four sub-bands are

further divided into four zoom bands, or windows, each of 137.5 MHz in width with

4096 channels. This allows for the observation of 16 frequency bands simultaneously,

each tuned to a specific spectral line. Table 2.3 displays the characteristics of Mopra

operating in these modes in the 3mm, 7mm and 12mm bands. A wide range of

molecular transitions are observable utilising Mopra, and a non-exhaustive list is
displayed in Table 2.4.

Table 2.3: Characteristics of the Mopra radio telescope in wideband and zoom modes
using the 3mm, 7mm and 12 mm receivers. (Ladd et al., 2005; Urquhart et al., 2010)

Band | Centre Frequency | FWHM | Bandwidth (kms™!) | Spectral Resolution (kms™')
(GHz) (") Wide Zoom Wide Zoom

3 mm 90 35 30378 205 0.915 0.11

7 mm 42 70 56025 932 1.69 0.21

12 mm 24 120 112050 1863 3.38 0.41

2.3.2 Source Temperature and Antenna Temperature

When performing observations with single dish radio telescopes, the antenna tem-

perature 77} from given regions in the sky are recorded. Typically, any observations
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Table 2.4: List of sample atomic and molecular tracers observable with Mopra.

3 mm 7 mm 12 mm
Transition | Freq. (GHz) Transition Freq. (GHz) | Transition | Freq. (GHz)
HCO'(1-0) | 89.188526 SiO(1-0, v=3) 42.519373 H69« 19.591110
1BCS(2-1) | 92.494720 Si0(1-0, v=2) 42.820582 | CH;OH(IT) | 19.967396
C3S(2—1) | 96.412950 SiO(1-0, v=1) 43.122079 H,O 22.235253
CS(2—-1) 97.980953 SiO(1-0, v=0) 43.423824 H6ba 23.404280
CBBO(1-0) | 109.781176 CH,OH(I) 44.069476 | NHi(1,1) | 23.694471
13CO(1-0) 110.201354 | HC3N(5h—4, F=4-3) | 45.090264 NH;3(2,2) 23.722634
CO(1-0) 115.271202 Hb51la 45.453720 NH;(3,3) 23.870127
130S(1-0) 46.247580 | NHj(6,6) | 25.056025
C31S(1-0) 48.206946 H62« 26.959170
CS(1-0) 48.990957 | NHj(9,9) | 27.477943

of a source will use the position switching method which involves comparing ob-
servations towards the source (ON) against observations of a background reference
position (OFF). During ON observations, the telescope will detect Ty together with
the background radiation temperature Ty, which is usually due to the cosmic mi-
crowave background (CMB). In addition, particles in the atmosphere and instrument
electronics with brightness temperatures Ty, and T, respectively will further con-
tribute to the total recorded signal. In the case of OFF observations, no source signal
is expected to be recorded and T\ = 0. Figure 2.4 is a schematic diagram illustrating
ON and OFF positions and the sources of radiation which contribute to the total
detected signal.

The power received by the telescope during ON and OFF positions, Pox and Popp

respectively, is given by:

Poxn =C[Txe ™ + Toke ™ + Togm(1 — ™) + T1]

) ° (2.36)
POFF - C[Tbk@ ™ + Tatm(]- — € TU) + Trx]

where C' is a constant used to convert between brightness temperature and power,
and 7, is the optical depth of the atmosphere. From Equation 2.36, Ty can be written
as:

(Pox — Porr)

Ty = 8 e (2.37)

45



CHAPTER 2. SPECTRAL LINES AND RADIO ASTRONOMY

Source
TSI’C

OFF position

ON position

Instrument noise
Tl’X

Figure 2.4: An illustration of the sources of radiation involved in ON and OFF
position observations. The total signal measured during ON observations of an ex-
traterrestrial source will be a combination of the source (Ty.), the background (T}y),
the atmosphere (T,,) and the electronics of the telescope (Tix).

For convenience, the system temperature, Ty, is defined to account for the noise in
the system from background radiation, atmospheric effects and telescope electronics:
Porr .

Tsys = C e = Tatm(eTu - 1) + Tbk + TrxeTV (238)

Equation 2.37 can then be written as:

(Pox — Porr)

Ty =
A Porr

Tye  [K] (2.39)

The main beam of a radio telescope is often accompanied by several side lobes, and as
such only a fraction of the total power collected by the telescope is contained within
the main beam. This fraction 7,,, needs to be accounted for to recover the main beam
temperature 77 :

Tx

TImb

T = (2.40)

This holds for the case where the angular size of the source s is comparable or smaller
than that of the main beam Opwmy. In the case where g is larger than Opwmy, the
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side lobes will receive some fraction of the incident power, and the extended beam
coefficient 7y, (which is specific for Mopra, see Ladd et al. 2005) is used to obtain the

main beam temperature:

Ty
Txb

Ty = (2.41)
With knowledge of the main beam temperature, it is possible to recover the brightness
temperature of the source T.. For a source with uniform intensity with an angular
area AS) that is small when compared to the angular area of the beam Af2,, the

relationship between T}, and Tj{' is given by:

=13 (30 (2.42)

The main beam pattern can be approximated as a Gaussian function, and so the

main beam area is described by:

¢=27 0o 482
AQ, = / / exp (— 7 n 2) 0dode
¢=0 0=0 FWHM

_ 7791‘%WHM
41n2

(2.43)

For a source that is small compared to the beam size, we assume that the angular
area can be described as a disk such that AQy = 76?/4. The beam dilution factor f
is defined to be the ratio between A, and AQ:
f= AQ, _ 0w
AQy  02In2

which can be used to convert the main beam temperature to the brightness temper-

(2.44)

ature of a source when the source angular size is small compared to the beam size.
However, in the case where this is not true and A} is not negligible compared to
AQ2,, the gain pattern across the beam of the telescope needs to be accounted for we
can rewrite Equation 2.42 as:

¢p=2m 2
= Tier exp In 2) 0dOdo (2.45)
A AQ /aﬁ /0 ( 0w

Combining Equation 2.45 with Equation 2.43 gives:

2
Ty = e [1 - e ()| (2.46)

FWHM
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. . . . / .
which is a more general expression which relates 7 and Ti.. An extra correction

factor K is now introduced:

f—l
T 1—exp(—f )

(2.47)

Thus, in the general case, the source temperature T, is recovered from the antenna
temperature 7% by applying the beam dilution factor f and the correction factor K :

Tow =TS fK (2.48)

For the case of the Mopra radio telescope, the values of f and K have been studied
and published by Ladd et al. (2005) (3 mm receiver) and Urquhart et al. (2010) (7 mm

and 12mm receivers).

2.4 Physical parameters from observations

Using radio telescopes, it is possible to observe many different spectral line transitions
from atoms and molecules within the ISM. From these observations, the physical
parameters of the ISM gas are able to be derived, including the column density and
the optical depth. The following discuses the concepts and general methods used in
obtaining physical properties from observational data.

2.4.1 Column Density

The column density is an important parameter that is used to estimate the amount
of material present in the ISM. To determine the column density of a molecular
transition, first consider the definition of the absorption coefficient «, in terms of the
Einstein coefficients: h

a, = %(nij — nBij)p(v) (2.49)
Here, the normalised shape function ¢(v) is introduced, which characterises the spec-
tral line emission as a function of frequency. This function takes into account the
line profile (see §2.4.4) of the emission caused by the Doppler effects (§2.4.3) from
the thermal motions of the emitting particles. Assuming LTE and using the relation-
ships between the Einstein coefficients described in Equation 2.26 (with a Boltzmann

distribution relation between the populations n; and ny), a, can be written as:

2

Q= ——— Ayn, (exp (hk”%’“) - 1) $(v) (2.50)

- 2
8
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The column density of the upper state j is defined by N; = f n;ds, where ds is an
infinitesimal distance along a line of sight. By integrating the expression for a, in
Equation 2.50 along the line of sight, the optical depth can be expressed in terms of
column density:

—/ ds =~ a N (exp (12 -4 o(v) (2.51)
)T R T\ TP ‘

For the case where there is no background radiation, multiplying the detection equa-

tion (Equation 2.18) by 7, /7, gives:

hv 1—e™™
T, =T, = ?JV(T) (—T ) T,

_ o hl/jk_l e
% TP\ )"

By combining Equations 2.51 and 2.52, a relationship between the antenna temper-

(2.52)

ature 17} and the column density of the upper state N; is obtained:

i = oy (1) ot (253

- S8kmvjy, v

Integrating over the width of the line yields:

0 he? 1 —e ™\ [™
/ T;;duzg—cAjkNj (T—e)/ d(v)dv (2.54)

0o kmvjy

where the integral of the normalised shape function ffooo ¢(v)dv = 1. Because the
antenna temperature is often expressed in term of Doppler-shifted velocity along the
line of sight (see §2.4.3), a substitution [T4dv = % [T}dv can be made, and hence
the column density of the upper state, N;, is given by:

8kmv? T o0
N; = ik v / T:d 2.
7 he3Ayy, <1 - 6_7—”> A (2.55)

o0

In the optically thin case, the optical depth term in Equation 2.55 (1_2”—m) ~ 1.
In LTE, the total column density of the molecule, Ny, can be found from Equa-
tion 2.55 by considering that the energy levels of molecules are populated following

the Boltzmann distribution:

E;
T.

: ) (2.56)

N, E; =g
Npol = —2 exp (—]> Z(T,) where Z(T,)= Zgi exp (—
9i kT i=0
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2.4.2 Optical Depth

Consider, from some source, a pair of spectral line emissions. It is possible to derive
the column density, assuming knowledge of the expected flux ratios. The ratio of the
column densities between the upper-state responsible for two spectral lines (denoted
‘1" and ‘2’) can be found using Equation 2.55:

Njp (ﬂ)z (Am) (fwv> (z) (—1 - @‘”) (2.57)
Nj|2 Vo Ajk|1 fTb‘QdV To 1—em

In the case where 7 — 0, it is sometimes possible to define a factor R that fulfils the

following conditions:

N
R=" and R=-2" (2.58)

T2 Nj‘g

Equation 2.57 can then be rearranged as:

J Typdv 121 2 (A l—e™ (2.59)
fTb|1dV B 12 Ajk|1 1 —e B ’

allowing the optical depth to be numerically derived. Pairs of emission lines are

typically found between molecular isotopologues (e.g. CS and C*S, see §2.6.3), or
within molecules with hyperfine structure (e.g. OH, NH3). For isotopologue pairs, R
can be estimated by the isotopic abundance ratio, while for molecules with hyperfine
structure, R can be estimated by the relative degeneracies of the involved energy
levels.

2.4.3 The Doppler Effect

The Doppler effect is the change in the frequency of a wave for an observer who has
some velocity along the line-of-sight relative to the wave source. The effect of this
phenomenon is characterised by the Doppler equation:
U + Uobs
Uohs = —byo (2.60)

v + USOUI‘CG

where v, is the observed frequency of the wave, vy is the original frequency at the
source, v is the velocity of the wave, v, is the velocity of the observer towards the
source, and vgouree 18 the velocity of the source away from the observer.

It is convenient to express the frequency of a detected line signal in terms of its
Doppler shifted velocity. While the rest frequencies of spectral lines are well known,
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the motion of the particles cause slight frequency deviations in their emission and
absorption lines. For a specific spectral line, a signal in frequency-space is expressed
in velocity-space by converting the frequency into some Doppler shifted velocity with
respect to some rest frame:

(vo —v)

=7 2.61
VLsr = € ” ( )

where ¢ is the speed of light. For observations of Galactic objects, the reference
position is typically the local standard of rest (LSR); a point coincident with the
position of the Sun moving at the local circular velocity about the Galactic Centre.
After processing and reduction, the final data products from radio telescopes used in
this thesis all have their spectral axes in terms of Doppler shifted velocities, vigg.

There are several causes of Doppler shifts in the spectral line observations of the
ISM in our Galaxy:

e Random thermal motions of atoms and molecules (see §2.4.4)
e Local gas dynamics, including cloud-cloud collisions, shock interactions etc.

e Bulk motion of the ISM gas as it rotates about the Galactic center (see §2.5)

2.4.4 Line Profiles

Spectral emission lines always have some natural spread in their frequencies, de-
scribed by Heisenberg’s Uncertainty Principle (AEAt > //2). The uncertainties
involved with the energy and lifetime of the transitions results in a Lorentzian line
shape, with a shape function ¢(v) given by:

(Aji + C)/4n*

o) = 0 1 (A 1 O/

(2.62)

where A;;, is the Einstein A coefficient, 1 is the central frequency of the emission line
and C' is some constant.
The random thermal motions of molecules cause the emission to be Doppler shifted

(§2.4.3), resulting in a Gaussian line shape:

[ mc? (v — vp)*mc?
o) = 2rkTV3 P <_ 2kT v} > (263)

where m is the mass of the molecule and 7T is the kinetic temperature. Emission
lines profiles are hence a convolution of the Lorentzian and Gaussian shape functions.
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However, in most cases, the thermal Gaussian component is dominant. Equation 2.63
can be expressed in terms of Doppler-shifted velocity vpgg as:

mc? m<ULSR - vcentre)2
_ _ 2.64

where veentre 18 the Doppler-shifted velocity of 1. Hence, most spectral line emission
profiles are well fit by a Gaussian function of the form:

4 — Ucentre 2
f(visr) = Aexp <— (onm o D 2) (2.65)
Aviywmnm

where A is the amplitude of the emission line, and vpwgy is the full width half max-
imum. Assuming the broadness of the linewidth is solely due to thermal motions of

the molecule, vpwmy is given by:

kT In2
m

AUFWHM = (266)

For line emission produced by the ISM within the Galaxy, additional broadening
effects are caused by turbulence, especially in the case of cold molecular clouds. These
turbulences may be caused by external shocks produced by star formation regions,
SNRs etc., as well as large scale processes such as Galactic sheer and gravitational
instability.

If the spectral line is fitted with a Gaussian function, the total integrated intensity
(in velocity space) will be given by the area under the Gaussian:

AAUFWHMﬁ
2v1In 2

2.5 Kinematic Distances and the Rotation of the

Galaxy

Area = (2.67)

As mentioned in §2.4.3, the relative motion of particles will cause a Doppler shift in
the detected frequencies of their spectral lines. In addition to thermal motion and
random turbulence, atoms and molecules that make up the Galactic ISM have bulk
motion from their intrinsic orbit around the centre of the Galaxy. Using the Doppler-
shifted velocity of an observed spectral line, vsgr, from some Galactic object, it is
possible to estimate the distance to said object if the rotation parameters of the

Galaxy are known.
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V. (km s™h)

y (kpc)

% (kpc)

Figure 2.5: Schematic 4-arm model of our Galaxy, described in Vallée (2014), rotating
clockwise as viewed from above. The colour shading within the wedge represents the
expected vsg according to the rotation curve from Brand & Blitz (1993), along the
[ = 327.°8 to 328.°7 sightline. The numbers along the wedge indicate the correspond-
ing distance from the Sun in kpc, and the short yellow arc indicates the tangent point
along this sightline. The solar circle is indicated by the dashed purple circle. Image
is taken from Burton et al. (2015).

The rotation of the Galaxy is described by a Galactic rotation curve, which gives
the average velocity of objects in circular orbits as a function of distance from the
centre of the Galaxy. Rotation curves are observationally derived models. For exam-
ple, the commonly used Galactic rotation curve presented by Brand & Blitz (1993)
was derived from observations of stars and the vy gg of associated HII regions. The
vsr for an object located at Galactic coordinates [ and b (Galactic longitude and

latitude) is given by:
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ULsk = (@1];0 - @0) sin(l) cos(b) (2.68)

where R and © are the galacto-centric distance and circular rotation velocity of the
object respectively, while Ry and © are the galacto-centric distance and circular ro-
tation velocity at the position of the Sun. The values for Ry and ©g are taken to be
8.5 kpc and 220 kms™! respectively (Kerr & Lynden-Bell, 1986). R and © are related
to Ry and ©g by:

) R\
- — —_ 2.
@0 ay <R0) + as ( 69)

where aq, as and a3 are observationally derived Galactic curve rotation parameters.
The rotation curve from Brand & Blitz (1993) give the values of a; = 1.00767,
as = 0.0394 and ag = 0.00712.

Using simple trigonometry, R can be expressed in terms of the heliocentric dis-
tance d as:

R? = d* cos?(b) + RS — 2Ryd cos(b)cos(l) (2.70)

Using Equations 2.68 and 2.69, the distance to some Galactic object d can be solved
numerically given a measured Doppler-shifted velocity vpsg. An example of how
distance and vy sg are related by the Galactic rotation curve is given in Figure 2.5.
For the case where R < Ry, a degeneracy occurs, resulting in a pair of ‘near’ and ‘far’
distance solutions. Complimentary techniques can be used to address this ambiguity,

such as using Hr absorption lines (e.g. Anderson & Bania 2009; Roman-Duval et al.
2010, see §2.6.6)

2.6 Tracers of Interstellar Gas

A large number of atomic and molecular species exist within the ISM, many of which
readily emit spectral lines in their local environment. These spectral lines allow the
nature of the ISM to be probed through radio telescope observations, as was described
in the previous sections. This section focuses on the properties of the individual
atomic and molecular species and their line transitions that have been exploited in

this thesis, and of which are important to the subsequent TeV gamma-ray studies.
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2.6.1 Molecular Hydrogen

Hydrogen is the most abundant element in the universe, making up approximately
75% of baryonic matter. Molecular hydrogen, Hsy, is central to the evolution of stars
and galaxies and is the largest component of molecular clouds and the ISM.

Despite being abundant, however, Hs is difficult to observe directly. Due to the
molecule’s small mass and lack of an associated permanent dipole, the lowest en-
ergy transitions of the molecule are very weak rotational quadrupole transitions with
wavelengths in the far-infrared (A = 28.22 pum), with decay lifetimes of over 100
years. These transitions are only achievable when the gas temperatures are in excess
of 100K, with the lowest vibrational modes of H, activating at even larger tem-
peratures (e.g. Habart et al. 2005, and references therein). Consequently, the cold
molecular Hy which makes up most of the ISM is essentially invisible in emission.

For these reasons, an alternative to direct observations of Hy is required. This
is done via the use of ‘tracer’ molecules that act as a proxy for Hy. The excitation
of these tracer molecules occur through collisions with Hs, and above some critical
density, n. (see §2.2.3), spectral line signals from the tracer molecule will be observ-
able. Common tracer molecules include CO (§2.6.2) and CS (§2.6.3), and are used
extensively in this thesis.

2.6.1.1 Column density and X-factors

Since the ISM mostly consists of Hy, it is desirable to convert the calculated column
density of some tracer molecule, Ny, (see §2.4.1), into the column density of Ha,
Ny,. This can be done via the use of an abundance ratio xme = [mol]/[Hz|, which
gives the ratio between the expected number of tracer and Hy molecules. Ny, is then
given by:

N, = Xmot NVmol (2.71)

Tables of the average o of the various molecular species used in the thesis can be
found in Irvine et al. (1987).

An alternative way to estimate the Hy column density is the use of an ‘X-factor’,
Xol- This is a conversion factor which relates the integrated intensity of some molec-
ular line transition, Wy, to Ny, by:

NH2 = Xmoleol (272>

X-factors are experimentally derived values (e.g. Strong et al. 2004), and the use of
an X-factor is common with the CO(1-0) emission line (see §2.6.2). However, uncer-

tainties arise from the use of a X-factor, as the value may fluctuate due to deviations
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in the local conditions. The uncertainty in Xco(1-0), for example, is estimated to be
~ 30% across the disk of the Galaxy (Bolatto et al., 2013; Heyer & Dame, 2015).
Nevertheless, X-factors remain a useful tool to easily convert measured molecular line
intensities to Hy column densities, especially in the case of large scale survey datasets.

2.6.1.2 Mass and Density

From the Hy column density, Ny,, the mass, M, of the gas contained within a region
of interest can be calculated by:

where my is the mass of a hydrogen atom, and A is the cross-sectional area of the
region. p is the weight factor, and is often taken that p = 2.8 to account for the
assumed 20% helium number content of molecular gas.

The Hy number density, ny,, can then be calculated from the mass estimated via:

M
n V/JmH

(2.74)

TZH2

where V is the volume that is assumed to be occupied by the gas. For the case of the
work in this thesis, it is useful to to consider the proton number density, n = ungy,
in a region, as hadronic proton-proton interactions between CRs and target material
may produce TeV gamma-rays (see §1.4.4).

2.6.2 Carbon Monoxide

Carbon monoxide, (**C'°0 = CO), is one of the most abundant molecules in the
ISM, second only to Hy. Favourable physical characteristics make CO a commonly
used tracer in studies of the ISM. CO is a linear rotor molecule (see §2.2.1) with a
weak electric dipole moment of 0.122 D (1 D = 3.335 x 1073° C-m). The molecule
is easily excited from its ground rotational state to the 1st rotational energy level
by collisions with Hy molecules, even within cold molecular clouds. Due to its low
spontaneous emission rate, the CO(1—0) transition has a low critical density (see
§2.2.3) of n. ~ 5 x 10*> cm ™3 making CO(1—0) an ideal tracer of gas in the ISM. A
recent review of CO and its use in tracing molecular clouds in our Galaxy can be
found in Heyer & Dame (2015).

CO-to-H, X-factor

As mentioned in §2.6.1.1, a CO-to-Hy X-factor, X¢o, is often employed to covert the
integrated intensity of the CO(1—0) line, W¢o, into the column density of Hy via
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Equation 2.72. As an experimentally derived value, many methods have been used
to find the value of X¢q, including comparisons between CO emission with the dust
emission (e.g. Planck Collaboration et al. 2011) and the diffuse gamma-ray emission
(e.g. Strong & Mattox 1996) within the Galaxy. A recent review of the various
experiments and values derived for X¢o can be found in Bolatto et al. (2013). For
the work in this thesis, the value of Xco = 1.5 x 102 em™2 (Kkms™!)™! from Strong
et al. (2004) was adopted. As mentioned previously, the uncertainties involved in
using the X¢o factor is ~ 30% across the Galactic disk (Bolatto et al., 2013).

CO Isotopologues

CO has a high abundance in the ISM, and the low critical density of the 1—0 rota-
tional transition makes observations of CO(1—0) relatively simple to achieve. How-
ever, this causes radiative trapping processes to be non-negligible and regions can
often become optically thick to this emission. The isotopologues *CO and C*O
are often used to help combat this issue, as they have significantly lower abundance
levels (xco/x1co ~ 20 — 90 and xco/Xciso ~ 490, Garden et al. 1991). The lower
abundance levels imply that the transitions are less likely to be optically thick. In
the limit where 2CO and CO are optically thick and thin respectively, the optical
depth of the '2CO(1—0) transition can be estimated by:
S ST

= 2.75
Ri/13 ( )

where Xi5/13 is the isotope abundance ratio and R;y/13 is the ratio of the measured
brightness temperatures between the ?CO and *CO emission (Burton et al., 2013).

It should be noted that the abundance ratio of isotopologues will vary across the
galaxy due to differences in the local environment. In this thesis, for the case of 1*CO,
the abundance ratio was determined via the relation xco/x13co = 5.57 + 24.2, where
7 is the galactocentric radius in kpc (Henkel et al., 1982).

CO freeze out

An issue that arises with CO, however is that, at low temperatures (~ 10 K) or in
particularly dense regions (ng ~ 10°—10° cm™3), CO molecules may ‘freeze-out’ onto
dust grains. This lowers the abundance of CO, which may lead to an underestimation
of the mass if not accounted for. This issue is not unique to CO though, and is common
to all molecules in varying degrees. An example of CO freeze-out was observed by
Tafalla et al. (2004), where a decrease in CO abundance by a factor of ~ 3 — 10 was
found towards the dense, starless cores L1498 and L1517B.
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2.6.3 Carbon Monosulfide

Carbon monosulfide, (*?C32S = CS), is another commonly used tracer molecule in
studies of the ISM. Like CO, CS is a linear rotor molecule, though its electric dipole
moment is much larger (= 1.9 D). As a result, the critical density for the 1st excited
rotational state is n. ~ 5 x 10* em™3. Compared with CO(1-0), CS(1—0) is used
to provide a complementary tracer of the dense molecular cores and clumps that can
exist towards the centre of molecular clouds.

While CS is not as abundant as CO (Irvine et al., 1987), the CS(1—0) line is
still sometimes found to be optically thick. If observations of the isotopologue lines
(C31S(1—0) and ¥CS(1-0) are available, then Equation 2.59 can be used to constrain
the optical depth, where the R term is the relative abundance ratio between CS and

the isotopologue. Equation 2.59 will simplify to the following:

Tb|cs 1 —e7Tes
Tb|cs* 1 — e fires

(2.76)

where CS* denotes an isotopologue of CS.

The abundance ratio of CS to Hs, xcs, is used to convert the CS column density
in Hy column density. However, the value of xcg can vary by an order of magnitude
between 1072 and 107® (Irvine et al., 1987). Additionally, CS freeze out onto dust
grains in cold and dense cores may also occur (e.g. Tafalla et al. 2004), similar to that
of CO. For the work in this thesis, the value of ycg ~ 1072 was adopted, typical of
dense and quiescent gas and, as such, calculated gas parameter values are considered

to be upper limits.

2.6.4 Silicon Monoxide

Silicon monoxide (SiO) is often used as a tracer in regions that have been shocked
and disrupted, or in energetic environments. SiO itself is a linear rotor molecule with
a large electric dipole moment of p = 3.087 D, resulting in a high SiO(1—0) critical
density of n, ~ 6 x 10* cm 3.

Unlike the easily detectable CO transitions, emission from SiO is more rarely seen,
as large fractions of Si deplete onto dust grains. However, the bombardment of dust
particles by molecules (such as CO) in shocks are thought to release silicates, which
are then eroded by oxygen atoms and eventually form SiO (Gusdorf et al., 2008). The
emission of the SiO(1—0) line has been observed behind the passage of shocks with
velocities vy ~ 25 kms™! in regions with ambient densities of ng, ~ 10* to 10° cm™3.
These types of shocks are typical of star forming regions, as well as SNRs as they

cross regions of dense ISM. As such, detections of SiO line emission are considered
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strong signposts indicating the presence of interstellar shocks (e.g. Nicholas et al.
2012).

2.6.5 Methanol and masers

Methanol (CH3OH) is an important tracer of star formation regions, and the emission
from this molecule appears in the form of masers.

Astrophysical masers (Microwave Amplification by Stimulated Emission of Radia-
tion) are strong sources of stimulated spectral line emission, and are closely related to
the more familiar lasers. The emission from an astrophysical maser is monochromatic,
and has a frequency corresponding to the gap between two energy levels of a partic-
ular species in the gain medium. The species in the gain medium are pumped via
collisions or radiation mechanisms into a population inversion. Like a laser, emission
is generated by the stimulated emission of light (see §2.2.2). However, astrophysical
masers lack the resonance cavity found in lasers, and the emission is generated by a
single pass through the gain medium.

Methanol masers come in two classes. Class I masers, CH3OH(I), are formed
where the population inversion is due to collisional excitation, while Class II masers,
CH3OH(II), are radiatively pumped. CH3OH(I) masers typically occur at the out-
skirts of star formation regions, although Nicholas et al. (2012) saw CH3OH(I) masers
towards the SNR W28. CH3OH(II) masers typically occur more towards the central
regions of star formation regions (see e.g. Voronkov et al. 2014).

2.6.6 Atomic Hydrogen

In addition to molecular hydrogen gas, much of the Galactic ISM consists of atomic
gas. The most common tool used to probe atomic gas is the 21 cm HI emission line.
Neutral atomic hydrogen consists solely of an electron in orbit about a proton. The
electron and proton each have an associated spin which may be aligned parallel or
anti-parallel. The resulting magnetic interactions cause the parallel spin state to have
a higher energy compared with the anti-parallel spin state, and the 21 cm HI line is
caused by the transition between these two states.

This transition has very low spontaneous emission rate, A = 2.85 x 107 s71,
and a low critical density n, ~ 1073 cm™3. In addition, atomic hydrogen has a very
large column density in the ISM (Ng; ~ 10?! cm™2), and hence HI emission is easily
observable from the interstellar diffuse atomic gas.

Assuming an optical thin case, the integrated intensity of HI emission, Wy, can
be converted to atomic hydrogen column density, Ny, via the relation:

NHI - WHIXHI (277)
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where the conversion X-factor Xy; = 1.823x 10" cm ™2 (Kkms™")~!. Note that, unlike
the CO X-factor, this conversion factor is not an empirically derived value, but rather
an exact relation that comes from the expressions for radiative transfer and column
density in an optically thin scenario (see Dickey & Lockman 1990). Combining Ny,
with the molecular hydrogen column density, Ny,, obtained from observations in
molecular tracers, the total hydrogen column density in a region can be estimated:

N = Ny + 2Ny, (2.78)

Absorption features can often appear in the HI spectra. This can occur when
radiation from background continuum sources is absorbed by foreground gas clouds.
This can be exploited to discriminate between the near and far kinematic distances
(see §2.5) obtained from using Galactic rotation curves, provided the location of the
continuum source is known. A more detailed overview of this method is outlined
in Roman-Duval et al. (2010). Absorption features can can also be caused by HI
self-absorption, which may occur in optically thick and cold sources. This may lead
to an underestimation of the atomic column density if not taken into consideration.
Additional analysis techniques, such as those employed in Fukui et al. (2012), can be
used to account for these effects. These techniques involve estimating the expected
Hr profiles without the self-absorption in order to correct for the missing ‘dark’ HI.

2.6.7 Atomic Carbon

Carbon is one of the most abundant element in the universe (after hydrogen, helium
and oxygen). In the ISM, carbon can be found in molecular forms, such as in CO
and CS (see §2.6.2 and §2.6.3 respectively), as well as in ionised (C*) and atomic
(C) forms. Emission lines for C* and C are produced in the terahertz portion of the
spectrum, compared with the millimetre portion for CO and CS.

While the standard tracer for molecular hydrogen is CO, the abundance of CO
molecules can be greatly diminished from photo-dissociation by UV radiation and
interactions with CRs (Bolatto et al., 2013), particularly in the outer envelopes of ISM
molecular clouds. Within these regions, carbon will be found as C or C*. Emission
from neutral atomic carbon, [CI], typically arises from gas where molecular hydrogen
exists without significant amounts of CO (van Dishoeck & Black, 1988). Thus, [CI]
can be used to survey molecular hydrogen that is ‘dark’ to the standard CO tracer
(e.g. Burton et al. 2015).

Extremely dry skies are required to detect C and C™ lines, and observation by
ground based observatories are difficult. For example, the High Elevation Antarctic
Terahertz (HEAT) telescope (see HEAT website 2017) is located at Ridge A on the
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Antarctic plateau, as this location is one of the few places on Earth where the skies
are dry and stable enough to perform observations in these carbon lines. Data from
this telescope were used in the ISM study of one particular TeV ~-ray source in this
thesis (HESS J1616—508, see Chapter 4).

