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Abstract

HESS J1614-518 and HESS J1616-508 are two tera-electron volt y-ray sources that are not firmly associated with any
known counterparts at other wavelengths. We investigate the distribution of interstellar medium towards the tera-electron
volt 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 [C 1] data from the HEAT telescope. Data in the CO(1-0)
transition lines reveal diffuse gas overlapping the two tera-electron volt 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 H I data was taken from the Southern Galactic Plane Survey. The observations reveal gas components
with masses ~10* to 10° M, and with densities ~10? to 10> cm™3 overlapping the two tera-electron volt sources. Several
origin scenarios potentially associated with the tera-electron volt y-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.
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1 INTRODUCTION

Exploration into the nature of the very high energy (VHE, E
> 100 GeV), y-ray sky has rapidly progressed with the use
of Imaging Air Cherenkov Telescopes (IACTs). Telescopes
such as the High Energy Stereoscopic System (HESS), an
array of IACTs, 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 as-
sociated with high-energy phenomena, such as pulsar wind
nebulae (PWN), supernova remnants (SNRs), and binaries
(Renaud et al. 2008; Aharonian et al. 2005b, 2008b etc.).
However, a large population of VHE sources remain unasso-
ciated, and appear to have no clear counterparts seen in other
wavelengths (Deil et al. 2015; Donath et al. 2017).
Astrophysical TeV y-rays have two main mechanisms
of production: the decay of neutral pions produced by the
hadronic interactions between highly accelerated cosmic-ray
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particles and ambient interstellar medium (ISM), and the
leptonic interaction of upscattering background photons via
the inverse-Compton effect by high-energy electrons. Un-
derstanding the distribution of the ISM towards unidentified
TeV sources is thus critical in order to constrain the pos-
sible TeV y-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 y-ray source that was first dis-
covered 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 y-ray spec-
trum that is well fit by a power law, dN/dE =NoE~", with
a photon index I' = 2.46 £ 0.21. The TeV emission has
an elliptical morphology, with semi-major and semi-minor
axes of 14 £ 1 and 9 £ 1 arcmin, respectively. It is also
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characterised by two peaks of emission in the Galactic North-
East and Galactic South-West of the source. No immedi-
ately obvious counterpart to this source appeared in other
wavelengths, and HESS J1614-518 was considered a ‘dark-
accelerator’.

Recent preliminary results from HESS, following a sys-
tematic search for new TeV-emitting SNRs, suggest that
HESS J1614-518 may have a shell-like TeV y-ray mor-
phology (Gottschall et al. 2017). As no evidence of an as-
sociated SNR has been seen so far in other wavelengths,
HESS J1614-518 is currently considered an SNR candidate.

Observations towards HESS J1614-518 in X-rays made
by Suzaku revealed three X-ray sources within the TeV y-
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 second
X-ray source, Suzaku Src B, is located towards the centre of
HESS J1614-518. Additional Suzaku observations and anal-
ysis of XMM-Newton archival data revealed that Suzaku Src
B was comprised of several point sources (Sakai, Yajima,
& Matsumoto 2011). The brightest of these, XMM-Newton
source B1, had the largest count rate by a factor ~5, and in-
dicated that it was the main object of Suzaku Src B. Sakai
et al. (2011) postulated that HESS J1614-518 could be an
SNR associated with an Anomalous X-ray Pulsar (AXP).
This scenario has XMM-Newton source B1 as the AXP pro-
duced 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 re-
gion towards HESS J1614-518 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, respectively. 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). Designated
3FGL J1615.3-5146¢ in the third Fermi point source cata-
logue (Acero et al. 2015), the extended source was classified
as being ‘disk-like’, and has a relative large diameter of ~0.8°
which covers a major fraction of HESS J1614-518.

Several H 11 regions and molecular cloud complexes ap-
pear to the Galactic-North of HESS J1614-518. Figure 1 is
a Spitzer GLIMPSE 8.0 wm image (Churchwell et al. 2009)
of the region towards HESS J1614-518 and the neighbour-
ing TeV source HESS J1616-508, with nearby H 1I regions
labelled in yellow. While there are several H 11 regions in the
vicinity of HESS J1614-518, none appear to overlap the TeV
source.

A multi-wavelength counterpart study of HESS J1614-518
was conducted by Rowell et al. (2008). The known pulsars to-
wards HESS J1614-518 were thought likely not responsible
for the TeV y-ray emission due to their insufficient spin-down
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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 scenarios 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 yp-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 repro-
duce the observed spectral energy distribution (SED) in y-
rays. On the other hand, hadronic models that involved either
an SNR or stellar winds from Pismis 22 were found to pro-
duce a good reproduction of the SED. Certain requirements,
however, on the number density of the ISM were needed, and
the initial investigation of the Nanten '>?CO(1-0) survey data
by Rowell et al. (2008) in this region had revealed no obvi-
ous 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
HESS J1614-518. 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 Nebula above 200 GeV. The TeV
spectrum is fit by a power-law model with a photonindex I' =
2.35 £ 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 centre of HESS J1616-508, an
association between the TeV source and either SNR has been
disfavoured (Landi et al. 2007a; Kargaltsev, Pavlov, & Wong
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 emis-
sion 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 PWN have been sug-
gested as candidate objects responsible 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 energetics, but is offset
from the centre of the TeV source by ~9 arcmin. Observa-
tions in X-rays by Chandra revealed a faint PWN extending
from PSR J1617-5055 (Kargaltsev et al. 2009). However,
PWNs associated with offset TeV y-ray emission typically
have an extension of the X-ray emission towards said y -rays,
and the Chandra observations found no evidence of any X-
ray asymmetry in the PWN towards HESS J1616-508. Re-
cent analysis of three Chandra observations covering most of
HESS J1616-508 was performed by Hare et al. (2017), find-
ing 56 X-rays sources within the fields. Many of the sources
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Figure 1. Spitzer GLIMPSE 8.0 pm image [MJy sr—'] 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 H 1I regions are labelled in

yellow (Paladini et al. 2003).

were identified as active galactic nuclei (AGN) and non-
degenerate stars, but none were found to be promising coun-
terparts to the TeV source.

Observations by Fermi-LAT reveal a GeV y-ray source,
3FGLJ1616.2-5054¢ towards HESS J1616-508 (Acero et al.
2015). It has a diameter of ~0.6° and is positionally coinci-
dent with the TeV source.

A number of H 11 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 distribu-
tion 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™?) 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 (7 > 10* cm~3) gas tracers in the
7-mm 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
7-mm wavelength band with Mopra to complete the coverage
in the dense gas tracers.

Section 2 describes the parameters and reduction process
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 find-
ings of the distribution of the ISM towards the TeV sources.
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Finally, in Section 5, we discuss our results and the impli-
cations 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 7-mm 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 deg® along the
Galactic plane (I = 330° — 335°, b = %0.5). Across the
7-mm band, the survey FWHM ranged from 57 arcsec (49
GHz) to 66 arcsec (43 GHz) with a velocity resolution of
~0.2 km s~!. Complete details 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 7-ssmm targeted study was carried out with the Mopra
radio telescope to complement the MALT-45 survey, com-
pleting the coverage of HESS J1614-518. The Mopra ob-
servations were taken between 2013 September and Novem-
ber. Two Mopra ‘On-the-fly’ (OTF) maps were taken, each
with a size of 20 arcmin by 20 arcmin. Together, this formed
a 40 arcmin by 20 arcmin map which was centred on [/,
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 16 sub-
bands simultaneous, each with 4 096-channels and a 137.5-
MHz bandwidth. The beam FWHM of Mopra in the 7-mm
band is ~1 arcmin at 49 GHz, with a velocity resolution
of ~0.2 km s~!. The specific molecular line transitions that
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Table 1. The set-up for the Mopra Spectrometer (MOPS) for the 7-
mm observations. The targeted molecular lines, targeted frequen-
cies and achieved mapping Trms are displayed.

