A Study of the Interstellar Medium
towards the VHE gamma-ray sources

HESS J1614-518 and HESS J1616-508

Stephanie Pointon

Thesis submatted for the degree of
Master of Philosophy
mn
Physics
at
The University of Adelaide

(Faculty of Science)

School of Physical Sciences

January 14, 2016



Contents

Signed Statement XVvi
Acknowledgements xvii
Dedication xviii
Abstract xXix
1 Introduction 1

2 The production of VHE gamma-rays and their detection with the HESS

telescopes 14
2.1 Gammarray Astronomy . . . . . . ... 14
2.2 Production of TeV Gamma-Rays . . . . . . . ... ... ... ... ..., 16
2.2.1 Proton-Proton (or CR-ISM) Collisions . . . . .. ... ... .... 16
2.2.2  Inverse Compton Scattering . . . . . . . ... ... ... ... ... 19
2.2.3 Synchrotron Radiation . . . . . .. ... .. ... ... ... 20
2.2.4 Relativistic Bremsstrahlung . . . . . ... ... .. ... .. .. .. 21
2.3 What are CRs? . . . . . . . . 21
2.4 CR Propagation and Transport . . . . . . . . . .. .. .. ... .. ..., 23
2.5 CR Acceleration . . . . . . . . . .. 24
2.6 Energy Spectrum of Accelerated CRs . . . . . . . .. ... ... .. .. .. 27

2.7

Summary . . ... 28

11



3 Tracing the Interstellar Medium using Radio Astronomy Techniques 30

3.1

3.2
3.3
3.4

3.5
3.6
3.7

3.8

3.9

Energy Levels of Atoms and Molecules . . . . . .. ... ... ... .... 30
3.1.1 Atomic Spin-Flip Energy Levels . . . . . ... ... ... ... ... 31
3.1.2 Linear Rotors . . . . . . . . . . .. 32
3.1.3 Symmetric Rotor . . . . . ... ... ... 33
Excitation and Critical Density . . . . . .. ... ... .. ... ... ... 35
Local Thermodynamic Equilibrium . . . . . .. ... ... ... ... ... 36
Radiative Transfer . . . . . . . .. .. . . .. 37
3.4.1 Thermal Radiation . . . . . . . ... ... ... ... .. ..., 37
3.4.2 Equation of Radiative Transfer . . . . . .. ... ... ... .... 38
Optical Depth . . . . . . . . . oo 39
Brightness Temperature . . . . . . . . .. ... ... ... 39
Column Density . . . . . . . . . . 41
3.7.1 Mass and Density . . . . .. .. ... oo 44
Gas Tracers . . . . . . . 45
3.8.1 Neutral Hydrogen . . . . . . .. . ... ... . L. 45
3.8.2 Molecular Hydrogen . . . . . . .. ... .. ... ... ... . A7
3.8.3 Carbon Monoxide . . . .. .. .. .. ... . 47
3.8.4 Carbon Monosulfide . . . . ... ... ... ... ... ... 48
3.8.5 Silicon Monoxide . . . . . ... ... 50
3.8.6 Ammonia . . . .. .. 51
3.8.7 Recombination Lines . . . . . . .. ... ... .00 52
Telescopes Employed in this Thesis . . . . . . . .. ... .. ... .. ... 53
3.9.1 Mopra Radio Telescope . . . . . . . . . . ... ... .. 54
3.9.2 Mopra 7 mm and 12 mm Deep Pointings . . . . . . . ... ... .. o7
3.9.3 Nanten Telescope . . . . . . . . .. .. Lo 57

3.9.4 Australia Telescope Compact Array (ATCA) and the

Parkes Telescope . . . . . . . .. ..o 59



3.10 Summary ... 60

4 Interstellar Gas towards HESS J1616-508 and HESS J1614-518 62
4.1 Observations. . . . . . . . . . ... 63
4.1.1 HESS . . . . 63