The following three chapters consist of the studies of the ISM towards the TeV gamma-
ray sources HESS J1640—465, HESS J1641—463, HESS J1614—518, HESS J1616—508
and HESS J1702—420, that were conducted as part of this thesis.
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Chapter 3

The ISM towards HESS J1640—-465
and HESS J1641—-463

The following is a paper published in the peer-reviewed journal, Monthly Notices of
the Royal Astronomical Society (MNRAS). The paper consists of a detailed analysis
of the interstellar medium towards HESS J1640—465 and HESS J1641—463, and the

implications the findings have on the origins of these TeV gamma-ray sources.
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ABSTRACT

We present a detailed analysis of the interstellar medium towards the tera electron volt (TeV)
y-ray sources HESS J1640—465 and HESS J1641—463 using results from the Mopra Southern
Galactic Plane CO Survey and from a Mopra 7 mm-wavelength study. The y-ray sources are
positionally coincident with two supernova remnants (SNRs) G338.3—0.0 and G338.5+0.1,
respectively. A bright complex of H i regions connect the two SNRs and TeV objects. Obser-
vations in the CO(1-0) transition lines reveal substantial amounts of diffuse gas positionally
coincident with the y-ray sources at multiple velocities along the line of sight, while 7 mm
observations in CS, SiO, HC;N and CH;OH transition lines reveal regions of dense, shocked
gas. Archival H 1 data from the Southern Galactic Plane Survey was used to account for the
diffuse atomic gas. Physical parameters of the gas towards the TeV sources were calculated
from the data. We find that for a hadronic origin for the y-ray emission, the cosmic ray
enhancement rates are ~10° and 10? times the local solar value for HESS J1640—465 and
HESS J1641—463, respectively.

Key words: molecular data—supernovae: individual: SNR G338.3—0.0 — supernovae: indi-
vidual: SNR G338.5+0.1 —ISM: clouds — cosmic rays — gamma-rays: ISM.

1 INTRODUCTION

HESS J1640—465 and HESS J1641—463 are two adjacent and in-
triguing very high energy (VHE, E > 100 GeV) y-ray sources
whose origins are uncertain. Knowledge of the distribution of in-
terstellar gas towards these sources is vital in order to differentiate
between possible models of tera electron volt (TeV) y-ray produc-
tion. In particular, understanding the hadronic production model of
TeV y-rays in which highly accelerated cosmic rays (CRs) interact
with target atomic and molecular gas.

HESS J1640—465 is a VHE y-ray source first discovered by the
High Energy Stereoscopic System (HESS) during a survey of the
Galactic plane (Aharonian et al. 2006). It is positionally coincident
with the supernova remnant G338.3—0.0 (Whiteoak & Green 1996).

* E-mail: james.lau@adelaide.edu.au

© 2016 The Authors

Observations with XMM-Newton detected a slightly extended and
asymmetric X-ray source towards the geometric centre of the super-
nova remnants (SNR) G338.3—0.0 (Funk et al. 2007). Follow-up
observations with Chandra in X-rays revealed an extended nebula
with a point-like source, a possible associated pulsar (Lemiere et al.
2009). It was suggested that the X-rays and VHE y-rays were then
due to synchrotron and inverse-Compton emission from a pulsar
wind nebula (PWN). Multifrequency radio analysis by Castelletti
et al. (2011) placed upper limits on the radio flux from the region
of the supposed PWN. Observations with the Fermi Large Area
Telescope (Fermi-LAT) revealed a high energy (HE) y-ray source
(1FGL 1640.8-4634) coincident with HESS J1640—465 (Slane et al.
2010).

Further observations by HESS (Abramowski et al. 2014a) show
that the VHE y-rays seen from HESS J1640—465 overlap signifi-
cantly with the SNR shell of G338.3—0.0. The VHE y -ray spectrum
connects smoothly with the giga electron volt (GeV) y-ray spectrum

Published by Oxford University Press on behalf of the Royal Astronomical Society
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obtained by the analysis of 5 yr worth of Fermi-LAT data towards
HESS J1640—465 (Lemoine-Goumard et al. 2014). The smooth,
flat and featureless y-ray spectrum strengthened the hadronic sce-
nario in which CRs accelerated by the SNR are interacting with
nearby gas (Abramowski et al. 2014a; Lemoine-Goumard et al.
2014). However, a contribution to the detected flux by a pulsar
or PWN could not be ruled out. Recent work by Supan, Supanit-
sky & Castelletti (2016) looked at the spectral energy distribution
(SED) of HESS J1640—465 using latest data from HESS and Fermi-
LAT observations, together with an updated hadronic y-ray model
(Kafexhiu et al. 2014) and archival atomic (HI) and molecular data.
Their fit yielded a spectra index I' = 2.13 with a cut-off energy
E., = 54 TeV. This hadronic model was found to fully describe the
y-ray spectrum of HESS J1640—465.

Shortly after the HESS publication (Abramowski et al. 2014a),
Gotthelf et al. (2014) discovered pulsed X-ray emission using
the Nuclear Spectroscopic Telescope Array emanating from the
previously discovered X-ray source seen towards the centre of
HESS J1640—465. The newly discovered pulsar PSR J1640—4631
has a period of 206 ms with a spin-down luminosity of 4.4 x
10% erg s~! and a characteristic age of 3350 yr. Modelling of lep-
tonic y-ray production suggested that a PWN could be responsible
for the TeV emission from HESS J1640—465, although fine-tuning
is required to explain the smooth GeV and TeV spectrum.

HESS J1641—463 was initially unnoticed by standard HESS de-
tection techniques due to its low brightness and proximity to the
bright source HESS J1640—465. Energy cuts and deeper observa-
tions led to the positive identification of the new TeV y-ray source
at a significance of 8.5¢0 at energies above 4 TeV (Abramowski
et al. 2014b). HESS J1641—-463 has an unusually hard spectrum
(photon index I' &~ 2) with no obvious sign of a cut-off. Analy-
sis of Fermi-LAT data (Lemoine-Goumard et al. 2014) reported
the detection of two distinct GeV sources positionally coinci-
dent with HESS J1641—-463 and the nearby HESS J1640—465.
HESS J1641—463 is positionally coincident with the radio SNR
G338.540.1. The SNR itself is seen as a poorly defined circle of
non-thermal emission (Whiteoak & Green 1996). The pair of SNRs
seen towards the two HESS sources are connected by a complex of
H 1 regions, which includes G338.4+0.0 and G338.454-0.06.

The production of TeV y-ray emission from HESS J1641—463
via leptonic processes via a population of electrons with energies
of several hundred TeV upscattering background photons was con-
sidered by Abramowski et al. (2014b). These electrons could be
sourced from the coincident SNR G338.54-0.1 or even from a
nearby PWN. This leptonic scenario, however, should be accompa-
nied by a characteristic break in the y-ray spectrum at multiTeV en-
ergies resulting from the Klein—Nishina effect on the cross-section
for inverse-Compton scattering at high energies. The lack of such a
characteristic break in the y-ray spectrum of HESS J1641—463 led
the authors to disfavour the leptonic scenario.

A more promising scenario is that the y-ray emission from
HESS J1641—463 is due to interstellar medium (ISM) illuminated
by highly accelerated CRs. Modelling by Abramowski et al. (2014b)
indicate that the TeV spectrum of HESS J1641—463 could be pro-
duced by distribution of protons (with a power-law slope of —2.1)
interacting with molecular gas seen by using CO(1-0) data taken
with the Nanten radio telescope. The proton spectrum would need
to have a high cut-off energy (>100 TeV) and represents one of
the hardest spectra associated with a TeV y-ray source extending
into the PeV energy range; a so-called PeVatron. The coincident
SNR G338.540.1 could possibly be the source of these CR pro-
tons, provided it had a young age (<1 kyr), as the proton spectrum
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agrees with predictions of diffusive shock acceleration in young
SNRs. However, an older SNR (5-17 kyr; Abramowski et al. 2014b)
would not be able to accelerate CRs up to PeV energies (Bell et al.
2013), and would require another CR source. An intriguing idea is
that VHE protons accelerated by the young SNR coincident with
HESS J1640—465, SNR G338.3—0.0 (with an age of 1-2 to 5-8 kyr
(Slane et al. 2010; Abramowski et al. 2014a) could be diffusively
reaching the gas towards HESS J1641—463. The energy-dependent
process of diffusion would preferentially allow higher energy CRs
to reach the target material earlier (Aharonian & Atoyan 1996),
producing the hard proton spectrum that is needed to generate the
TeV y-ray spectrum of HESS J1641—463.

Another puzzling aspect about HESS J1641—463 is the marked
difference between the GeV and TeV components of its y-ray spec-
trum. The GeV spectrum as measured by Fermi-LAT is very soft,
which is in stark contrast to the very hard TeV spectrum as measured
by HESS. This suggests that there may be two different sources
to the GeV and TeV components. A possible scenario would be
GeV y-rays are produced by less energetic CRs from the old SNR
G338.54-0.1 illuminating ambient gas, with TeV emission produced
by higher energy CRs from the younger SNR G338.3—0.0.

Any attempt to fully understand the origin scenarios of both
HESS J1640—465 and HESS J1641—463 requires a detailed un-
derstanding of the distribution of the ISM in the surrounding envi-
ronment. Thus, we have used high-resolution data collected by the
Mopra radio telescope in this study. As part of the Mopra Southern
Galactic Plane CO Survey, the distribution of diffuse (7 < 10° cm™—3)
ISM was traced towards HESS J1640—465 and HESS J1641—463.
In addition, we have taken complimentary data in the 7 mm wave-
length band, targeting the dense (7 > 10* cm™) gas tracer CS(1-0)
as well as the tracers SiO(1-0), CH;OH and HC3N.

In Section 2, we describe the parameters of the data taken by
the Mopra radio telescope and the data reduction processes. The
gas parameter calculations we apply to these data are described in
Section 3. In Section 4, we investigate the gas distribution towards
HESS J1640—465 and HESS J1641—463 and, in Section 5, we dis-
cuss the impact our results have on the possible emission scenarios
for the TeV sources.

1.1 Distance to SNRs and H 11 complex

The distance to SNR G338.3—0.0 and SNR G338.540.1 and the
H 1 complex containing G338.4+0.0 and G338.45+40.06 have pre-
viously been reported in several studies utilizing observations in the
21 cm H 1 spectral line.

Lemiere et al. (2009) derived a distance of 8-13 kpc for SNR
G338.3—0.0 and the H 1 surrounding region based on H 1 absorp-
tion features. This is in agreement with previous work presented
by Kothes & Dougherty (2007), who also used H 1 absorption to
derive a distance of 11.772 kpc for G338.44-0.0. The nearby SNR
G338.540.1, coincident with HESS J1641—463, was found to have
a very similar H 1 absorption profile as G338.44-0.0, which led to
the assertion that it too was most likely located at ~11 kpc.

The velocity along the line of sight (v sg) of the H 1 regions
in the complex have been measured to have values of ~—40 to
—30 km s~! (Caswell & Haynes 1987; Russeil 2003; Urquhart
et al. 2012). The kinematic distance ambiguities towards these H 11
regions have been addressed and they have been constrained to the
far distance (Urquhart et al. 2012).

This places the two SNRs and the H i1 complex in the Norma II
spiral arm at the far side of the Galaxy. In our results in Section 4,
we have used the Galactic rotation curve in Kothes & Dougherty
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Figure 1. Left: Mopra '>CO(1-0) image [K km s~!] integrated between —53 and —23 km s~! towards HESS 1641—463 and HESS 1640—465. Blue contours
are HESS significance contours towards the TeV sources at the 5o, 60, 70 and 8o levels at E > 4 TeV (Abramowski et al. 2014b). Dashed black and red
boxes are the extent of the 7 mm observations and region of additional observations as discussed in text. Solid green circles are the positions of the labelled
SNRs. The black X is the position of PSR J1640—4631. The three dashed white circles are the regions from which CO spectra were extracted, as discussed in
text. Right: solid black and blue lines are the average '>CO(1-0) and '3CO(1-0) emission spectra, respectively, within the rightmost and leftmost dashed white
circles towards the TeV sources. '*CO scaled by factor of 2 for clarity. Velocity integration intervals used in Fig. 2 are numbered and indicated by the shaded

boxes.

(2007) to calculate distances for corresponding v sg. For purposes
of our discussion in Section 5, we adopt a distance of 11 kpc
for the two SNRs, H 1 regions and both HESS J1640—465 and
HESS J1641—463.

2 MOPRA OBSERVATIONS
AND DATA REDUCTION

For the 7 mm targeted studies, initial Mopra observations towards
HESS J1640—465 and HESS J1641—463 were taken in 2012 April.
Four Mopra ‘On-the-fly’ (OTF) 20 arcmin x 20 arcmin area maps
were taken resulting in a 40 arcmin x 40 arcmin region centred
at [/, b] = [338226, —02072]. The scan length was 7.6 arcsec per
cycle time of 2.0 s with spacings of 31.2 arcsec between each scan
row. Each scan consisted of 79 cycles (~158 s). After every two
scans, a sky reference position was observed for 18 cycles (~36 s)
which was used for subtraction in the data reduction process. Three
passes were observed towards each 20 arcmin x 20 arcmin region
in alternating / and b scanning directions. This resulted in ~9 h of
observations per 20 arcmin x 20 arcmin map. The 7 mm coverage
is indicated by the large dashed black box in left-hand panel of
Fig. 1.

In 2013 May, additional observations were taken in a smaller,
12 arcmin x 12 arcmin region centred at [/, b] = [338°51,—0°083]
towards HESS J1641—463. Similar scan parameters were used as
in the 20 arcmin x 20 arcmin maps over six new passes resulting
in ~3 times the observation time in this region. The additional
observations resulted in greater sensitivity and a lower Trys by a
factor of ~1.7. This region is indicated by the dashed red box in the
left-hand panel of Fig. 1.

The Mopra spectrometer, MOPS, was used to target specific
molecular line tracers. MOPS is capable of recording in sixteen
4096-channel bands simultaneously whilst in its ‘zoom’ mode as
employed here in our 7 mm observations. The list of the targeted
molecular transitions and Trys levels are displayed in Table 1.
The beam full width at half-maximum (FWHM) of Mopra across
the 7 mm band varies from 1.37 arcmin (31 GHz) to 0.99 arcmin

Table 1. The Mopra Spectrometer (MOPS) set-up for 7 mm observations.
Displayed are the targeted molecular lines, targeted frequencies, whether
the line was detected in our observations and the achieved mapping Trwms.-

Molecular line Frequency Detection Trms®
(GHz) (K/channel)
08i0(J = 1-0, v = 0) 42373 365 - 0.04
SiO(J = 1-0, v = 3) 42519373 - 0.04
SiO(J = 1-0, v = 2) 42.820 582 - 0.04
28i0(J = 1-0, v = 0) 42.879 922 - 0.04
Si0J =1-0,v=1) 43.122 079 - 0.04
SiO(J = 1-0, v = 0) 43.423 864 Yes 0.04
CH30H-1 44.069 476 Yes 0.04
HC/N(J = 40-39) 45.119 064 - 0.04
HCsN(J = 17-16) 45.264 750 - 0.04
HC3N(J = 5-4, F = 4-3) 45.490 264 Yes 0.05
13CS( = 1-0) 46.247 580 - 0.05
HCsN(J = 16-15) 47.927 275 - 0.05
CH8(J = 1-0) 48.206 946 Yes 0.06
0CS(J = 4-3) 48.651 604 - 0.06
CS(J = 1-0) 48.990 957 Yes 0.06

Notes. “Map Trms values are for the smaller 12 arcmin x 12 arcmin region
described in the text. This is where detections in all of the 7 mm lines were
made except for CS(J = 1-0). For the detections in CS(J = 1-0) outside the
12 arcmin x 12 arcmin region, the Trms value was ~0.1.

(49 GHz) and the velocity resolution of 7 mm zoom-mode data is
~0.2kms7!.

The CO(1-0) line emission data are from the Mopra Southern
Galactic Plane CO Survey (Burton et al. 2013; Braiding et al. 2015).
This is a survey in the '>CO, *CO and C'*0 J = 1-0 lines over the
1 =305°-345°, b = £0°5 region of the Galaxy. The beam FWHM
and spectral resolutions of the survey are 0.6 arcmin and 0.1 kms™!,
respectively. Full details about the observational parameters used in
this survey can be found within the aforementioned papers.

OTF mapping data were reduced and analysed using ATNF anal-
ysis software, LIVEDATA, GRIDZILLA and MIRIAD, as well as custom IpDL
routines.
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LIVEDATA was used to calibrate each scan row/column data against
a sky reference position and to apply a polynomial baseline-
subtraction. GRIDzILLA was used to re-grid and combine the data
from multiple mapping scans into individual three-dimensional data
cubes. MIRIAD and custom IDL routines were used to generate inte-
grated velocity, peak velocity and position—velocity images from
the data cubes.

3 GAS PARAMETER CALCULATIONS
(SPECTRAL LINE ANALYSIS)

To investigate the gas distribution towards HESS J1640—465 and
HESS J1641—463, we calculated mass and density parameters us-
ing CO(1-0), CS(1-0) and H 1 data. Using the custom IDL routine
domom, we produced integrated intensity maps of the different
molecular lines. The average column density of molecular hydro-
gen, Ny, , was calculated from these maps following the correspond-
ing methods outlined in the subsequent sections. The mass of gas
in a region, M, is then estimated via the relation:

M = 2myNy, A, ey

where A is the cross-sectional area of the region and my is the
mass of a hydrogen atom. From this, the average number density
of the region n was estimated assuming that the thickness of the
region (along the line of sight) had the same value as the height
and width. Note that before the intensity values from the velocity-
integrated maps could be used to find the column density, they first
had to be scaled by a correction factor to account for the beam
efficiencies of Mopra at different frequencies. The Mopra extended
beam efficiency at 115 GHz (CO(1-0) lines) is nxg = 0.55 (Ladd
et al. 2005), while in the 7 mm band at 49 GHz (CS(1-0) lines),
nxe = 0.56 (Urquhart et al. 2010).

3.1 CO

In this work, to convert brightness temperature to column den-
sity, we have adopted the value of the CO(1-0) X-factor to be
Xcoo) ~ 1.5 x 102 em~2(K km s~!')~! (Strong et al. 2004). This
allows us to calculate the average H, column density in a region,
Nu, = Xco-0)Weoq-0), where Weo(i_) is the measured '>CO(1-0)
intensity.

The optical depth of the '>CO line, 7,5, was calculated by com-
paring '2CO and '3CO line emission. Following Burton et al. (2013),
in the limit where the '>CO line is optically thick and the '*CO line
is optically thin, 7, is given by

_ X113 @

o2 Rizyis’
where R|5/3 is the ratio of the brightness temperature of the 2co
and 1*CO lines and X215 = [2C/3C] is the isotope abundance
ratio. This abundance ratio was determined via X;,;;3 = 5.5R +
24.2, where R is the galactocentric radius in kiloparsec (Henkel,
Wilson & Bieging 1982).

32 CS

The CS(J = 1) column density was calculated using equation (9)
from Goldsmith & Langer (1999). This equation expresses the up-
per level column density in terms of the observed integrated line
intensity. The optical depth term required in this equation was deter-
mined from the CS(1-0)-C**S(1-0) intensity ratio in regions where
C**8(1-0) was detected. We adopted the elemental abundance ratio
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of 22.5 for [CS}/[C**S] and calculate the optical depth following
equation (1) of Zinchenko et al. (1994).

Assuming local thermodynamic equilibrium at i, ~ 10 K, the
total column density of CS is a factor of ~3.5 times than of the
CS{ = 1) column density. This temperature assumption introduces
a small systematic error into our CS(1-0) column density estimates.
A factor of 0.7-1.2 error would be associated with a temperature
variation between 5 and 15 K. We assume a molecular abundance
of CS to molecular hydrogen to be ~10~° (Frerking et al. 1980).

33 H1

The Southern Galactic Plane Survey (SGPS; McClure-Griffiths
et al. 2005) provided H 1 data towards HESS J1640—465 and
HESS J1641—463. Strong absorption features due to contin-
uum sources are seen in data corresponding to the H 1 regions
G338.44-0.0, G338.45+0.06 and G338.39+0.16. Where H 1 emis-
sion features are present, we calculate the column density using an
H 1 X-factor, Xy, = 1.823 x 10" cm™2(K km s~!)~! (Dickey &
Lockman 1990).

4 RESULTS

Overall, the CO transitions reveal a distribution of gas along
the line of sight towards the TeV sources. Significant detections
made in CS(1-0) transitions reveal dense molecular cores within
the gas distribution. We also note that detections were made in the
Si0(1-0), CH3OH (I) and HC3N(5-4, F = 4-3) transitions towards
the dense cores. We discuss these detections in more detail below.

4.1 CO(1-0) emission

12C0O and 13CO line emission data from the Mopra survey was stud-
ied towards HESS J1640—465 and HESS J1641—463. '2CO(1-0)
is the standard tracer for diffuse molecular hydrogen gas, while
the *CO(1-0) line is generally optically thin with 3CO being ap-
proximately 50 times less abundant than '2CO. Detections in both
isotopologues lines were made towards the TeV sources, as well as
in other adjacent regions.

CO(1-0) emission towards HESS J1640—465
and HESS J1641—-463

A substantial amount of CO(1-0) emission appears to be
overlapping the line of sight towards HESS J1640—465 and
HESS J1641—-463. The left-hand panel in Fig. 1 is an integrated
emission image of '>?CO(1-0) data from the Mopra survey between
—53 and —23 km s~! towards the two TeV sources. The right-hand
panel of Fig. 1 displays the average '2CO(1-0) and '*CO(1-0) emis-
sion spectra of the regions corresponding to the reported intrinsic
Gaussian size of HESS J1640—465 and the maximum Gaussian
extent of HESS J1641—463 indicated in the left-hand panel by
rightmost and leftmost white dashed circles, respectively. The cen-
tral white dashed circle in the left-hand panel of Fig. 1 indicates
the location of intense CO(1-0) emission seen towards a region that
bridges HESS J1640—465 and HESS J1641—463 and is discussed
further in a later part of this section.

Multiple broad emission components are seen in the CO(1-0)
spectra towards HESS J1640—465 and HESS J1641—463 in the
right-hand panel of Fig. 1 between —140 and 0 km s~. The velocity
positions of these components are indicated by the shaded rectangles
in the right-hand panel of Fig. 1 and are labelled as indicated.
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Figure 2. Integrated '2CO(1-0) emission images [K km s~!] over indicated velocity intervals. Single blue 5o significance HESS contour used for clarity. The
position and extent of SNR G338.54-0.1 and SNR G338.3-0.0 are indicated by the left and right solid green circles, respectively, in each panel.

Fig. 2 shows panels of the integrated '2CO(1-0) emission over said
velocity intervals.

Components 1, 2 and 3 (red, yellow and orange shaded boxes)
appear both towards HESS J1640—465 and HESS J1641—463 and
are centred at ~—30, —40 and —50 km s~ !, respectively. The
gas traced in these components are the most likely candidates to
be associated with the H 1 complex, which includes G338.44-0.0
and G338.45+0.06 with visg ~ —30 to —40 km s~!. This mo-
tivates the integration range used in the left-hand panel of Fig. 1
which corresponds to the velocity space spanned by these three
components.

In component 1 (=35 to —23 km s 1), the 2CO(1-0) emission
is very prominent in the spectrum towards HESS J1641—463. The
corresponding integrated intensity image shows a molecular cloud
positionally coincident with HESS J1641—463 that extends spa-
tially to at least the Galactic-west and Galactic-north-western parts
of SNR G338.3-0.0.

Gas is seen overlapping both TeV sources, as well as all around
these sources, in the integrated image for component 2 (—45 to

—35 km s~!). Additionally, intense CO emission appears in the
region between the TeV sources. An approximate ring of emission
can be made out towards HESS J1641—463 and is discussed in a
later section.

In the integrated image for component 3 (—53 to —45 km s~ 1),
the gas overlapping HESS J1640—465 appears to be connected to a
cloud complex to the Galactic-west. Less gas appears to be directly
overlapping HESS J1641—463 and the intense emission between
the two TeV sources appears more towards the Galactic-south than
in component 2.

The broad features in components 1, 2 and 3 in both '2CO and
13CO spectra appear to overlap each other. Thus, it is difficult to say
with certainty if these are physically connected structures. As such,
the mass and density parameters for these features were calculated
individually. The spectrum in these components were fit with a
multiGaussian function and the individual Gaussian functions were
used to calculate mass and density parameters. The parameters of
the fitted Gaussian functions and the calculated properties of the
diffuse H, gas are displayed in Table 2.

MNRAS 464, 3757-3774 (2017)



3762 J.C. Lau et al.

Table 2. '2CO(1-0) line parameters, and the corresponding calculated gas parameters, from the apertures as indicated in Fig. 1. The line-of-sight velocity,
VLSR, linewidth (full width at half-maximum), Avrwrm and peak intensity, Tpeak, were found by fitting Gaussian functions to the 12CO(I—O) spectra. The
optical depth was calculated by comparing the '>CO and '3CO line emission following Section 3.1. Masses and density have been scaled to account for an

additional 20 per cent He component.

Component Region VLSR Distance’  AvpwHM Peak Optical Ny, b Mass ? nt
(kms™ 1) (kpc) (kms™1) (K) depth (102 cm™2) (Mg x 10%) (10> em™)

1 HESS J1640—465 —31.6+ 1.1 11.9 39401 1.6+0.1 10.5 43 6.8 2.0
HESS J1641—463  —29.0 + 0.1 11.9 41401 45+0.1 11.7 12.8 9.7 8.4

Bridge —28.140.1 11.9 52401 3540.1 13.1 12.5 19.0 5.8

2 HESS J1640—465  —40.7 £ 0.1 11.2 26401 1.9+0.1 8.5 34 4.7 1.6
HESS J1641—463  —39.8 + 0.1 11.2 27401 25+0.1 10.3 4.6 3.1 32

Bridge —40.5+ 0.1 112 24401 4440.1 11.1 7.4 9.9 3.6

3 HESS J1640—465  —49.2+0.1 10.8 42401 24+0.1 6.9 6.9 8.8 3.5
HESS J1641—463  —47.04+0.2 10.8 23+02 1240.1 11.1 1.8 1.1 13

Bridge —483+0.1 10.8 42401 39+0.1 9.3 11.0 13.9 5.6

Notes. “ Assumed distances, dy, used for mass and density calculations are derived from the Galactic rotation curve presented in Kothes & Dougherty
(2007). However, these values are easily scaled for an arbitrary distance, d, by multiplying by (d/do)? and (d/do)~" for mass and density, respectively.
bThe error in the calculated physical parameters are dominated by the statistical uncertainties associated with the CO to Hy conversion factor (Xco(1-0))

and is of the order of 30 per cent (Bolatto, Wolfire & Leroy 2013).

Emission in component 4 (—63 to —55 km s~!) is seen only
in the region towards HESS J1641—463. A small molecular cloud
appears overlapping the Galactic-north upper half of TeV source.

Component 5 (=90 to —68 km s~!) and component 6 (—92 to
—81 km s~!) both include emission in a long band of gas that
passes through both TeV sources. Emission in component 6 has
an additional tail end that extends to the Galactic-south-east of
HESS J1640—465.

Component 7 (—103 to —90 km s~') has an arm-like structure
of emission that overlaps through HESS J1641—463, while a minor
amount of wispy gas is seen in component 8 (—108 to —97 km s™)
in the Galactic-northern region of HESS J1640—465.

Component 9 (—125 to —108 km s~!) includes features in the gas
that overlap much of HESS J1640—465 and appears to be connected
to a gas structure immediately to the Galactic-south.

Asmentioned in Section 1.1, the H ncomplex and both SNRs have
been established in literature to be at the far distance, with associated
kinematic velocities of ~—40 to —30 km s~!. This corresponds to
a distance of ~11 to 12 kpc along the line of sight (using the
rotation curve from Kothes & Dougherty 2007). The gas traced in
components 1, 2 and 3 are the only candidates for association with
the H 11 complex and SNRs from kinematic distance considerations,
as the v sr of other gas components along the line of sight will not
yield a far distance solution of ~11-12 kpc.

It is possible that not all gas traced in components 1, 2 and 3
are located at the far distance, as contamination from molecular
material located at the near solution may occur. However, the likely
need for molecular gas to support the H 11 complex suggests that a
significant fraction of the CO emission in components 1, 2 and 3
traces associated gas located at the far distance.

CO bubble feature seen at v gz ~ —40 to —35 km s~!

Fig. 3 shows the integrated >?CO(1-0) emission between —40 and
—35 km s~!. Overlaid are black contours indicating integrated
13CO(1-0) emission in the same velocity interval. Both data show an
ellipse-like ring of emission seen approximately positionally coin-
cident with HESS J1641—463. The location of this ring is indicated
by the white dashed ellipse in the figure. The ellipse has semimajor
and semiminor axis lengths of ~7 and 5 arcmin, respectively.
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Figure 3. Mopra '2CO(1-0) emission image [K km s '] integrated between
—40 and —35 km s~!. Single solid blue contour is 5¢ significance from
HESS observations towards HESS 1640—465 and HESS 1641—463. The
white dashed ellipse is the approximate position of a ring feature discussed in
the text and the solid magenta box is the integration region for the position—
velocity plot shown in Fig. 4. Overlaid black contours are from Mopra
13CO(1-0) observations. SNRs are indicated by green circles.

Fig. 4 is a position—velocity plot (in longitude) of the >CO(1-0)
emission in the magenta rectangle region shown in Fig. 3. A cavity
is seem in the gas at the ~—40 to —30 km s~! velocity range, the
approximate position of which is illustrated by the dashed white
ellipse. The overlaid white contours indicate integrated emission in
the dense gas tracer CS(1-0) seen in our 7 mm observations in the
same velocity interval. Note that the extent of the coverage in 7 mm
only partially covers the position—velocity plot. The image suggests
that the bubble-like feature may have been blown out from one side
of the molecular cloud seen in component 1 (velocity range ~—35
to —23 km s~!) in Fig. 2. It is possible that this bubble has been
blown out by the SNR G338.5+0.1 or perhaps the result of the
stellar wind from a progenitor star.
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Figured. Position—velocity image [K] (in Galactic longitude) of 2CO(1-0)
emission towards the bubble feature seen towards HESS J1641—463 in the
region indicated in Fig. 3. The approximate position of the cavity discussed
in text is indicated by the dashed white ellipse. The solid white contours
indicate CS(1-0) emission detected in our 7 mm observations. Note that
the extent of the coverage in 7 mm only reaches the vertical green line in
longitude.

From Fig. 3, the thickness of the ring is ~3 arcmin. The kinematic
distance along the line of sight is ~11.4 kpc at —40 to —35 km s~'.
Under these assumptions, the column density of the gas enclosed
by the ring is Ny, ~ 4 x 10*! cm™2, with a total mass of ~8 x
10* M. From Fig. 4, the expansion velocity of the bubble appears
to be ~5-10 km s~!. The expansion of the bubble would then have
a kinetic energy of ~2-8 x 10*° erg.

If this were a wind-blown bubble, an O-type progenitor star with
mass ~27 M would be able to create it, based on the bubble size
of radius ~25 pc at a distance of ~11.4 kpc (Chen, Zhou & Chu
2013, and references therein). The energy required to produce such
a bubble can then be calculated following the model presented by
Chevalier (1999) and is ~4 x 10* erg.

CO(1-0) emission towards dense ‘bridge’ between
HESS J1640—465 and HESS J1641—463

In components 1, 2 and 3 of Fig. 2, we see an area of intense CO
emission located towards the Galactic-south part of the region that
bridges HESS J1640—465 and HESS J1641—463 which appears to
span between ~—35 and —55 km s~!. This region is indicated by
the central white dashed circle in Fig. 1. Fig. 5 shows the average
12CO(1-0) and '*CO(1-0) emission spectra in this region. Three
components are seen in the '2CO spectra that match well with
components 1, 2 and 3 in Fig. 1. Calculated mass and density
parameters for these components are displayed in Table 2.