Frequency TrMS
Molecular line (GHz) (K/channel)
0810 = 1-0, v = 0) 42373365 0.07
SiO(J = 1-0, v =3) 42519373 0.07
SiO(J = 1-0, v =2) 42.820582 0.07
28i0(J = 1-0,v = 0) 42.879922 0.07
SiO(J =1-0,v=1) 43.122079 0.07
SiO(J = 1-0, v =0) 43.423864 0.07
CH;0H-I 44.069476 0.07
HC7N(J = 40—39) 45.119064 0.07
HCsN(J = 17—16) 45264750 0.07
HC3N(J = 5—4, F = 4-3) 45.490264 0.08
BCS =1-0) 46.247580 0.08
HCsN({J = 16—15) 47.927275 0.08
CHS(J = 1-0) 48.206946 0.09
OCS(J = 4-3) 48.651604 0.09
CS(J = 1-0) 48.990957 0.09

were targeted by MOPS are listed along with the achieved
Trus levels in Table 1. We note that MALT-45 had increased
sensitivities compared with that of our Mopra observations.
In particular, the MALT-45 Trys 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 Mopra
Southern Galactic Plane CO Survey (Burton et al. 2013;
Braiding et al. 2015). The survey targets the '>CO, '3CO,
and C'30 J = 1-0 molecular lines within the fourth quadrant
of the Galaxy (/ = 305° to 345°, and b = £0°.5). The beam-
size of this survey is 0.6 arcmin, with a velocity resolution of
0.1 km s~!. The Tryms for the 2CO and '*CO lines is ~1.5 K
~0.7 K respectively. We refer to the aforementioned papers
for further details about the survey.

We used ATNF analysis software, Livedatal,
Gridzilla!, 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.

3 SPECTRAL LINE ANALYSIS

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

Uhttp://www.atnf.csiro.au/computing/software/livedata/
2 http://www.atnf.csiro.au/computing/software/miriad/
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Spectral components and features were fit with Gaussian
functions, and the integrated intensity of the line emission was
then used to calculate the average column density of molecu-
lar hydrogen, Ny, . From here, the mass of the gas in the region
of interest is estimated by M = ,umHN_HZA, 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  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 as-
suming a geometry with depth equal to the average height
and width.

3.1. CO

We convert the '2CO(1-0) integrated brightness temperature
to an average H, column density in a region via the relation
Nu, = Xzcoq1-0)Wecoq1-0), where Wecor.) is the integrated
12CO(1-0) intensity and Xi2co1.g) is the '2CO(1-0) X-factor.
In this work, we adopt the 2CO(1-0) X-factor Xncoa-0) ~
1.5 x 10?° cm~2(K km s~!)~! (Strong et al. 2004). For sim-
plicity, we apply the same method to convert *CO(1-0) in-
tegrated brightness temperatures to average H, column den-
sities, using the *CO(1-0) X-factor Xico_g)~4.9 x 102
cm™2(K km s~!)~! (Simon et al. 2001). Following Burton
et al. (2013), we calculate the optical thickness of the '>CO
line, 715, by comparing the '>CO and '3CO lines. In the limit
where the '2CO and '*CO lines are optically thick and opti-
cally thin, respectively, T, can be given by
Xi2/13

T = R|2/13’ (D
where Ry/3 is the ratio between the brightness temperatures
of the '2CO and '*CO emission, with X213 = ['*C/**C] be-
ing the isotope abundance ratio. Using results presented in
Henkel, Wilson, & Bieging (1982), the abundance ratio was
taken to be X513 = 5.5R + 24.2, where R is the galacto-
centric radius given in kpc. In the case where no '*CO was
detected, we take an upper limit on the '3CO peak intensity
to be the RMS sensitivity of the data (~0.7 K, Burton et al.
2013).

3.2. CS

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

Using Equation (9) from Goldsmith & Langer (1999), to-
gether 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
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Figure 2. The average spectra of 12CO(1-0) (top) and 13CO(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 images 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.

temperature of T;,; = 10 K, typical of cold and dense molec-
ular clouds, to convert the column density of CS(J = 1) to
total CS column density, Ncs. Here, Ncs is ~3.5 times the
CS(J = 1) column density. A small systematic error in Ncg is
produced by this temperature assumption (~20% for a 50%
change in Tyq).

We note that the abundance ratio between molecular hydro-
gen and CS molecules in dense molecular clumps can vary by
an order of magnitude between 10~ and 10~ (Irvine, Gold-
smith, & Hjalmarson 1987). In this work, we adopt the CS
to H, abundance ratio Xcs ~ 1 x 107? (Frerking et al. 1980)
which is typical of dense quiescent gas. As such the calcu-
lated gas parameters presented here should be considered as
upper limits.

33.H1I

H1datatowards 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
H 1, Ny, was calculated via the relation Ny = Xy Wi 1.
where Wyt is the integrated H I intensity and the conver-
sion factor Xy = 1.823 x 10'® ecm™2 (K kms~!)~! (Dickey
& Lockman 1990). Combining this with the molecular hy-
drogen column density, NVy,, we are able to estimate the total
hydrogen column density as Ny = Ny 1 + 2Ny, .

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 *CO(1-0) line emission data was taken from
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the Mopra Galactic Plane Survey and was used to study the
diffuse molecular hydrogen gas distribution. A total of 7-mm
wavelength data from MALT-45 and our targeted 7-mm Mo-
pra observations were used to reveal the denser gas as traced
by detections in the CS(1-0) and C**S(1-0) lines. Detec-
tions in the thermal SiO(J = 1-0, v = 0) line, which is often
excited behind shocks that move through molecular clouds
(e.g. Martin-Pintado, Bachiller, & Fuente 1992; Flower et al.
1996), were also found in the dataset.

To estimate the distance to the ISM traced by the line emis-
sion, we use the Galactic rotation model from Brand & Blitz
(1993) to obtain the kinematic distance, based on the detec-
tion velocity along the line of sight (v sg). 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 intervals along the line of sight.
Figure 2 displays the average spectra of the 2CO(1-0) and
13CO(1-0) emission within the reported root-mean-squared
(RMS) extent of HESS J1614-518 as described in Aharo-
nian et al. (2006), which is indicated by the dashed ellipses
in Figure 3. Overall, the spectra indicates that there are three
main velocity ranges in which emission is prominent; v sg
~ —50 to —40 km s™!, vigg ~ —75 to —60 km s~!, and
visr ~ —115 to —90 km s~ !, which we have denoted as
components 1, 2, and 3 respectively. Additionally, one mi-
nor component of emission is seen in the vpgg ~ —15to 0
km s~! range, which we denote as component 4. For com-
ponent 1, there appears to be several blended features in the
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Figure 3. Mosaic of 12CO(1-0) and 3CO(1-0) integrated intensity images [K km s~1] 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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Table 2. The parameters of the '>CO(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, vi sg, line-width (full-width-half-maximum), Avgwnwm, and peak intensity,
Tpeac- The 12CO/"3CO abundance ratio, X;,/13, and optical depth were found following Section 3.1. The assumed
distances, dy, 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/dy)? and (d/d,)~", respectively.