4.1.2 Identified Potential Accelerators . . . . . . . . . ... .. ... ... 64

4.1.3 Mopra CO Survey . . . . . . .. . 64

4.1.4 Nanten CO Survey . . . . . . . . ... 70

4.1.5 MALT-45 and the Mopra Telescope 7 mm Emission . . . . . . . .. 75

4.1.6  Southern Galactic Plane Survey . . . . . . ... ... .. ... ... 78

4.1.7 Molonglo 843 MHz Galactic Plane Survey . . . . .. .. ... ... 80

4.1.8 Infrared Emission from the Spitzer Space Telescope . . . . . . . .. 81

4.1.9 Mopra Ammonia Mapping Observations . . . .. .. .. ... ... 82

4.2 SUMMATrY . . . ... 83

5 Relation of ISM to Potential Cosmic Ray Accelerators 84
5.1 HESS JI1616-508 . . . . . . . . . 84
5.2 HESS J1614-518 . . . . . . . 97
5.3 Summary ... ... 108

6 Modelling the Cosmic Ray Induced Gamma-ray Emissions of the HESS

TeV Sources 109
6.1 Modelling a gamma-ray spectrum . . . . . .. ... ... 110
6.2 Cosmic Ray Diffusion . . . . .. .. .. .. o 113
6.3 CRenergy budget . . . . . . . . .. 114
6.4 HESS J1616-508 . . . . . . . . . 115
6.5 HESS J1614-518 . . . . . . . . 116
6.6 Summary . . ... .. 119

7 Conclusions and Future Work 122



Bibliography

A Derivations

Al
A2
A3
A4
A5

CR Acceleration Derivation . . . . . .. ... ... ... ... ... ....
Fermi’s Theory of Acceleration Derivation . . . . . .. .. ... ... ...
Diffusive Shock Acceleration Theory Derivation . . . . .. . ... ... ..
Neutral Pion Derivations . . . . . . . . . . . . ... .. ... ... .. ...

Equation of Radiative Transfer . . . . . . . . ... ... ... .......

B Integrated Gas Maps

C Distances from Accelerators to Regions

C.1
C.2
C.3
C4
C.5
C.6
C.r
C.8
C.9

Distances between RCW 103 and CO regions . . . . . . ... .. ... ...
Distances between G332.04-0.2 and CO regions . . . . . . ... ... ...
Distances between Kes 32 and CO regions . . . . . . ... ... .. ....
Distances between PSR J1617-5055 and CO regions . . . . . . . .. .. ..
Distances between PSR J1614-5048 and CO regions . . . . . . . .. .. ..
Distances between Pismis 22 and CO regions . . . . . . . . . .. ... ...
Distances between WR 73-1 and CO regions . . . . . . .. ... ... ...
Distances between WR 74 and CO regions . . . . . .. ... .. ... ...

Distances between PSR J1613-5211 and CO regions . . . . . . . .. .. ..

124

133
133
134
138
141
145

148



List of Tables

1.1

3.1

3.2

3.3

3.4

3.5

A list of many of the possible sources of the gamma-ray emission (Rowell
et al., 2008).

1. Luminosity of J1614-518 at the object’s distance.

2. The luminosity is the kinetic energy of the stellar wind assuming at
20% conversion.

3. The luminosity is the Eddington luminosity with a 10% conversion.

4. Luminosity is the spin down power of the pulsar. . . . . . . ... ...

The frequencies of the 5 NHj (1-1) spectral lines shown relative to the

frequency v, = 23694495.5 kHz (Rydbeck et al., 1977). . . . . . . . . ..

The parameters of the observations used. M stands for Mopra and N
stands from Nanten. Data sets where the galactic longitude and latitude
were labelled "Full” indicate that both HESS J1616-508 and HESS J1614-
518 were covered by the data. This does not apply to deep pointings since
they are a pencil beam. Av is the channel spacing in the data cubes where

applicable and Tryrs was calculated using the MIRIAD task imstat.

The main molecular lines used in 3mm radio data analysis and their

corresponding rest frequency. . . . .. ..o

The main molecular lines used in 7mm radio data analysis and their

corresponding rest frequency. . . . . ... oL

The main molecular lines used in 12mm radio data analysis and their

corresponding rest frequency. . . . .. ..o

vi

53



3.6

4.1

4.2

4.3

4.4

4.5

The locations of the deep pointings towards Pismis 22. . . . . . . . . ..

Spectral parameters of the HESS sources. (The HESS Collaboration,
2006) where the integrated flux, F' less than 200 TeV is in units of
2 1

erg cm™— - s~. The sources energy spectrum was modelled by a power

law which was proportional to £~ where I' is the spectral index.