CO(1-0) emission towards the Galactic-west
of HESS J1640—465 and HESS J1641—463

CO(1-0) emission over a very broad (~60 km s~!) velocity
range can be seen in an extended molecular cloud structure
to the Galactic-west of HESS J1640—465. The top panel of
Fig. 6 displays an integrated image of the '>CO(1-0) emission
between —80 and —20 km s~' over an extended region from /

CO(1-0) emission spectra towards "bridge" region

6| — '2CO(1-0) | =1 )
— BCOo(1-0) x 2

-140 120 ~100 —80 —60 —40 20 0
Vg [km/s]

Figure 5. '2CO(1-0) (black) and '3CO(1-0) (blue) emission spectra to-
wards the ‘bridge’ between HESS J1640—465 and HESS J1641—463 indi-
cated by the central white dashed circle in Fig. 1. '3CO scaled by a factor
of 2 for clarity. Velocity ranges for components 1, 2 and 3 are indicated by
the shaded boxes.
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Figure 6. Top: integrated '>CO emission image [K km s~!] between —80
and —20 km s~ from [ = 339° to 337°. Blue contours indicate the positions
of HESS J1640—465 and HESS J1641—463 (Abramowski et al. 2014b).
Contours for the TeV source HESS J1634—472 are also shown in blue for
completeness (Aharonian et al. 2006). Bottom: average '>2CO(1-0) (black)
and 13CO(1-0) (blue) emission spectra in three circular regions indicated
above in white. CS(1-0) emission from 7 mm observations is displayed in
red for extended region 1. '3CO and CS(1-0) emission have been scaled by
a factor of 2 and 10, respectively, for clarity. Vertical dashed lines indicate
the integration range used to produce the image in the top panel.
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Figure 7. Velocity of peak pixel CS(1-0) map [km s~'] in the 7 mm observations region. Overlaid solid black contours show the intensity of the peak pixel.
HESS 50 significance contour is in solid blue. Regions of interest discussed in the text are labelled by black dashed ellipses. The CS — Group B region,
however, is outlined by a solid green box and indicates the integration region for the position—velocity plot shown in Fig. 9. Dashed white circles indicate
apertures used to extract spectra for Bridge Core 1 (left circle) and Bridge Core 2 (right circle) discussed in the text.

= 339° to 337° taken from the Mopra CO survey. Contours of
the TeV source HESS J1634—472 are shown in addition to those of
HESS J1640—465 and HESS J1641—463 for completeness. Spectra
in three representative regions in this extended structure, indicated
by white circles in the top panel, are shown in the bottom panel.
The average '2CO(1-0) and '*CO(1-0) spectra are shown by black
and blue lines, respectively. Our 7 mm observations had coverage
over the region labelled ‘1’ in the top panel of Fig. 6 and we include
the spectrum for CS(1-0) emission in red in the corresponding set
of axes. Note that the '*CO(1-0) and CS(1-0) emission have been
scaled by a factor of 2 and 10, respectively, for clarity.

Broad emission from ~—80to —20 km s~! is seen in these regions
which may be due to multiple contributing components. The broad-
ness of this emission makes it difficult to place the gas at a distance
with any certainty using Galactic rotation curve calculations. The
rotation curve from Kothes & Dougherty (2007) yields a distance
estimate of 1.6-4.6 kpc (near solution) and 9.5-12.5 kpc (far solu-
tion). The far distance solutions overlap with the estimated distances
to HESS J1640—465 and HESS J1641—463, so it is important to
give consideration to the gas structure as CR-target material. This
is discussed further in Section 5.1.

4.2 7 mm line emission

In our 7 mm observations towards HESS J1640—465 and
HESS J1641—463, detections were made in the CS(1-0), C**S(1-
0), SiOJ = 1-0,v = 0), HC3N(54, F = 4-3) and CH;0H (I)
lines.

Dense gas in the region was traced by CS(1-0) and C**S(1-0)
emission. The CS(1-0) transition has a critical density for emission
of ~x 10° cm~3 at a temperature of ~ 10 K, making it an ideal tracer
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for probing the deeper and denser inner regions of molecular clouds.
SiO emission is usually produced behind shocks moving through
molecular clouds (Gusdorf et al. 2008) from which the SiO(J =
1-0,u = 0) line can be detected. HC3N is often detected in warm
molecular clouds and is associated with star forming regions, while
the CH;OH (I) maser generally traces star formation outflows.

The location of the dense gas traced by the CS(1-0) line
in our study are displayed via a velocity-of-peak-pixel map in
Fig. 7. From the figure, we can see that most of strongest CS(1-0)
emission occurs at a velocity consistent with components 1, 2 and
3 (=53 to —23 km s7') in the CO(1-0) data. Several regions of
significant CS(1-0) emission present themselves and are roughly
grouped together as illustrated in Fig. 7. These groups are discussed
below together with other detections made in the 7 mm band. The
detections of the 7 mm lines aside from CS are shown in Fig. 8
overlaid on a Spitzer 8.0 pm image of the region.

7 mm emission in Group A

Group A is located slightly to the Galactic-north of
HESS J1640—465 and HESS J1641—463 and is approximately co-
incident with a bright H 1 region G338.39+4-0.16. CS(1-0) emission
in this region appears in the ~—40 to —30 km s~ velocity range.
The morphology of the emission is extended in nature, forming a
slight arc with what appears to be two dense clumps.

7 mm emission in Group B or ‘bridge’ region

Group B is the central bridge coincident with the H 11 complex
between HESS J1640—465 and HESS J1641—463. A markedly
strong amount of CS(1-0) emission is seen here spanning a broad
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Figure 8. Spitzer 8.0 pum image towards HESS J1640—465 and
HESS J1641—463. Single magenta contour is 5o significance from HESS
observations. Green solid contours are integrated SiO(1-0) emission.
Dashed black contours are integrated HC3N(5—4, F = 4-3) emission. The
velocities over which they are integrated are as labelled. White Xs indicate
positions of observed CH3OH (I) masers.
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Figure 9. Position—velocity image [K] of CS in the region indicated by a
solid green box in Fig. 7. Locations of Bridge Core 1 and Bridge Core 2 are
labelled with arrows. Black contours are from Mopra 13CO(1-0) observa-
tions.

(~20 km s~!) velocity space. Group B is also roughly position-
ally coincident with the intense emission seen in the CO ‘bridge’
discussed earlier, with emission features at similar velocities.

Fig. 9 is a longitude—velocity image of CS(1-0) data in the re-
gion indicated by a solid green box in Fig. 7. From this image, there
appears to be two separate dense cores with broad CS(1-0) emis-
sion in this region separated in velocity, but somewhat overlapping
spatially along the line of sight. We label these Bridge Core 1 and
Bridge Core 2 as illustrated. These cores appear to be embedded

in an extended bridge of emission linking themselves as well as
other smaller clumpy features. We note the good correlation be-
tween Bridge Core 1 and emission in 13CO(1-0) (indicated by the
solid black contours in Fig. 9). Bridge Core 2, however, appears to
be offset from the local maximum traced in '3CO.

Detections in the isotopologue transition C**S(1-0), as well as
in SiO(1-0) and HC3N(—4, F = 4-3) were made towards core
1 and core 2. The left and centre panels of Fig. 10 displays the
emission spectra in these lines towards Bridge Core 1 and Bridge
Core 2. The spatial size of the cores was determined by fitting a
Gaussian function to the line profile drawn through the centre of
each core and the spectra extracted from circular apertures with
sizes equal to the FWHMSs (1.3 and 0.9 arcmin for Bridge Core 1
and 2, respectively). We note that all the 7 mm line emission peaks
at the same velocity as the intense emission in CS(1-0); —40 and
—32 km s~! for Bridge Core 1 and 2, respectively. Table 3 displays
the 7 mm detection parameters and mass estimates calculated from
the data in these cores. Mass parameters were calculated following
Section 3.2 assuming the gas is at a distance of 11 kpc.

SiO(1-0) emission appears positionally coincident with Bridge
Core 1 and Bridge Core 2 at the same velocity as that observed in
CS(1-0). This suggests that both these cores have been disturbed by
a shock passing through. A CH3OH (I) maser is seen at the Galactic-
north-east edge of Bridge Core 1, suggesting the presence of an
outflow. Combined with the detection of HC3;N at the same position
and velocity and that Bridge Core 1 and 2 appear to be embedded
in the complex of H 11 regions, the shock is likely to be been caused
by recent nearby star formation.

7 mm emission in Group C

Group C is a region towards the Galactic-eastern side of the gas
structure located to the Galactic-west of HESS J1640—465 and
HESS J1641—463 as traced in CO. Note that the extension of our
7 mm observations only reaches to include the region labelled ‘1’
in the top panel of Fig. 6. We see large-scale extended and broad
emission in the region in CS(1-0). This emission is in the same
kinematic velocity ranges as that of the CO(1-0) emission. In
Fig. 6, the average spectra shown for Extended region 1 include
the CS(1-0) emission spectrum in red. Emission is seen between
~—80 and —30 km s~!, similar to the profile seen in the 2CO
and *CO, and is likely tracing denser regions that exist inside
cloud. There is also one dense core traced in CS which appears at
~—120 km s~! (dark blue in Fig. 7).

7 mm emission in Group D

Emission in CS(1-0) is seen in the Group D region slightly over-
lapping the Galactic-east side of the HESS J1641—463 contours
in the ~—25 to —20 km s~! velocity range. It has a marginally
extended morphology. The most intense emission, located towards
the middle, is positionally coincident with a dense core detected in
the NH;3(1-1) transition line by the H,O Southern Galactic Plane
Survey (HOPS; Purcell et al. 2012).

A core of gas traced by CS emission is seen at —80 km s~
(green in Fig. 7) within the Galactic-north-east bounds of
HESS J1641—463. This —80 km s~!' core appears marginally
extended and is positionally coincident with detections made in
NHj3(1,1) in the HOPS survey. Detections in the isotopologue tran-
sition C3*S(1-0) were also made at this position, as well as in
SiO(J = 1-0,v = 0) and HC3N(5-4, F = 4-3). The average spectra
of the 7 mm lines detected in an aperture centred at this core is

1
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Figure 10. Average spectra of detected 7 mm lines within apertures centred at Bridge Core 1 (left-hand panel), Bridge Core 2 (centre panel) and the —80 km s !

core (right-hand panel).

Table 3. 7 mm line parameters extracted from apertures towards Bridge Core 1 and Bridge Core 2 (as shown in Fig. 7). The line-of-sight velocity, vy sr,
peak intensity, Tpeak, and linewidth, Avgwnm, were found by fitting Gaussian functions to the spectra in Fig. 10. The optical depth, together with mass and
density calculations, used the CS(1-0) and C34S(1-0) data following Section 3.2.4

Object Detected lines VLSR Tpeak AVEWHM Optical Nu, Mass n
(kms™) (K) (kms™1) depth (x 108 cm™2) Me) (x 10* cm™?)

Bridge Core 1 CS(1-0) —402+0.1  066+001 41401 13 2.0 1.8 x 10° 24
C3*S(1-0) —4034+04  0054+001 32404
Sio(J = 1-0,v = 0) —411+£03 0054001 37+03
HC3N(5-4,F=4-3)  —39.6+02 0.11+001 3.8+02

Bridge Core 2 CS(1-0) —325+0.1 0584001 33+0.1 3.1 2.6 1.1 x 10° 45
C3*S(1-0) —320+03 0084001 25+03
SioJ = 1-0,v = 0) —307+£04 0044001 3205
HC3N(5-4,F=4-3)  —313+0.1 0.18+0.01 20+0.1

Notes. “An assumed distance, dyp = 11 kpc, was used for mass and density calculations. However, these values are easily scaled for an arbitrary distance,

d, by multiplying by (d/do)* and (d/do)~" for mass and density, respectively.

bThe error in the calculated physical parameters are dominated by the statistical uncertainties associated with the abundance ratio of CS to molecular
hydrogen. This uncertainty can be of the factor of 2 (e.g. Irvine, Goldsmith & Hjalmarson 1987).

displayed in the right-hand panel of Fig. 10 and we note that the
emission in each line peaks at —80 km s~'. A CH30H (I) maser is
also seen positionally coincident with this core at =79 km s~!. The
velocity at which this core is detected suggests that it is not associ-
ated with the H 1 complex (which has vy sg ~ —30 to —40 km s7h.

4.3 Hi emission

The atomic gas towards HESS J1640—465 and HESS J1641—-463
was studied using H 1 data from the SGPS (McClure-Griffiths et al.
2005). Integrated velocity maps were generated from the H 1 emis-
sion cubes over the same velocity intervals as the components traced
in CO. Images of the H 1-integrated velocity maps can be found in
the appendix Fig. A2. We note that a study of atomic gas using
SGPS data towards HESS J1640—465 was carried out by Supan
et al. (2016), which focused on the velocity ranges from —121 to
—111 km s~! and from —40 to —25 km s~!. We find that our results
are similar to those presented towards HESS J1640—465.

There are prominent dips in the H 1 spectra towards the TeV
sources which occur at velocities where emission features are seen
in the CO spectra. These dips may be the result of H 1 self-
absorption, caused by residual H 1 embedded in the CO. Fig. A3
in the appendix is an example of such a dip in the spectrum to-
wards HESS J1641—463 in component 1 and the corresponding
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intense emission that is seen in CO. To reduce the effect that these
self-absorption dips may have on the calculation of the atomic gas
parameters and following the analysis technique in Fukui et al.
(2012), we estimate the actual H 1 emission level by a linear inter-
polation connecting the adjacent shoulders of a dip. The dotted line
in Fig. A3 demonstrates this interpolation. This is a conservative
estimate as the true spectrum is likely peaked, rather than just a
straight line.

From the corrected spectra and, following Section 3, mass and
density estimates of the atomic gas contained in each component
were calculated. Similar to the work by Supan et al. (2016), we find
that when comparing the molecular gas traced by CO and the atomic
gas traced by H 1, the physical parameters of the atomic gas are a
small fraction of molecular gas. The calculated masses of atomic
gas in each component can be found in Table 4 in Section 5 and in
Table A2 in the appendix.

5 DISCUSSION

As mentioned previously in Section 1, the production of y-rays
from the TeV sources HESS J1640—465 and HESS J1641—-463
may be the result of hadronic scenarios, in which the accelerated
CRs are interacting with ambient gas, or leptonic scenarios, in which
energetic electrons upscatter background photons. We now consider
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Table 4. Calculated cosmic ray enhancement values, kcgr, for the intrinsic Gaussian size of HESS J1640—465 and the maximum Gaussian extent of
HESS J1641—463 for the gas related to components 1, 2 and 3 as defined in Fig. 1. Molecular mass comes from CO analysis and atomic mass from

H 1 analysis.

Region Velocity range Assumed distance Molecular mass Atomic mass Total mass kcr ¢
(kms) (kpe) Mp) M@) M@)

HESS J1640-465 —35 to —23 (Component 1) 11.9 68 000 12 000 80 000 1000
—45 to —35 (Component 2) 11.2 47 000 9300 56 000 1400
—53 to —45 (Component 3) 10.8 88 000 7100 95 000 850
—53 to —23 (Components 1, 2 and 3) 11.0 203 000 28 000 230 000 350
HESS J1641-463 —35 to —23 (Component 1) 11.9 97 000 5000 102 000 150
—45 to —35 (Component 2) 11.2 31 000 3200 34 000 450
—53 to —45 (Component 3) 10.8 11 000 2100 13 000 1200
—53 to —23 (Components 1, 2 and 3) 11.0 139 000 10 000 149 000 100

Notes. “Note that the CR enhancement factor, kcr, is effectively independent of assumed distance as the distance terms in equation (3) cancel with the

distance assumptions for the mass calculations.

the implications that our study of the interstellar gas towards these
TeV sources have on the aforementioned origin scenarios.

5.1 Hadronic scenarios

The segment of emission that includes components 1, 2 and 3
in the CO spectra traces gas which is at a velocity within ~10-
20 km s~! of the reported systematic velocity of the H 1 regions in
the H 11 complex (see Section 1.1). Assuming SNRs G338.3—0.0
and G338.5+0.1 and the TeV sources are all linked with this H i
complex, the gas traced here is a potential target for accelerated
CRs. The dense gas traced by CS at these velocities is found in
a bridging region between the two TeV sources and may also be
acting as CR-target material.

A relationship to calculate the flux of y-rays above a given en-
ergy level produced by hadronic interactions between CRs and CR-
target material from the mass of the target material was derived by
Aharonian (1991). The expected y-ray flux above some energy E,,
assuming an E~'° integral power law spectrum, is given by

Ms

F(= E,)=285x10""E " | —
dkpc

)kca em s, (3)

where Ms is the mass of the CR-target material in units of 10° Mg,
dyp. is the distance in kiloparsec, kcr is the CR enhancement factor
above that observed at Earth and E, is the minimum energy of
y-rays in TeV.

From the results in Abramowski et al. (2014a), the y-ray flux
photon above 1 TeV towards HESS J1640—465 is determined
to be F(>1TeV) ~ 1.9 x 1072 cm~2s~!. From Abramowski
et al. (2014b), the flux above 1 TeV towards HESS J1641—463 is
~3.6 x 1073 cm™2s71.

The total amount of CR-target material towards
HESS J1640—465 and HESS J1641—-463 is taken to be the
sum of the molecular and atomic mass traced by emission in CO(1—
0) and H 1, respectively. These masses, together with the calculated
CR enhancement factors kcg for the total mass in components 1,
2 and 3, are displayed in Table 4. A complete list of kcr values
for every gas component along the line of sight can be found in
Table A2 in the appendix. It should be noted that the kcg values
here refer to £ > 1 TeV y-rays and pertain only to higher energy
CRs (210 TeV). Thus, any CR energetics should be considered
lower limits on the total CR energy. In addition, equation (3)
assumes an E~''6 integral power-law CR spectrum. This is different
from the ~E~!"! CR integral spectra needed to fit the y-ray spectra

of HESS J1640—465 and HESS J1641—463 (Abramowski et al.
2014b; Supan et al. 2016). By scaling equation (3) appropriately, the
calculated CR enhancement factors would reduce by ~40 per cent
for HESS J1640—465 and HESS J1641—463.

A similar study was conducted by Supan et al. (2016) on the
physical properties of the ISM towards HESS J1640—465 using
the same SGPS H 1 data, but with archival CO data from Dame,
Hartmann & Thaddeus (2001). The authors used different sized
regions of integration and velocity ranges compared to those used
here. Analyses utilizing the same region size and velocity ranges
on Mopra CO survey data return mass and densities parameters
consistent with those presented in Supan et al. (2016).

The CR enhancement factor kcg above 1 TeV towards
HESS J1640—465 for the gas traced in components 1, 2 and 3 are
of the order of ~10%. This value is consistent with a nearby (within
a few parsec) and young SNR (<5 kyr), such as G338.3—0.0 ac-
celerating and injecting CRs into the ambient gas (Aharonian &
Atoyan 1996). Thus, assuming the gas at either components 1, 2 or
3 are associated with the location of HESS J1640—465, a hadronic
scenario is plausible. In a case where all of the gas traced in these
components are summed and considered as CR-target material as-
sociated with HESS J1640—465, the required kcr value becomes
350.

In the case of HESS J1641—463, the required kcg value for
the molecular cloud positionally coincident (component 1) is 150.
Component 1 is dominant whereby summing the gas traced in
components 2 and 3 marginally decreases the required kcr value.
If the molecular cloud in component 1 is indeed associated with
HESS J1641—463, the hadronic scenario would be possible given
its proximity with potential CR accelerators.

If the hadronic scenario holds true in both HESS J1640—465
and HESS J1641—463, then the total CR energy budget, W, can
be given as W, = L, t,,, where L, is the luminosity in y-rays.
Tpp is the cooling time of protons through proton—proton colli-
sions and is given by (Aharonian & Atoyan 1996): 7, ~ 6 X
107(n/1 cm™3)~" yr, where n is the number density of the ambient
gas.

HESS J1640—465 has a y-ray luminosity of L, = 9 x
10** erg s~' above 1 TeV at 11 kpc (Abramowski et al.
2014a), while HESS J1641—463 has a luminosity of 4 x
10** erg s~ above 0.64 TeV at 11 kpc (Abramowski et al. 2014b).
Thus, W, ~ 10°°(n/1cm™)~! erg for HESS J1640—465, and
W, ~ 10¥(m/1cm=3)"! erg for HESS J1641—463. The number
densities for both TeV sources presented in Table 2 in components
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1, 2 and 3 are of the order of ~10% cm~3. W, is then ~10*® and
~10% for HESS J1640—465 and HESS J1641—463, respectively,
which is a fraction of the canonical amount of energy channelled
into accelerated CRs by a SNR (~10% erg).

We note here that the hadronic modelling of HESS J1640—465
done in Supan et al. (2016) used the parametrization of the y-
ray differential cross-section in the proton—proton interactions
from Kafexhiu et al. (2014). Using ambient proton densities of
~10? cm~3, they found the total energy in accelerated protons to be
~10%-10% erg, consistent to first order with an SNR scenario.

In one of the scenarios discussed in Abramowski et al. (2014b)
and Tang et al. (2015), CRs accelerated by the SNR G338.3—0.0,
coincident with HESS J1640—465, have diffusively reached a
molecular cloud coincident with HESS J1641—463. The centre of
G338.3—0.0 lies ~0°3 from the far side of the maximum extent of
HESS J1641—-463, equivalent to ~60 pc at the assumed distance
of 11 kpc. The maximum Gaussian extent of HESS J1641—-463
is 0205 or ~10 pc at this distance. Thus, the filling factor of
HESS J1641—-463, assuming a spherical geometry with radius
10 pc, compared to the 60 pc radius sphere centred at SNR
G338.3—0.0 is ~0.005. Assuming that 10 erg was injected into
accelerating CRs by G338.3—0.0 and assuming that the CRs are
uniformly distributed within the sphere, the total amount of energy
in CRs at HESS J1641—463 is ~5 x 107 erg. This value is con-
sistent with the value of W, calculated above for HESS J1641—-463
and thus the presented origin scenario is energetically plausible for
the observed ISM.

The separation from the Galactic-eastern edge of the
SNR G338.3—0.0 to the position of HESS J1641—-463 is ~0°15
or 30 pc (at a distance of 11 kpc). The required CR enhancement
factor of kcg ~ 100 resulting from the diffusion of CRs from the
SNR towards HESS J1641—463 is achievable according to Aharo-
nian & Atoyan (1996). Fig. 1(b) of their paper shows the kcr values
at several time epochs at a distance of 30 pc from an SNR. A kcg of
~100 is acquired at a source age between 10 and 10 yr, similar to
the estimated age of SNR G338.3—0.0. Their calculations assumed
a source spectral index of 2.2 and that Do = 10?° cm?s™!, where D
is the diffusion coefficient when energy = 10 GeV. This value corre-
sponds to slow diffusion and is not unexpected given the substantial
amount of gas traced in the region between HESS J1640—465 and
HESS J1641—-463 in both CO and CS observations. This is be-
cause gas with larger values of 7 will have greater magnetic fields.
The corresponding increase in the interaction between CR particles
and magnetic fields would increase the rate of scattering, thereby
decreasing the diffusion coefficient.

We can estimate the diffusion coefficient through the gas in this
bridge region using equation (2) from Gabici, Aharonian & Blasi
(2007). The required value of the magnetic field inside the ISM is
a function of 7 and is calculated following Crutcher et al. (2010).
In Section 4, we have calculated the values of 7 for the diffuse and
dense gas in the bridge region from CO and CS data respectively.
These values have been presented in Tables 2 and 3. For the diffuse
CO-traced gas, B ~ 15 uG and Dy ~ x(4 x 10*7) cm?s™!. For the
dense CS-traced cores, B ~ 500 uGand Do ~ x(7 x 10?®) cm?s~".
The parameter x < 1 is a suppression factor that accounts for the
suppression of the diffusion coefficient inside a turbulent cloud. For
a moderate value of x ~ 0.1, the diffusion coefficient in this region
would agree with a slow diffusion scenario. This diffusion scenario
is a theoretically plausible explanation for the y-ray emission from
HESS J1641—463. The hardness of the TeV emission would be ex-
plained by higher energy protons preferentially reaching CR target
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material earlier and the effective exclusion of low-energy CR due
to the dense gas bridge.

As mentioned in Section 4.1, emission in CO(1-0) traces
an extended molecular cloud structure to the Galactic-west of
HESS J1640—465. The angular separation of this cloud is
comparable to the separation between SNR G338.3—0.0 and
HESS J1641—-463 (~0°3). If the scenario in which CRs escap-
ing from SNR G338.3—0.0 are generating the TeV emission of
HESS J1641—463 is true, then one might have expected this other
giant molecular cloud to glow in y-rays. However, while at sim-
ilar angular separations from the SNR, this molecular cloud may
be at different distance along the line of sight. The CO(1—-0) and
CS(1—-0) emission (see Fig. 6) is very broad and is seen between
~—80 and —20 km s~! in velocity. This is in contrast with the emis-
sion from molecular cloud seen towards HESS J1641—463 which
is seen at ~—30 km s~'. Differences between the Galactic-rotation
curve solution at these velocities range up to several kiloparsecs.
Since an increase in distance of even ~100 pc from the source
SNR would drastically diminish the available CRs (Aharonian &
Atoyan 1996), it is possible that CRs may not have yet reached this
molecular cloud. In addition, CRs escaping from an accelerator can
diffuse anisotropically, tending to propagate along magnetic field
lines (e.g. Nava & Gabici 2013). It is possible that the orientation
of the magnetic fields in this region are directing CRs away from
this molecular cloud.

An alternate scenario is that SNR G338.5+0.1, coincident with
HESS J1641—-463, is accelerating CRs that are interacting with
the ISM. Modelling by Abramowski et al. (2014b) indicate that
the hard proton spectrum required to generate the y-ray emission
agrees well with CRs accelerated by a young SNR. The critical
factor is then the age of SNR G338.5+0.1. A 5-17 kyr middle-
aged SNR (Abramowski et al. 2014b) would disfavour this scenario
and lend support to the diffusion scenario discussed above. In ei-
ther case, the molecular cloud found in component 1 of our study
towards HESS J1641—463 provides ample target material for accel-
erated CRs to interact with, producing y-rays through the hadronic
channel.

5.2 Leptonic scenarios

We now consider the leptonic scenarios, in which TeV emission
is primarily due to accelerated electrons interacting with ambient
photons via the inverse-Compton effect, for HESS J1640—465 and
HESS J1641—463 in light of our ISM study.

The leptonic scenario for HESS J1640—465 has been developed
and explored by several previous works (Funk et al. 2007; Lemiere
et al. 2009; Slane et al. 2010; Abramowski et al. 2014a; Gotthelf
et al. 2014). In particular, the scenario involves the electrons being
accelerated at the termination shock of a PWN near the centroid of
the TeVs source which is powered by PSR J1640—4631 (Gotthelf
et al. 2014). In our ISM study and considerations in the previous
section, we have shown that there is sufficient target material to-
wards HESS J1640—465 for a purely hadronic origin, given a local
CR accelerator such as SNR G338.3—0.0. As such, our study does
not rule out either model and it possible that the TeV emission
from HESS J1640—465 has contributions from both leptonic and
hadronic processes, although some fine-tuning is required to explain
the smooth power-law spectrum seen by Fermi-LAT (Lemoine-
Goumard et al. 2014).



ISM towards HESS J1640—465 & HESS J1641-463 3769

A leptonic origin has been previously considered for
HESS J1641—463 (Abramowski et al. 2014b) but was strongly
disfavoured, stemming from the lack of a characteristic break in
the y-ray spectrum and the extreme difficulty in accelerating a
population of electrons to the required energies. For completeness,
however, we now consider a leptonic diffusion scenario in which CR
electrons, perhaps from the PSR J1640—4631, are diffusing through
the gas bridge between HESS J1640—465 and HESS J1641—463.

The cooling time of CR electrons due to synchrotron radia-
tion can be given by Ty, ~ (bsy)~! s, where by = 1.292 x
1073(B/mG)? s~!, and the diffusion time of CRs over a distance
d is given by Ty = d”/(6D(E)), where D(E) is the diffusion co-
efficient at energy E (Ginzburg & Syrovatskii 1964). We consider
the case where E. = 5 TeV. At this energy, y-rays produced via
inverse-Compton scattering would have energies ~200 GeV (in the
Thompson regime) which is near the lower limit of detectability by
HESS.

Dense cores of gas within the bridge region are traced in CS
observations with 77 ~ 10> cm™. These cores have a diameter of
~2 arcmin, which corresponds to ~6 pc at a line-of-sight distance
of 11 kpc. The magnetic field in these cores are calculated fol-
lowing Crutcher et al. (2010), using the values of 7 presented in
Section 4. Using this, 4, and 74 were found to be ~10 yr and
~1 kyr, respectively. This implies that CR electrons would rapidly
lose their energy via synchrotron losses and would be unable to pass
through the dense cores. For completeness, we note that calcula-
tions using emission from the diffuse gas tracers '>CO and '3CO in
these core regions give 7 ~ 4 x 10° cm™3.

In an optimistic scenario, CR electrons could have paths that
avoid the dense cores while diffusing through the gas bridge region.
From Section 4, the diffuse gas traced by CO observations across
the whole bridge region have 7 ~ 5 x 10> cm~>. Assuming that the
distance across the gas bridge is ~30 pc, T4y, and T are calcu-
lated to be ~11 and ~4 kyr, respectively. Hence, in an optimistic
scenario, some electrons would be able to diffuse through the gas
bridge. However, realistically, this is somewhat unlikely given the
prevalence of dense gas in the region, as traced by CS emission.
CR electrons would be effectively blocked by the dense regions
of the gas bridge and be unable to generate y-rays which may be
contributing to HESS J1641—463.

6 CONCLUSIONS

In this paper, we have used data collected by the Mopra Radio Tele-
scope in the 3 and 7 mm wavelengths as well as archival H 1 data
to investigate the molecular and atomic gas towards the VHE y-ray
sources HESS J1640—465 and HESS J1641—463. The gas inves-
tigated here may be target material for accelerated CRs, producing
TeV y-rays via hadronic interactions.

CO(1-0) observations from the Mopra Galactic Plane Survey
revealed multiple diffuse molecular gas components at numerous
velocities along the line-of-sight positionally coincident with both
TeV sources. In particular, substantial detections were made at ve-
locities within ~10-20 km s~ of the reported systematic velocity
of the H u region (—32 km s~!). The gas traced in Components 1, 2
and 3 as described in Section 4 (—53 to —23 km s~!) may be then
associated with the SNRs, H 11 region and the VHE y-ray sources.
Of particular note is the molecular cloud traced in Component 1
positionally coincident with HESS J1641—463.

7 mm observations in the CS(1-0) lines revealed a region of
dense gas cores coincident with intense emission in the CO(1-0)

lines. This gas formed a ‘bridge’ of material located between the
two TeV y-ray sources.

Mass and density estimates derived from CO, CS and H 1 for
gas components towards HESS J1640—465 and HESS J1641—463
allowed for an investigation of the available CR target mass. As-
suming that the total gas mass in Components 1, 2 or 3 towards
HESS J1640—465 is CR-target material in a hadronic scenario for
TeV y-ray production, the required W, is ~10* erg and the re-
quired CR density would be of the order of ~10* times that seen
at Earth. For HESS J1641—463, if the molecular cloud positionally
coincident traced in Component 1 is CR-target material, then the
required W, is ~10* erg and the required CR density would be of
the order of ~10? times than seen at Earth.