Distance VLSR Avewam  Tpeak Optical Nu, Mass n
Component (kpc) (kms™ ")  (kms™) (K) Xz depth (102 em™2)  (10*Mg) (102 cm™d)
1 3.1 —45.1 5.9 2.8 57.0 12.6 26 1.9 1.8
2 43 —673 73 2.7 525 5.6 3.1 43 15
3 5.9 -99.8 12.0 13 48.1 0.1 2.5 6.5 0.9
4 0.4 -58 6.1 0.7 69.0 0.1 0.7 0.01 3.6

spectra, and we have chosen the velocity range that encom-
passes the dominant feature of interest. For the other compo-
nents, we have chosen velocity ranges that cover all the emis-
sion, as the nature and degree of blending is more difficult to
discern.

The 2CO(1-0) spectrum was fit by a series of Gaussian
functions to calculate the mass and density parameters of
the molecular gas following Section 3. Component 1 was fit
with three Gaussian functions, as while the dominant feature
was blended with features on both the positive and nega-
tive 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 re-
solve the individual features that may be present, and it is
unclear to the degree at which blending is occurring. For this
reason, we approximate each spectrum using a single Gaus-
sian function. The derived masses and densities from these
fits and those obtained by simply integrating the raw spec-
trum over the velocity ranges differ by less than 10% in all
cases. The Gaussian functions used have been overlaid on the
12CO(1-0) spectrum in Figure 2. Blue functions indicate
those that were used in the mass and density calculations
for the corresponding labelled components, while red func-
tions 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
12CO(1-0) emission images towards HESS J1614-518 in the
velocity ranges of each component.

In component 1 (v sg = —50 to —40 km s~'), emission
in '2CO(1-0) is seen overlapping most of HESS J1614-518.
This emission appears not to be a localised molecular cloud as
it extends North beyond the TeV source as part of widespread
12CO(1-0) emission. The '3CO(1-0) emission in this com-
ponent is seen mainly towards the TeV y -ray peak, and also
extends North beyond the TeV source.

There is some overlap between 12C0O(1-0) emission and
HESS J1614-518 in component 2 (vpsg = —75 to —60
kms™), mainly in the Galactic North and North-west of the
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TeV source. However, there appears to be very little overlap in
the 3CO(1-0) emission. Two regions of more intense emis-
sion are seen clearly in the '>CO(1-0) and '*CO(1-0), appear-
ing 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 morpho-
logical correspondence with y-ray emission. These features
are coincident, and morphologically similar, to the H 1I 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 H 1I regions.

The emission in >?CO(1-0) and '*CO(1-0) appearing in
component 3 (vsg = —115 to —90 km s~!) only overlap a
small portion of the TeV source in the Galactic North and
North-East regions.

Component 4 (vpsg = —15 to 0 km s~!) has the weakest
CO(1-0) emission feature detected towards HESS J1614—
518. Some scattered gas is seen in '>?CO(1-0) which overlaps
the Galactic North-East region of the TeV source, while al-
most no emission is seen in the '2CO(1-0).

CS(1-0) line emission traced the dense gas towards
HESS J1614-518. Coverage of the TeV source in the north-
ern and southern halves was provided by MALT-45 and Mo-
pra 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 7-mm observations revealed a peculiar feature in the
narrow velocity range v sg = —47 to —44 km s~!. No detec-
tions in other 7 mm 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 locations of various objects
of interest in the region. Several pulsars, Wolf—Rayet stars
and X-ray sources are seen towards 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.
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Figure 4. CS(1-0) integrated intensity image [K km s~!] between —47 and —44 km s~!. 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, Van Dyk,
& Morris 2011) are shown as red X’s. The 95% confidence region of the Fermi source 3FGL
J1615.3-5146¢ 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 B1, 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 7-mm observations carried out by Mopra. The regions above
this rectangle in this image was covered by MALT-45 (Jordan et al. 2015).

The panels on the left side of Figure 5 are integrated im-
ages of '2CO(1-0) and '*CO(1-0) emission in the v sg =
—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 feature, while not as pronounced as
that seen in CS(1-0), can also be seen in this narrow velocity
range in the '2CO(1-0) and *CO(1-0) images.

The panels on the right side of Figure 5 show the average
spectra of the CS(1-0), '>CO(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 v sg ~ —45 km s~! [with cor-
responding kinematic distance ~3.1 kpc following Brand &
Blitz (1993)]. The average gas mass and density parameters
within the broken annulus were estimated following Section
3. These values, and the fitted Gaussian parameters to the
spectra, are displayed in Table 3. For the broken annulus re-
gion, the volume chosen for mass and density calculations
was a prism formed by the projection of the broken annu-
lus 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/H, abundance ratio (see
Section 3.2).

PASA, 34, e064 (2017)
doi:10.1017/pasa.2017.59

https://doi.org/10.1017/pasa.2017.59 Published online by Cambridge University Press

The properties of diffuse gas appear to be non-uniform
about the open ring. Regions 1 and 2, indicated in Figure 5,
are apertures containing two of the brightest regions of the
ring. Their spectra show very similar features in CS(1-0)
and 3CO(1-0) emission. However, the '2CO(1-0) emission
is significantly reduced in region 1 compared with region 2.
The gas parameters for these regions are displayed in Table 3.
The contrast between the >CO and '3CO line ratios between
regions 1 and 2 are reflected in the ~5 x difference in calcu-
lated '>CO optical depth. The difference in optical thickness
about the ring may be caused by variations in the physical
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 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
~—45kms~!. The average gas mass and density parameters
for this region is also displayed in Table 3.

4.1.1. Column density towards X-ray sources

X-ray observations towards HESS J1614-518 with Suzaku
and XMM-Newton have revealed the presence of several X-
ray sources as mentioned in Section 1. The positions of the
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Table 3. Line parameters for the CS(1-0), 2CO(1-0), and '*CO(1-0) emission component at v sg ~ —45 km s~ 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 visr, Avewam, and Tpea.
Corresponding calculated gas parameters for the regions are also displayed, which were calculated following Section 3. The
CS parameters should be treated as upper limits (see Section 3.2). Distance for all calculations has been assumed to be 3.1 kpc.
The 2CO/'3CO abundance ratio, X;»/3, at this distance was taken to be 57.0 (see Section 3.1).