The location, distance, age and radius of the three SNRs, two Wolf-Rayet
(WR) stars and Pismis 22. The locations and diameters of the SNRs were
taken from Green et al. (1999), the distances were from Pavlovic et al.
(2014) and the ages were from Vink (2004) for Kes 32, Kaspi et al. (1998)
for RCW 103 and a suggested maximum age from Pavlovic et al. (2014)
was used for G332.04-0.2. Pismis 22 information was taken from Piatti

et al. (2000). The WR stars locations and distances were taken from van

der Hucht (2001). . . . . . . .. o o

The location, distance, age and spin-down power of the puslars (Manch-

ester et al., 2005). . . . ...

The spectral properties of the Fermi-LAT GeV gamma-ray sources and

their locations. (Acero et al., 2015) The integrated flux, F, from 1 GeV

to 100 GeV is in units of photons cm™2 s7!. The spectral index of the

power law that the GeV flux was fitted tois given by I' . . . . . . . . ..

The locations of the CO Rol from CO1 to CO19 are in columns 2 and 3
in galactic longitude and latitude with units of degrees. The semi-major,
semi-minor and angle from the galactic plane are listed in columns 4,
5 and 6 respectively with units of degrees. The peak velocity and the
lo width of the Gaussian fit are listed in columns 7 and 8 in units of
km/s. The peak intensity measured by the telescope is then presented in

column 9 in units of Kelvin. The near and far distances in units of kpc

are listed in the last two columns. . . . . . . . . . . . .. ... ...

64



4.6

4.7

4.8

5.1

5.2

The locations of the CO Rol from CO20 to CO38 are in columns 2 and 3
in galactic longitude and latitude with units of degrees. The semi-major,
semi-minor and angle from the galactic plane are listed in columns 4,
5 and 6 respectively with units of degrees. The peak velocity and the
lo width of the Gaussian fit are listed in columns 7 and 8 in units of
km/s. The peak intensity measured by the telescope is then presented in

column 9 in units of Kelvin. The near and far distances in units of kpc

are listed in the last two columns. . . . . . . . . . . . .. ... ...

The gas parameters calculated for Rol CO1 to CO19. The average tele-

scope beam temperature, Tf*‘, in Kelvin, the column density Np,, in

cm™2, the mass, M, in solar masses and the density, p, in Hy per cm™3

are presented with their statistical errors.. . . . . . . .. . ... ... ..

The gas parameters calculated for Rol CO20 to CO38. The average

telescope beam temperature, 7%, in Kelvin, the column density Ng,, in

cm™2, the mass, M, in solar masses and the density, p, in Hy per cm™3

are presented with their statistical errors. . . . . . . . . . ... ... ...

Gas Parameters of CO Rol identified near HESS J1616-508. The column

density, Ny, , is in units of cm™2. Errors are listed in the main parameter

tables 4.7 and 4.8. . . . ...

Gas Parameters of CO Rol identified near HESS J1614-518. The column

density, Ny, , is in units of cm~2. Errors are listed in the main parameter

tables 4.7 and 4.8. . . . ...



6.1

6.2

6.3

6.4

6.5

The energy density required by the Rol if they are to produce the en-

tire gamma-ray flux is given by U in ergs cm™3.

The energy density
of CR required by the Rol if they are to only produce the gamma-ray
emission with which they overlap is given by the Uy, also in units of

ergs cm~3, which is inferred by the Kelner modelling. The total energy

in CR required at the cloud W is in units of ergs. Each Rol’s associated

potential CR accelerators are also listed. . . . . . . ... ... ... ...

The diffusion radii of the CRs from potential accelerator surrounding

HESS J1616-508 . . . . . . . . .

The energy density required by the Rol if they are to produce the entire

3

gamma-ray flux is given by U in ergs cm™>. The energy density of CR

required by the Rol if they are to only produce the gamma-ray emission
with which they overlap is given by the Uy, also in units of ergs cm™®

which was inferred from the Kelner modelling. The total energy in CR

required by the cloud Wepg is in units of ergs. Each Rol’s associated

potential CR accelerators are also listed. . . . . . . ... ... ... ...
The diffusion radii for the three potential CR accelerators near HESS J1614-

0

The energy budget available for each of the CO Rol within the diffusion

radius of the potential CR accelerators. . . . . . . . ... ... ... ...