We also investigated the scenario in which TeV emission from
HESS J1641—463 is due to HE CRs from SNR G338.0-0.0, co-
incident with HESS J1640—465, diffusively reaching CR target
material seen in our data. We find that the scenario is a plausible ex-
planation which readily explains the hardness of the TeV emission
from HESS J1641—463. We do not, however, discount the scenario
in which SNR G338.540.1 coincident with HESS J1641—463 is
providing the required CRs.

A scenario in which CR electrons from PSR J1640—4631 were
diffusing towards HESS J1641—463 was considered. However, it is
somewhat unlikely due to dense cores of gas present in the bridge
between HESS J1640—465 and HESS J1641—463 which would
effectively block the path of the electrons. This is in addition to
arguments presented by Abramowski et al. (2014b) that disfavour a
leptonic origin.

Future y-ray measurements taken by next-generation ground-
based y-ray telescopes systems (e.g. Cherenkov Telescope Array)
will have greatly increased sensitivity above 10 TeV and have an-
gular resolutions similar to that in this study of the interstellar gas.
This will allow more detailed morphological comparison between
the TeV y-ray emission and gas and allow a deeper investigation of
the nature of HESS J1640—465 and HESS J1641—463.
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APPENDIX A
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Figure Al. Integrated '3CO(1-0) emission images (K km s~!) over indicated velocity intervals. Single blue 50 significance HESS contour used for clarity
and illustration purposes. The position and extent of SNR G338.5+0.1 and SNR G338.3-0.0 are indicated by the left and right solid green circles, respectively,
in each panel.
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Figure A2. Integrated H 1 emission images [K km s~!] from SGPS data over indicated velocity intervals. Single white 5o significance HESS contour used
for clarity and illustration purposes. The position and extent of SNR G338.54-0.1 and SNR G338.3-0.0 are indicated by the left and right solid black circles,

respectively, in each panel.
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Figure A3. Average H1and '>?CO(1-0) emission spectrum towards HESS J1641—463 from the SGPS and Mopra CO survey, respectively. A possible example
of a self-absorption dip in the H 1 is seen at ~—30 km s~! in component 1, where a corresponding peak exists in the CO. The dashed line is the linear
interpolation used to estimate the true H 1 emission.

Table Al. '3CO(1-0) line parameters, and the corresponding calculated gas parameters, from the apertures as indicated in Fig. 1.
Calculations were made following Section 3.1, but using the '*CO(1-0) X-factor, X13c0(1_g) = 4.92 x 10% (K km s=")~! (Simon
et al. 2001). Masses and density have been scaled to account for an additional 20 per cent He component.

Velocity range Region Distance® N, b Mass ? n?
(kms™) (kpc) (10%! cm=?) M@ x 10 (10 em™3)
—35to0 —23 HESS J1640—465 11.9 1.7 2.7 0.8
(Component 1) HESS J1641-463 11.9 6.7 5.1 4.4
Bridge 11.9 7.1 10.1 3.3
—45to0 =35 HESS J1640—465 11.2 2.9 4.3 1.4
(Component 2) HESS J1641—-463 11.2 3.0 2.0 2.1
Bridge 11.2 8.7 11.7 4.3
—53to —45 HESS J1640—465 10.8 1.9 2.5 0.9
(Component 3) HESS J1641—-463 10.8 0.6 0.4 0.4
Bridge 10.8 39 4.9 2.0

Notes. “Assumed distances, dp, used for mass and density calculations are derived from the Galactic rotation curve presented in
Kothes & Dougherty (2007). However, these values are easily scaled for an arbitrary distance, d, by multiplying by (d/dp)*> and
(d/do)~" for mass and density, respectively.

>The error in the calculated physical parameters are dominated by the statistical uncertainties associated with the '*CO to H,
conversion factor (X13¢(j_g)) and is of the order of 30 per cent.
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Table A2. Calculated CR enhancement values, kcgr, for the intrinsic Gaussian size of HESS J1640—465 and the maximum Gaussian extent of
HESS J1641—-463 for the gas related to all individual components as defined in Fig. 1. Molecular mass comes from CO analysis and atomic mass from

H 1 analysis.
Region VLSR range Assumed distance ¢ Molecular mass Atomic mass Total mass ker ?
(kms™) (kpc) M@) M@) M@)
HESS J1640-465 —35 to —23 (Component 1) 11.9 68 000 12 000 80 000 1000
—45 to —35 (Component 2) 11.2 47 000 9300 56 000 1400
—53 to —45 (Component 3) 10.8 88 000 7100 95 000 850
—63 to —55 (Component 4) 104 15 000 4400 19 000 3800
—90 to —68 (Component 5) 9.6 58 000 8000 64 000 950
—92 to —81 (Component 6) 9.3 39 000 4200 43 000 1300
—103 to —90 (Component 7) 8.9 20 000 4300 24 000 2210
—108 to —97 (Component 8) 8.7 15 000 3000 18 000 2800
—125 to —108 (Component 9) 8.15 40 000 4700 45 000 990
HESS J1641-463 —35 to —23 (Component 1) 11.9 97 000 5000 102 000 150
—45 to —35 (Component 2) 11.2 31 000 3200 34 000 450
—53 to —45 (Component 3) 10.8 11 000 2100 13 000 1200
—63 to —55 (Component 4) 104 17 000 1000 18 000 750
—90 to —68 (Component 5) 9.6 37 000 1700 39 000 300
—92 to —81 (Component 6) 9.3 15 000 1100 16 000 680
—103 to —90 (Component 7) 8.9 13 000 1400 14 000 720
—108 to —97 (Component 8) 8.7 5500 1200 7000 1400
—125 to —108 (Component 9) 8.15 7100 1300 8000 1000

Notes. “The assumed distance was calculated using the average v sr in the interval with the Galactic rotation curve presented by Kothes & Dougherty
(2007). For consistency, we have used the far distance solutions for every component. Masses can be scaled for an arbitrary distance, d, by multiplying
by (d/do)2 where d is the assumed distance.

bThe CR enhancement factor, kcr, was calculated following equation (10) from Aharonian (1991) considering the total masses presented in this table
as CR-target material. Note also that kcr is independent of assumed distance as the distance terms in the equation cancel with the distance assumptions
for the mass calculations.

This paper has been typeset from a TEX/IAIEX file prepared by the author.
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Chapter 4

The ISM towards HESS J1614—518
and HESS J1616—508

The following is a paper that was submitted to the peer-reviewed journal, Publications
of the Astronomical Society of Australia (PASA), and resubmitted after comments
from an anonymous referee. HESS J1614—518 and HESS J1616—508 are dark TeV
gamma-ray sources which have not been firmly associated with any counterpart at
other wavelengths. This paper presents an analysis of the distribution of the inter-
stellar medium towards the TeV sources, as well as an investigation into potential

origin scenarios in light of this new understanding.

During the thesis examination period, the paper was accepted by PASA and has
since been published (Lau et al., 2017).
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Abstract

HESS J1614—518 and HESS J1616—508 are two tera-electron volt (TeV) v-ray sources that are not firmly
associated with any known counterparts at other wavelengths. We investigate the distribution of interstellar
medium towards the TeV ~y-ray sources using results from a 7 mm-wavelength Mopra study, the Mopra
Southern Galactic Plane CO Survey, the Millimetre Astronomer’s Legacy Team - 45 GHz survey and [CI]
data from the HEAT telescope. Data in the CO(1—0) transition lines reveal diffuse gas overlapping the two
TeV sources at several velocities along the line of sight, while observations in the CS(1—0) transition line
reveal several interesting dense gas features. To account for the diffuse atomic gas, archival H1 data was
taken from the Southern Galactic Plane Survey. The observations reveal gas components with masses ~ 10°
to 10° Mg and with densities ~ 102 to 10 cm ™2 overlapping the two TeV sources. Several origin scenarios
potentially associated with the TeV ~v-ray sources are discussed in light of the distribution of the local
interstellar medium. We find no strong convincing evidence linking any counterpart with HESS J1614—518

or HESS J1616—508.

Keywords: ISM:clouds — ISM: cosmic rays — gamma-rays: ISM — molecular data

1 Introduction

Exploration into the nature of the very high energy
(VHE, E > 100 GeV) ~-ray sky has rapidly progressed
with the use of Imaging Air Cherenkov Telescopes
(IACTSs). Telescopes such as the High Energy Stereo-
scopic System (HESS), an array of TACTs, have found
many VHE ~y-ray sources along the Galactic plane
(Aharonian et al. 2005a, 2006; Deil et al. 2015). Many
of the extended, Galactic sources have been associated
with high-energy phenomena, such as pulsar wind neb-
ulae (PWN), supernova remnants (SNRs) and bina-
ries (Renaud et al. 2008; Aharonian et al. 2005b, 2008b
ete.). However, a large population of VHE sources re-
main unassociated, and appear to have no clear coun-
terparts seen in other wavelengths (Deil et al. 2015;
Donath et al. 2017).

*E-mail: james.lau@adelaide.edu.au

Astrophysical TeV v-rays have two main mechanisms
of production: the decay of neutral pions produced by
the hadronic interactions between highly accelerated
cosmic-ray particles and ambient interstellar medium
(ISM); and the leptonic interaction of upscattering
background photons via the inverse-Compton effect
by high energy electrons. Understanding the distri-
bution of the ISM towards unidentified TeV sources
is thus critical in order to constrain the possible
TeV ~v-ray production scenarios. Here, we focus on
HESS J1614—518 and HESS J1616—508, two of the
most prominent unidentified TeV sources detected in
the first HESS Galactic Plane Survey (Aharonian et al.
2005a, 2006).

HESS J1614—518 is a TeV 7-ray source that was first
discovered by HESS as part of a survey of the Galactic
plane (Aharonian et al. 2005a). It was the brightest of



the new sources discovered in the survey, with a flux
25% that of the Crab Nebula above 200 GeV. It has
a TeV ~-ray spectrum that is well fit by a power-law,
dN/dE = NyE~", with a photon index " = 2.46 & 0.21.
The TeV emission has an elliptical morphology, with
semi-major and semi-minor axes of 144+ 1 and 9£1
arcmin respectively. It is also characterised by two
peaks of emission in the Galactic North-East and Galac-
tic South-West of the source. No immediately obvi-
ous counterpart to this source appeared in other wave-
lengths, and HESS J1614—518 was considered a “dark-
accelerator”.

Recent preliminary results from HESS, following a
systematic search for new TeV-emitting SNRs, suggest
that HESS J1614—518 may have a shell-like TeV ~-ray
morphology (Gottschall et al. 2017). As no evidence of
an associated SNR has been seen so far in other wave-
lengths, HESS J1614—518 is currently considered a SNR,
candidate.

Observations towards HESSJ1614—518 in X-rays
made by Suzaku revealed three X-ray sources within
the TeV ~-ray source (Matsumoto et al. 2008). The
first source, Suzaku Src A, is extended and is located
close (within ~ 8 arcmin) to the brightest TeV peak
of HESS J1614—518. The 2nd X-ray source, Suzaku Src
B, is located towards the centre of HESS J1614—518.
Additional Suzaku observations and analysis of XAMM-
Newton archival data revealed that Suzaku Src B was
comprised of several point sources (Sakai et al. 2011).
The brightest of these, XMM-Newton source B1, had
the largest count rate by a factor ~ 5, and indi-
cated that it was the main object of Suzaku Src B.
Sakai et al. (2011) postulated that HESSJ1614—518
could be an SNR associated with an Anomalous X-ray
Pulsar (AXP). This scenario has XMM-Newton source
B1 as the AXP produced by a supernova explosion, and
Suzaku source A as the shocked region of the SNR. The
other X-ray source found by Suzaku, Suzaku source C,
was found to be a late-type B star (Matsumoto et al.
2008).

The X-ray telescope (XRT) aboard Swift observed
the region towards HESSJ1614—518 and found six
point-like X-ray sources (Landi et al. 2007b). Four of
these (Swift sources 1, 2, 3 and 5 in Landi et al. 2007b)
were identified as stars, while the others (Swift sources
4 and 6) remain unidentified. The Swift source 1 and
4 are coincident with Suzaku source B and C respec-
tively. Suzaku source A was not seen by the Swift XRT
in these observations.

A GeV source is seen towards HESS J1614—518 by
the Fermi Large Area Telescope (Fermi-LAT). Des-
ignated 3FGL J1615.3—5146¢ in the 3rd Fermi point
source catalogue (Acero et al. 2015), the extended
source was classified as being ‘disk-like’, and has a rela-
tive large diameter of ~ 0.8° which covers a major frac-
tion of HESS J1614—518.

PASA (2017)
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Several HII regions and molecular cloud complexes
appear to the Galactic-North of HESSJ1614—518.
Figure 1 is a Spitzer GLIMPSE 8.0 pm im-
age (Churchwell et al. 2009) of the region towards
HESS J1614—518 and the neighbouring TeV source
HESS J1616—508, with nearby HiI regions labelled in
yellow. While there are several HII regions in the vicin-
ity of HESS J1614—518, none appear to overlap the TeV
source.

e ———— I —
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Figure 1. Spitzer GLIMPSE 8.0 yum image [MJysr~!] towards
HESS J1614—518 and HESS J1616—508 (Churchwell et al. 2009).
White contours are HESS excess counts contours at the 30, 45,
60, 75 and 90 levels (Aharonian et al. 2006). Nearby HII regions
are labelled in yellow (Paladini et al. 2003).

A multi-wavelength ~ counterpart  study  of
HESS J1614—518 was conducted by Rowell et al.
(2008). The known pulsars towards HESS J1614—518
were thought likely not responsible for the TeV
~y-ray emission due to their insufficient spin-down
powers, though a small fractional contribution could
not be ruled out. A possible association between
HESS J1614—518 and the young open stellar cluster
Pismis 22 (Piatti et al. 2000) was suggested in scenar-
ios where stellar winds from several B-type stars or
undetected SNRs from deceased members of the cluster
would accelerate cosmic-rays that would interact with
ambient gas to produce y-rays hadronically.

Mizukami et al. (2011) used the CANGAROO-III
telescopes to study the TeV ~-ray emission towards
HESS J1614—518, and also investigated the plausibility
of several radiation mechanisms. A leptonic scenario
based on an undetected SNR was rejected as it was
not able to reproduce the observed spectral energy
distribution (SED) in ~-rays. On the other hand,
hadronic models that involved either a SNR or stellar
winds from Pismis 22 were found to produce a good
reproduction of the SED. Certain requirements, how-
ever, on the number density of the ISM were needed,
and the initial investigation of the Nanten 2CO(1-0)
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survey data by Rowell et al. (2008) in this region
had revealed no obvious overlapping molecular clouds
along the line of sight up to a kinematic distance of
~ 6 kpc. More detailed and higher resolution ISM data
were needed in order to test the validity of these models.

HESS J1616—508 is located less than a degree away
from HESSJ1614—518. It too was discovered as part
of the HESS Galactic plane survey (Aharonian et al.
2005a), with a y-ray flux 19% that of the Crab Neb-
ula above 200 GeV. The TeV spectrum is fit by a
power-law model with a photon index I' = 2.35 4+ 0.06.
It has a roughly circular extended morphology, with
an angular diameter of ~ 16 arcmin. There are two
SNRs near HESS J1616—508, Kes 32 (G332.4+0.1) and
RCW 103 (G332.4—0.4), located 17 and 13 arcmin
away respectively. Due to the distance from the cen-
tre of HESSJ1616—508, an association between the
TeV source and either SNR has been disfavoured
(Landi et al. 2007a; Kargaltsev et al. 2009).

Three pulsars are seen towards the vicinity of
HESS J1616—508. Two of them, PSR J1616—5109 and
PSR J1614—5048 are unlikely to be associated with
the TeV emission due to their large separation from
HESS J1616—508. On the other hand, the young (~ 8
kyr) pulsar PSR J1617—5055 (Kaspi et al. 1998) and
associated pulsar wind nebula (PWN) have been sug-
gested as candidate objects respomnsible for the TeV
emission (Landi et al. 2007a; Aharonian et al. 2008a;
Tibolla 2011; Acero et al. 2013). PSR J1617—5055 has a
spin-down power sufficient to supply the appropriate en-
ergetics, but is offset from the centre of the TeV source
by ~ 9 arcmin. Observations in X-rays by Chandra re-
vealed a faint PWN extending from PSR J1617—5055
(Kargaltsev et al. 2009). However, PWNs associated
with offset TeV 4-ray emission typically have an ex-
tension of the X-ray emission towards said 7-rays, and
the Chandra observations found no evidence of any X-
ray asymmetry in the PWN towards HESS J1616—508.
Recent analysis of three Chandra observations covering
most of HESS J1616—508 was performed by Hare et al.
(2017), finding 56 X-rays sources within the fields. Many
of the sources were identified as active galactic nuclei
(AGN) and non-degenerate stars, but none were found
to be promising counterparts to the TeV source.

Observations by Fermi-LAT reveal a GeV vy—ray
source, 3FGL J1616.2—5054e towards HESS J1616—508
(Acero et al. 2015). It has a diameter of ~ 0.6° and is
positionally coincident with the TeV source.

A number of Hil regions are seen towards
HESS J1616—508, with several overlapping the TeV
source as shown in Figure 1.

To better understand the origins of HESS J1614—518
and HESS J1616—508, a detailed understanding of the
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distribution and characteristics of the ISM towards
these two sources is required. In order to achieve
this, we have used molecular line data taken by the
Mopra radio telescope and the Australia Telescope
Compact Array (ATCA). The diffuse (7 > 10® cm™3)
gas towards the two TeV sources were traced as
part of the Mopra Southern Galactic Plane CO
Survey (Burton et al. 2013). Data were taken from
the  Millimetre Astronomer’s Legacy Team - 45 GHz
(MALT-45) survey (Jordan et al. 2015) which targeted
the dense (m > 10* cm™2) gas tracers in the 7mm
wavelength band including CS(1-0) and SiO(1-0,
v=0). As the MALT-45 survey did not extend to
encompass HESS J1614—518 entirely, we took further
observations in the 7mm wavelength band with Mopra
to complete the coverage in the dense gas tracers.

Section 2 describes the parameters and reduction pro-
cess involved with the data taken with the Mopra radio
telescope, as well as the parameters of the data taken
from the MALT-45 survey. Section 3 describes the gas
parameter calculations that we apply to the data. In
Section 4, we present our findings of the the distri-
bution of the ISM towards the TeV sources. Finally,
in Section 5, we discuss our results and the implica-
tions they have on the possible production scenarios for
HESS J1614—518 and HESS J1616—508.

2 Datasets, observations and data reduction

High resolution data in the 7mm wavelength band
was taken from the MALT-45 survey (Jordan et al.
2015). This survey made use of ATCA to survey an
area of 5 square-degrees along the Galactic plane (I =
330° — 335°, b = £0.5). Across the 7mm band, the sur-
vey FWHM ranged from 57" (49 GHz) to 66" (43 GHz)
with a velocity resolution of ~ 0.2 kms~!. Complete de-
tails of the survey are presented in the aforementioned
paper. The survey area of MALT-45 completely covered
HESS J1616—508, but only covered the northern-half of
HESS J1614—518.

A 7Tmm targeted study was carried out with the Mo-
pra radio telescope to complement the MALT-45 sur-
vey, completing the coverage of HESS J1614—518. The
Mopra observations were taken between September and
November 2013. Two Mopra ‘On-the-fly’ (OTF) maps
were taken, each with a size of 20’ by 20’. Together,
this formed a 40’ by 20" map which was centred on
[1,b]=[331°.50, —0°.67]. For these observations, we used
the same scan settings as per Lau et al. (2017).

These observations utilised the Mopra spectrometer,
MOPS, in its ‘zoom’ mode, allowing for recording of six-
teen sub-bands simultaneous, each with 4096-channels
and a 137.5 MHz bandwidth. The beam FWHM of Mo-
pra in the 7mm band is ~ 1’ at 49 GHz, with a ve-
locity resolution of ~ 0.2 kms~!. The specific molec-
ular line transitions that were targeted by MOPS are



Table 1 The set-up for the Mopra Spectrometer (MOPS) for
the 7mm observations. The targeted molecular lines, targeted
frequencies and achieved mapping Trngs are displayed.

Molecular line Frequency TrMS
(GHz) (K/channel)
308i0(J=1-0, v=0) 42.373365 0.07
Si0(J=1-0, v=3) 42.519373 0.07
Si0(J=1-0, v=2) 42.820582 0.07
298i0(J=1-0, v=0) 42.879922 0.07
Si0(J=1-0, v=1) 43.122079 0.07
Si0(J=1-0, v=0) 43.423864 0.07
CH3OH-1 44.069476 0.07
HC7N(J=40-39) 45.119064 0.07
HC5N(J=17-16) 45.264750 0.07
HC3N(J=5-4, F=4-3)  45.490264 0.08
13C8(J=1-0) 46.247580 0.08
HC5N(J=16-15) 47.927275 0.08
C34S(J=1-0) 48.206946 0.09
0CS(J=4-3) 48.651604 0.09
CS(J=1-0) 48.990957 0.09

listed along with the achieved Trymgs levels in Table 1.
We note that MALT-45 had increased sensitivities com-
pared with that of our Mopra observations. In par-
ticular, the MALT-45 Trus for the CS(1—-0) line was
~ 0.034 K compared with the ~ 0.09 K we achieved
with Mopra.

Data in the CO(1—0) lines was provided by the Mo-
pra Southern Galactic Plane CO Survey (Burton et al.
2013; Braiding et al. 2015). The survey targets the
12C0O, 3CO and C'®0O J = 1—0 molecular lines within
the fourth quadrant of the Galaxy (I = 305° to 345°,
and b = +0°.5). The beamsize of this survey is 0.6 ,
with a velocity resolution of 0.1 kms™!. The Tryg for
the 12CO and 3CO lines is ~ 1.5 K ~ 0.7 K respectively.
We refer to the aforementioned papers for further de-
tails about the survey.

We used ATNF analysis software, Livedatal,
Gridzillal, and Miriad?, together with custom IDL
routines, in order to reduce and perform analysis on
the OTF mapping data. Using Livedata, we calibrated
the spectra with the reference OFF position, and
then subtracted the baseline using a polynomial fit.
Combining the data from separate scans using Gridzilla,
we created three-dimensional cubes for each sub-band.
Finally, the integrated emission maps were generated
from the cubes via the use of Miriad and custom IDL
routines.

Thttp:/ /www.atnf.csiro.au/computing/software/livedata/
2http://www.atnf.csiro.au/computing/software /miriad /
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3 Spectral line analysis

The spectral line analyses performed on the CO(1-0),
CS(1-0) and Hi data to calculate gas mass and density
parameters are outlined in Lau et al. (2017), and are
summarised here for completeness.

Spectral components and features were fit with Gaus-
sian functions, and the integrated intensity of the line
emission was then used to calculate the average col-
umn density of molecular hydrogen, Ny,. From here,
the mass of the gas in the region of interest is esti-
mated by M = pmugNu, A, where my is the mass of a
single hydrogen atom and A is the cross-sectional area
of the region in which the spectra was extracted from.
The average molecular weight p is taken to be 2.8 to
account for the assumed ~ 20% helium content. Within
the region of interest, the average number density, 7, is
estimated by assuming a geometry with depth equal to
the average height and width.

3.1 CO

We convert the 2CO(1—0) integrated brightness tem-
perature to an average Ho column density in a region
via the relation ]\/vH2 = X12CO(1—0) WmCO(l—O)v where
Wi2co(1-0) is the integrated '?CO(1—0) intensity and
Xi200(1-0) 18 the *CO(1-0) X-factor. In this work, we
adopt the 2CO(1-0) X-factor Xi200(1-0) ~ 1.5 1020
em~2(Kkm/s)~! (Strong et al. 2004). For simplicity,
we apply the same method to convert *CO(1-0) in-
tegrated brightness temperatures to average Hs column
densities, using the CO(1-0) X-factor Xsco1-0) ~
4.9 x 102 em™2(Kkm/s)™! (Simon et al. 2001). Fol-
lowing Burton et al. (2013), we calculate the optical
thickness of the 12CO line, 715, by comparing the 2CO
and 13CO lines. In the limit where the 2CO and 3CO
lines are optically thick and optically thin respectively,
T12 can be given by:

Ti2 = (1)

where Ryp/13 is the ratio between the brightness tem-
peratures of the '2CO and '>CO emission, with X12/13
= [*2C/13C] being the isotope abundance ratio. Using
results presented in Henkel et al. (1982), the abundance
ratio was taken to be Xi5/13 = 5.5R + 24.2, where R is
the galactocentric radius given in kpc. In the case where
no BCO was detected, we take an upper limit on the
13CO peak intensity to be the RMS sensitivity of the
data (~ 0.7K, Burton et al. 2013).

3.2 CS

Transitions in the 7mm CS(1-0) line gave a comple-
mentary probe of the denser gas (7 > 10* cm ™3, Evans
1999) in regions of interest. The CS(1—0) optical depth
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was found using the ratio between the CS(1—0) and
(34S(1-0) lines in regions where detections were made
in C34S(1-0). We adopted the [CS]/[C34S] ratio of 22.5,
and calculated the optical depth via Equation 1 of
Zinchenko et al. (1994). Where no C3*S(1-0) was de-
tected, the CS(1—0) was assumed to be optically thin.

Using Equation 9 from Goldsmith & Langer (1999),
together with the optical depth and the integrated line
intensity, we calculate the column density of CS(J=1).
We assume Local Thermodynamic Equilibrium (LTE)
at a rotational temperature of Tyt = 10 K, typical of
cold and dense molecular clouds, to convert the column
density of CS(J=1) to total CS column density, Ncs.
Here, Ngg is ~ 3.5 times the CS(J=1) column density.
A small systematic error in N¢g is produced by this
temperature assumption (~ 20% for a 50% change in
Trot)-

We note that the abundance ratio between molecular
hydrogen and CS molecules in dense molecular clumps
can vary by an order of magnitude between 10~ and
10~8 (Irvine et al. 1987). In this work, we adopt the CS
to Hy abundance ratio Xog ~ 1 x 107Y (Frerking et al.
1980) which is typical of dense quiescent gas. As such
the calculated gas parameters presented here should be
considered as upper limits.

3.3 HI

Hi data towards HESS J1614—518 and
HESS J1616—508 was obtained from the Southern
Galactic Plane Survey (SGPS) (McClure-Griffiths et al.
2005). The column density of atomic Hi, Ny, was
calculated via the relation Ny, = Xy Wh, where
W is the integrated HI intensity and the conver-
sion factor Xp; = 1.823 x 10'® cm™2 (Kkms™!)~!
(Dickey & Lockman 1990). Combining this with the
molecular hydrogen column density, Ny,, we are able
to estimate the total hydrogen column density as
Ny = Ny, + 2NH2

4 Results

The distribution of the ISM towards HESS J1614—518
and HESS J1616—508 is presented in this section. We
consider the morphology of the gas towards each TeV
source separately. 12CO(1-0) and 3CO(1-0) line emis-
sion data was taken from the Mopra Galactic Plane
Survey and was used to study the diffuse molecular
hydrogen gas distribution. 7mm wavelength data from
MALT-45 and our targeted 7mm Mopra observations
were used to reveal the denser gas as traced by detec-
tions in the CS(1—0) and C3*S(1—0) lines. Detections
in the thermal SiO(J=1-0, v=0) line, which is often ex-
cited behind shocks that move through molecular clouds
(e.g. Martin-Pintado et al. 1992; Flower et al. 1996),
were also found in the dataset.
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To estimate the distance to the ISM traced by the
line emission, we use the Galactic rotation model from
Brand & Blitz (1993) to obtain the kinematic distance,
based on the detection velocity along the line-of-sight
(vLsr)- In the absence of firm evidence to resolve the
near/far distance ambiguities, we have assumed the
near solution in our calculations as an approximation,
as gas closer to us is more likely to be seen.

4.1 ISM towards HESS J1614—518

CO(1-0) line emission is seen overlapping
HESS J1614—518 in several kinematic velocity in-
tervals along the line-of-sight. Figure 2 displays the
average spectra of the 12CO(1-0) and 3CO(1-0)
emission within the reported root-mean-squared
(RMS) extent of HESSJ1614—518 as described in
Aharonian et al. (2006), which is indicated by the
dashed ellipses in Figure 3. Overall, the spectra indi-
cates that there are three main velocity ranges in which
emission is prominent; vpgg ~ —50 to —40 kms™!,
ULSR ~ —75 to —60 kms™! and vrgr ~ —115 to —90
kms~!, which we have denoted as components 1, 2, and
3 respectively. Additionally, one minor component of
emission is seen in the vrgg ~ —15 to 0 kms™! range,
which we denote as component 4. For component 1,
there appears to be several blended features in the
spectra, and we have chosen the velocity range that
encompasses the dominant feature of interest. For the
other components, we have chosen velocity ranges that
cover all the emission, as the nature and degree of
blending is more difficult to to discern.

HESS J1614-518

ur :
—  12C0(1-0) 2 4
3,
3
w2 1
L
0 i =Vt
R T
0-3’\ —  1BCO(1-0)
o 0.4
0.0 f¥wpangan AAv'A I-J‘-WJ\ W"/\\M ey
-140 -120 -100 —-80 -60 -40 -20 0

Visk [km/s]

Figure 2. The average spectra of '2CO(1-0) (top) and
1B3CO(1-0) (bottom) emission within the RMS extent of
HESS J1614—518 as described in Aharonian et al. (2006). The
velocity intervals of the components used in the integrated im-
ages shown in Figure 3 are indicated by the shaded rectangles.
Overlaid blue and red lines are the Gaussian fits to the emission,
as described in text.
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Figure 3. Mosaic of 12CO(1-0) and '3CO(1—0) integrated intensity images [K kms~!] within the labelled velocity intervals. Overlaid
are HESS excess counts contours (blue) towards HESS J1614—518 at the 30, 45 and 60 levels. The dashed black ellipse in the top left
panel of both mosaics is the elliptical extent of HESS J1614—518 as described in Aharonian et al. (2006). The average CO(1—0) spectra
within this region is displayed in Figure 2.
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The 12CO(1-0) spectrum was fit by a series of Gaus-
sian functions to calculate the mass and density param-
eters of the molecular gas following §3. Component 1
was fit with three Gaussian functions, as while the dom-
inant feature was blended with features on both the pos-
itive and negative velocity sides, each feature is clearly
resolvable. We use the Gaussian corresponding to the
dominant feature in our calculations to minimise the
contamination from the other blended features. For the
other components, we cannot resolve the individual fea-
tures that may be present, and it is unclear to the de-
gree at which blending is occurring. For this reason,
we approximate each spectrum using a single Gaussian
function. The derived masses and densities from these
fits and those obtained by simply integrating the raw
spectrum over the velocity ranges differ by less than
10% in all cases. The Gaussian functions used have been
overlaid on the 2CO(1-0) spectrum in Figure 2. Blue
functions indicate those that were used in the mass and
density calculations for the corresponding labelled com-
ponents, while red functions are those that were fit to
the extra blended features. The parameters of the blue
functions as well as the calculated gas parameters are
displayed in Table 2.

Figure 3 shows a mosaic of integrated >CO(1—0) and
12C0(1-0) emission images towards HESS J1614—518
in the velocity ranges of each component.

In component 1 (vpsg = —50 to —40 kms™!),
emission in 12CO(1-0) is seen overlapping most of
HESS J1614—518. This emission appears not to be a
localized molecular cloud as it extends North beyond
the TeV source as part of widespread '2CO(1—0) emis-
sion. The **CO(1-0) emission in this component is seen
mainly towards the TeV ~-ray peak, and also extends
North beyond the TeV source.