Galactic Longitude

05

VLSR AvpwHMm Tpeak Optical Nu, Mass 7
Region Tracer (kms~1) (kms~!) (K) depth (10%' cm—2) Mg x 10%) (10% cm~3)
Broken CS(1-0) —455 24 0.2 9.5 8.4 11.0
annulus 12C0o(1-0) —45.1 6.4 3.6 18.1 3.9 49 6.4
13CO(1-0) —453 2.8 1.1 2.0 24 32
1 CS(1-0) —457 1.9 0.5 9.3 0.6 40.1
12C0o(1-0) —46.0 49 3.0 50.3 2.4 0.2 14.8
13CO(1-0) —458 2.1 2.7 29 0.3 18.6
2 CS(1-0) —456 1.6 0.5 8.8 0.6 38.0
12C0o(1-0) —45.0 5.4 5.4 11.7 438 0.4 29.0
13CO(1-0) —454 2.6 23 32 0.3 19.5
3 CS(1-0) —453 2.8 0.2 6.8 1.7 14.5
12C0o(1-0) —44.0 5.7 5.7 8.5 5.3 1.9 16.1
13CO(1-0) —449 3.8 13 2.7 1.0 8.3
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Figure 5. Left: >CO(1-0) and '3CO(1-0) integrated intensity images [K km s~!] between —47 and —44 km s~!. 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), 12C0O(1-0), and '3CO(1-0) within the broken
annulus and three additional regions indicated in the left panels. The blue lines indicate the Gaussian functions that were used to parameterise the
emission. The fit parameters are displayed in Table 3. The red lines are additional Gaussian fits to unrelated gas components seen at different vy sr.
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Figure 6. Total cumulative hydrogen column density Ny as a function of
vLsR (solid lines) towards the X-rays sources Suzaku Src A (top) and XMM-
Newton Src B1 (bottom) which overlap HESS J1614-518. The cumulative
molecular and atomic hydrogen column densities, calculated from CO(1-0)
and H I 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 region indicates the Ny used in the
absorbed blackbody model to fit XMM-Newton Src B1 (Sakai et al. 2011).

Suzaku sources Src A, Src B, and Src C are shown in Figure 4.
The X-ray spectrum of Suzaku Src A is well fit by an ab-
sorbed power-law model with a hydrogen column density of
Ny = 1.21703% x 10?22 cm™2 (Matsumoto et al. 2008). The
spectrum of XMM-Newton Src B1, thought to be the main
component of Suzaku Src B, is described by either an ab-
sorbed power law or an absorbed blackbody model with
Ny = 24704 x 102 ecm™2 and Ny = 1.1793 x 102 cm ™2,
respectively (Sakai et al. 2011). Suzaku Src 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 B1, we extracted the average spectra from
the '2CO(1-0) and H 1 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 Section 3, and we are then able to find the
total cumulative Ny as a function of vi;,. Here, we assume
that the gas traced by '>CO(1-0) and H 1 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 '>?CO(1-0) and H 1 line emission. The shaded
regions indicate the values of Ny that was required to the fit
the X-ray spectra with an absorbed power-law model (cyan)
and an absorbed blackbody model (pink; Src B1 only).
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Figure 7. The average spectra of 12CO(1-0) and 3CO(1-0) emission within
the RMS extent of HESS J1616-508 as described in Aharonian et al. (2006).
The velocity intervals of the components used in the integrated images shown
inFigure 8 are indicated by the shaded rectangles. Overlaid blue and red lines
are the Gaussian fits to the emission, as described in text.

For Src A, the required Ny for the absorbed power-law
model occurs in the v range of ~— 37——47 km s~L, cor-
responding to a distance of ~2.6 to 3.2 kpc (Brand & Blitz
1993). The Ny needed for the Src B1 absorbed power-law
model falls in the vigs ~ —50 to —67 km s~! range, with asso-
ciated kinematic distance of ~3.4 to 4.3 kpc. The Ny require-
ment for the absorbed blackbody model for Src B1 occurs in
the vy ~ —36——43 km s~! 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 B1 (Matsumoto et al. 2008; Sakai et al.
2011) based on the comparisons between the best-fit hydro-
gen column density and the total Galactic H I column density
(~2.2 x 10*2 cm~2, Dickey & Lockman 1990). The black-
body model was assumed for Src B1 in this case, as it re-
turned similar Ny values as that in the Src A model. In this
section, we have considered the contributions to the total col-
umn density from both atomic and molecular hydrogen gas
(traced by H 1 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 B1, as alluded 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.

4.2. ISM towards HESS J1616-508

Figure 7 displays the average '?CO(1-0) and '3*CO(1-0)
spectra within the reported RMS extent of HESS J1616-508
(Aharonian et al. 2006), which is indicated by the black
dashed circles in Figure 8. Various 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 compo-
nents between —120 and 0 km s~! appearing in the spectra.
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Figure 8. Mosaic of 12C0O(1-0) (Top) and 13CO(1-0) (Bottom) integrated intensity images [K km s~1] 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
in Figure 7.

We have divided the spectra into five velocity components
in which emission is prominent. These components are in-
dicated by the shaded rectangles and labelled numerically in
Figure 8.

The features in components 1 through 4 appear to be some-
what blended together, and so we have chosen velocity ranges
in which the dominant feature of interest is seen. The spectra
for component 5 appears to be composed of several features
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et al. 2006). The average CO(1-0) spectra within this region is displayed

that overlap and blend together, likely as a result of the line of
sight being down the tangent of the Norma spiral arm. As we
cannot discern 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 '2CO(1-0)
spectrum in order to calculate the mass and density pa-
rameters of the molecular gas following Section 3. The
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Table 4. The parameters of the 2CO(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, vi sg,
line-width (full-width-half-maximum), Avewgy, and peak intensity, Tpe. The 2CO/'3CO abundance ratio, X513, and optical
depth were found following Section 3.1. The assumed distances, dy, 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/dy)* and (d/dy)~", respectively.

Distance VLSR AVEWHM Tpeak Optical NT.J,2 Mass n
Component (kpc) (kms~1) (kms~") (K) X113 depth (10%! cm™2) (Mg x 10% (102 cm™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 42 7.4 55.3 17.0 49 2.3 42
3 3.8 —574 6.1 43 53.0 6.6 4.1 23 3.1
4 4.4 —68.3 75 3.4 51.9 6.4 4.1 3.0 2.7
5 5.6 —926 20.3 3.8 48.4 7.8 12.4 14.8 6.5

dominant features in components 1 to 4 appeared have some
overlap, yet they are very obviously resolvable. Hence, we fit
Gaussian functions in order to minimise the effects of cross-
contamination. We note that to remove contamination from
the extra tail of emission seen towards more positive veloc-
ities in component 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 can-
not 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 '>CO(1-0) spec-
trum in Figure 7. Blue functions indicate those that were used
in the mass and density calculations for the corresponding la-
belled components. The red function was the Gaussian used
to fit the extra tail of emission near component 1. The pa-
rameters of the blue Gaussian functions as well as the cal-
culated gas parameters for each component are displayed in
Table 4.

Figure 8 shows a mosaic of the integrated '>?CO(1-0) and
13CO(1-0) emission images towards HESS J1616-508 over
the velocity ranges of each component.

In the integrated emission image corresponding to com-
ponent 1 (—47 to —39 km s~!), the molecular gas appears
to overlap HESS J1616-508. The gas extends past the TeV
source somewhat in all directions. Interestingly, there appears
to be a dip in the '2CO(1-0) emission towards the peak of
the TeV emission. The void/dip is much more clearly pro-
nounced in the corresponding integrated '*CO(1-0) emis-
sion 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 '3CO(1-0)
emission. The intensity of the '3CO(1-0) emission along the
thin line appears fairly consistent. However, the intensity of
the '>CO(1-0) emission varies, with weaker emission to-
wards the Galactic-east portion of the line, and more intense
emission seen in a clump towards the Galactic-west portion.
This contrast between the >CO and '*CO line ratios suggests
that the '?CO is more optically thick in the Galactic-east por-
tion of the line feature compared to the clump towards the
Galactic-west.
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The clump at the Galactic-east end of the line feature
is spatially coincident with the H 1I region G332.5-00.1
(see Figure 1). The systematic velocity of the H 11 region is
~—46kms~! (Bronfman, Nyman, & May 1996), consistent
with the velocity of the gas. This suggests that the gas clump
in component 1 may be associated with this H II region.