115

117



List of Figures

1.1 The results of the extended HESS galactic plane survey(Carrigan et al.,

1.2 The proportion of different particle accelerators which have been asso-
ciated with HESS TeV emission. The largest categories are PWNe and

unidentified or dark accelerators. (Carrigan et al., 2013) . . . . . . . .. 3

1.3 The gamma-ray excess counts above background map of the source HESS J1614-
518 (Rowell et al., 2008). . . . . . . . . ... 6

1.4 A plot of the contours of HESS J1614-518 with the sources listed in the
previous table shown (Rowell et al., 2008). Note that the unfilled squares

are Swift X-ray sources. . . . . . . . ... 8

1.5 An excess counts map of the gamma-ray source HESS J1616-508 (The
HESS Collaboration, 2006). The white triangles mark the positions of
pulsars PSR J1614-5048 and PSR J1617-5055 as well as SNRs G332.4-
0.4 and G332.44-0.1. The SNR are also shown by a white circle which

represents their diameter. . . . . . . . . ... ... L. 10

1.6 The 4-10 keV X-ray emission in the region of HESS J1616-508 observed

by the MECS instrument on board the BeppoSAX telescope (Landi et al.,

1.7 Chandra observations of PSR J1617-5055 for energies between 2-8 keV

(Kargaltsev et al., 2009). The central white point is the pulsar. . . . . . 11



2.1

2.2

2.3

24

3.1

4.1

4.2

4.3

Neutral Pion and gamma-ray production from proton collision. The CR
protons is incident on the ISM proton. The interaction has sufficient

energy to produce a neutral pion which quickly decays into two gamma-

TAYS. « v v e e e e e e e e e e e e e 17
A schematic of the Inverse Compton process. (Protheroe) . .. .. ... 19
The CR energy spectrum . . . . . . . . . . . . . . .. ... 22

The left panel shows the acceleration of a particle from the laboratory
or observers frame. The right panel shown the interaction from the sta-
tionary frame of the cloud. The particle’s properties as described in the

text are labelled. . . . . . . . ... 25

The locations of the deep pointings are shown as white circles overlaid
on the optical Digital Sky Survey (DSS) map. The cyan cross marks the

location of the open cluster Pismis 22. . . . . . .. ... ... ... ... 58

VHE gamma-ray excess counts towards HESS J616-508 and HESS J1614-
I8, o e 63

The HESS excess counts above background map with the locations of
the potential accelerators marked. The SNRs are shown as white dashed
circles, the pulsars are yellow squares, the WR stars are cyan crosses, the
cluster Pismis 22 is marked by a black plus and the Fermi-LAT sources

are red circles. . . . .. 66

Integrated maps of ?CO from Okm/s to -60km/s in 10km/s intervals.
The excess HESS TeV gamma-ray contours are shown in white. Rol are
marked as yellow ellipses. The coordinates are in units of degrees and

the colour scale isin Kelvin. . . . . . . . . . . . . ... ... 67



4.4 Integrated maps of *CO from -60km/s to -120km/s in 10km /s intervals.
The excess HESS TeV gamma-ray contours are shown in white. Rol are

marked as yellow ellipses. The coordinates are in units of degrees and

the colour scale is in Kelvin. . . . . . . . ... ... ... ... ...... 68
4.5 An example of the Gaussian function found for '2CO using root to the
peaks of the Rol CO1. . . . . . . . ... . .. .. .. ... ....... 69

4.6  Integrated 10km/s maps from 0 km/s to -60 km/s of CO data from the
Nanten telescope where the HESS TeV gamma-ray excess counts contours
are shown in white. The axes are in units of degrees while the colour scale

isin Kelvin. . . . . . . . 74

4.7  Integrated 10km/s maps from -60 km/s to -120 km/s of CO data from
the Nanten telescope where the HESS TeV gamma-ray excess counts
contours are shown in white. The axes are in units of degrees while the

colour scale isin Kelvin. . . . . . . . . . . . .. 75

4.8 Mosaic of CS data from MALT-45 and the Mopra telescope over 10 km /s
integrated ranges from 0 km/s to -60 km/s. The axes are in units of

degrees while the colour scale is in Kelvin. . . . . . ... ... ... ... 76

4.9 Mosaic of CS data from MALT-45 and the Mopra telescope over 10 km /s
integrated ranges from 0 km/s to -60 km/s. The axes are in units of

degrees while the colour scale is in Kelvin. . . . . . . ... .. ... ... 7

4.10  The continuum map from the SGPS survey at 1420 MHz with the excess
HESS TeV gamma-ray contours in white (Haverkorn et al., 2006). The