There is some overlap between 12CO(1—0) emission
and HESS J1614—518 in component 2 (vpgg = —75 to
—60 kms~!), mainly in the Galactic North and North-
west of the TeV source. However, there appears to be
very little overlap in the 3CO(1-0) emission. Two re-
gions of more intense emission are seen clearly in the
200(1-0) and ¥CO(1-0), appearing at the Galactic
North-West edges of HESS J1614—518. That being said,
neither of the two features are likely to be associated
with the HESS source, as they have no morphological
correspondence with «-ray emission. These features are
coincident, and morphologically similar, to the HIr re-
gions G331.3-00.3 and G331.1-00.5 which are labelled
in Figure 1. It is likely that the CO(1—0) emission here
traces gas associated with those HIT regions.

The emission in *2CO(1-0) and *¥*CO(1-0) appear-
ing in component 3 (vLsg = —115 to —90 kms~1!) only
overlap a small portion of the TeV source in the Galac-
tic North and North-East regions.
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Component 4 (vpgg = —15 to 0 kms™!) has
the weakest CO(1—0) emission feature detected to-
wards HESS J1614—518. Some scattered gas is seen in
12C0(1-0) which overlaps the Galactic North-East re-
gion of the TeV source, while almost no emission is seen
in the 13CO(1-0).

CS(1-0) line emission traced the dense gas to-
wards HESS J1614—518. Coverage of the TeV source
in the northern and southern halves was provided by
MALT—45 and Mopra observations respectively. No
significant detection in CS(1—0) overlapping the TeV
source was found in the MALT-45 dataset. However,
inspection of the data obtained from Mopra 7mm ob-
servations revealed a peculiar feature in the narrow ve-
locity range vsg = —47 to —44 kms™!. No detections
in other 7mm lines that overlapped HESS J1614—518
were found in the MALT-45 or Mopra datasets.

Figure 4 is an integrated image of CS(1—0) emission
in this velocity interval, clearly revealing an open ring
of dense gas near the centre of HESS J1614—518, as well
as several dense clumps towards the Galactic-east side
of the source. Also displayed in Figure 4 are the loca-
tions of various objects of interest in the region. Several
pulsars, Wolf-Rayet stars and X-ray sources are seen to-
wards HESS J1614—518, with PSR J1614-5144 and the
X-ray source Suzaku Src C located on the rim of the
dense gas ring. The gas ring is seen within the extent
of the stellar cluster Pismis 22.

The panels on the left side of Figure 5 are inte-
grated images of 12CO(1-0) and 3CO(1—0) emission
in the vp.gr = —47 to —44 km s~ range. The solid green
broken annulus encompasses the approximate region
in which the open ring in CS appears. The ring fea-
ture, while not as pronounced as that seen in CS(1-0),
can also be seen in this narrow velocity range in the
1200(1-0) and 3CO(1-0) images.

The panels on the right side of Figure 5 show the aver-
age spectra of the CS(1-0), 12CO(1-0) and **CO(1-0)
within the green broken annulus and the dashed white
ellipses. For the broken annulus spectra, an obvious
component is seen in all three tracers centred at vr,sg ~
—45 kms™! (with corresponding kinematic distance
~ 3.1 kpc (following Brand & Blitz 1993). The average
gas mass and density parameters within the broken an-
nulus were estimated following §3. These values, and
the fitted Gaussian parameters to the spectra, are dis-
played in Table 3. For the broken annulus region, the
volume chosen for mass and density calculations was a
prism formed by the projection of the broken annulus
with depth equal to the average annular radius. We note
that the calculated CS parameters should be treated as
upper limits, due to the choice of the CS/Hs abundance
ratio (see §3.2).

The properties of diffuse gas appear to be non-
uniform about the open ring. Regions 1 and 2, indicated
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Table 2 The parameters of the 2CO(1—0) line emission and the calculated physical parameters for the gas within the indicated
aperture in Figure 3 towards HESS J1614—518. Gaussian fits to the spectra were used to determine the line-of-sight velocity, v sRr,
line-width (full-width-half-maximum), Avpwpwm, and peak intensity, Tpeak. The 12C0/13CO abundance ratio, X12/13, and optical
depth were found following §3.1. The assumed distances, dp, used in mass and density calculations are the near solutions derived from
the Galactic rotation curve presented in Brand & Blitz (1993). Calculated mass and density values can be scaled for an arbitrary
distance, d, using a factor of (d/do)? and (d/do) ™' respectively.

Component  Distance  vpsr AvpwaM  Tpeak  Xi2/13  Optical Ny, Mass n
(kpc) (km/s)  (km/s) (K) depth (10?2 ecm™2) (10* Mg) (102 em™—3)
1 3.1 —45.1 5.9 2.8 57.0 12.6 2.6 1.9 1.8
2 4.3 —67.3 7.3 2.7 52.5 5.6 3.1 4.3 1.5
3 5.9 —99.8 12.0 1.3 48.1 0.1 2.5 6.5 0.9
4 0.4 —5.8 6.1 0.7 69.0 0.1 0.7 0.01 3.6
L . o B B L A 07
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Figure 4. CS(1-0) integrated intensity image [Kkms™!] between —47 and —44 kms~!. Overlaid blue contours are HESS excess
counts contours towards HESS J1614—518 at the 30, 45 and 60 levels (Aharonian et al. 2006). Purple diamonds indicate positions of
known pulsars (Manchester et al. 2005). Wolf-Rayet stars WR 74 (van der Hucht 2001) and WR 74-1 (Mauerhan et al. 2011) are shown
as red X’s. The 95% confidence region of the Fermi source 3FGL J1615.3—5146e is marked as a dashed red circle (Acero et al. 2015).
The centre and extent of the open stellar cluster Pismis 22 is shown as a black plus and dashed circle respectively (Kharchenko et al.
2013). The positions of the X-ray sources Suzaku Src A, XMM-Newton Src Bl and Suzaku Src C are indicated as black squares
(Matsumoto et al. 2008; Sakai et al. 2011). The large dashed black rectangle is the extent of the 7mm observations carried out by

Mopra. The regions above this rectangle in this image was covered by MALT-45 (Jordan et al. 2015).

in Figure 5, are apertures containing two of the bright-
est regions of the ring. Their spectra show very similar
features in CS(1-0) and 13CO(1-0) emission. However,
the 2CO(1-0) emission is significantly reduced in re-
gion 1 compared with region 2. The gas parameters for
these regions are displayed in Table 3. The contrast be-
tween the 12CO and '*CO line ratios between regions 1
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and 2 are reflected in the ~ 5x difference in calculated
2CO optical depth. The difference in optical thickness
about the ring may be caused by variations in the phys-
ical properties, such as temperature and density, of the
local gas.

Region 3 encloses dense gas clumps seen in CS(1-0)
in the Galactic-east of HESS J1614—518. The emission
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Figure 5. Left: 12CO(1-0) and '3CO(1—0) integrated intensity images [Kkms™!] between —47 and —44 kms~!. Overlaid are the
CS(1—0) emission contours (black) in the same velocity interval and the HESS excess counts contours (blue) (Aharonian et al. 2006).
The solid green broken annulus indicates the region in which an open ring feature is seen clearly in the CS emission. White dashed
ellipses indicate additional regions in which spectra were extracted from. Right: Solid black lines are the average emission spectra for
CS(1-0), 12CO(1-0) and ¥CO(1—0) within the broken annulus and 3 additional regions indicated in the left panels. The blue lines
indicate the Gaussian functions that were used to parametrise the emission. The fit parameters are displayed in Table 3. The red lines
are additional Gaussian fits to unrelated gas components seen at different vrgRr.

seen in the spectra for this region is similar to that
in the open ring regions in that it is centred at the
same kinematic velocity of ~ —45 kms™!. The average
gas mass and density parameters for this region is also
displayed in Table 3.

Column density towards X-ray sources

X-ray observations towards HESSJ1614—518 with
Suzaku and XMDM-Newton have revealed the presence
of several X-ray sources as mentioned in §1. The po-
sitions of the Suzaku sources Src A, Src¢c B and Src C
are shown in Figure 4. The X-ray spectrum of Suzaku
Src A is well fit by an absorbed power-law model
with a hydrogen column density of Ny = 1.217059 x
1022 em~?2 (Matsumoto et al. 2008). The spectrum of
XMM-Newton Src Bl, thought to be the main com-
ponent of Suzaku Src B, is described by either an
absorbed power-law or an absorbed blackbody model
with Ny = 24704 x 1022 cm~2 and Ny = 1.1703 x
10?2 cm~2 respectively (Sakai et al. 2011). Suzaku Src
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C is a late type B star and would not be a counterpart
to HESS J1614—518.

In order to constrain the distance to Suzaku Src A
and XMM-Newton Src Bl, we extracted the average
spectra from the '2CO(1-0) and HI line data within
the X-ray source extents as given in Matsumoto et al.
(2008) and Sakai et al. (2011). Integrating the emission
spectra allows us to calculate Ny by following §3, and
we are then able to find the total cumulative Ny as a
function of wvy,. Here, we assume that the gas traced
by '2CO(1-0) and H1 emission is located at the near
distance.

In Figure 6, we plot the total cumulative Ny towards
Suzaku Src A and XMM-Newton Src Bl against vis, as
a solid black line. We also plot the cumulative Ny, and
Ny that was found using 2CO(1—-0) and HI line emis-
sion. The shaded regions indicate the values of Ny that
was required to the fit the X-ray spectra with an ab-
sorbed power-law model (cyan) and an absorbed black-
body model (pink; Src B1 only).
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Table 3 Line parameters for the CS(1-0), 2CO(1-0) and '*CO(1-0) emission component at vpsg ~ —45 kms™! in the broken
annulus and additional region apertures indicated in the left panels of Figure 5 towards HESS J1614—518. Gaussian fits to the component
seen in the spectra (blue functions in the right panels of Figure 5) were used to find vp,sr, Avpwam and Tpeak. Corresponding calculated
gas parameters for the regions are also displayed, which were calculated following §3. The CS parameters should be treated as upper
limits (see §3.2). Distance for all calculations has been assumed to be 3.1 kpc. The 2CO/3CO abundance ratio, Xi12/13, at this

distance was taken to be 57.0 (see §3.1).

Region Tracer VLSR Avewam  Tpeak  Optical Ny, Mass n
(km/s)  (km/s) (K)  depth (102 em™2) (Mg x 10%)  (10%2 cm™3)

Broken  CS(1-0)  —455 2.4 0.2 9.5 8.4 11.0
annulus  2CO(1-0) —45.1 6.4 3.6 18.1 3.9 4.9 6.4
13CO(1-0) —45.3 2.8 1.1 2.0 2.4 3.2

1 CS(1-0)  —45.7 1.9 0.5 9.3 0.6 40.1
1200(1-0) —46.0 4.9 3.0 50.3 2.4 0.2 14.8
13CO(1-0) —45.8 2.1 2.7 2.9 0.3 18.6
2 CS(1-0)  —45.6 1.6 0.5 8.8 0.6 38.0
1200(1-0) —45.0 5.4 5.4 11.7 4.8 0.4 29.0
13CO(1-0) —45.4 2.6 2.3 3.2 0.3 19.5

3 CS(1-0)  —45.3 2.8 0.2 6.8 1.7 14.5
2C0(1-0) —44.0 5.7 5.7 8.5 5.3 1.9 16.1
BCO(1-0) —44.9 3.8 1.3 2.7 1.0 8.3

For Src A, the required Ny for the absorbed power-
law model occurs in the vy, range of ~ —37 to —47
kms~!, corresponding to a distance of ~ 2.6 to 3.2 kpc
(Brand & Blitz 1993). The Ny needed for the Src Bl
absorbed power-law model falls in the v ~ —50 to
—67 kms~! range, with associated kinematic distance of
~ 3.4 to 4.3 kpc. The Ny requirement for the absorbed
blackbody model for Src B1 occurs in the v, ~ —36 to
—43 kms~! range, which corresponds to a distance of
~ 2.6 to 3.0 kpc.

A distance of 10 kpc was assigned to Suzaku Src A
and XMM-Newton Src Bl (Matsumoto et al. 2008;
Sakai et al. 2011) based on the comparisons between
the best-fit hydrogen column density and the to-
tal Galactic Hi column density (~ 2.2 x 10?2 cm~2,
Dickey & Lockman 1990). The blackbody model was
assumed for Src Bl in this case, as it returned similar
Ny values as that in the Src A model. In this section, we
have considered the contributions to the total column
density from both atomic and molecular hydrogen gas
(traced by Hi and CO(1—0) respectively). This allowed
for a more accurate estimation of the column density
along the line-of-sight, and hence a better estimate of
the distance towards these X-ray sources. If it is the
case that Src A is physically related to Src Bl, as al-
luded to in Sakai et al. (2011), then by assuming the
blackbody model for Src B1 we estimate a distance of
~ 3 kpc to both sources, based on the hydrogen column
density requirements.

PASA (2017)
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4.2 ISM towards HESS J1616—508

Figure 7 displays the average 2CO(1-0) and
13CO(1-0) spectra within the reported RMS extent of
HESS J1616—508 (Aharonian et al. 2006), which is in-
dicated by the black dashed circles in Figure 8. Var-
ious features along the line of sight in the diffuse
gas traced by CO(1—0) emission is seen overlapping
HESS J1616—508, with multiple broad components be-
tween —120 and 0 kms™! appearing in the spectra. We
have divided the spectra into five velocity components
in which emission is prominent. These components are
indicated by the shaded rectangles and labelled numer-
ically in Figure 8.

The features in components 1 through 4 appear to
be somewhat blended together, and so we have chosen
velocity ranges in which the dominant feature of inter-
est is seen. The spectra for component 5 appears to be
composed of several features that overlap and blend to-
gether, likely as a result of the line-of-sight being down
the tangent of the Norma spiral arm. As we cannot dis-
cern an obvious dominant feature, we have chosen a
velocity range over all the emission for this component
as a first-look approximation.

A series of Gaussian functions were fit to the
12C0O(1-0) spectrum in order to calculate the mass and
density parameters of the molecular gas following §3.
The dominant features in components 1 to 4 appeared
have have some overlap, yet they are very obviously re-
solvable. Hence we fit Gaussian functions in order to
minimise the effects of cross-contamination. We note
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Figure 6. Total cumulative hydrogen column density Ny as a
function of vpgr (solid lines) towards the X-rays sources Suzaku
Src A (top) and XMM-Newton Src Bl (bottom) which overlap
HESS J1614—518. The cumulative molecular and atomic hydro-
gen column densities, calculated from CO(1—0) and HI1 data,
are shown as dashed and dot-dashed lines respectively. The
cyan shaded regions indicate the Ny that were used to fit the
spectra of the X-rays sources with absorbed power-law models
(Matsumoto et al. 2008; Sakai et al. 2011). The pink shaded re-
gion indicates the Ny used in the absorbed blackbody model to
fit XMM-Newton Src Bl (Sakai et al. 2011).

that to remove contamination from the extra tail of
emission seen towards more positive velocities in com-
ponent 1, one extra Gaussian function was used in the
fitting process. Component 5 appears to consist of at
least three or more blended emission features which we
cannot resolve. In this case, we roughly approximate
the entire emission of component 5 as a single Gaussian
function. The fitted Gaussian functions are overlaid on
the 12CO(1-0) spectrum in Figure 7. Blue functions
indicate those that were used in the mass and density
calculations for the corresponding labelled components.
The red function was the Gaussian used to fit the ex-
tra tail of emission near component 1. The parameters
of the blue Gaussian functions as well as the calculated
gas parameters for each component are displayed in Ta-
ble 4.

Figure 8 shows a mosaic of the integrated
12C0(1-0) and **CO(1-0) emission images towards
HESS J1616—508 over the velocity ranges of each com-
ponent.

In the integrated emission image corresponding to
component 1 (—47 to —39 kms™!), the molecular gas
appears to overlap HESS J1616—508. The gas extends
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Figure 7. The average spectra of 2CO(1—0) and ¥CO(1-0)
emission within the RMS extent of HESS J1616—508 as described
in Aharonian et al. (2006). The velocity intervals of the compo-
nents used in the integrated images shown in Figure 8 are indi-
cated by the shaded rectangles. Overlaid blue and red lines are
the Gaussian fits to the emission, as described in text.

past the TeV source somewhat in all directions. Interest-
ingly, there appears to be a dip in the 2CO(1—0) emis-
sion towards the peak of the TeV emission. The void/dip
is much more clearly pronounced in the correspond-
ing integrated 13CO(1—0) emission image. Additionally,
there seems to be a thin line of emission extending to
the Galactic-east from the peak of the TeV emission
which appears more prominently in *CO(1-0) emis-
sion. The intensity of the 3CO(1-0) emission along
the thin line appears fairly consistent. However, the in-
tensity of the 12CO(1—0) emission varies, with weaker
emission towards the Galactic-east portion of the line,
and more intense emission seen in a clump towards the
Galactic-west portion. This contrast between the '2CO
and 3CO line ratios suggests that the '?CO is more
optically thick in the Galactic-east portion of the line
feature compared to the clump towards the Galactic-
west.

The clump at the Galactic-east end of the line fea-
ture is spatially coincident with the HiI region G332.5-
00.1 (see Figure 1). The systematic velocity of the Hix
region is ~ —46 kms~! (Bronfman et al. 1996), consis-
tent with the velocity of the gas. This suggests that the
gas clump in component 1 may be associated with this
Hir region.

Component 2 (—55 to —47 kms~1) has the strongest
feature in the CO spectra. A loop of gas overlaps
the TeV source which cuts through the centre of
HESS J1616—508 before looping up and back on itself
through the Galactic-north segment.

The morphology of the gas seen in component 3 (—62
to —55 kms~1) is patchwork-like, with several regions
of gas dispersed mainly in the Galactic-southern parts
of HESS J1616—508.
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Figure 8. Mosaic of 12CO(1—0) (Top) and '3CO(1-0) (Bottom) integrated intensity images [K kms~!] within the labelled velocity
intervals towards HESS J1616—508. Overlaid are HESS excess counts contours (blue) at the 30, 45, 60, 75 and 90 levels, and the dashed
black circle in the top left panel of both mosaics is the RMS extent of HESS J1616—508 (Aharonian et al. 2006). The average CO(1—-0)
spectra within this region is displayed in Figure 7.

PASA (2017)
doi:10.1017/pas.2017.xxx



The ISM towards HESS J161/—518 and HESS J1616—508

There is less defined structure in the integrated im-
ages of components 4 and 5 (=76 to —62 kms~! and
—110 to —76 kms~! respectively). Gas is seen over-
lapping HESS J1616—508 in both component 4 and 5,
and appear to extend further towards the Galactic-east
and Galactic-west. As mentioned before, the spectra for
component 5 is very broad (~ 34 kms~!) and appears to
be composed of several features that overlap and blend
together. It is likely that the broad emission here is the
result of the sight-line being down the tangent of the
Norma spiral arm, and as such there is difficulty in dis-
cerning whether these features and physically connected
or not.

Dense gas was traced towards HESS J1616—508 us-
ing CS(1—0) emission from the MALT-45 7mm survey.
CS(1-0) emission is seen overlapping the TeV source in
the velocity range ~ —55 to —45 kms™!, which corre-
sponds to component 2 in the CO(1—0) emission. The
left panel of Figure 9 is a integrated image of CS(1-0)
emission over said velocity ranges. The morphology of
of the emission matches very well with the CO(1-0)
emission in component 2. This suggests that the CS is
tracing the dense molecular gas embedded in the inner
region of the loop structure traced in CO.

A large fraction of the loop feature cuts across
HESS J1616—508. The solid green rectangle in the left
panel of Figure 9 (labelled ‘A’) is the approximate re-
gion of where CS(1—0) emission in this loop overlaps
the TeV source. Detection in the isotopologue transition
C34S(1-0) was also made within this region. The top
right panel of Figure 9 shows the average spectra of the
CS(1-0), C34S(1-0), 12CO(1-0) and '*CO(1-0) emis-
sion extracted from the green rectangular aperture. A
significant feature is seen in all three tracers centred at
vLsr ~ —49 kms~!, which corresponds to a kinematic
distance of ~ 3.4 kpc (following Brand & Blitz 1993).
Using these spectra, the average gas mass and density
parameters for this region were calculated following §3.
The Gaussian function parameters used to fit the spec-
tra and the calculated gas parameters are displayed in
Table 5. For these mass and density calculations, the ge-
ometry of the assumed volume was a prism with depth
equal to the smaller side of the rectangle. The calcu-
lated CS parameters should be treated as upper limits,
due to the choice of the CS/H; abundance ratio (see
§3.2).

Emission in the SiO(1—0, v=0) line was found in a
small region labelled ‘B’ in the left panel of Figure 9 at
the same velocity as the loop feature (~ -49 kms™!).
The average SiO spectrum within this region is shown
in the bottom-right panel of Figure 9.

An IR dark cloud is seen in the Spitzer GLIMPSE
data with similar morphology to the ‘hook’ region of
the gas loop feature towards the Galactic North-West
of HESS J1616—508. IR emission in the ‘bar’ region of
the gas loop that cuts through the TeV source suggest
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regions of star formation activity. The SiO emission in
region B indicates a shocked region, likely due to recent
star formation. A more detailed analysis and discussion
of this gas loop feature focusing particularly on the star
formation activity will be presented in an upcoming pa-
per (Romano et al. 2017 in prep).

HI data

Hr data was available towards HESSJ1614—518
and HESS J1616—508 from the SGPS
(McClure-Griffiths et al. 2005) which was used to
study the distribution of atomic gas towards the
TeV sources. Using the same velocity intervals where
components of emission were seen in the CO data (see
Figures 3 and 8), integrated HI maps were generated.
These integrated maps can be seen in the appendix
Figures A2 and A3. Also displayed in these figures are
the average HI emission spectra within the extents of
HESS J1614—518 and HESS J1616—508.

The integrated H1 images towards HESS J1614—518
show no obvious morphological features overlapping or
anti-correlating the TeV source. In the integrated Hi
image towards HESS J1616—508 for component 1 (—47
to —39 kms™!), a relative increase in the amount of
emission is seen towards the central peak of the TeV
source. This is anti-correlated with the void observed in
CO(1—0) emission in the same velocity interval. There
also appears to be a localised region of diminished emis-
sion to the Galactic-east of the TeV peak, which is coin-
cident with the clump at the end of the line feature seen
in CO (Figure 8, see §4.2). In component 5 (—110 to —76
kms™!), a region of more intense HI emission is seen
in the Galactic-southeast portion of HESS J1614—518.
This feature does not appear in the molecular gas data.

A broken ring-like feature of diminished Hr1 bright-
ness temperature is seen towards the northern part of
HESS J1616—508 in all of integrated images except in
component 4 (—76 to —62 kms~1!). This feature is likely
associated with SNR Kes 32 as it is both positionally co-
incident and morphologically similar. Inspection of the
H1 data shows that this feature appears in several neg-
ative velocities up to ~ —90 kms~!. If this HI feature
is associated with Kes 32, it would imply a distance of
at least ~ 5.3 kpc to the SNR (using the rotation curve
in Brand & Blitz 1993).

HEAT [CI] data

Data in the atomic carbon [CI] (J=2-1) line towards
HESS J1616—508 was available in the second data re-
lease (DR2) from the High Elevation Antarctic Tera-
hertz (HEAT) telescope®.

3http://soral.as.arizona.edu/heat/
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Table 4 The parameters of the 12CO(1—0) line emission and the calculated physical parameters for the gas within the indicated RMS
extent of HESS J1616—508 in Figure 8. Gaussian fits to the spectra were used to determine the line-of-sight velocity, vy,sgr, line-width
(full-width-half-maximum), Avpwpwm, and peak intensity, Theak. The 12C0/13CO abundance ratio, X12/13, and optical depth were
found following §3.1. The assumed distances, do, used in mass and density calculations are the near solutions derived from the Galactic
rotation curve presented in Brand & Blitz (1993). Calculated mass and density values can be scaled for an arbitrary distance, d, using
a factor of (d/dp)? and (d/dp)~! respectively.

Component  Distance VLSR AverwaMm  Tpeak  Xi2 /13 Optical Ny, Mass n
(kpc) (km/s)  (km/s) (K) depth (102! cm™2) (Mg x 10%)  (10% em—3)
1 3.0 —43.0 8.9 5.3 57.1 8.7 7.7 2.7 7.4
2 3.5 —50.4 4.2 7.4 55.3 17.0 4.9 2.3 4.2
3 3.8 —57.4 6.1 4.3 53.0 6.6 4.1 2.3 3.1
4 4.4 —68.3 7.5 3.4 51.9 6.4 4.1 3.0 2.7
5 5.6 —-92.6 20.3 3.8 48.4 7.8 12.4 14.8 6.5
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Figure 9. Left: CS(1—0) integrated intensity image [K kms™!] between —55 and —45 kms~! towards HESS J1616—508. Overlaid blue
contours are HESS excess counts contours at the 30, 45, 60, 75 and 90 levels (Aharonian et al. 2006). The 95% confidence region of the
Fermi source 3FGL J1616.2—5054e is marked as a dashed red circle (Acero et al. 2015). Purple diamonds indicate positions of known
pulsars (Manchester et al. 2005), and black dashed circles indicate extent of known SNRs in the region (Green 2014). The solid green
rectangle indicates the region of the loop feature seen in CS(1—0) emission that cuts horizontally through the TeV source. Top right:
Average emission spectra (black) for CS(1-0), C34S(1-0), 12CO(1-0) and '3CO(1—0) within the green rectangular region (region
‘A’) indicated in the left panel. Blue lines indicate Gaussian functions used to parametrise the emission seen in the ~ —55 to —45
kms~—! velocity range. Fit parameters are displayed in Table 5. Red lines indicate Gaussian fits to other gas components seen in nearby
velocities. Bottom-right: Average SiO(1—0, v=0) spectrum in the small circular aperture labelled ‘B’ in the left panel.

While the standard tracer of molecular hydrogen gas
is CO, the abundance of the CO can be greatly reduced
due to photo-dissociation by far-UV radiation and inter-
actions with CRs (e.g. Bolatto et al. 2013) in the outer
envelopes of molecular cloud structures. The carbon in
these outer envelopes will then exist as C or C*. Emis-
sion from neutral atomic carbon, [CI], generally occurs
in gas where molecular hydrogen exists without signif-
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icant CO, and thus [C]] is a good tracer for molecular
gas that is “dark” to standard survey techniques (e.g.
Burton et al. 2015 and references within).

Figure Al in the appendix displays a series of in-
tegrated [CI] emission images in the same velocity in-
tervals as that in Figure 8. The bottom-right panel of
Figure Al shows the [CI] spectra (in blue) within the
reported RMS extend of HESS J1616—508.
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Table 5 CS(1-0), C343(1-0), 12CO(1-0) and '3CO(1-0) line parameters for the emission feature at vp,sg ~ —49 kms~! within the
green rectangular aperture indicated in the left panel of Figure 9. Gaussian fits to the component seen in the spectra (blue functions in
the right panels of Figure 9) were used to find vy,sr, Avpwnm and Tpeak. Corresponding calculated gas parameters for the region are
also displayed, calculated following §3. The CS parameters should be treated as upper limits (see §3.2). Distance for the calculations
has been assumed to be 3.4 kpc. Following §3.1, the 12CO/!3CO abundance ratio, X12/13, at this distance was taken to be 55.5.

Tracer ULSR Avpwam  Tpeak  Optical Ny, Mass n
(km/s)  (km/s) (K)  depth  (10*! em™2) (Mg x 10%)  (10% cm™3)
CS(1-0)  —49.5 4.7 0.36 29.4 8.4 18.9
C3S(1-0)  —49.8 3.5 0.028
200(1-0) —49.3 5.9 10.9 12.5 10.1 4.0 9.1
BCO(1-0) —494 4.7 3.0 7.4 3.0 6.7

The beamsize of HEAT [CI] (2'.5) is relatively larger
compared with that of Mopra CO (0’.6). However, while
intricate comparisons between the [CI] and CO are un-
available, the same general distribution and morphology
is seen in both HEAT [CI] and Mopra CO data. In par-
ticular, the void feature towards the peak of the TeV
source and the region of more intense emission extend-
ing to the Galactic-east, seen in component 1 of the
CO emission can also be identified in the [CI]. Simi-
larly, the extended loop feature in component 2 of the
CO emission is also clearly visible in the [CI]. There
are no obvious discrepancies between the [CI] and CO
emission.

Future investigation using the data may be able to
reveal the fraction of “dark” gas traced by [CI] that is
not seen by the conventional CO tracers.

5 Discussion

The mechanisms behind the production of TeV ~-rays
seen from HESS J1614—518 and HESS J1616—508 are
unclear, as alluded to in §1, and are a key question
in unravelling the nature of these sources. In the fol-
lowing section, we discuss the implications of our in-
terstellar gas study on the different origin scenarios
of HESS J1614—518 and HESS J1616—508. The same
general methods employed here were applied to an-
other pair of TeV ~-ray sources, HESS J1640—465 and
HESS J1641—463, in Lau et al. (2017).

5.1 Hadronic production of TeV ~-rays

Gas that was traced in this study along the line of
sight towards HESS J1614—518 and HESS J1616—508
may be acting as potential targets for accelerated CRs,
producing TeV v-rays in hadronic p-p interactions. In
Aharonian (1991), a relationship between the flux of -
rays and the mass and distance of the target material
was derived. Above some energy E., the expected -ray
flux is given by:
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M.
F(>E,)=285x 10" g6 <5> ker cm™2s7!

7 d%pc

(2)
where the CR-target material mass, Ms;, is given in
units of 10° Mg, the distance to the material, dgpe,
is given in kpc, the minimum energy of ~-rays, E.,
is given in TeV, and where the parameter kcp is the
CR enhancement factor above that observed at Earth.
The above equation assumes that the target ISM is lo-
cated some distance from the CR source. The spectrum
of CRs, an E~! integral power law at the accelerator,
would have steepened to an E~16 spectrum due to dif-
fusion in transport.

From Aharonian et al. (2006), the ~-ray flux
is  F(>200GeV)=578x 10712  cm2s7! for
HESS J1614—518 , and F(> 200 GeV) = 43.3 x 10712
em™2s7! for HESS J1616—508.

The sum of the molecular and atomic gas, as traced
by CO(1-0) and H1 respectively, was taken to be the to-
tal amount of CR-ray target material. We use this total
mass of atomic and molecular gas seen in each ‘com-
ponent’, as described in §4, to calculate the required
CR enhancement factors kcr. We note that kop is ef-
fectively independent of any distance assumptions as
the distance term of Equation 2 is cancelled out by the
distance terms used in the mass calculations. The cal-
culated kcpr values are displayed in Table 6, and are
discussed in more detail in §5.3 and §5.4. We find that
the dominant contribution (~ 70 —90%) to the total
gas mass in each component is from the molecular gas
portion. We note that the kcgr values presented are ap-
plicable to ~-rays with energy E, > 200 GeV, corre-
sponding to CRs with energies E, 2 1 TeV. As such,
any CR energetics are to be treated as lower limits on
the total CR energy.

If we consider a hadronic scenario for
HESS J1614—518 and HESSJ1616—508, the total
CR energy budget, W,, can be expressed by the
relation W), = L7,,, where L., is the v-ray luminosity.
The cooling time of CR protons, 7,,, via proton-
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Table 6 Cosmic-ray enhancement values, kor, within the extents of HESS J16414-518 and HESS J1616-508, for the gas components
discussed in §4 (see Figures 3 and 8). The molecular gas masses come from CO analysis, while the atomic gas masses are from HI
analysis. The total number density 7 includes both molecular and atomic gas. Note that kcr is independent of the assumed distance,

as described in text.