Component 2 (—55 to —47 km s~!) has the strongest fea-
ture 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 km s~') is patchwork-like, with several regions
of gas dispersed mainly in the Galactic-southern parts of
HESS J1616-508.

There is less defined structure in the integrated images of
components 4 and 5 (—76 to —62 km s~! and —110 to —76
km s~!, respectively). Gas is seen overlapping HESS J1616—
508 in both components 4 and 5, and appear to extend fur-
ther towards the Galactic-east and Galactic-west. As men-
tioned before, the spectra for component 5 is very broad (~34
km s~!) 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 are physically connected or
not.

Dense gas was traced towards HESS J1616-508 using
CS(1-0) emission from the MALT-45 7-mm survey. CS(1-0)
emission is seen overlapping the TeV source in the velocity
range ~— 55-—45 km s~!, which corresponds to compo-
nent 2 in the CO(1-0) emission. The left panel of Figure 9 is
an integrated image of CS(1-0) emission over said velocity
ranges. The morphology 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 region of where
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Figure 9. Left: CS(1-0) integrated intensity image [K km s~!] between —55 and —45 km s~! 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 J1616.2-5054¢ 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), C348(1-0), 12CO(1-0), and 13CO(1-0) within the green rectangular region (region ‘A’)
indicated in the left panel. Blue lines indicate Gaussian functions used to parameterise the emission seen in the ~— 55 to —45 km s~!
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.

CS(1-0) emission in this loop overlaps the TeV source. De-
tection in the isotopologue transition C3*S(1-0) was also
made within this region. The top right panel of Figure 9 shows
the average spectra of the CS(1-0), C345(1-0), '2CO(1-0),
and '3CO(1-0) emission extracted from the green rectangu-
lar aperture. A significant feature is seen in all three tracers
centred at vy sg ~ —49 km s~!, which corresponds to a kine-
matic distance of ~3.4 kpc (following Brand & Blitz 1993).
Using these spectra, the average gas mass and density param-
eters for this region were calculated following Section 3. The
Gaussian function parameters used to fit the spectra and the
calculated gas parameters are displayed in Table 5. For these
mass and density calculations, the geometry of the assumed
volume was a prism with depth equal to the smaller side of the
rectangle. The calculated CS parameters should be treated as
upper limits, due to the choice of the CS/H, abundance ratio
(see Section 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 km s~!). The average
Si0 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 fea-
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ture 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 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
paper (Romano et al. in preparation).

4.3. H1data

H 1 data was available towards HESS J1614-518 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 H I maps were generated. These
integrated maps can be seen in the 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 H I images towards HESS J1614-518
show no obvious morphological features overlapping or
anti-correlating the TeV source. In the integrated HI im-
age towards HESS J1616-508 for component 1 (—47 to
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Table 5. CS(1-0), C3*S(1-0), '2CO(1-0), and *CO(1-0) line parameters for the emission feature at v gg ~ —49 km s~
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 visg, Avewrm, and Tpea. Corresponding
calculated gas parameters for the region are also displayed, calculated following Section 3. The CS parameters should be
treated as upper limits (see Section 3.2). Distance for the calculations has been assumed to be 3.4 kpc. Following Section
3.1, the '2CO/3CO abundance ratio, X;,3, at this distance was taken to be 55.5.

VLSR AVEWHM Tpeak Optical Nhy2 Mass n
Tracer (kms~1) (kms™1) (K) depth (10! cm™2) (Mg x 10%) (10> cm™3)
CS(1-0) —49.5 47 0.36 13 294 8.4 18.9
C348(1-0) —498 3.5 0.028
12CO(1-0) —493 5.9 10.9 12.5 10.1 4.0 9.1
13Co(1-0) —494 4.7 3.0 7.4 3.0 6.7

—39 km s~!), 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 lo-
calised region of diminished emission to the Galactic-east of
the TeV peak, which is coincident with the clump at the end
of the line feature seen in CO (Figure 8, see Section 4.2).
In component 5 (—110 to —76 km s7h), a region of more
intense H I emission is seen in the Galactic-southeast por-
tion of HESS J1614-518. This feature does not appear in the

molecular gas data.

A broken ring-like feature of diminished H 1 bright-
ness temperature is seen towards the northern part of
HESS J1616-508 in all of integrated images except in com-
ponent 4 (—76 to —62 km s~!). This feature is likely asso-
ciated with SNR Kes 32 as it is both positionally coincident
and morphologically similar. Inspection of the H I data shows
that this feature appears in several negative velocities up to
~— 90 km s~!. If this H I 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).

4.4. HEAT [C 1] data

Data in the atomic carbon [C 1] (J = 2-1) line towards
HESS J1616-508 was available in the second data release
(DR2) from the High Elevation Antarctic Terahertz (HEAT)

telescope’.

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 interactions with
CRs (e.g. Bolatto, Wolfire, & Leroy 2013) in the outer en-
velopes of molecular cloud structures. The carbon in these
outer envelopes will then exist as C or C*. Emission from
neutral atomic carbon, [C 1], generally occurs in gas where
molecular hydrogen exists without significant CO, and thus
[C 1] is a good tracer for molecular gas that is ‘dark’ to stan-

3 http://soral.as.arizona.edu/heat/
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dard survey techniques (e.g. Burton et al. 2015 and references
within).

Figure Al in the appendix displays a series of integrated
[C 1] emission images in the same velocity intervals as that
in Figure 8. The bottom-right panel of Figure A1 shows the
[C 1] spectra (in blue) within the reported RMS extend of
HESS J1616-508.

The beamsize of HEAT [C 1] (2.5 arcmin) is relatively
larger compared with that of Mopra CO (0.6 arcmin). How-
ever, while intricate comparisons between the [C 1] and CO
are unavailable, the same general distribution and morphol-
ogy is seen in both HEAT [C 1] and Mopra CO data. In par-
ticular, the void feature towards the peak of the TeV source
and the region of more intense emission extending to the
Galactic-east, seen in component 1 of the CO emission can
also be identified in the [C 1]. Similarly, the extended loop
feature in component 2 of the CO emission is also clearly vis-
ible in the [C 1]. There are no obvious discrepancies between
the [C 1] and CO emission.

Future investigation using the data may be able to reveal
the fraction of ‘dark’ gas traced by [C 1] that is not seen by
the conventional CO tracers.

5 DISCUSSION

The mechanisms behind the production of TeV y-rays seen
from HESS J1614-518 and HESS J1616-508 are unclear,
as alluded to in Section 1, and are a key question in un-
ravelling the nature of these sources. In the following sec-
tion, we discuss the implications of our interstellar gas study
on the different origin scenarios of HESS J1614-518 and
HESS J1616-508. The same general methods employed
here were applied to another pair of TeV y-ray sources,
HESS J1640-465 and HESS J1641-463, in Lau et al. (2017).

5.1. Hadronic production of TeV y-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 po-
tential targets for accelerated CRs, producing TeV y-rays in
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Table 6. Cosmic-ray enhancement values, kcr, within the extents of HESS J16414-518 and HESS J1616-508, for the gas
components discussed in Section 4 (see Figures 3 and 8). The molecular gas masses come from CO analysis, while the atomic gas
masses are from H I analysis. The total number density 7 includes both molecular and atomic gas. Note that kcg is independent

of the assumed distance, as described in text.