axes are in units of degrees while the colour scale is in Jy/beam. . . . . . 78

4.11  Integrated maps of HI from Okm/s to -60km/s in 10km/s intervals. The
excess HESS contours are shown in black. The axes are in units of degrees

while the colour scale is in Kelvin. . . . . . . . . . .. ... ... . ... 79



4.12

4.13

4.14

5.1
5.2

2.3

0.4

9.9
5.6
2.7

2.8
2.9

5.10

Integrated maps of HI from -60km/s to -120km/s in 10km/s intervals.
The excess HESS contours are shown in black. The axes are in units of
degrees while the colour scale is in Kelvin. . . . . . . .. ... ... ... 80
MGPS 843 MHz map of the region spanning HESS J1616-508 and HESS J1614-
518 with excess HESS TeV gamma-ray contours. The colour scale is in
units of Jy/beam. . . . . ..o 81
Infrared 8 pm emission towards HESS J1616-508 and HESS J1614-518

with excess HESS contours. The logarithmic colour scale is in units of

MJy /st while the axes are in units of degrees. . . . . .. ... ... ... 82
PSR J1617-5055 and RCW 103 Maps . . . . . . . . .. .. .. ... ... 86
PSR J1617-5055 and RCW 103 Column Density Map . . . . . . . . . .. 87

HESS J1616-508 contours in black and the position of RCW 103 in white
are shown on the HI data from the velocity interval between —10 km/s
and —20 km/s. There is a void in the HI coincident with the location of
the SNR. The scale is in units of Kelvin. . . . . .. .. ... .. ... .. 88
HESS J1616-508 contours in black and the position of Kes 32 in white
are shown on the HI data from the velocity interval between —10 km/s

and —20 km/s. There is a void in the HI coincident with the location of

the SNR. The scale is in units of Kelvin. . . . . . . .. .. ... .. ... 89
Kes 32 Maps . . . . . . . . 90
Kes 32 Column Density Map . . . . . .. . .. .. .. ... ... .... 91

HESS J1616-508 contours in black and the position of G332.0+0.2 in
white are shown on the HI data from the velocity interval between —10

km/s and —20 km/s. There is a void in the HI coincident with the

location of the SNR. The scale is in units of Kelvin. . . . . . . . . . . .. 92
G332.040.2 Maps . . . . . ..o 93
G332.04-0.2 Column Density Map . . . . . . . . ... ... ... ... .. 94

PSR J1614-5048 Maps . . . . . . . . . 95



5.11
5.12
5.13

5.14

5.15
5.16
5.17
5.18
5.19

5.20

6.1

6.2

1.1
1.2
1.3
1.4

1.5

2.1
2.2

2.3

PSR J1614-5048 Column Density Map . . . . . . . .. . ... ... ... 96
Pismis 22 Maps . . . . . . . .. 99
Pismis 22 Column Density Map . . . . . . .. ... ... ... ... ... 100

NHj (1-1) spectra from deep pointings towards Pismis 22. Refer to 3.1

for details of the pointings. . . . . . . . . . . .. .. ... .. 101
PSR J1613-5211 Maps . . . . . . . . . . 102
PSR J1613-5211 Column Density Map . . . . .. .. ... ... ... .. 103
WR 73-1 Maps . . . . . . . 104
WR 73-1 Column Density Map . . . . ... ... ... ... ... .... 105
WR 74 Maps . . . . . . . 106
WR 74 Column Density Map . . . . . .. ... ... ... ... ..... 107

Energy flux of gamma-rays from HESS J1616-508. Blue points are the
measured HESS spectrum (Aharonian et al., 2005) while the green lines
indicate the 1o boundaries of the Fermi-LAT detection (Acero et al.,
2015). The red line shows the modelled spectrum. . . . . . ... ... .. 120
Energy flux of gamma-rays from HESS J1614-518. Blue points are the
measured HESS spectrum (Aharonian et al., 2005) while the green lines

indicate the 1o boundaries of the Fermi-LAT detection (Acero et al.,

2015). The red line shows the modelled spectrum. . . . . . . . ... ... 121
CR collision with cloud image (Protheroe) . . . .. ... ... ... ... 137
Diffusive shock acceleration for shock front (Protheroe). . . . . ... .. 138
Diffusive shock acceleration with magnetic irregularities. (Protheroe) . . 140
Neutral Pion decay into gamma-rays at rest. (Protheroe) . . . . . . . .. 143
Diagram showing radiation being absorbed by cloud . . . . . . . . . . .. 146
Mosaic of 3CO data from the Mopra telescope. . . . . . . .. ... ... 149
Mosaic of 13CO data from the Mopra telescope. . . . . . . .. ... ... 150