Region ULSR Distance Molecular mass Atomic mass Total mass n ker
(km/s) (kpc) (Mo) (Mo) (Mo) (10 em™?)

HESSJ1614—518 —50 to —40 3.1 19,000 4,100 23,000 2.2 650

—75 to —60 4.3 43,000 11,000 54,000 1.9 530

—115 to —90 5.9 65,000 21,000 86,000 1.2 630

—15t0 0 0.4 100 100 200 7.8 1240

HESS J1616—508  —47 to —39 3.0 27,000 2,000 29,000 7.9 360

—55 to —47 3.5 23,000 2,500 26,000 4.7 550

—62 to —55 3.8 23,000 2,400 25,000 3.4 670

—76 to —62 4.4 30,000 6,300 36,000 3.2 620

—110 to —76 5.6 150,000 23,000 170,000 7.4 210

proton collisions, can be given by the expression
Top 2 6 x 107(n/1em™3)~1 yr (Aharonian & Atoyan
1996), where n is the number density of the target gas.

We use the number densities of the gas m in the
gas components seen towards HESSJ1614—518 and
HESS J1616—508 (see Tables 2, 4 and 6). The value
of m is of order ~ 102 cm™? for HESSJ1614—518
and of order ~ 102 to 10? ecm ™2 for HESS J1616—508.
We calculate the 7-ray luminosity above 200 GeV of
HESS J1614—518 and HESS J1616—508 at each of the
assumed distances to the gas components. W), is then
~ 10*® erg for HESS J1614—518 and ~ 10%7 to 10*® erg
for HESS J1616—508, which are reasonable fractions of
the canonical amount of energy which is injected by a
SNR into CRs (~ 10°° erg).

5.2 Leptonic production of TeV ~-rays

The leptonic production of TeV v-rays involves multi-
TeV electrons and their interactions via the inverse-
Compton effect with ambient background photons. In
the case where a potential accelerator is spatially offset
from the TeV emission, CR electrons may be travel-
ling across the intervening ISM diffusively. Within the
molecular clouds, the magnetic field strength is typi-
cally enhanced (Crutcher et al. 2010) and as a result
CR electrons suffer heavy synchrotron radiation losses.

The synchrotron cooling time of CR electrons can
be given by Tyyne & (bsye)~ ! s, where by =1.292 x
1071%(B/mG)? s! is dependent on the local magnetic
field strength B, and +,. is the Lorentz factor of the
electron. We calculate the magnetic field strength of
the ISM using the values of @ from our gas analyses
and following Crutcher et al. (2010). Over a distance
d from the injector, the diffusion time of CR electrons
is given by 7air = d?/(6D(E)), where D(FE) is the dif-
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fusion coefficient for charged particles with energy F
(Ginzburg & Syrovatskii 1964). D(E) for CR protons
and electrons can be found by using equation (2) from
Gabici et al. (2007):

E/Gev)‘S @)

D(E) =00 (o

where Dy = 3 x 1027 cm2s~ ! and § = 0.5. We assumed
a suppression factor y = 0.1, consistent with values
adopted in previous studies of the ISM towards the TeV
~-ray source W28 (Giuliani et al. 2010; Gabici et al.
2010; Li & Chen 2012).

Where appropriate in the discussion below of pos-
sible source associations with HESS J1614—518 and
HESS J1616—508, we consider the synchrotron cool-
ing and diffusion time-scales to assess the plausibility
of potential leptonic scenarios. The HESS analyses for
HESS J1614—518 and HESS J1616—508 were performed
for all observed events. Due to the power-law nature
of the y-ray spectrum from these sources, most of the
detected photons have energies around the HESS de-
tection threshold of ~ 200 GeV. As such, when dis-
cussing leptonic scenarios, we consider electron energies
of E, =5 TeV, as inverse-Compton scattering would
produce ~y-rays with energies near the lower limit of de-
tectability by HESS.

In the following sections, we will discuss the hadronic
and leptonic scenarios for both HESS J1614—518 and
HESS J1616—508.

5.3 HESS J1614—518

We discuss now the implications that the gas data con-
sidered in this study have on possible TeV ~-ray pro-
duction scenarios for HESS J1614—518 that have been
previously suggested in the literature.
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Recent preliminary results from HESS suggest that
HESS J1614—518 has a shell-like TeV ~-ray morphol-
ogy and may be a SNR candidate (Gottschall et al.
2017). While there are currently no known SNRs to-
wards HESS J1614—518, it may be possible that an un-
detected SNR is present, responsible for the TeV ~-rays
by accelerating CRs that interact with the ISM. It has
previously been postulated that the X-ray source XMM-
Newton Src Bl is an Anomalous X-ray Pulsar (APX),
with Suzaku Src A being a shocked region of the related
SNR (Sakai et al. 2011).

This SNR scenario was further investigated by
Mizukami et al. (2011). By assuming a power-law dis-
tribution of a population of accelerated protons and
a source distance of 10 kpc, an ambient matter den-
sity of 100 cm™3 was required to reproduce the v-ray
spectrum of HESS J1614—518 via a hadronic interac-
tion model. The distance assumption was taken from
those assigned to Suzaku Src A and XMM-Newton Src
B1 (Matsumoto et al. 2008; Sakai et al. 2011), based on
the best-fit hydrogen column density. However, this es-
timate was made only by comparison with the total
Galactic H1 column density. By considering the contri-
bution to the column density from both atomic and
molecular gas in §4.1, we estimate a distance of ~ 3
kpc to both X-ray sources. If we apply this distance to
the SNR scenario, scaling the results of Mizukami et al.
(2011) would imply an ambient matter density of ~ 10
em ™ would be required.

In §4.1, CO(1-0) observations revealed four com-
ponents where the diffuse gas is seen towards
HESS J1614—518. According to Table 6, the total num-
ber density of the gas in each of these components is
of the order 102 cm~3, which would satisfy the require-
ments from Mizukami et al. (2011). In terms of mor-
phology, there is no strong correspondence that is im-
mediately obvious in any of the components. However,
Component 1 would be the most likely candidate for as-
sociation as the diffuse gas traced by 2CO(1-0) over-
laps most of of HESS J1614—518, with gas traced by
B3C0O(1-0) appearing towards the TeV peak. This com-
ponent is also located at a distance of ~ 3 kpc, which is
consistent with our estimated distance to Suzaku Src A,
XMM-Newton Src Bl, and consequently the SNR in
this scenario.

The required kcr value for the total gas mass in com-
ponent 1 is ~ 650 (see Table 6) and is consistent with
a young SNR (< 5 kyr) injecting accelerated CRs into
the local ISM (Aharonian & Atoyan 1996). At a dis-
tance of 3 kpc, the distance between Suzaku Src A and
XMM-Newton Src Bl is calculated to be ~ 11 pc. If the
radius of the SNR is the same, the age of the SNR can be
roughly estimated to be ~ 3000 yr using typical typical
values for SN explosions (injection energy E ~ 10%! erg,
density ng ~ 1 ¢cm™3) and the Sedov-Taylor solution
(Sedov 1959; Taylor 1950). Thus it is possible that the
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gas in component 1 is the target material for the accel-
erated particles from this SNR.

In order to have such an SNR, a high mass progenitor
star is required. These stars typically have large stellar
winds which can blow out cavities within the ISM. The
presence of the dense broken-ring of gas discussed in
84.1, located at the same distance of ~ 3 kpc, may be
indicative of this scenario, where dense compressed gas
has been swept up by the stellar winds of the progen-
itor star. To create this wind blown ring of gas, an O
or B type progenitor star with mass ~ 20 Mo would
be required, based on an estimated radius of ~ 11 pc
(Chen et al. 2013). Following the model presented in
Chevalier (1999), and using the parameters of the pro-
genitor stars from Chen et al. (2013), the total energy
input by the stellar winds would be ~ 5 x 10*® erg in
order to produce the ~ 11 pc radius ring.

A SNR may be a somewhat plausible scenario
in this sense, supported by recent preliminary re-
sults suggesting a shell-like TeV ~-ray morphology of
HESS J1614—518 (Gottschall et al. 2017). However, no
evidence of an SNR has yet been detected at this posi-
tion towards HESS J1614—518, and it may be that this
is a SNR only seen in TeV y-rays.

The stellar winds from stars in the open stellar clus-
ter Pismis 22 have also been considered as a possible
association with HESS J1614—518 (Rowell et al. 2008).
Mizukami et al. (2011) calculated that, based on en-
ergetics requirements and an estimated cluster age of
40 Myr (Piatti et al. 2000), the stellar winds from two
O-type stars were required to produce the TeV 4-rays in
this scenario. However, this scenario assumed a molec-
ular cloud of ambient density 100 cm™2 which, the au-
thors noted, had not been found in previous investiga-
tions of the ISM using Nanten data (Rowell et al. 2008).

The estimated distance to the cluster is ~ 1 to 2 kpc
(Piatti et al. 2000; Kharchenko et al. 2013), with corre-
sponding vrsr ~ —13 to —27 kms ™! using the rotation
curve from Brand & Blitz (1993). We find no evidence
of a molecular cloud at the current estimated distances
to Pismis 22, as there were no components of gas de-
tected at the associated velocities in our ISM study.
However, the stellar wind scenario may still be possible
if the distance to Pismis 22 is underestimated, and if the
responsible stars are instead located within the compo-
nents of gas observed overlapping HESS J1614—518.

Piatti et al. (2000) estimated the distance to Pis-
mis 22 using the E(B—V) colour excess and an in-
terstellar absorption value of A, ~ 6.0. Relationships
between the hydrogen column density, Ny, and A,
have been previously established. Using the relation-
ship Nu = (2.21 +0.09) x 10** 4, from Giiver & Ozel
(2009), a column density of Ny = 1.3 + 0.2 x 10%? cm 2
is required to obtain the value of A, used by Piatti et al.
(2000). Extracting the average 2CO(1—0) and HI spec-
tra from the extent of Pismis 22 (Kharchenko et al.
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2013, see Figure 4), we calculate Ny following §3. As-
suming all the traced gas is at the near distance, we find
the total cumulative Ny as a function of vpgg, which
we plot in Figure 10.

40 Pismis 22 - Cumulative column density
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Figure 10. Total cumulative hydrogen column density Ny as a
function of vy,gg (solid lines) towards the stellar cluster Pismis 22.
The cumulative molecular and atomic hydrogen column densities,
calculated from '2CO(1—0) and Hi data, are shown as dashed
and dot-dashed lines respectively. The shaded region indicates
the Ny required to to obtain the value of A, used in Piatti et al.
(2000), which was calculated using the relationship presented in

Giiver & Ozel (2009).

From Figure 10, we see that the required value of Ny
is achieved at vrsg ~ —45 kms™!, which is similar to
the velocity at which the dense open-ring of gas is seen
(~ —47 to —44 kms™!). We note that gas traced by
CS only appears in a very narrow velocity range, and
does not significantly alter the cumulative column den-
sity in this region. In addition, we note the conspicuous
spatial coincidence between Pismis 22 and the gas ring.
Hence, it is possible that the distance to Pismis 22 is
currently underestimated, and the stellar cluster is at
the distance of this ring seen in component 1 (~ 3 kpc).
In this scenario, the dense gas ring may have been the
result of the stellar winds from O or B type stars in
the cluster, as mentioned previously. A fraction of the
energy in these stellar winds could then be accelerating
CRs which interact with the nearby ISM to produce the
TeV ~-rays (Voelk & Forman 1982).

Both the scenarios presented above, namely an un-
detected SNR and stellar winds from Pismis 22, are
consistent with the dense ring traced in CS. The CS
ring is likely evidence for stellar winds, which by itself
may be behind the TeV emission from HESS J1614—518
(Rowell et al. 2008). Such stellar winds can be indica-
tive of eventual supernova events, which lends support
to a possible undetected SNR acting as a CR acceler-
ator. In these cases, the production of the TeV ~y-ray
emission from HESS J1614—518 is via hadronic interac-
tions of accelerated CRs and the ISM.
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5.4 HESS J1616—508

Several = potential ~CR  accelerators lie  near
HESS J1616—508, including SNR Kes 32, SNR
RCW 103, and PSR J1617—5055. In the following, we
discuss the possible relation these candidates have with
the observed ~-ray flux in the context of our analysis
of the nearby interstellar medium.

5.4.1 Kes 32

Kes 32 (SNR G332.44-00.1), located ~ 17 arcmin from
the centre of HESS J1616—508, has somewhat uncertain
distance and age associations. Vink (2004) used Chan-
dra data to study the SNR in X—rays, and a single-
temperature nonequilibrium ionisation model was used
to fit the weak X-ray source spectrum. This was done
separately with two background subtractions meth-
ods (denoted method 1 and method 2). The results
of both methods required a large interstellar absorp-
tion column. Method 1 required a hydrogen column
density Ny = 5.6 4+ 0.8 x 10?2 cm™2, while method 2
required column density Ny = 3.1+ 0.4 x 10?2 cm™2.
These large column densities suggested that it would
be reasonable to associate Kes 32 with the Norma spi-
ral arm. Additionally, OH absorption at —88 kms™!
towards the SNR indicate a distance of at least 6.6 kpc
(Caswell & Haynes 1975). However, this distance esti-
mate is reliant on the Galactic rotation model applied,
and using the model presented by Brand & Blitz (1993)
consistent in this study gives a distance of 5.3 kpc.

We extract the average 2CO(1-0) and HI spectra
from within the extent of Kes 32 (as given in Green
2014), and use it to calculate Ny following §3. Assum-
ing that the gas traced is all at the near distance, we find
the total cumulative Ny as a function of vpgr. This is
displayed in Figure 11 as a solid black line. The Ny re-
quired in methods 1 and 2 presented in Vink (2004) are
indicated by the cyan and pink shaded regions respec-
tively. The vertical red line marks vsg = —88 kms™*,
at which OH absorption is seen (Caswell & Haynes
1975).

From Figure 11, we can see that at vpsg = —88
km s~ the total Ny is at the upper limit of the required
value in method 1. Thus we suggest that Kes 32 is lo-
cated at this kinematic velocity ~ —88 kms™!, which
would satisfy both the Ny requirement and the OH ab-
sorption feature. This velocity would then imply a dis-
tance to the SNR of ~ 5.3 kpc following Brand & Blitz
(1993). This is also consistent with the H1 absorption
feature coincident with Kes 32 found in the SGPS data
as mentioned in §4.2.

If we assume that Kes 32 is located at this distance,
CRs accelerated by the SNR may be interacting with
the gas traced in component 5 (—110 to —76 kms™1).
In a naive scenario in which all the gas traced in com-
ponent 5 is considered as target material for CRs, the
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Figure 11. Total cumulative hydrogen column density Ny
as a function of vpsgr (solid lines) towards the SNR Kes 32
(G332.4+00.1). The cumulative molecular and atomic hydrogen
column densities, calculated from 2CO(1—0) and Hi data, are
shown as dashed and dot-dashed lines respectively. The shaded
regions indicate the Ny used to model X-ray spectrum in Vink
(2004) (cyan and pink for methods 1 and 2 respectively). Vertical
red line marks vp,sg = —88 kms~ 1.

required CR enhancement value kcr is ~ 200 for the
observed «-ray flux (see Table 6).

CRs accelerated by Kes 32 may be diffusively reach-
ing the gas overlapping HESS J1616—508. The centre
of Kes 32 is located ~ 17 arcmin from the centre of
HESS J1616—508, equivalent to ~ 25 pc at the assumed
distance of 5.3 kpc. Figure la of Aharonian & Atoyan
(1996) displays the modelled values of kcr at a distance
of 30 pc from an impulsive accelerator at a series of time
epochs. A kcgr value of ~ 200 is possible given a source
age of ~ 10? yr, similar to the estimated age of Kes 32
of ~ 3000 years (Vink 2004). This assumes the diffu-
sion coefficient at an energy of 10 GeV is Dyg = 10?8
em? s~1, which corresponds to relatively fast diffusion.
Thus the required kcr resulting from the diffusion of
CRs from Kes 32 is possible, given favourable condi-
tions. However, this scenario assumes that all the gas
traced in component 5 is physically connected and is
acting as target material. As mentioned in §4.2, the
emission in component 5 is very broad (~ 35 kms™!)
and possibly arises from unresolved overlapping gas fea-
tures associated with the tangent of the Norma spiral
arm. It is then unlikely that all the gas in this compo-
nent would be acting as CR target material. Addition-
ally there is no striking morphological correspondence
between the potential target material and the TeV emis-
sion, making it difficult to explain the geometry of the
~-ray emission based on a hadronic scenario powered by
Kes 32.

In a leptonic scenario, CR electrons diffusing from
Kes 32 towards HESS J1616—508 may produce the ob-
served TeV ~-rays. Assuming a separation of 25 pc at
the assumed distance of 5.3 kpc, and using the value
of m from Table 6, 7qir is calculated to be ~ 22 kyr,
while 7Tgyne ~ 8 kyr. As mentioned previously, however,
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since the gas in component 5 is likely to be distributed
along the Norma arm tangent, the value of 77, and con-
sequently the estimated magnetic field strength should
be taken as upper limits. If we consider the lower limit
of the magnetic field strength within interstellar clouds
from Crutcher et al. (2010) (10 uG for 7 < 300 cm™3),
then 7qif and Tyyne are calculated to be ~ 16 kyr and
~ 25 kyr respectively. In both cases, T4i is much greater
than the estimated age of Kes 32 (~ 3 kyr) and thus it is
unlikely that accelerated electrons would have diffused
far enough from the SNR to contribute to the TeV flux
of HESS J1616—508.

5.4.2 RCW 108

RCW 103 (SNR G332.4-00.4), located ~ 13 arcmin
from the centre of HESS J1616—508, has been well stud-
ied in literature. The young SNR is bright in non-
thermal X-rays (Frank et al. 2015) with an estimated
age of ~ 2000 years (Nugent et al. 1984; Carter et al.
1997). RCW 103 is located at a distance of ~ 3.3 kpc
(Caswell et al. 1975; Paron et al. 2006), with system-
atic velocity ~ —48 kms~! (Paron et al. 2006), which
places it within the velocity interval of component 2
(=55 to —47 kms™1).

CRs accelerated by this young SNR may be inter-
acting with the gas traced in component 2 to produce
TeV ~-rays. If this is responsible for the v-ray flux of
HESS J1616—508, the required kcg value is ~ 550 (Ta-
ble 6). However, we note that a significant amount of
gas, as traced by CO(1—0) and CS(1—0) emission, cuts
across the TeV source as shown in Figures 8 and 9.
The estimated mass of the gas as traced in CO(1-0)
within the ‘bar’ is about twice that of the gas within
the adopted extent of HESS J1616—508 (see Tables 4
and 5). As kcg is inversely proportional to the mass of
CR-target material, if the gas within this bar was act-
ing as target material for CR interaction, the required
kcr value may be as low as ~ 250.

If the distance to RCW 103 is 3.3 kpc, the
separation between the SNR and the centre of
HESS J1616—508 is ~ 12 pc. The top panels of Figure
1 in Aharonian & Atoyan (1996) show the kcr at a dis-
tance of 10 pc from an impulsive accelerator, assuming
diffusion coefficients of Do = 10%% and 10%® cm?s~ .
According to the figures, at a source age of ~ 10° years,
similar to the age of RCW 103 (~ 2000 years), a kcr
of ~ 300 is achievable for both D1, values. This implies
that the required kcr may be attained from the diffu-
sion of CRs accelerated by RCW 103, assuming the gas
bar towards HESS J1616—508 in component 2 is acting
as target material.

On the other hand, it is difficult to reconcile the
differences in morphology between the target mate-
rial gas traced in component 2 and the TeV ~-ray
emission of HESSJ1616—508. The bar of gas that
cuts across HESS J1616—508 bears little resemblance
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to the roughly circular morphology of the TeV ~-rays.
One possible explanation is that accelerated CRs from
RCW 103 are interacting with the central region of the
dense gas bar towards the middle of the TeV emis-
sion. This could be caused by the anisotropic diffusion
of CRs preferentially propagating along magnetic field
lines (Nava & Gabici 2013; Malkov et al. 2013). Even
so, the differences in gas and v-ray morphology make
an association between HESS J1616—508 and RCW 103
somewhat contrived.

For a leptonic scenario, the diffusion time-scale for
CR electrons, 7gifr, is ~ 4.5 kyr, based on a separa-
tion of ~ 12 pc between RCW 103 and the centre of
HESS J1616—508, and using the value of m from Ta-
ble 6. The synchrotron cooling time gy is ~ 14 kyr.
While the SNR is estimated to have a young age of
~ 2000 yr, this is not significantly different from the
value of 74 given the considerable uncertainties on the
value, and it may be possible for CR electrons to have
diffusively reached HESS J1616—508.

5.4.8 PSR J1617—-5055

An association between with HESS J1616—508, PSR
J1617—5055 and its corresponding PWN has previously
been suggested (Landi et al. 2007a; Aharonian et al.
2008a; Tibolla 2011; Acero et al. 2013). Radio dis-
persion measurements suggest the pulsar is located
at a distance between ~ 6.1 —6.9 kpc (Kaspi et al.
1998), which would correspond to a kinematic veloc-
ity of ~ —102 to —112 kms~! following Brand & Blitz
(1993). The assumed distance to the pulsar places it
in the velocity range of component 5 (—110 to —76
kms~1). PSR J1617—5055 is offset from the centre of
HESS J1616—508 TeV emission by ~ 9 arcmin, corre-
sponding to ~ 17 pc at its assumed distance.

We find no obvious structures in the gas morphology
in component 5 that would aid in a pulsar/PWN driven
scenario. In the case of a PWN driven TeV source, the
ISM is typically seen adjacent to the source, with gas
being anti-correlated with the TeV emission (see e.g.
Blondin et al. 2001, Voisin et al. 2016). In our case how-
ever, this sort of distribution is not seen in our gas anal-
ysis.

Additionally, the lack of a bow-shock or any asymme-
try in X-ray observations of the PWN (Kargaltsev et al.
2009) disfavour other scenarios such as a rapidly mov-
ing pulsar with high kick velocity (Roberts et al. 2005).
Consequently, there is no convincing evidence to suggest
a link between the TeV source with PSR J1617—5055.

We note that two other pulsars are seen to-
wards HESSJ1616—508; PSR J1616—5109 and
PSR J1614—5048. However, neither of these pul-
sars have been considered likely counterparts in
previous studies, stemming from their modest spin
down power and relatively large offsets from the
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TeV source (Landiet al. 2007a; Lande et al. 2012;
Hare et al. 2017).

5.4.4 An accelerator at the centre of
HESS J1616—5087

Based on our ISM studies, the known accelerators in the
nearby regions towards HESS J1616—508 have some is-
sues in explaining the observed TeV emission. As men-
tioned in §4, the gas in component 1 (—47 to —39
kms™!) towards HESS J1616—508 traced in *2CO(1-0)
emission forms a molecular cloud structure that ap-
pears to overlap the TeV source (Figure 8). Addition-
ally, there appears to be a circular void-like feature to-
wards the centre of HESS J1616—508. This void is also
present in HEAT [CI] data (Figure Al), as well as being
very pronounced in the 3CO(1—0) emission.

‘We now postulate on a previously undetected acceler-
ator at the centre of HESS J1616—508, interacting with
this conspicuous gas traced in component 1. The void
may be associated with some as-of-yet undetected ac-
celerator which has blown out a cavity in the gas. This
accelerator may then be the source of high energy CRs
responsible for y-ray emission from HESS J1616—508.
Looking at the integrated '2CO(1-0) and 3CO(1-0)
images (Figure 8), the diameter of the void is ~ 0.1 to
0.2 degrees. At a kinematic distance of ~ 3 kpc, would
correspond to ~ 5 to 10 pc. According to Table 6, the
required CR enhancement factor for the gas in compo-
nent 1 is of the order ~ 300. A young impulsive accelera-
tor, such as a SNR, located coincident with the gas void
would be readily able to supply the required kcr value
(Aharonian & Atoyan 1996). In this scenario, the void
in the ISM may have been blown out by a progenitor
star.

We also note the peculiar line of gas in component 1
which points towards the peak of the TeV emission. This
line can be seen in 2CO(1-0) (Figure 8) and [CI] (Fig-
ure A1), but appears most prominently in ¥CO(1-0).

A similar thin line of molecular gas has been ob-
served pointing towards another Galactic TeV source,
HESS J1023—575 (Fukui et al. 2009). The formation of
this molecular feature has been speculated to be caused
by an energetic event such as an anisotropic supernova
explosion. It may be the case for HESS J1616—508 that
the thin line of gas in component 1 has been formed un-
der similar circumstances. Molecular jets have been seen
towards binary systems, such as the microquasar SS 433
(Yamamoto et al. 2008), which are thought to be accre-
tion powered. However, in our case of HESS J1616—508,
no suitable counterpart has been detected for such a
scenario.

6 Conclusions

Using 3 mm data from the Mopra Radio telescope, 7 mm
data from Mopra and the ATCA, archival H1 data, as
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well as [CI] data from HEAT, we have studied the inter-
stellar medium towards two unidentified TeV sources,
HESS J1614—518 and HESS J1616—508.

Towards HESSJ1614—518, CO(1—0) observations
from Mopra reveal diffuse molecular gas at several ve-
locities along the line-of-sight that appear to overlap
the TeV source. While the morphological correspon-
dence with the TeV emission is not particularly strong,
12C0(1-0) in component 1 (=50 to —40 kms™!) is seen
to overlap most of the TeV emission. 7 mm observations
from Mopra in the CS(1—0) tracer revealed a peculiar
open ring-like structure of dense gas towards the cen-
tre of HESS J1614—518, located at a velocity consistent
with the 2CO(1—0) emission seen in component 1, and
was the only dense gas feature seen overlapping the TeV
source.

CO(1-0) observations towards HESS J1616—508 re-
vealed multiple components of diffuse molecular gas
overlapping the TeV source. Particularly interesting fea-
tures included a loop of gas cutting through the TeV
source in component 2 (=55 to —47 kms™!), and posi-
tionally coincident molecular gas overlapping the entire
TeV source in component 1 (—47 to —39 kms™1). Ad-
ditionally, in component 1, there appeared to be a void
in the diffuse gas towards the central TeV peak. Dense
gas was traced in CS(1—0) with a similar morphology
and velocity as the loop feature seen in the diffuse gas
in component 2.

We estimated the physical parameters of the gas us-
ing the CO, CS and Hi data for the gas components and
interesting features seen towards HESS J1614—518 and
HESS J1616—508. For hadronic scenarios, assuming the
gas in the diffuse components were acting as target ma-
terial, it was found that the required values for the total
CR energy budget W), were ~ 10*8 erg and ~ 10%7 to
108 erg for HESS J1614—518 and HESS J1616—508 re-
spectively. The required CR enhancement factors were
calculated based on total gas masses for each of the gas
components, and are displayed in Table 6.

For HESS J1614—518, we find that the scenario in-
volving an as-of-yet undetected SNR, potentially asso-
ciated with the X-ray sources Suzaku Src A and XMM-
Newton Src B1, could generate the observed TeV ~-rays
in a hadronic interaction scenario.

The stellar wind scenario involving the stellar cluster
Pismis 22 at the estimated distance of ~ 1 to 2 kpc was
more difficult to reconcile, given the lack of gas seen at
the corresponding vr,sr. However, the total column den-
sity towards the cluster and the spatial coincidence with
the dense gas ring seen in CS(1—0) at ~ 3 kpc suggests
that the distance to Pismis may be underestimated. A
stellar wind scenario driven by O and B type stars in
the cluster and interacting with the gas traced in com-
ponent 1 may then be contributing to the observed TeV
~-ray flux.
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Several accelerator candidates towards
HESS J1616—508 were investigated in light of our
ISM study. Neither of the two young SNRs that flank
the TeV source, Kes 32 and RCW 103, were found to
be strong candidates for association. We also found no
convincing evidence to link PSR J1617—5055 and its
associated PWN to TeV ~-rays from HESS J1616—508.
Due to the somewhat conspicuous nature of the diffuse
gas seen in component 1 (—47 to —39 kms™!), we
speculate on an undetected accelerator at the centre of
the TeV source interacting with said gas. We find that
a CR accelerator such as a young SNR would readily be
able explain the TeV v-ray flux from HESS J1616—508.

Based on our study of the ISM, we find no con-
clusive evidence to link either HESSJ1614—518 or
HESS J1616—508 to any known counterparts. However,
the angular resolutions of next-generation ~v-ray tele-
scopes, such as the Cherenkov Telescope Array, will ap-
proach that of this ISM study. This would enable more
detailed morphological comparisons in the future be-
tween the TeV ~-ray emission and the interstellar gas,
allowing for a better understanding of these two myste-
rious sources.
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Figure Al. HEAT CI (J=2-1) integrated intensity images [K km s~!] within the labelled velocity intervals towards HESS J1616—508.
Overlaid are HESS excess counts contours (blue) at the 30, 45, 60, 75 and 90 levels. The dashed black circle in the top left panel is
the RMS extent of HESS J1616—508 (Aharonian et al. 2006). The bottom-right panel shows average spectra of 2CO(1-0) (black) and
[CI] (blue) emission within the circular region. For clarity, the [CI] spectrum is scaled by a factor of 2. The velocity intervals used in
the integrated image panels are indicated by the shaded rectangles.
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Chapter 5
The ISM towards HESS J1702—-420

The following is a manuscript that will be submitted to the peer-reviewed journal,
Publications of the Astronomical Society of Australia (PASA). This is the latest
version of the manuscript at the time of thesis submission.

HESS J1702—420 is a mysterious TeV gamma-ray source which has no firmly
associated counterparts in other wavelengths. The manuscript consists of a study of
the interstellar medium using CO(1—0) data from the Mopra Southern Galactic Plane
Survey and Hr data the Southern Galactic Plane Survey towards the TeV source, as
well as an investigation into the possible origin scenarios based on this knowledge of
the ISM.
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Abstract

The unidentified TeV ~-ray source HESS J1702—420 has no firm associations with any counterparts at other
wavelengths. We present an analysis of the interstellar medium using results from the Mopra Southern
Galactic Plane CO survey and archival Hi data from the Southern Galactic Plane Survey. We find significant
components of molecular and atomic gas overlapping the TeV ~v-ray source at several velocities along the
line-of-sight, with masses ~ 10? to 10°My and densities up to ~ 10° cm™3. Potentially interesting and
favourable morphological correspondences between the ISM and the TeV ~-ray emission were found, and in
a hadronic scenario, we find that cosmic-ray (CR) enhancement values of ~ 100 times the local solar values
are required to produce the TeV ~-rays. We investigate the separate scenarios in which HESS J1702—420 is
powered by the nearby SNR G344.7—0.1, PSR J1702—4128, and an unknown accelerator. No evidence in
the ISM was found to link the SNR with the TeV source. While the morphology of the gas located at the
dispersion distance of PSR J1702—4128 (5.2 kpc, vLrs ~ —70 kms™') did not discount the possibility of
a leptonic origin, the required energetics and the broad and hard TeV spectrum disfavour such a scenario.
Given the presence of potentially favourable ISM overlapping HESS J1702—420, we additionally speculate

on the plausibility of scenarios involving undetected CR accelerators.