VLSR Distance Molecular mass Atomic mass Total mass n

Region (kms™h (kpe) Mo) Mo) Mo) (10 cm™3) kcr
HESS J1614-518 —50to —40 3.1 19 000 4100 23 000 2.2 650
—75t0 —60 4.3 43 000 11 000 54 000 1.9 530
—115t0 —90 59 65 000 21 000 86 000 1.2 630
—15t00 0.4 100 100 200 7.8 1240
HESS J1616—508 —47to —39 3.0 27 000 2 000 29 000 7.9 360
—55t0 —47 3.5 23 000 2 500 26 000 4.7 550
—62to —55 3.8 23 000 2 400 25 000 34 670
—76t0 —62 44 30 000 6 300 36 000 32 620
—110to —76 5.6 150 000 23 000 170 000 74 210

hadronic p—p interactions. In Aharonian (1991), a relation-
ship between the flux of y-rays and the mass and distance of
the target material was derived. Above some energy £, , the

expected y-ray flux is given by

d2

kpc

M
F(= E,) =285 x 107°E,* (5) ker cm™37, ()

where the CR-target material mass, Ms, is given in units of
10° M, the distance to the material, dy., is given in kpc, the
minimum energy of y-rays, E,, is given in TeV, and where
the parameter kcg is the CR enhancement factor above that
observed at Earth. The above equation assumes that the target
ISM is located some distance from the CR source. The spec-
trum of CRs, an E~! integral power law at the accelerator,
would have steepened to an E~! spectrum due to diffusion

in transport.

From Aharonian et al. (2006), the y-ray flux is F(>
200 GeV) = 57.8 x 1072 cm~2 s~! for HESS J1614-518,
and F(> 200 GeV) = 433 x 1072 cm™2 s~! for

HESS J1616-508.

The sum of the molecular and atomic gas, as traced by
CO(1-0) and H 1, respectively, was taken to be the total
amount of CR-ray target material. We use this total mass
of atomic and molecular gas seen in each ‘component’, as
described in Section 4, to calculate the required CR enhance-
ment factors kcr. We note that kcg is effectively indepen-
dent of any distance assumptions as the distance term of
Equation (2) is cancelled out by the distance terms used in the
mass calculations. The calculated kcr values are displayed in
Table 6, and are discussed in more detail in Sections 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 kcr values presented are applicable
to y-rays with energy E, > 200 GeV, corresponding 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 HESS J1616-508, the total CR energy budget, W, can be
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expressed by the relation W, = L, 7, where L, is the y-ray
luminosity. The cooling time of CR protons, 7, via proton—
proton collisions, can be given by the expression 7, ~ 6 X
107(n/1cm=3)~" yr (Aharonian & Atoyan 1996), where n is
the number density of the target gas.

We use the number densities of the gas 72 in the gas compo-
nents seen towards HESS J1614-518 and HESS J1616-508
(see Tables 2, 4, and 6). The value of 7 is of order ~10?
cm~3 for HESS J1614-518 and of order ~10? to 10° cm~?
for HESS J1616-508. We calculate the y-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% 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 y-rays

The leptonic production of TeV y-rays involves multi-TeV
electrons and their interactions via the inverse-Compton ef-
fect with ambient background photons. In the case where a
potential accelerator is spatially offset from the TeV emis-
sion, CR electrons may be travelling across the intervening
ISM diffusively. Within the molecular clouds, the magnetic
field strength is typically 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 Tgync & (bsye)~''s, where by = 1.292 x 10~ (B/mG)? s~!
is dependent on the local magnetic field strength B, and y . is
the Lorentz factor of the electron. We calculate the magnetic
field strength of the ISM using the values of 7 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 Taifr = d*/(6D(E)), where D(E) is the diffusion coefficient
for charged particles with energy E (Ginzburg & Syrovatskii
1964). D(E) for CR protons and electrons can be found by
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using Equation (2) from Gabici, Aharonian, & Blasi (2007):

E/GeV)‘s
B/3 uG

where Dy = 3 x 10?7 cm? s~! and § = 0.5. We assumed a
suppression factor x = 0.1, consistent with values adopted
in previous studies of the ISM towards the TeV y-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 cooling 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 ener-
gies around the HESS detection threshold of ~200 GeV. As
such, when discussing leptonic scenarios, we consider elec-
tron energies of E. = 5 TeV, as inverse-Compton scattering
would produce y-rays with energies near the lower limit of
detectability by HESS.

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

D(E) = xDy < (3)

5.3. HESS J1614-518

We discuss now the implications that the gas data considered
in this study have on possible TeV y-ray production scenarios
for HESS J1614-518 that have been previously suggested in
the literature.

Recent preliminary results from HESS suggest that
HESS J1614-518 has a shell-like TeV y-ray morphol-
ogy and may be an SNR candidate (Gottschall et al.
2017). While there are currently no known SNRs towards
HESS J1614-518, it may be possible that an undetected SNR
is present, responsible for the TeV y-rays by accelerating CRs
that interact with the ISM. It has previously been postulated
that the X-ray source XMM-Newton Src B1 is an AXP, with
Suzaku Src A being a shocked region of the related SNR
(Sakai et al. 2011).

This SNR scenario was further investigated by Mizukami
etal. (2011). By assuming a power-law distribution of a pop-
ulation of accelerated protons and a source distance of 10 kpc,
an ambient matter density of 100 cm ™ was required to repro-
duce the y-ray spectrum of HESS J1614-518 via a hadronic
interaction model. The distance assumption was taken from
those assigned to Suzaku Src A and XMM-Newton Src Bl
(Matsumoto et al. 2008; Sakai et al. 2011), based on the
best-fit hydrogen column density. However, this estimate was
made only by comparison with the total Galactic H I column
density. By considering the contribution to the column den-
sity from both atomic and molecular gas in Section 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
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of Mizukami et al. (2011) would imply an ambient matter
density of ~10 cm™— would be required.

In Section 4.1, CO(1-0) observations revealed four
components where the diffuse gas is seen towards
HESS J1614-518. According to Table 6, the total number
density of the gas in each of these components is of the or-
der 10> cm™3, which would satisfy the requirements from
Mizukami et al. (2011). In terms of morphology, there is no
strong correspondence that is immediately obvious in any
of the components. However, Component 1 would be the
most likely candidate for association as the diffuse gas traced
by 2CO(1-0) overlaps most of HESS J1614-518, with gas
traced by '*CO(1-0) appearing towards the TeV peak. This
component is also located at a distance of ~3 kpc, which
is consistent with our estimated distance to Suzaku Src A,
XMM-Newton Src B1, and consequently the SNR in this
scenario.

The required kcgr value for the total gas mass in component
1 is ~650 (see Table 6) and is consistent with a young SNR
(=< 5 kyr) injecting accelerated CRs into the local ISM (Aha-
ronian & Atoyan 1996). At a distance of 3 kpc, the distance
between Suzaku Src A and XMM-Newton Src B1 is calcu-
lated to be ~11 pc. If the radius of the SNR is the same, the
age of the SNR can be roughly estimated to be ~3 000 yrs us-
ing typical typical values for SN explosions (injection energy
E ~ 10°! erg, density ny ~ 1 cm™3) and the Sedov—Taylor so-
lution (Sedov 1959; Taylor 1950). Thus, it is possible that the
gas in component 1 is the target material for the accelerated
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 Section 4.1, 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 progenitor star. To create this wind
blown ring of gas, an O or B type progenitor star with mass
~20 Mg would be required, based on an estimated radius
of ~ 11 pc (Chen, Zhou, & Chu 2013). Following the model
presented in Chevalier (1999), and using the parameters of
the progenitor 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.

