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ABSTRACT

We present a detailed analysis of the interstellar medium towards the TeV ~v-ray
sources HESS J1640—465 and HESS J1641—463 using results from the Mopra South-
ern Galactic Plane CO Survey and from a Mopra 7 mm-wavelength study. The -
ray sources are positionally coincident with two supernova remnants G338.3—0.0 and
(338.540.1 respectively. A bright complex of HII regions connect the two SNRs and
TeV objects. Observations in the CO(1-0) transition lines reveal substantial amounts
of diffuse gas positionally coincident with the y-ray sources at multiple velocities along
the line of sight, while 7 mm observations in CS, SiO, HC3N and CH3OH transition
lines reveal regions of dense, shocked gas. Archival HI data from the Southern Galactic
Plane Survey was used to account for the diffuse atomic gas. Physical parameters of
the gas towards the TeV sources were calculated from the data. We find that for a
hadronic origin for the y-ray emission, the cosmic-ray enhancement rates are ~ 103
and 102 times the local solar value for HESS J1640—465 and HESS J1641—463 respec-
tively.

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

1 INTRODUCTION

HESS J1640—465 and HESS J1641—463 are two adjacent
and intriguing very-high-energy (VHE, E > 100 GeV) ~-
ray sources whose origins are uncertain. Knowledge of the
distribution of interstellar gas towards these sources is vi-
tal in order to differentiate between possible models of TeV
7y-ray production. In particular, understanding the hadronic
production model of TeV gamma-rays in which highly ac-
celerated cosmic rays (CRs) interact with target atomic and
molecular gas.

HESS J1640—465 is a VHE ~-ray source first discov-

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

ered by the High Energy Stereoscopic System (H.E.S.S.)
during a survey of the Galactic Plane (Aharonian et al.
2006). It is positionally coincident with the supernova rem-
nant G338.3—0.0 (Whiteoak & Green 1996). Observations
with XMM-Newton detected a slightly extended and asym-
metric X-ray source towards the geometric centre of the
SNR G338.3—0.0 (Funk et al. 2007). Follow up observations
with Chandra in X-rays revealed an extended nebula with a
point-like source, a possible associated pulsar (Lemiere et al.
2009). It was suggested that the X-rays and VHE ~-rays
were then due to synchrotron and inverse-Compton emission
from a pulsar wind nebula (PWN). Multi-frequency radio
analysis by Castelletti et al. (2011) placed upper limits on
the radio flux from the region of the supposed PWN. Obser-
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vations with the Fermi Large Area Telescope (Fermi-LAT)
revealed a high energy (HE) v-ray source (1FGL 1640.8-
4634) coincident with HESS J1640—465 (Slane et al. 2010).

Further observations by H.E.S.S. (Abramowski
et al. 2014a) show that the VHE ~-rays seen from
HESS J1640—465 overlap significantly with the SNR
shell of G338.3—0.0. The VHE ~y-ray spectrum connects
smoothly with the GeV ~7-ray spectrum obtained by the
analysis of five years worth of Fermi-LAT data towards
HESS J1640—465 (Lemoine-Goumard et al. 2014). The
smooth, flat, and featureless ~-ray spectrum strengthened
the hadronic scenario in which CRs accelerated by the SNR
are interacting with nearby gas (Abramowski et al. 2014a;
Lemoine-Goumard et al. 2014). However, a contribution to
the detected flux by a pulsar or PWN could not be ruled
out. Recent work by Supan et al. (2016) looked at the
SED of HESS J1640—465 using latest data from H.E.S.S.
and Fermi-LAT observations, together with an updated
hadronic y-ray model (Kafexhiu et al. 2014) and archival
atomic (HI) and molecular data. Their fit yielded a spectra
index I' = 2.13 with a cutoff energy Fcut = 54 TeV. This
hadronic model was found to fully describe the ~-ray
spectrum of HESS J1640—465.

Shortly after the H.E.S.S. publication (Abramowski
et al. 2014a), Gotthelf et al. (2014) discovered pulsed X-
ray emission using the Nuclear Spectroscopic Telescope Ar-
ray (NuSTAR) emanating from the previously discovered
X-ray source seen towards the centre of HESS J1640—465.
The newly discovered pulsar PSR J1640—4631 has a period
of 206 ms with a spin-down luminosity of 4.4 x 10°¢ erg s™*
and a characteristic age of 3350 years. Modelling of leptonic
v-ray production suggested that a PWN could be responsi-
ble for the TeV emission from HESS J1640—465, although
fine-tuning is required to explain the smooth GeV and TeV
spectrum.