Keywords: ISM:clouds — ISM: cosmic rays — gamma-rays: ISM — molecular data

1 Introduction

With the continued advances of ground based ~y-ray ob-
servations, a growing number of Galactic y-ray sources
have been discovered by instruments such as HESS
(Aharonian et al. 2006b; Donath et al. 2017). A size-
able fraction of these sources, however, remain uniden-
tified, having no clear counterparts observed in other
wavelengths. In order to investigate the true nature of
these TeV sources, an understanding of the local in-
terstellar medium (ISM) is paramount, as it can aid
in constraining the possible production mechanisms in-
volved in generating the observed 7-rays. In particular,
the distribution of the ISM is intimately linked with
the hadronic interactions that produce TeV ~-rays be-
tween highly accelerated cosmic-rays (CRs) and ambi-
ent gas, and a spatial correspondence between the TeV
~v-rays and ISM may support such scenario. On the
other hand, a leptonic production scenario is typically

*E-mail: james.lau@adelaide.edu.au

accompanied by a general anticorrelation between the
TeV v-rays and ISM. In this study, we explore the ISM
towards HESS J1702—420, an unidentified and poorly
understood TeV ~-ray source.

HESS J1702—420 was first discovered as part of the
HESS survey of the Galactic plane (Aharonian et al.
2005, 2006b). The TeV source is reasonably bright, with
a flux 7% that of the Crab nebula above 200 GeV. Fur-
ther observation time with the HESS telescopes con-
firmed a statistically significant ‘tail’ of v-ray emission
extending to positive Galactic longitude and latitude
from the TeV peak (Aharonian et al. 2008). The TeV
~-ray spectrum of HESS J1702—420 is characterised by
a power law, dN/dE = NoE~T, with a relatively hard
photon index of I' = 2.1 £ 0.15at £ 0.25y. With a hard
spectrum that extends into energies of several tens of
TeV that has no sign of a cut-off, HESS J1702—420 is
currently considered a PeVatron candidate; a type of
TeV source powered by an extreme accelerator inject-
ing particles with energies up to the PeV range.



Deep X-ray observations towards the TeV ~-ray peak
of HESS J1702—420 were carried out by Suzaku (Fuji-
naga et al. 2011). Two faint and point-like sources were
detected within the field of view, though neither were
considered as X-ray counterparts to the TeV source.
No significant diffuse emission on the scale of the TeV
source was detected in the 2 — 10 keV band, and the
upper limit of the X-ray flux resulted in a large flux
ratio of Frey/Fx > 12, similar to that of other dark
TeV sources. A leptonic model in which the TeV ~-rays
were produced via inverse-Compton scattering and X-
rays via synchrotron was deemed to be unlikely, as the
upper limit of the magnetic field (1.7 x4G) was found
to be lower than that of the typical Galactic plane
value (~ 3 —10 pG). Fujinaga et al. (2011) therefore
concluded that the TeV ~-rays from HESS J1702—420
may be produced by the hadronic interactions of CR
protons.

Near the outer regions of HESSJ1702—420 lie
the supernova remnant (SNR) G344.7—0.1 and the
pulsar PSR J1702—4128. Figure 1 shows a Spitzer
GLIMPSE 8 pm image (Churchwell et al. 2009) to-
wards HESS J1702—420 with the positions of the
nearby SNR and pulsar indicated. A small HiI region,
(G344.366—0.262 with radius of ~ 4’ (Anderson et al.
2014) is seen near the TeV peak.
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Figure 1. 8 um image [M Jysr—!] using Spitzer GLIMPSE data
(Churchwell et al. 2009) towards HESS J1702—420. The white
contours show the HESS significance at 4o, 50, 60, and 7o (Aha-
ronian et al. 2008). The position and extent of SNR G344.7—0.1
is indicated by a yellow circle (Green 2014). The green X shows
the position of PSR J1702—4128 (Manchester et al. 2005). The
Hil region G344.366—0.262 is labelled (Anderson et al. 2014).

SNR G344.7—0.1 has a circular, asymmetric radio
shell with a small angular diameter of ~ 8 (Whiteoak
& Green 1996). Observations of the SNR with Chan-
dra and XMM-Newton confirm extended thermal X-ray
emission that fill the radio structure (Yamauchi et al.
2005; Combi et al. 2010). The X-ray peak appears to
be located at a position more interior to the shell when

PASA (2017)
doi:10.1017/pas.2017.xxx

J. C. Lau et al.

compared to the brightest radio features (Giacani et al.
2011).

The distance to the SNR G344.7—0.1 is not well de-
termined. Dubner et al. (1993) estimated a distance
of ~ 14 kpc based on the X—D relation, though this
method of estimation is often unreliable due to large
intrinsic dispersion. Giacani et al. (2011) estimated a
distance of 6.3 £ 0.1 kpc, based on Hi absorption fea-
tures which may be associated with SNR G344.7—0.1.
However, this distance may be too small, as the large
required absorption column density from X-ray obser-
vations, ~ 5 x 1022 em~2 (Combi et al. 2010; Giacani
et al. 2011; Yamaguchi et al. 2012), suggests a dis-
tance much further, perhaps on the opposite side of the
Galaxy (2 8 kpc, Yamaguchi et al. 2012).

Due to its small angular size of SNR G344.7—0.1 com-
pared with the TeV emission, and the very large proba-
ble distance estimate, the SNR is considered to be unas-
sociated with HESS J1702—420 (Aharonian et al. 2008).

PSR J1702—4128, located on the outskirts of the
TeV source near the tip of the extend ~v-ray tail,
has been considered as a possible counterpart to
HESS J1702—420 (Gallant 2007; Aharonian et al
2008). The spin-down power of the pulsar, £ = 3.4 x
10%% ergs™! (Kramer et al. 2003), would be enough
to power the observed TeV emission. However, this
would require a noticeably high conversion efficiency
of ~ 70%, assuming the dispersion measure distance
estimate of 5.2 kpc. The large angular separation be-
tween PSR, J1702—4128 and the peak of the TeV v-rays
(~ 50 pc at the assumed distance) implies that an ex-
tremely asymmetric pulsar wind nebula (PWN) would
be required to reconcile the TeV morphology. Chan-
dra observations of the pulsar indicated a faint hint
of extended X-ray emission associated with the PWN
(Chang et al. 2008), though the statistics were too low
to meaningfully quantify any extension. As such, no
firm evidence has been found that would link the PWN
with HESS J1702—420, and any association between
PSR J1702—4128 and its PWN with HESS J1702—420
is considered fairly weak (Fujinaga et al. 2011). No GeV
source from the Fermi-LAT 4-year Point Source Cata-
logue (3FGL) is seen towards HESS J1702—420 (Acero
et al. 2015).

The mechanisms behind the production of TeV y-rays
observed from HESS J1702—420 are thus poorly under-
stood. Hence, we present in this paper a study of the
ISM towards HESS J1702—420 with an aim to discern
and constrain the possible origin scenarios. In order to
achieve this, we have used high resolution spectral line
data from the Mopra Southern Galactic Plane CO Sur-
vey, which traces molecular gas, and archival H1 data
from the Southern Galactic Plane Survey towards the
TeV source.
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In Section 2, we describe our dataset and the spec-
tral line analysis techniques that we have used in this
work. In Section 3 , we describe our results concerning
the distribution of ISM towards HESS J1702—420. In
Section 4, we discuss HESS J1702—420 and the possi-
ble origin scenarios in light of our ISM results.

2 Datasets and spectral line analysis
2.1 Survey Datasets

The CO(1-0) spectral line emission data towards
HESS J1702—420 used in this study was taken from
the Mopra Southern Galactic Plane CO Survey (Bur-
ton et al. 2013; Braiding et al. 2015). This sur-
vey has coverage of the Galactic plane within the
[ =267° to 11°, b = +0°.5 regions in the 2CO, 3CO
and C'0 J = 1-0 molecular lines. The survey was
conducted using the Mopra Radio Telescope, with a
beamsize and velocity resolution of 0/.6 and 0.1 kms™!
respectively after processing. The RMS sensitivity for
12C0 was ~ 1.5 K and ~ 0.7 K for the other lines. Ad-
ditional details about the survey can be found in the
papers mentioned above.

Data in the 21 cm atomic hydrogen line towards
HESS J1702—420 was taken from the Southern Galactic
Plane Survey (SGPS) (McClure-Griffiths et al. 2005).
The survey, providing HI data in the Southern regions
of the Galaxy, was taken by the Parkes Radio Telescope
and the Australian Telescope Compact Array (ATCA).
The survey has an angular resolution of 2/, a spectral
resolution of 0.82 kms~! and a RMS sensitivity of 1 K.

2.2 Spectral line analysis

We use the same spectral line analysis on the CO(1-0)
and HI in this study as in our previous work (Lau
et al. 2017). For completeness, we briefly summarise the
methods below.

2.2.1 CO

The 2CO(1 — 0) molecular line is the standard tracer
of moderate density (m ~ 10% — 103 cm™3) gas in the
ISM. Within a region of interest, the spectral line fea-
tures found in the dataset were fit with Gaussian func-
tions. The average column density of molecular hydro-
gen, Ny,, within the region was calculated using the
integrated intensity of the line feature. The mass of
the gas contained was then calculated via the relation
M = pmp Ny, A, where my is the mass of one hydro-
gen atom, A is the physical cross-sectional area of the
region of interest, and p is the average molecular weight
term which was taken to be 2.8 to account for the ap-
proximate 20% helium content present in the ISM.

We converted the integrated brightness temperature
of CO(1-0) emission, Wco, to an average molecular
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hydrogen column density, Nf,, using the relationship
ZVH2 = XCO(l—O)WCO(1—0)7 where XCO(l—O) is the CO to
Hs conversion X-factor. For the purposes of this work,
we adopted the 2CO(1-0) X-factor as Xizco(1-0) ~
1.5 x 10%° em~2(K kms~1)~! (Strong et al. 2004).

In order to calculate the optical thickness of
the 2CO(1-0) line, 712, we used the method out-
lined in Burton et al. (2013). This involved compar-
ing the brightness temperatures of the 2CO(1-0)
and '3CO(1-0) emission under the limit in which
12C0O(1-0) was optically thick and '*CO(1-0) was op-
tically thin. With this assumption, an expression for 72
can be given as:

X1 )

T12 =
R12/13

where X515 is the isotope abundance ratio ['2C/'3C],
and Rjy/13 is the ratio between the brightness tem-
peratures of the 2CO and '3CO emission. To calcu-
late Xi9/13, we used the results from Henkel et al.
(1982), which derived an expression for X513 as a func-
tion of galactocentric radius (R, in kpc) as Xi9/13 =
5.5R +24.2.

2.2.2 HI

To obtain the column density of neutral atomic hydro-
gen, Ny, we use the integrated brightness tempera-
ture of HI, Wy, and the relationship Ny, = Xy Whyj.
Here, we take the value of the conversion factor to be
Xy = 1.823 x 10*® em=2 (Kkms™!)~! from Dickey &
Lockman (1990). The average total hydrogen column
density, Ny, in a region of interest can then be calcu-
lated by combining the values of Ny, and Ny, obtained
from 12CO(1—0) and Hi observations respectively, using
Nu = Nu; + 2NVg,. Note that this assumes the case of
optically thin Hr, and the presence of optically thick Hr
may result in an underestimation of the column density
by up to a factor of 2 (e.g. see Fukui et al. 2012).

3 Results

We present in this section our findings of the ISM distri-
bution towards the TeV 4-ray source HESS J1702—420,
using CO(1-0) data from the Mopra Southern Galac-
tic Plane CO Survey and HI data from the Southern
Galactic Plane Survey.

The distances to the features in the ISM were esti-
mated by applying the Galactic rotation curve model
presented in Brand & Blitz (1993) to the kinematic ve-
locity of the detected line emission. In presenting the
results of this study, the near-distance solution has been
assumed for mass and density calculations with the ex-
ception of cases where there was a single distance solu-
tion. This is done as nearby gas is more likely to be seen,
in the absence of other supporting evidence to resolve
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the near /far distance ambiguity. For completeness, mass
and density calculations using the far-distance solutions
are included in the appendix.

3.1 CO(1—0) emission towards
HESS J1702—420

Overall, emission in the CO(1—0) lines is detected over-
lapping HESS J1702—420 along the line-of-sight over
many kinematic velocity intervals. We present the aver-
age 12CO(1-0) and 3CO(1—0) emission spectra within
the RMS elliptical extent of HESS J1702—420, as de-
scribed in Aharonian et al. (2008), in Figure 2. This
region is indicated by the dashed ellipse in the top-left
panel of Figure 3.

HESS J1702-420
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Figure 2. Average "2CO(1-0) and ¥CO(1—0) emission spec-
tra (black and blue respectively) within the elliptical extent of
HESS J1702—420 as described in Aharonian et al. (2008) (indi-
cated by the dashed black ellipse in Figure 3). The 13CO(1-0)
spectrum has been scaled by a factor of 2 for clarity. The coloured
rectangles indicate the velocity intervals for each of the ‘compo-
nents’ of CO(1—0) emission, as described in text.

From the spectra, we see that there are multiple fea-
tures in which there is significant CO(1—0) emission
between ~ —91 and 411 kms~!. We divide this veloc-
ity space into eight ‘components’, each indicated by a
colour rectangle in Figure 2. For each of these com-
ponents, we generate an integrated emission map over
the corresponding velocity range. Figure 3 displays a
mosaic of the 2CO(1—0) integrated images, while the
13C0O(1-0) images are displayed in Figure A1, located
in the appendix. A position-velocity (in longitude) im-
age of the 2CO(1-0) emission in the region indicated
by the solid magenta rectangle in Figure 3 is shown
in Figure 4, with the estimated velocity positions of
the Galactic spiral arms along the line-of-sight labelled.
These locations were estimated using the 4-arm model
of the Galaxy from Vallée (2014) and the Galactic ro-
tation curve from Brand & Blitz (1993).
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The integrated '2CO(1—0) image for component 1
(vLsr =2 to 11 kms~!) shows a minor amount of
emission overlapping HESS J1702—420. A vertical fea-
ture of more intense emission appears to the immedi-
ate Galactic North-west of the TeV source, which is
also present in the '3CO(1-0). We note that the dom-
inant 2CO(1—0) emission in this component is very
narrow (Avpwpm ~ 2 km s_l)7 and is seen at positive
kinematic velocities. Along this line of sight, there is
only one solution to the Galactic rotation curve, ~ 17.5
kpc. However, the narrowness of the emission feature
implies the gas is not located at this extreme distance,
and it is more likely to be local cloud located nearby in
the local spur or somewhere between the Sun and the
Sagittarius spiral arm. Since the Sagittarius spiral arm
is located ~ 0.5 kpc away along the line of sight (Vallée
2014), we adopt a general approximate distance equal
to half this distance, ~ 250 pc, for the gas within this
component.

Component 2 (vpsgr = —8 to 2 kms™!) has no
CO(1-0) emission that overlaps the TeV peak, though
there appears to be some overlap towards the Galactic
East and West sides of the source. There may be a sub-
tle hint of a ring-like feature in the Galactic East side,
seen in the ?CO(1—0). The more intense emission seen
in left side of the ‘ring’ also appears in the 13CO(1-0).
The gas traced here may be part of the Sagittarius I or
Scutum II spiral arms.

In component 3 (vpsgr =—17 to —8 kms™!),
1200(1—-0) emission is seen overlapping most of
HESS J1702—420. In particular, more intense emis-
sion is seen to the Galactic West of the TeV peak.
13C0O(1—0) emission seen in this component is also lo-
cated to the Galactic West, though it appears mostly
beyond the extent of the TeV source.

In the distribution of 12CO(1-0) towards
HESS J1702—420 seen in component 4 (vpsg = —37 to
—17 kms™!), there appears to be an irregular shaped
region of diminished emission to the Galactic East
of the TeV peak which the ~v-ray contours appear
to somewhat follow. The ¥CO(1—0) overlapping the
source is also diminished, and the ~-ray contours
appears to ‘sit’ in a cavity. A region of more intense
emission in both 2CO(1-0) and '3CO(1-0) is seen to
the Galactic South-west of the source. Component 4
may be located within the Scutum I or Norma II
spiral arms, and the spectra of component 4 (Figure 2)
shows signs of being composed of more than one
unresolved blended features. As an approximation, we
have considered them part of the same component.

Component 5 (vp,sg = —58 to —37 kms™1), likely in
the Norma I spiral arm, has 12CO(1-0) and 3CO(1-0)
emission which overlaps most of the TeV source. An
interesting elongated raindrop-shaped region of more
intense 12CO(1—0) emission is seen coming in from
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Figure 3. Integrated '2CO(1—0) emission images [K kms~1] towards HESS J1702—420 within the velocity intervals of the CO(1—0)
components. The blue contours show the HESS significance at 40, 50, 60, and 7o (Aharonian et al. 2008). The red circle and green
X indicate the positions of SNR G344.7—0.1 and PSR J1702—4128 respectively. The elliptical extent of HESS J1702—420, as described
in Aharonian et al. (2008), is indicated by the dashed black ellipse in the top-left panel. The large magenta rectangle in the top-left
panel shows the region used for the position-velocity plot in Figure 4. For reference, the bottom-right panel is a duplicate of Figure 2.

the Galactic North west of HESS J1702—420, pointing
towards the TeV peak. The 3CO(1—0) image shows
more intense emission towards the ‘base’ of the rain-
drop within the extent of the TeV source.

In component 6 (vrgr = —80 to —58 kms‘l), ex-
tended emission in both 2CO(1-0) and *CO(1-0)
lines appear to overlap the Galactic North and North-
west rim of HESS J1702—420. Filamentary regions of
more intense emission appear to the Galactic North of
the source. Strikingly, a sharp band of non-detection
seems to cut through HESS J1702—420, entering from
the Galactic East side and exiting through the Galactic
South-west.

There is some overlap of ?CO(1—0) emission towards
the TeV peak seen in component 7 (vpgg = —91 to —80
kms™!), though none is seen towards the tail of y-ray
emission which extends to the Galactic North east. A
region of slightly more intense '2CO(1—0) emission is
seen to the immediate left of the TeV peak, which is
positionally coincident with and morphologically sim-
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ilar to the HiI region G344.366—0.262 (see Figure 1).
The HII region has a measured kinematic velocity of
vrsr = —84.1 kms™! (Anderson et al. 2014), consistent
with that of component 7. Hence it is likely that the gas
traced here is associated with the HII region.

Component 8 (vpsg = —103 to —91 kms™!) has a
bar-like arm of 2CO(1-0) emission extending into
HESS J1702—420 from the Galactic East, which may be
part of the Perseus spiral arm. The structure does not
continue to extend further to the Galactic West past
the TeV emission. Minimal emission in 3CO(1-0) is
detected in this component.

To calculate the physical parameters of the molecu-
lar gas in these components, we fit the spectral features
seen in the CO(1—0) line emission with Gaussian func-
tions. We then calculate the mass and density of the
gas in the components following the methods outlined
in §2.2. The Gaussian fit parameters and the calculated
gas parameters are displayed in Table 1.
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Table 1 The fitted 2CO(1—0) line parameters and the calculated physical gas parameters for each of the components within the ellip-
tical extent of HESS J1702—420. The line-of-sight velocity, vy,sr, line width (full-width-half-maximum), Avpwnwm, and peak intensity,

Tpeak, were derived from Gaussian fits. The optical depth of the line, 712, was calculated following §2.2.1.
Component  Distance! ULSR, AvewaM  Tpeak  Ti2 NiH2 Mass n
(kpc) (kms™1)  (km/s) (K) (102 em™=2) (Mg x 10%) (102 cm™3)
1 0.25 5.8 2.1 0.7 20 0.3 0.001 1.8
2 0.5 —4.2 10.8 0.8 4.9 1.3 0.03 5.0
3 1.6 —13.4 4.5 1.2 6.7 0.8 0.2 1.0
4 2.6 —-24.0 13.4 2.2 8.7 4.7 3.0 3.3
5 4.0 —46.0 7.5 2.6 8.1 3.1 4.9 14
6 5.1 —69.1 9.9 0.9 5.3 1.5 3.7 0.5
7 5.7 —85.8 4.9 1.5 32 1.2 3.7 0.4
8 6.0 -95.9 5.4 0.9 3.5 0.78 2.7 0.2

TThe distance used for mass and density calculations are the near-solutions using the Galactic rotation curve presented in Brand &
Blitz (1993). The exception is component 1 which has a positive kinematic velocity an adopted distance of 250 pc as mentioned in
text. Calculations using the far-distance solutions can be found in Table Al.

3.2 HI emission towards HESS J1702—420

Extensive emission in the HI line is seen along the line-
of-sight towards HESS J1702—420 at kinematic veloc-
ities between ~ —175 and +100 kms~!. The average
spectrum of HI emission within the elliptical extent of
HESS J1702—420 (Aharonian et al. 2008) is shown in
the bottom-right panel of Figure 5. The velocity in-
tervals of the molecular gas components seen in the
12C0(1-0) and 3CO(1-0) data, as described in §3.1,
are indicated by the coloured rectangles overlaid on
the spectrum. We produced HI integrated emission im-
ages in the corresponding velocity ranges, which are dis-
played in the eight other panels of Figure 5.

There appears to be no immediately obvious cor-
respondence between the integrated Hi and CO(1-0)
emission images for components 1 through 4, though
enhanced HI emission is seen in filamentary regions
in components 1 and 3, and in a circular region to
the Galactic North-east of HESS J1702—420 in compo-
nent 2.

In component 5, more intense HI emission appears
in the Galactic North-east corner of the TeV source,
close to the elongated raindrop-shaped feature seen in
12C0(1-0). However, the more intense HI does not ap-
pear to overlap with the ‘base’ of the raindrop.

In component 6, enhanced HI emission appears with
general correspondence with the filamentary struc-
tures observed in 12CO(1-0) to the Galactic North of
HESS J1702—420. The Hr also appears to be somewhat
diminished towards the Galactic Southern part of the
source.

Relatively intense HI emission appears in a region
just to the left of the TeV peak in component 7. This

PASA (2017)
doi:10.1017/pas.2017.xxx

correlates with the more intense *2CO(1—0) emission
also seen in this region.

The HI emission in component 8 follows the general
distribution of the CO(1—-0), being a bar-like arm that
extends across HESS J1702—420. The more intense HI
emission extends from the Galactic East into the TeV
source peak position, much like the 12CO(1-0). Un-
like the 12CO(1—0), however, the HI emission appears
to extend all the way past the TeV source, continuing
towards the Galactic West.

We calculate the physical parameters of the atomic
hydrogen gas within the defined components following
§2.2.2, and display them in Table 2. Note that unlike
the CO(1-0) analysis, we do not fit Gaussian func-
tions to the HI spectrum, as the ‘components’ were
identified based on the individual features seen in the
CO(1-0) data. Instead, we use the total integrated HI
signal within the velocity intervals of the corresponding
component in our calculations.

4 Discussion

Currently, there are no firm associations between
HESS J1702—420 with any known source at other wave-
lengths, and as such the particular production mecha-
nism behind the observed v-rays is unknown. Using our
understanding of the ISM, we now investigate possible
origin scenarios behind the TeV v-ray source.

4.1 The hadronic production scenario of TeV
y-rays
In the hadronic scenario, highly accelerated CRs inter-

act with ambient gas in the ISM, producing TeV ~-rays
via p-p interactions and subsequent pion decay. In the
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Table 2 The calculated physical gas parameters for atomic hydrogen gas from HI analysis for each of the components within the
elliptical extent of HESS J1702—420. The distance and velocities used for the calculations are taken from the CO(1—0) analysis in the
corresponding component (see §3.1). Calculations using the far-distance solutions can be found in Table A2.

Component  Distance VLSR Ny Mass n
(kpc) (kms™!) (102! cm™2) (Mg x 10%)  (10% em™3)
1 0.25 5.8 1.6 0.004 4.3
2 0.5 —4.2 2.0 0.02 2.7
3 1.6 —13.4 1.8 0.2 0.7
4 2.6 —24.0 35 0.8 0.9
5 4.0 —46.0 1.9 1.1 0.3
6 5.1 —69.1 1.6 1.4 0.2
7 5.7 —85.8 1.0 1.1 0.1
8 6.0 —95.9 0.73 0.9 0.08

CO(1-0) data, we traced molecular gas features along
the line-of-sight overlapping HESS J1702—420, which
we divided into eight ‘components’; as described in §3.
Target material for CRs can be both molecular and
atomic gas, and it is instructive to consider the dis-
tribution of the total column density, Ny, within each
component. First, we smooth our CO(1-0) data up to
the beam size of the H1 data. We then multiply the in-
tegrated CO(1—0) and HI intensity maps by the appro-
priate X-factors (as in §2.2) to obtain maps of Ny, and
Ny, respectively. Finally, we sum these maps following
Ny = Nyu; + 2Ny, to obtain total column density maps
for each component. These images are displayed in Fig-
ure 6. We find that, in general, the total column density
maps follow the distribution of the CO(1—0) traced Hp
gas.

Some potentially interesting morphological corre-
spondences are seen between the total column density
maps and the TeV emission from HESS J1702—420. The
material that is present maybe acting as target material
for CRs, assuming the presence of some nearby acceler-
ator.

We consider the expected flux of ~-rays produced
when gas of mass Mg is bombarded by CRs in the
context of the material within each of our components.
Recasting Equation (10) from Aharonian (1991) for the
I" = 2.1 spectrum of HESS J1702—420 using a pivot en-
ergy of 1 TeV, we acquire the relationship:

F(> E,) =415 x 10" ¥E 1! (%) ker cm™2s7!

(2)
which gives the expected y-ray flux above energy FE,
as a function of Mj, the mass of the target material in
units of 105 Mg, d, the distance to the target material
in kpc, and kcg, the CR enhancement value compared
with that observed on Earth.
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The ~-ray flux of HESSJ1702—420 is given
as F(> 200 GeV) = 15.9 x 10712 em~2s~! (Aharonian
et al. 2006b). Using Equation 2, we are able to calculate
the value of ko g necessary in each component, given the
mass of gas contained within. We take the total amount
of gas in the components as the sum of the molecular
gas traced by CO(1-0) (§3.1) and atomic gas traced by
Hr (§3.2). We find that in all of the components, the
atomic gas makes up a sizeable fraction (2 25%) of the
total gas mass. The mass values, along with kcgr val-
ues for each component are displayed in Table 3. We
note that the kcg values are effectively independent of
the assumed distance to the gas components, as the dis-
tance terms in Equation 2 cancel out those used in the
mass calculations.

The calculated ko g values for each of the components
are of the order ~ 100. These values are achievable given
the presence of a nearby (within a few 10s of pc) and
young (< 103 yr) impulsive CR accelerator (Aharonian
& Atoyan 1996).

In the case where the TeV ~v-ray flux is produced
hadronically, the total CR energy budget can be ex-
pressed as W, = Ly7,,. Here, L, is the ~-ray lumi-
nosity, and 7, is the cooling time of CR protons via
proton-proton collisions which is given by: 7,, ~ 6 X
107(n/1em =)~ yr (Aharonian & Atoyan 1996), where
n is the target gas number density.

We have estimated the average number density, 7,
within our gas components (Tables 1, 2, A1l and A2),
and calculate the y-ray luminosity for HESS J1702—420
above 200 GeV for both the near and far-distance solu-
tions. From here, the values of W), for each component
were calculated, and are displayed in Table 4. In the
case of the near-distance assumption, the W), value for
each component appears to be a fraction of the canoni-
cal energy injected into CRs by a SNR. (~ 105 erg), and
it may be plausible that an SNR powers the TeV v-ray
flux seen from HESS J1702—420. For the far-distance
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Table 3 The calculated CR enhancement values, kc g, for each gas component as described in §3 within the extent of HESS J1702—420.
Molecular gas masses and atomic gas masses come from 12CO(1—0) and Hi analyses respectively assuming the near-distance solutions
(see Tables 1 and 2). Both molecular and atomic gas is considered for the total average density, m. The values of kcr are independent

of assumed distance, as discussed in text.

Component VLSR Distance Molecular mass Atomic mass Total mass n kcr
(kms~") (kpc) (Mo) (Mo) (Mo) (10% em™—?)
1 2 to 11 0.25 10 40 50 6.1 810
2 —8 to 2 0.5 300 200 500 8.3 320
3 —17 to —8 1.6 2,000 2,000 4,000 2.0 420
4 —37 to —17 2.6 30,000 8,000 38,000 4.2 120
5 —58 to —37 4.0 49,000 11,000 60,000 1.7 170
6 —80 to —58 5.1 37,000 14,000 51,000 0.7 330
7 —91 to —80 5.7 37,000 11,000 48,000 0.5 441
8 —103 to —91 6.0 27,000 9,000 36,000 0.3 650

assumptions, several of the components have W), values
slightly greater that the canonical amount, which may
suggest a more energetic supernova event than stan-
dard, or a higher efficiency in accelerating CRs. The
age of the potential SNR also will play an important
role. Younger SNRs, within a few 1000 years old, tend
to have W, values < 10%? erg, as many of the CRs are
in the early stages of acceleration and are still confined
to the SNR. More evolved SNRs, with several tens of
thousands of years worth of CR acceleration and es-
cape, may be required for W), to reach values > 10%% erg
(see e.g. Fukui et al. 2012; Yoshiike et al. 2013; Fukuda
et al. 2014). Far-distance assumptions would also imply
a much larger TeV source, with estimated diameters of
> 100 pc based on the angular size of HESS J1702—420.
Such large sizes may be problematic in scenarios based
on a single young accelerator, as accelerated particles
may not have had enough time to travel over those dis-
tances.

For the case of HESS J1702—420, we now consider
G344.7—0.1, the only known SNR towards the TeV
source.

4.1.1 SNR G344.7—0.1

The distance to the SNR G344.7—0.1, as mentioned in
81, is not well understood. However, the small angu-
lar size and the high absorption column density from
X-ray observations (Combi et al. 2010; Giacani et al.
2011; Yamaguchi et al. 2012) suggests that G344.7—0.1
is located at a large distance on the opposite side of the
Galaxy (Yamaguchi et al. 2012). To constrain the dis-
tance to this SNR, we extract the average 2CO(1-0)
and HI spectra within the extent of G344.7—0.1. Fol-
lowing §2.2, we calculate the total column density Ny,
and are able to find the total cumulative Ny as a func-
tion of kinematic velocity vy ,sg. We assume that all the
gas traced was located at the near-distance.
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Table 4 Calculated values for the total CR energy budget, W,
in each gas component assuming a pure hadronic scenario for
HESS J1702—420 for both near and far-distance solutions to the
Galactic rotation curve.

Component W, (erg)
Near Far
1 3.9 x 10°0 3.9 x 10%°
2 3.8 x10% 1.1 x 10°°
3 1.6 x 104" 1.4 x 10%°
4 2.0 x 1047 3.0 x 10%
5 1.2 x 10*® 3.2 x 10%°
6 4.7 x 10*® 5.4 x 10%°
7 8.3 x 10%® 4.9 x 10%°
8 1.5 x 10% 1.4 x 10%°

We plot the total cumulative Ny against vpsr to-
wards G344.7—0.1 in Figure 7, as well as the cu-
mulative Ny, and Ny calculated from '2CO(1-0)
and HI emission respectively. The modelled absorption
column density from X-ray observations from Combi
et al. (2010), Giacani et al. (2011) and Yamaguchi
et al. (2012) were mutually consistent, with values
Ny ~ (4.3 — 5.4) x 10?2 cm™2, and are indicated by the
shaded rectangle in Figure 7.