An SNR may be a somewhat plausible scenario in this
sense, supported by recent preliminary results suggesting
a shell-like TeV y-ray morphology of HESS J1614-518
(Gottschall et al. 2017). However, no evidence of an SNR has
yet been detected at this position 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 cluster Pis-
mis 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 energetics requirements and
an estimated cluster age of 40 Myr (Piatti et al. 2000), the stel-
lar winds from two O-type stars were required to produce the
TeV y-rays in this scenario. However, this scenario assumed
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Figure 10. Total cumulative hydrogen column density Ny as a function
of visr (solid lines) towards the stellar cluster Pismis 22. The cumulative
molecular and atomic hydrogen column densities, calculated from '2CO(1-
0) and H 1 data, are shown as dashed and dot-dashed lines, respectively. The
shaded region indicates the Ny required to obtain the value of A, used in
Piatti et al. (2000), which was calculated using the relationship presented in
Giiver & Ozel (2009).

a molecular cloud of ambient density 100 cm™ which, the
authors noted, had not been found in previous investigations
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 corresponding v sg
~ —13 to —27 km s~ ! 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 detected 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
components of gas observed overlapping HESS J1614-518.

Piatti et al. (2000) estimated the distance to Pismis 22 using
the E(B-V) colour excess and an interstellar absorption value
of A, ~ 6.0. Relationships between the hydrogen column
density, Ny, and A, have been previously established. Using
the relationship Ny = (2.21 £ 0.09) x 10*'A, from Giiver &
Ozel (2009), a column density of Ny = 1.3 +0.2 x 10??> cm ™2
isrequired to obtain the value of A, used by Piatti et al. (2000).
Extracting the average '2CO(1-0) and H 1 spectra from the
extent of Pismis 22 (Kharchenko et al. 2013, see Figure 4),
we calculate Ny following Section 3. Assuming all the traced
gas is at the near distance, we find the total cuamulative Ny as
a function of v gg, which we plot in Figure 10.

From Figure 10, we see that the required value of Ny is
achieved at v gg ~ —45 km s~ !, which is similar to the veloc-
ity at which the dense open ring of gas is seen (~— 47 to —44
km s~!). We note that gas traced by CS only appears in a very
narrow velocity range, and does not significantly alter the cu-
mulative column density 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 sce-
nario, the dense gas ring may have been the result of the stellar
winds from O or B type stars in the cluster, as mentioned pre-
viously. A fraction of the energy in these stellar winds could
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then be accelerating CRs which interact with the nearby ISM
to produce the TeV y-rays (Voelk & Forman 1982).

Both the scenarios presented above, namely an undetected
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 indicative of eventual supernova events,
which lends support to a possible undetected SNR acting
as a CR accelerator. In these cases, the production of the
TeV y-ray emission from HESS J1614-518 is via hadronic
interactions of accelerated CRs and the ISM.

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 y-ray flux
in the context of our analysis of the nearby ISM.

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 Chandra data to study
the SNR in X-rays, and a single-temperature non-equilibrium
ionisation model was used to fit the weak X-ray source spec-
trum. This was done separately with two background sub-
tractions methods (denoted methods 1 and 2). The results of
both methods required a large interstellar absorption column.
Method 1 required a hydrogen column density Ny = 5.6 £
0.8 x 10?2 cm~2, while method 2 required column density
Np = 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 spiral arm. Additionally, OH absorption at —88
km s~! towards the SNR indicate a distance of at least 6.6 kpc
(Caswell & Haynes 1975). Howeyver, this distance estimate 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 '>CO(1-0) and H 1 spectra from
within the extent of Kes 32 (as given in Green 2014), and
use it to calculate Ny following Section 3. Assuming that
the gas traced is all at the near distance, we find the total
cumulative Ny as a function of vy gg. This is displayed in
Figure 11 as a solid black line. The Ny required in methods
1 and 2 presented in Vink (2004) are indicated by the cyan
and pink shaded regions, respectively. The vertical red line

marks visg = —88 km s~!, at which OH absorption is seen
(Caswell & Haynes 1975).
From Figure 11, we can see that at v sg = —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 located at this kinematic
velocity ~— 88 km s~!, which would satisfy both the Ny
requirement and the OH absorption feature. This velocity
would then imply a distance to the SNR of ~5.3 kpc following
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Figure 11. Total cumulative hydrogen column density Ny as a function of
vLsr (solid lines) towards the SNR Kes 32 (G332.4+00.1). The cumulative
molecular and atomic hydrogen column densities, calculated from '>CO(1-
0) and H 1 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
VLsR = —88 km s~1.

Brand & Blitz (1993). This is also consistent with the H 1
absorption feature coincident with Kes 32 found in the SGPS
data as mentioned in Section 4.3.

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 km s~!). In a naive scenario
in which all the gas traced in component 5 is considered as
target material for CRs, the required CR enhancement value
kcr 1s ~200 for the observed y-ray flux (see Table 6).

CRs accelerated by Kes 32 may be diffusively reaching the
gas overlapping HESS J1616-508. The centre of Kes 32 is lo-
cated ~17 arcmin from the centre of HESS J1616-508, equiv-
alent to ~25 pc at the assumed distance of 5.3 kpc. Figure 1 a
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 kcr value of ~200 is possible
given a source age of ~103 yr, similar to the estimated age of
Kes 32 of ~3 000 yrs (Vink 2004). This assumes the diffusion
coefficient at an energy of 10 GeV is Djg = 10%® cm? s7/,
which corresponds to relatively fast diffusion. Thus, the re-
quired kcg resulting from the diffusion of CRs from Kes 32 is
possible, given favourable conditions. However, this scenario
assumes that all the gas traced in component 5 is physically
connected and is acting as target material. As mentioned in
Section 4.2, the emission in component 5 is very broad (~35
km s~!) and possibly arises from unresolved overlapping gas
features associated with the tangent of the Norma spiral arm.
It is then unlikely that all the gas in this component would be
acting as CR target material. Additionally, there is no striking
morphological correspondence between the potential target
material and the TeV emission, making it difficult to explain
the geometry of the y-ray emission based on a hadronic sce-
nario powered by Kes 32.

In a leptonic scenario, CR electrons diffusing from Kes 32
towards HESS J1616-508 may produce the observed TeV y -
rays. Assuming a separation of 25 pc at the assumed distance
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of 5.3 kpc, and using the value of 7 from Table 6, T4 is
calculated to be ~22 kyr, while Ty, ~ 8 kyr. As mentioned
previously, however, since the gas in component 5 is likely
to be distributed along the Norma arm tangent, the value
of n, and consequently 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 Ty
and Ty are calculated to be ~16 and ~25 kyr, respectively.
In both cases, Tgir 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 103

RCW 103 (SNR G332.4-00.4), located ~13 arcmin from the
centre of HESS J1616-508, has been well studied in litera-
ture. The young SNR is bright in non-thermal X-rays (Frank,
Burrows, & Park 2015) with an estimated age of ~2000 yrs
(Nugent et al. 1984; Carter, Dickel, & Bomans 1997). RCW
103 is located at a distance of ~3.3 kpc (Caswell et al. 1975;
Paron et al. 2006), with systematic velocity ~— 48 km s~!
(Paron et al. 2006), which places it within the velocity interval
of component 2 (—55 to —47 km s~ ).