Mosaic of C!80 data from the Mopra telescope. . . . . . . ... ... .. 151



2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11

Mosaic of C!80 data from the Mopra telescope. . . . . . . ... ... .. 152

Mosaic of C**S data from the MALT-45 Survey. . . . . . . ... .. ... 153
Mosaic of C3*S-1-0 data from the Mopra telescope. . . . . . . . . .. .. 154
Mosaic of C3*S-1-0 data from the Mopra telescope. . . . . . .. .. ... 155
Mosaic of SiO 1-0 data from the MALT-45 Survey. . . . . ... ... .. 156
Mosaic of SiO 1-0 data from the MALT-45 Survey. . . . . ... ... .. 157
Mosaic of NH3 1-1 data from the Mopra telescope. . . . . . . . . . ... 158

Mosaic of NH3 1-1 data from the Mopra telescope. . . . . .. . .. ... 159



Signed Statement

I certify that this work contains no material which has been accepted for the award of any
other degree or diploma in my name, in any university or other tertiary institution and, to
the best of my knowledge and belief, contains no material previously published or written
by another person, except where due reference has been made in the text. In addition, I
certify that no part of this work will, in the future, be used in a submission in my name,
for any other degree or diploma in any university or other tertiary institution without the
prior approval of the University of Adelaide and where applicable, any partner institution
responsible for the joint-award of this degree.

I give consent to this copy of my thesis, when deposited in the University Library, being
made available for loan and photocopying, subject to the provisions of the Copyright Act
1968.

I also give permission for the digital version of my thesis to be made available on the web,
via the University’s digital research repository, the Library Search and also through web
search engines, unless permission has been granted by the University to restrict access for

a period of time.

SIGNED: ...... .. ... . . ... DATE: .. ... ..

Xvi



Acknowledgements

I would like to thank my supervisor, Gavin, for his guidance through the past two years.
I’d also like to thank Bruce, my co-supervisor, Gary and Roger who were also supportive.
A special thanks goes to Fabien, Phoebe, James and Rebecca who were all willing to help
and support me. I'd also like to thank the Nanten team, the Mopra CO Survey teams
and the MALT-45 survey team for providing me with data. I'd also like to thank the
high energy astronomy department for helping me to develop my presentation skills at a

number of meetings.

xXvii



Dedication

I would like to dedicate my thesis to my family, Mum, Dad, Michael, Grandma and
Grandad who have provided me with amazing support and truly astronomical quantities
of chocolate. Simon has also been wonderfully supportive and has kept me calm during

the stressful times. I would not have completed this thesis without this support.

xviii



Abstract

One of the most intriguing problems in galactic astronomy is the observation of the highest
energy photons. Very high energy (VHE) gamma-ray telescopes such as HESS have
located sources of TeV (10! eV) gamma-rays which are not associated with any known
objects. Whilst these could be a new type of particle accelerator, it is more likely that they
are related to supernova remnants (SNRs), pulsar wind nebula (PWN) or massive stellar
regions. They may result from high energy cosmic-ray (CR) interactions with interstellar
gas (ISM). This project used new radio data which provided information on molecular
clouds to model the production of gamma-rays from CR interactions. The densities of
protons in these clouds were used in models to determine if potential particle accelerators
surrounding the two HESS sources, HESS J1616-508 and HESS J1614-518 were capable of
producing the emission. The potential accelerators surrounding HESS J1616-508 were all
found to have insufficient gas within their diffusion radius. Thus, it was not possible for
those sources to produce gamma-rays through hadronic interactions despite only requiring
modest CR energy budgets compared to that provided from a SNR. The same result was
also found for WR 73-1 and PSR J1613-5211 near HESS J1614-518. However, Pismis 22
and WR 74 contained CO Rol CO1, CO2 and CO25 within their diffusion radii. The
energy in CRs required for each region to generate the overlapping gamma-ray emission
was compared to the available energy if a SNR was assumed to be the accelerator. The
required energy was found to be less than the energy available. Thus, WR 74 and Pismis

22 could still generate the hadronic gamma-ray emission from HESS J1614-518.
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