We find that the total cumulative Ny does not reach
the modelled values, even up to the velocity correspond-
ing to the tangent point (vpsr ~ —150 kms~! for the
tangent point at ~ 8 kpc using the rotation model from
Brand & Blitz 1993). This may be due to several rea-
sons. The total cumulative Ny strongly depends on the
value of the X-factors used to covert brightness temper-
ature to column density. In particular, the CO X-factor,
Xco(1-0), has uncertainties of ~ 30% across the disk of
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Figure 4. Position-velocity image of 2CO(1—0) emission [K] in
Galactic longitude towards HESS J1702—420 in the region indi-
cated in Figure 3. The dashed horizontal lines and the numbers in
boldface indicate the corresponding velocity intervals of the gas
components and described in §3.1. Vertical blue lines indicate the
longitudinal extent of HESS J1702—420 at 4o significance (Aha-
ronian et al. 2008). Estimated locations of Galactic spiral arms
along the line-of-sight have been labelled, based on the model pre-
sented in Vallée (2014) as mentioned in text. In cases where the
line of sight intersects a spiral arm more than once, the labels ‘I’
and ‘IT” indicates the closer and further intersections respectively.

the Galaxy (Bolatto et al. 2013), which in this case may
have caused an underestimation of total column den-
sity. Additionally, we are assuming the case of optically
thin Hi1, and as mentioned in §2.2.2 this may lead to an
underestimation of the total Hr column density by up
to a factor of 2 (Fukui et al. 2012). Even so, the fact
that the X-ray derived Ny values are larger than our
calculated total cumulative Ny suggests that the dis-
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tance to G344.7—0.1 is = 8 kpc, at least further than
the tangent point along this line-of-sight. We find no
evidence to suggest that the SNR is located any closer
than 14 kpc as estimated by Dubner et al. (1993), and
agree with Yamaguchi et al. (2012) who noted that the
distance estimate of 6.3 kpc from Giacani et al. (2011)
is too low.

We consider now a scenario in which CRs accelerated
by the SNR are diffusing through the intervening ISM
towards the TeV peak of HESS J1702—420. The diffu-
sion time can be given by 7qir = d?/(6D(E)), where d
is the diffusion distance and D(F) is the diffusion co-
efficient at energy E (Ginzburg & Syrovatskii 1964).
To calculate D(E), we use the magnetic field strength
within the intervening ISM calculated from derived gas
densities. As described above, G344.7—0.1 is likely lo-
cated further than the tangent point along the line of
sight. Thus, we take the gas densities obtained from our
gas analyses assuming the far distances as presented in
Tables A1 and A2. Under this assumption, the gas den-
sity @ < 102 cm™3 for every component, and following
Crutcher et al. (2010), the magnetic field strength was
taken to be 10 pG.

We then use Equation 2 from Gabici et al. (2007)
to calculate D(E), assuming the suppression factor
X = 0.1 used in other studies of the dense ISM towards
the TeV ~y-ray sources associated with the SNR W28
(Giuliani et al. 2010; Gabici et al. 2010; Li & Chen
2012). Note that a somewhat slow diffusion case was re-
quired to keep particles from escaping too quickly. We
consider CRs of energy Ecr = 2 TeV, which would pro-
duce v-rays of energy ~ 200 GeV via p-p interactions
which is near the detectability threshold of HESS.

Based on the estimated distance of 14 kpc
to G344.7—0.1 (Dubner et al. 1993), the separa-
tion between G344.7—0.1 and the TeV peak of
HESS J1702—420 is d ~ 120 pc, and the correspond-
ing diffusion time is calculated to be 7gig ~ 100 kyr.
The radius of G344.7—0.1 at the distance of 14 kpc is
~ 16 pc. Employing the model of a SNR in Sedov phase
from Chevalier (1974), the age of the remnant would be
~ 38 kyr.

We further consider the limiting case in which
(G344.7—0.1 is located at the distance of the tangent
point along the line of sight (~ 8 kpc). Under this as-
sumption, the diffusion distance d ~ 70 pc, and 7qig is
calculated to be ~ 34 kyr. The SNR would have a radius
of ~ 9 pc and an estimated age of 6.3 kyr.

In both cases, we find that 7qi¢ is much greater
than the SNR age. Thus it is unlikely that CRs pro-
duced by G344.7—0.1 would have been able to diffuse
far enough to produce the TeV ~y-rays observed from
HESS J1702—420.

Aharonian et al. (2008) concluded that the SNR
(G344.7—0.1 was not associated with HESS J1702—420,
based on its small angular size, the large distance esti-
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Figure 5. Integrated Hi emission images [K kms~!] from SGPS data towards HESS J1702—420 within the velocity intervals indicated.

The blue contours show the HESS significance at 4o, 50, 60, and

positions of SNR G344.7—0.1 and PSR J1702—4128 respectively.

7o (Aharonian et al. 2008). The yellow circle and green X indicate the
The elliptical extent of HESS J1702—420, as described in Aharonian

et al. (2008), is indicated by the dashed white ellipse in the top-left panel. The average Hi and 2CO(1—0) emission spectra within this
elliptical extent is displayed in the bottom-right panel. The coloured rectangles indicate the components seen in CO(1—0) emission as

described in text.

mate and separation from the TeV emission peak. We
did not find evidence to suggest that the SNR is located
closer than previously assumed, and find that it is un-
likely that CRs generated by the SNR have diffused far
enough to generated the y-rays from the TeV source.
Hence, we find no evidence to support an association
between HESS J1702—420 and SNR G344.7—0.1.

4.1.2 Unknown accelerator towards

HESS J1702—420

While the only known SNR towards HESS J1702—420,
G344.7—0.1, is unlikely to be behind the TeV ~-ray
emission, some other, as-of-yet unidentified accelerator
may be producing CRs that are interacting with the lo-
cal ISM. Figure 6 shows the total column density of the
interstellar gas towards HESS J1702—420 in the major
components identified along the line of sight. In §4.1
we found that the required CR enhancement rate kcg
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for each component was of the order ~ 100, indicating
that a local (within a few 10s of pc) accelerator such
as a SNR would be sufficient for the TeV v-rays to be
produced hadronically (Aharonian & Atoyan 1996).
There may exist some potentially interesting corre-
spondence between the distribution of ISM material and
the TeV ~y-ray emission. Looking at the total column
density for component 5 in Figure 6, we see that the
TeV contours appear to overlap relatively well with an
ISM cloud structure, and it may be plausible that the
TeV ~-rays are produced by accelerated CRs interact-
ing with the available target material. The density of
this overlapping cloud is fairly uniform, with the excep-
tion of a denser, tear-drop shaped region towards the
upper regions of the tail of the TeV emission to the
Galactic North-east of the source. The emission from
the TeV peak of HESS J1702—420 may be produced by
CRs from a potential accelerator located near that posi-
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Figure 7. Total cumulative hydrogen column density Ny as
a function of vp,ggr (solid line) towards SNR G344.7—0.1. The
dashed and dot-dashed lines show the cumulative molecular and
atomic hydrogen column densities calculated from 2CO(1-0)
and Hi respectively. The shaded region indicates the modelled val-
ues of Ny required from X-ray observations (Combi et al. 2010;
Giacani et al. 2011; Yamaguchi et al. 2012).

tion. CRs diffusing away from this accelerator may then
be interacting with the material present to the Galactic
North-east, forming the extended tail of TeV emission.
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We can also consider a continuous accelerator sce-
nario, which may involve massive stars and their clus-
ters accelerating CRs via their stellar winds. As men-
tioned in §3.1, the HiI region G344.366—0.262 is seen
near the TeV peak of HESS J1702—420. This region
may indicate massive star formation, and contains a
young stellar object (YSO) 2MASS J17031902—4201452
(Cutri et al. 2003). The HII region is positionally coin-
cident and consistent in velocity (vpsr ~ —84 km s~
with corresponding distance ~ 5.7 kpc) with the gas
traced in component 7. It may be possible that CRs ac-
celerated by massive stars are interacting with the am-
bient ISM to produce the observed TeV ~-rays (Voelk
& Forman 1982), though the correspondence between
the TeV emission and gas does not appear very pro-
nounced. This situation in which an unidentified TeV
source overlaps smaller HII regions is also seen in the
case of HESS J1626—490 (Eger et al. 2011).
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4.2 The leptonic production scenario of TeV
~y-rays

For a leptonic scenario, the dominant production of
TeV ~-rays comes from the upscattering of back-
ground photons by high energy CR electrons with
multi-TeV energies via the inverse-Compton effect. In
the case of HESS J1702—420, the leptonic scenario in-
volves PSR J1702—4128, the only known pulsar towards
the TeV source. The pulsar is located at the edge of
HESS J1702—420 and has a fairly large (~ 0.5°) an-
gular separation from the position of the TeV peak.
This implies that any high energy electrons produced
by PSR J1702—4128 and its PWN would have needed
to diffuse through the intervening ISM before generat-
ing the ~-ray emission.

The dispersion distance to PSR J1702—4128 is esti-
mated to be 5.2 kpc (Kramer et al. 2003). The corre-
sponding kinematic velocity for the distance estimate is
~ —70 kms™!, which places the pulsar within gas com-
ponent 6 (vpsg = —80 to —58 kms™!) as described in
83. At this distance, the separation between the pulsar
and the TeV peak of HESS J1702—420 is ~ 50 pc.

When considering the morphology of the gas in com-
ponent 6, thought to be located at the distance of
the pulsar, we see a general anti-correlation between
the total column density (see Figure 6) and the TeV
emission of HESS J1702—420. Interestingly, there ex-
ists a density void in the bottom regions of the TeV
source. A region of greater density lies above this
void. Consider a situation where the supernova event
which produced PSR J1702—4128 occurred near the
center of the TeV emission. The void may have been
formed by the stellar winds of the high mass progeni-
tor star. PSR J1702—4128 may have received some kick
velocity to the Galactic North-east, leading to its cur-
rent position. At the estimated distance of ~ 5.2 kpc,
PSR J1702—4128 would have travelled ~ 25pc in this
scenario. With an estimated age of ~ 55 kyr (Kramer
et al. 2003), its kick velocity would be ~ 450 kms™!,
fairly typical of pulsar kick velocities (Hansen & Phin-
ney 1997).

We consider the case where electrons generated by
PSR J1702—4128 are diffusing through the gas within
component 6 towards the TeV peak of HESS J1702—420
over a distance d = 50 pc. We calculate the diffusion
time 7qig following the formalism presented in §4.1.1.
To calculate D(E), we used the magnetic field strength
within the intervening ISM in component 6. Given that
the average density 7 for component 6 was ~ 70 cm ™3,
the magnetic field strength was taken to be 10 uG fol-
lowing Crutcher et al. (2010). We consider electrons of
energy F. =5 TeV, which would produce y-rays of en-
ergy ~ 200 GeV via the inverse-Compton effect which
is near the detectability threshold of HESS. In this case,
the diffusion time 7g4;¢ is calculated to be ~ 11 kyr.
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The synchrotron cooling time of CR electrons
is given by Toyne & (bsve)™' s, where by =1.3x
1071°(B/mG)?s™!, and . is the Lorentz factor of
the electron. We find that 7gync ~ 25 kyr. Given that
Tdiff < Tsync, it may be possible that accelerated elec-
trons from PSR J1702—4128 and its PWN are able to
diffuse through the intervening ISM without losing all
their energy to synchrotron loses en-route.

The inverse-Compton cooling time, given by 1ic =
3 x 108(Uaqa B) 71, is ~ 240 kyr for 5 TeV electrons,
given the typical radiation density of the cosmic mi-
crowave background (CMB) Uyaq = 0.25 eV em™3. This
implies that the extent of inverse-Compton emission is
limited by the age of PSR J1702—4128, estimated to
be ~ 55 kyr (Kramer et al. 2003). However, depending
on the time history of the pulsar period, encapsulated
by the braking index, this age may be overestimated,
bringing it closer to the diffusion time 74ig¢ ~ 11 kyr.

The TeV luminosity of HESS J1702—420 would re-
quire a ~ 70% conversion efficiency of the pulsar spin-
down power, a value that is much higher than that seen
in other, firmly identified TeV PWN (Abdalla et al.
2017, A&A in press). The problem may be mitigated
somewhat if we consider the possibility that the spin-
down power of the pulsar is underestimated, and the
age overestimated, if the estimated braking index, n, is
different from the standard value of n = 3. Actual val-
ues of n have been confidently measured in the range
of 2 <n < 3 (Livingstone et al. 2005, and references
therein). If the true value of n for PSR J1702—4128 is
closer to 2, the age of the pulsar may be overestimated
and the past spin-down power underestimated by a fac-
tor of ~ 2 (Gaensler & Slane 2006). If it is the case that
the pulsar spin-down power was much greater in the
past, relic electrons from the earlier history of the pul-
sar may now be contributing to the production of TeV
~-rays (e.g. see discussion in Aharonian et al. 2006a).

While the gas morphology does not discount the idea
that HESS J1702—420 is powered by PSR J1702—4128
and the associated PWN, this scenario has several po-
tential issues that disfavour it. The large separation be-
tween the pulsar and TeV peak would imply a rather
asymmetric PWN (Aharonian et al. 2008), which is not
seen in X-ray observations towards PSR J1702—4128
(Chang et al. 2008). Additionally, the TeV ~-ray spec-
trum of HESS J1702—420 is described by a power law
dN/dE = NgE~T, with a relatively hard photon in-
dex of I' = 2.1 and maximum detected v-ray energy of
~ 30 TeV (Aharonian et al. 2008). Due to severe syn-
chrotron losses, it is typically difficult to accelerate a
population of electrons to energies capable of producing
hard and broad ~-ray spectra with energies which ex-
tend into tens of TeV (Hinton & Hofmann 2009). Hence,
this leptonic scenario for HESS J1702—420 can be con-
sidered somewhat unlikely.
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5 Conclusions

We have studied the ISM towards the unidentified
and dark TeV ~v-ray source HESSJ1702—420 using
CO(1-0) data from the Mopra Southern Galactic Plane
Survey and archival H1 data from SGPS.

The CO(1-0) data revealed several components of
emission along the line of sight which overlapped the
TeV source. Motivated by these molecular gas compo-
nents, we looked at the HI emission within the same
velocity intervals. From the CO(1-0) and HI data, we
were able to estimate the physical parameters of the
molecular and atomic hydrogen respectively in the ISM.

For the scenario in which the TeV ~-rays were pro-
duced by hadronic processes, we found that the total
gas mass and densities present in our gas components
(except component 1) implied CR enhancement rates
of <500 and total CR energy budgets W,, of ~ 10% to
10% erg. This suggested a hadronic origin scenario was
plausible for HESS J1702—420 given a local CR accel-
erator.

We investigated scenarios involving the known po-
tential counterparts; the SNR G344.7—0.1, and the
PSR J1702—4128, both located near the outskirts of
HESS J1702—420. Comparing the total cumulative col-
umn density towards G344.7—0.1, calculated from
CO(1—0) and Hr1 data, with modelled column densities
from X-ray observations in previous works, we found
that the SNR is likely to be located at least further
than the Galactic tangent point (~ 8 kpc along this line
of sight). We found no structures in the ISM that ap-
peared to correspond with G344.7—0.1, and found that
it is unlikely that CRs accelerated by the SNR have been
able to diffuse far enough towards HESS J1702—420 to
generate the TeV v-ray emission. This suggested that
G344.7—0.1 is an unlikely candidate for association.

However, there were some potentially interesting cor-
respondences seen between the distribution of ISM and
the TeV y-ray emission, particularly in the case of the
gas traced in component 5. We speculated on a scenario
in which an as-of-yet undetected accelerator was pro-
ducing CRs which are interacting with the favourably
distributed target material. Based on the available tar-
get material in this component, we found that a CR
accelerator, such as a young SNR, would be able to
produce the TeV ~-rays seen from HESS J1702—420.

We considered the leptonic scenario involving
PSR J1702—4128, located near the Galactic North-east
edge of HESSJ1702—420. The void in the gas seen
at the estimated distance to the pulsar near the cen-
ter of the TeV source. This could have been formed
by the SNR potentially linked with PSR J1702—4128,
with the pulsar receiving some kick velocity to reach
its current position. The scenario where highly en-
ergetic electrons from PSR J1702—4128 are diffusing
through the intervening ISM towards the center of
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HESS J1702—420 was considered. Based on the density
of the gas from our ISM study, we found that the elec-
trons may have diffused far enough to reach the TeV
peak of HESS J1702—420. However, while the gas mor-
phology suggest that this scenario is plausible, the lack
of an asymmetric PWN seen in X-rays, the hard TeV
~-ray spectrum extending to tens of TeV, and the ab-
normally high (~ 70%) spin-down power conversion ef-
ficiency disfavoured such a scenario.

Future observations with next-generation y-ray tele-
scopes, such as the Cherenkov Telescope array, will
have increased angular resolutions approaching that of
the CO(1—0) data used in this study. These observa-
tions will reveal fine detail in the 7-ray emission, en-
abling more intricate morphological comparisons with
the ISM, and a better understanding of this mysterious
TeV ~-ray source.
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Figure A1l. Integrated 3CO(1—0) emission images [K kms~1] towards HESS J1702—420 within the velocity intervals indicated. The
blue contours show the HESS significance at 4o, 50, 60, and 7o (Aharonian et al. 2008). The red circle and green X indicate the
positions of SNR G344.7—0.1 and PSR, J1702—4128 respectively. The panel in the bottom right displays the average 12CO(1—0) and
13C0O(1—0) emission spectrum (black and blue respectively) within the elliptical extent of HESS J1702—420 as described in Aharonian

et al. (2008). The '3CO(1-0) is scaled by a factor of 2 for clarity.

Table A1 The fitted 12CO(1—0) line parameters and the calculated physical gas parameters for each of the components within the
elliptical extent of HESS J1702—420, as described in §3.1. The far-distance solution to the Galactic rotation curve has been assumed.
The line-of-sight velocity, vLsr, line width (full-width-half-maximum), Avpwnwm, and peak intensity, Tpeak, were derived from Gaussian

fits. The optical depth of the line, 712, was calculated following §2.2.1.

Component  Distance VLSR Avewam  Tpeak  Ti2 Nin Mass n
(kpc) (kms™1)  (km/s) (K) (102 em=2) (Mg x 10%) (10?2 cm™3)
1 0.25 5.8 2.1 0.7 2.0 0.3 0.001 1.8
2 15.9 —4.2 10.8 0.8 4.9 1.3 32.2 0.2
3 14.8 —13.4 4.5 1.2 6.7 0.8 17.5 0.1
4 13.8 —24.0 13.4 2.2 87 4.7 85.8 0.6
5 12.3 —46.0 7.5 2.6 8.1 3.1 46.0 0.5
6 11.3 —69.1 9.9 0.9 53 1.5 18.5 0.2
7 10.7 —85.8 4.9 1.5 3.2 1.2 13.1 0.2
8 10.4 —-95.9 5.4 0.9 35 0.78 8.1 0.1

PASA (2017)
doi:10.1017/pas.2017.xxx
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Table A2 The calculated physical gas parameters for atomic hydrogen gas from HI analysis for each of the components within the
elliptical extent of HESS J1702—420, as described in §3.1 The far-distance solution to the Galactic rotation curve has been assumed.

Component  Distance ULSR Ny Mass n
(kpc)  (kms™') (10%! em™2) (Mg x 10%) (10 cm™3)
1 0.25 5.8 1.6 0.004 4.3
2 15.9 —4.2 2.0 17.6 0.8
3 14.8 —13.4 1.8 13.3 0.8
4 13.8 —24.0 3.5 22.9 1.7
5 12.3 —46.0 1.9 9.9 1.0
6 11.3 —69.1 1.6 7.1 0.9
7 10.7 —85.8 1.0 4.1 0.6
8 10.4 -95.9 0.73 2.7 0.5

PASA (2017)
doi:10.1017/pas.2017.xxx



Chapter 6

Conclusions and Future Work

The work that has been presented in this thesis comprises of investigations into the
interstellar medium (ISM) towards dark Galactic TeV gamma-ray sources, with an
aim to better understand the nature of these mysterious astrophysical phenomena.
This work has made use of data from ground-based radio telescopes, utilising various
molecular and atomic spectral lines to gain insight into the physical properties of the
interstellar gas. Using this knowledge, it was possible to explore the possible origin
scenarios for each of the sources by constraining the hadronic and leptonic contribu-
tions to the gamma-ray fluxes, as well as by investigating the plausibility of nearby
counterparts that were seen at other wavelengths.

In total, five TeV gamma-ray sources were studied:

¢ HESS J1640—465 and HESS J1641—463: a pair of TeV gamma-ray sources
coincident with two supernova remnants (SNR) and connected by a complex
of Hir regions. HESS J1641—463 was particularly interesting as it is a strong
PeVatron candidate, only appearing at higher energies with a hard gamma-ray
spectrum with no sign of a cut-off. The investigation of the ISM presented in
this thesis revealed molecular gas overlapping the TeV sources at their estimated
distances, with particularly dense gas bridging the two sources. It was found
that the TeV gamma-rays could have been produced by the cosmic-rays (CRs)
accelerated by the SNRs interacting with the local gas. However the older SNR
that is coincident with HESS J1641—463 may not have been able to generate the
parent population of CRs required to produce the observed gamma-ray spec-
trum. Instead, the scenario in which the SNR coincident with HESS J1640—465
was acting as a PeVatron was investigated, with accelerated cosmic rays diffu-
sively propagating across the dense gas bridge to reach HESS J1641—463. This
scenario was found to be plausible, given the distribution of the ISM, and readily
explains the hardness of gamma-ray spectrum observed from HESS J1641—463.
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e HESS J1614—518: a mysterious dark TeV gamma-ray source with no imme-
diately obvious counterparts seen in other wavelengths. In the investigation of
the ISM conducted in this thesis, a peculiar ring of dense gas was found located
towards the centre of the source. It was shown that a scenario involving CRs
accelerated by an undetected SNR, possibly associated with two X-ray sources
within the TeV source, could be producing the observed gamma-rays in an
hadronic interaction scenario. Alternatively, a scenario in which the CRs were
produced by the stellar winds from the young stellar cluster Pismis 22 was also
found to explain the TeV flux. Both scenarios were consistent with the presence
of the dense gas ring, and it may well be the case that the TeV emission from
HESS J1614—518 is due to a hadronic process.

e HESS J1616—508: a TeV gamma-ray source with no firm association with any
other counterpart. Several interesting high-energy phenomena are seen towards
this source, including two SNRs and three pulsars. Investigation of the ISM
towards HESS J1616—508 revealed many overlapping components of molecular
gas along the line of sight, including a dense loop of gas which cut through the
centre of the source. In light of this distribution of gas, an investigation into all
of the known counterpart candidates was presented in this thesis. None of these,
however, returned strong evidence to link them with the TeV emission. In light
of this, an unknown accelerator interacting with morphologically conspicuous
and spatially matching gas overlapping HESS J1616—508 was speculated on.
It was found that an undetected SNR, whose progenitor star which may have
shaped the structure of the gas, would readily be able to supply the CRs required
to produce the TeV gamma-rays.

e HESS J1702—420: a dark TeV gamma-ray source that is considered a Pe-
Vatron candidate. Two potential counterparts, a SNR and a pulsar, are seen
towards the outskirts of this poorly understood source. The investigation of the
ISM presented in this thesis found potentially interesting morphological corre-
spondences between the TeV emission and gas. Given the distribution of the
ISM, it was found unlikely that potential CRs accelerated by the SNR were re-
sponsible for the TeV emission. A leptonic scenario involving the pulsar could
not be ruled out by the ISM study, though the required energetics and nature of
the TeV gamma-ray emission disfavoured such a case. Additional scenarios in-
volving CRs from stellar winds from massive stars and undetected accelerators
were also investigated and found to be plausible given their possible interaction

with favourably positioned gas.
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Many more dark Galactic TeV gamma-ray sources exist, and investigations into the
distribution of local ISM are important in the efforts to unravel these enigmas. In
this spirit, future work will involve the continued exploration of the ISM towards the
TeV gamma-ray sources in our Galaxy using radio observations of spectral lines and
analyses similar to those employed in this thesis.

The work that has been conducted here will form a strong basis for comparisons with
next-generation gamma-ray telescopes. These instruments, such as the upcoming
Cherenkov Telescope Array (CTA, CTA website 2017), will have arcminute angular
resolutions which approach that of the spectral line data used in the studies of the
ISM presented in this thesis, as well as increased energy resolution and sensitivities
compared with that of current systems. This will allow for more intricate comparisons
between the fine details of the gamma-ray emission from Galactic TeV sources and
the ISM, which will play an important role in distinguishing between the hadronic
and leptonic contributions to the TeV emission, furthering our understanding into

these mysterious phenomena.
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Appendix A

Cosmic-ray Acceleration

A discussion of how charged particles are accelerated via 2nd and 1st order Fermi
acceleration was presented in §1.3.3.1 and §1.3.3.2 respectively. Additional details
and derivations of the values and equations used in the discussion are presented in
this appendix. The material presented here is primarily adapted from Protheroe &
Clay (2004).

A.1 2nd Order Fermi Acceleration

In 2nd order Fermi acceleration, charged particles are thought to interact with the
turbulent magnetic fields inside interstellar gas clouds. The elastic collisions experi-
enced by the charged particles within the clouds may impart additional energy to the
particle.

In §1.3.3.1, it was shown that the fractional change in the energy of a charged
particle between entering and exiting the interstellar medium cloud is given by:

AE B, —E
E ~ E
: / 2 / (Al)
1 — Beioud €08 01 + Beioud €08 05 — BGouq €OS b1 cos b; .
B 1 - c210ud -

where F; and F5 are the energies of the particle when it enters and exits the cloud
respectively, #; is the angle in the lab frame at which the particle enters the cloud
with respect to the velocity Vgouq of the cloud, 65 is the exit angle of the particle in
the cloud frame, and Seoug = Veloua/c. This situation is illustrated in Figure 1.4.
From here, in order to find the average energy change for a large population of
charged particles, (AFE/E), we require the average values of cosf; and cos . Inside
the interstellar medium cloud, we assume that the CR scatters multiple times off of
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the internal magnetic fields such that its final exit direction is completely randomised.
As such, (cos6}) = 0.

We can obtain (cosf;) by considering the collision rates between CRs and the
cloud. Consider the case with a population of CRs, travelling with some velocity v,
at an angle 0, relative to the cloud’s velocity Viouqa, with a number density of ncg.
This is illustrated in Figure A.1.

cloud

V Vcloud t

cloud

A
e

/ vi
v

y

cosmic
rays

-

Figure A.1: A population of CRs with velocity v moving at an angle ¢, relative to
the cloud velocity V ouq. The CRs in the shaded volume of length L will collide with
the cloud in some time interval ¢. Image is adapted from Protheroe & Clay (2004).

From Figure A.1, the value of L can be expressed via the cosine rule as:

L= t\/v2 + V24— 2Veiouav cos b, (A.2)

In the typical case where the CR particle speed is much larger than that of the cloud
(v >> Vioua), Equation A.2 simplifies to:

L ~ (v — Vioua cos 01)t (A.3)

The collision rate of CRs, with number density ncg, and the cloud is then:
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TLCRLO'
t

L= = ncr(v — Vioua cos ;) o (A.4)

where o is the cross-sectional area of the cloud. CRs are relativistic particles and
travel close to the speed of light. Taking v — ¢, and letting Vioua = Beoua, the
collision probability, P..y, is:

Peon o (1 = Beioua cos bq) (=1 < cosb; <1) (A.5)

To find the average value of a variable z in a continuous function f(z), we use
() = [xf(z)dx/ [ f(x)dz. Hence the average value of cos#; can be found by:

B [ cos 01 Peond(cos 6;)

0,) —
<COS 1> f Pcond(COS 91) (A 6)
[ co8 61 (1 — Beioua cos 01 )d(cos b)) '
(1 = Buoua cos 6 )d(cos b;)
Hence, for (—1 < cos6; < 1), this simplifies to:
(cos 0y) = _Patoud (A7)

3

Now we can insert (cos#)) = 0 and Equation A.7 into Equation 1.13 which yields:

(AE) 4
T ~ g gloud (A8>

Thus, the average change in energy is positive and a population of CRs will be, on

average, accelerated in a process that is proportional to 83, ,4-

A.2 1st Order Fermi Acceleration

In 1st order Fermi acceleration (see §1.3.3.2), charged particles undergo multiple
scatterings off the turbulent magnetic fields in head-on collisions either side of some
shock front. Each time the particle crosses the shock front, it has energy imparted
upon it, resulting in a rapid increase in the particle energy. This scenario is illustrated
in Figure 1.5.

To find the resulting energy spectrum of CRs produced by 1st order Fermi acceler-

ation, we need to consider the probability of a CR crossing the shock multiple times,
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and consequently receiving multiple successive boosts in energy, before escaping. The
probability of a CR not returning to the shock and escaping downstream is given by:

P . Rloss
escape — R
Cross

(A.9)

where Rj.e 1S the rate at which CRs are lost downstream and R...s 1S the rate at
which CRs cross from upstream to downstream. R),s is simply the number density
of the CRs, ncr, multiplied by the flow speed:

Vs

Rioss = nCRE (Hl72 Sil) (AlO)

Reross can be found by integrating R, .4 (Equation 1.15) over the solid angle in the
direction forward of the shock:

1 0
Rcross = / Ru—)d(el)2ﬂ-d(cos 91)

4r ),
1 0
= — [ (—ncrvcosb)2rd(cosbq) (A.11)
A |4
1 —2 1
= "RV (m™s™)

where v is the CR velocity. The probability of escape, (Equation A.9) and the prob-

abilty of return, P,etum, can now be given as:

4 Vs
Pescape - E;
Preturn =1~ Pescape (A12)
A
" Ruv

From here, the probability of a CR crossing the shock at least k times is:

4v,1"
P(> K) = [Petum)" = |1 — =— Al
(> K) = [Panlt = 1= 1] (A13)
The energy of the CR, with initial energy Ej, would then be:
AE\"

The integral of the energy spectrum of a population of particles which cross the shock
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k times, Q(> k), is proportional to the probability of said population crossing the
shock k times:

Q(> k) o {1 - %Er (A.15)

v

The value of k£ can be expressed in terms of E by rearranging Equation A.14:

 In(E/E)
b= In(1+ AE/E) (A.16)

It can then be shown, allowing A be some constant, that:

In[Q(> k)] = A + kIn(Preturn)
1n(Preturn) <A17>
(i + ap/E) M E B

From here, a constant I' is defined such that:

S In[Q(> E) =A+

T 1n(-Preturn>
~ In(1+AE/E)

) W (1 B gﬁ) (A.18)

—1 1_|_é E E
. 3 R c

Equation A.18 can be simplified by considering that, for z << 1, In(1+42z) ~ z. Since

Vy << ¢, the expression for I' becomes:

4V
P,
[ Ly A.19
AE/FE) 4 R—-1 E ( )
3 R c
Asv —e¢ I' ~ % Equation A.17 can be now written in terms of I' as:
InjQ(> E)|=A—T|In(F) — In(F,
[Q(> E)] [In(E) — In(Eo)] (A.20)
=B —-TIn(F)
where A and B = A+ I'In(Ey) are constants. Thus, @ is given by:
> F)=exp(B—-TIn(FE
Q> E) = exp (B~ Tln(E) o

= Q(> E) x E"
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Hence, the CR spectra from 1st order Fermi acceleration is acquired:

3

Q> E)

E (integral form)
Q(E) o E-

D:J‘:U 53‘
+
[\o}

(A.22)
(differential form)
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