CRs accelerated by this young SNR may be interacting
with the gas traced in component 2 to produce TeV y-rays.
If this is responsible for the y-ray flux of HESS J1616-508,
the required kcg value is ~550 (Table 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 acting 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 be-
tween 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 distance of 10 pc from an impulsive acceler-
ator, assuming diffusion coefficients of Dy = 10%¢ and 10%
cm? s~!. According to the figures, at a source age of ~103 yrs,
similar to the age of RCW 103 (~2000 yrs), a kcg of ~300 is
achievable for both Dy values. This implies that the required
kcr may be attained from the diffusion 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 material gas traced in com-
ponent 2 and the TeV y-ray emission of HESS J1616-508.
The bar of gas that cuts across HESS J1616-508 bears little
resemblance to the roughly circular morphology of the TeV
y-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 emission. This could
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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 y -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, t g, is ~4.5 Kyr, based on a separation of ~12 pc
between RCW 103 and the centre of HESS J1616-508, and
using the value of 7 from Table 6. The synchrotron cooling
time Tgync is ~14 kyr. While the SNR is estimated to have a
young age of ~2 000 yrs, 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.

5.4.3. PSR J1617-5055

An association between with HESS J1616-508,
PSR J1617-5055 and its corresponding PWN has pre-
viously been suggested (Landi et al. 2007a; Aharonian et al.
2008a; Tibolla 2011; Acero et al. 2013). Radio dispersion
measurements suggest the pulsar is located at a distance
between ~6.17and™6.9 kpc (Kaspi et al. 1998), which would
correspond to a kinematic velocity of ~— 102 to —112
km s~! following Brand & Blitz (1993). The assumed
distance to the pulsar places it in the velocity range of
component 5 (—110 to —76 km s™1). PSR J1617-5055 is
offset from the centre of HESS J1616-508 TeV emission by
~9 arcmin, corresponding 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, Chevalier, & Frier-
son 2001, Voisin et al. 2016). In our case however, this sort
of distribution is not seen in our gas analysis.

Additionally, the lack of a bow-shock or any asymmetry
in X-ray observations of the PWN (Kargaltsev et al. 2009)
disfavour other scenarios such as a rapidly moving 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 towards
HESS J1616-508, PSR J1616-5109, and PSR J1614-5048.
However, neither of these pulsars have been considered likely
counterparts in previous studies, stemming from their mod-
est spin down power and relatively large offsets from the
TeV source (Landi et al. 2007a; Lande et al. 2012; Hare et al.
2017).

5.4.4. An accelerator at the centre of HESS J1616-508?

Based on our ISM studies, the known accelerators in the
nearby regions towards HESS J1616-508 have some issues
in explaining the observed TeV emission. As mentioned in
Section 4, the gas in component 1 (—47 to —39 km s~ ') to-
wards HESS J1616-508 traced in '>?CO(1-0) emission forms
a molecular cloud structure that appears to overlap the TeV
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source (Figure 8). Additionally, there appears to be a circu-
lar void-like feature towards the centre of HESS J1616-508.
This void is also present in HEAT [C 1] data (Figure A1), as
well as being very pronounced in the '3CO(1-0) emission.

We now postulate on a previously undetected accelerator
at the centre of HESS J1616-508, interacting with this con-
spicuous gas traced in component 1. The void may be asso-
ciated with some as-of-yet undetected accelerator 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 '>CO(1-0)
and '*CO(1-0) images (Figure 8), the diameter of the void is
~0.1 to 0.2°. At a kinematic distance of ~3 kpc, would cor-
respond to ~5 to 10 pc. According to Table 6, the required
CR enhancement factor for the gas in component 1 is of the
order ~300. A young impulsive accelerator, such as a SNR,
located coincident with the gas void would be readily able to
supply the required kcgr 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 '>?CO(1-0) (Figure 8) and [C 1] (Figure 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 en-
ergetic 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 under 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 accretion 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 H 1 data, as well
as [C 1] data from HEAT, we have studied the ISM to-
wards two unidentified TeV sources, HESS J1614-518 and
HESS J1616-508.

Towards HESS J1614-518, CO(1-0) observations from
Moprareveal diffuse molecular gas at several velocities along
the line of sight that appear to overlap the TeV source. While
the morphological correspondence with the TeV emission is
not particularly strong, '>CO(1-0) in component 1 (—50 to
—40 km s~ 1) is seen to overlap most of the TeV emission.
A total of 7-mm observations from Mopra in the CS(1-0)
tracer revealed a peculiar open ring-like structure of dense gas
towards the centre 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.
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CO(1-0) observations towards HESS J1616-508 revealed
multiple components of diffuse molecular gas overlapping
the TeV source. Particularly interesting features included a
loop of gas cutting through the TeV source in component 2
(—55 to —47 km s~ "), and positionally coincident molecular
gas overlapping the entire TeV source in component 1 (—47
to —39kms~!). Additionally, 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 H 1 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 material,
it was found that the required values for the total CR en-
ergy budget W, were ~10* erg and ~10%" to 10* erg for
HESS J1614-518 and HESS J1616-508, respectively. 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 involving
an as-of-yet undetected SNR, potentially associated with the
X-ray sources Suzaku Src A and XMM-Newton Src B1, could
generate the observed TeV y-rays in a hadronic interaction
scenario.

The stellar wind scenario involving the stellar cluster Pis-
mis 22 at the estimated distance of ~1 to 2 kpc was more
difficult to reconcile, given the lack of gas seen at the cor-
responding v sg. However, the total column density 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 Pis-
mis may be underestimated. A stellar wind scenario driven
by O and B type stars in the cluster and interacting with the
gas traced in component 1 may then be contributing to the
observed TeV y-ray flux.

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 y-rays from HESS J1616-508.
Due to the somewhat conspicuous nature of the diffuse gas
seen in component 1 (—47 to —39 km s~ !), 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 y-ray
flux from HESS J1616-508.

Based on our study of the ISM, we find no conclusive ev-
idence to link either HESS J1614-518 or HESS J1616-508
to any known counterparts. However, the angular resolutions
of next-generation y-ray telescopes, such as the Cherenkov
Telescope Array, will approach that of this ISM study. This
would enable more detailed morphological comparisons in
the future between the TeV y-ray emission and the inter-
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stellar gas, allowing for a better understanding of these two
mysterious 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
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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
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are HESS excess counts contours (blue) at the 30, 45, and 60 levels. The dashed black ellipse is the RMS extent of HESS J1614-518 (Aharonian
et al. 2006). The bottom-right panel which shows the average H I emission spectrum within the extent of the TeV source. The velocity integration
intervals for each component as described in text (Section 4.1) is indicated by the shaded rectangles.
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Figure A3. H 1 integrated intensity images [K km s~!] from SGPS data 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 is the RMS extent of HESS J1616-508 (Aharonian
et al. 2006). The yellow dashed circles indicates the positions of known SNRs in the region (Green 2014). The bottom-right panel shows the average
H I emission spectrum within the extent of the TeV source. The velocity integration intervals for each component as described in text (Section 4.2)
is indicated by the shaded rectangles.
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