HESS J1641—-463 was initially unnoticed by standard
H.E.S.S. detection techniques due to its low brightness and
proximity to the bright source HESS J1640—465. Energy
cuts and deeper observations led to the positive identifi-
cation of the new TeV ~-ray source at a significance of
8.50 at energies above 4 TeV (Abramowski et al. 2014b).
HESS J1641—463 has an unusually hard spectrum (pho-
ton index I' &~ 2) with no obvious sign of a cut-off. Anal-
ysis of Fermi-LAT data (Lemoine-Goumard et al. 2014)
reported the detection of 2 distinct GeV sources posi-
tionally coincident with HESS J1641—463 and the nearby
HESS J1640—465. HESS J1641—463 is positionally coinci-
dent with the radio SNR G338.540.1. The SNR itself is seen
as a poorly defined circle of non-thermal emission (Whiteoak
& Green 1996). The pair of SNRs seen towards the two
H.E.S.S. sources are connected by a complex of HII regions,
which includes G338.4+0.0 and G338.45+0.06.

The production of TeV ~-ray emission from
HESS J1641—-463 via leptonic processes via a popula-
tion of electrons with energies of several hundred TeV
up-scattering background photons was considered by
Abramowski et al. (2014b). These electrons could be
sourced from the coincident SNR G338.5+0.1 or even from
a nearby PWN. This leptonic scenario, however, should be
accompanied by a characteristic break in the y-ray spectrum
at multi-TeV energies resulting from the Klein-Nishina
effect on the cross-section for inverse-Compton scattering

at high energies. The lack of such a characteristic break in
the ~-ray spectrum of HESS J1641—463 led the authors to
disfavour the leptonic scenario.

A more promising scenario is that the ~-ray emis-
sion from HESS J1641—463 is due to interstellar medium
(ISM) illuminated by highly accelerated CRs. Modelling by
Abramowski et al. (2014b) indicate that the TeV spectrum
of HESS J1641—463 could be produced by distribution of
protons (with a power-law slope of —2.1) interacting with
molecular gas seen by using CO(1-0) data taken with the
Nanten radio telescope. The proton spectrum would need to
have a high cut-off energy (> 100 TeV) and represents one
of the hardest spectra associated with a TeV ~-ray source
extending into the PeV energy range; a so called PeVa-
tron. The coincident SNR G338.54-0.1 could possibly be the
source of these CR protons provided it had a young age
(< 1 kyr), as the proton spectrum agrees with predictions
of diffusive shock acceleration in young SNRs. However an
older SNR (5-17 kyr, Abramowski et al. 2014b) would not
be able to accelerate CRs up to PeV energies (Bell et al.
2013), and would require another CR source. An intriguing
idea is that VHE protons accelerated by the young SNR co-
incident with HESS J1640—465, SNR G338.3—0.0 (with an
age of 1-2 kyr to 5-8 kyr (Slane et al. 2010; Abramowski
et al. 2014a), could be diffusively reaching the gas towards
HESS J1641—463. The energy-dependant process of diffu-
sion would preferentially allow higher energy CRs to reach
the target material earlier (Aharonian & Atoyan 1996), pro-
ducing the hard proton spectrum that is needed to generate
the TeV ~-ray spectrum of HESS J1641—463.

Another puzzling aspect about HESS J1641—463 is the
marked difference between the GeV and TeV components
of its -ray spectrum. The GeV spectrum as measured by
Fermi-LAT is very soft, which is in stark contrast to the
very hard TeV spectrum as measured by H.E.S.S. This sug-
gests that there may be two different sources to the GeV
and TeV components. A possible scenario would be GeV
vy-rays are produced by less energetic CRs from the old
SNR G338.540.1 illuminating ambient gas, with TeV emis-
sion produced by higher energy CRs from the younger SNR
G338.3—0.0.

Any attempt to fully understand the origin scenarios
of both HESS J1640—465 and HESS J1641—463 requires a
detailed understanding of the distribution of the interstellar
medium in the surrounding environment. Thus we have used
high-resolution data collected by the Mopra radio telescope
in this study. As part of the Mopra Southern Galactic Plane
CO Survey, the distribution of diffuse (7 < 10® cm™®) in-
terstellar medium was traced towards HESS J1640—465 and
HESS J1641—463. In addition we have taken complimentary
data in the 7 mm wavelength band, targeting the dense
(@ > 10* cm™?) gas tracer CS(1-0) as well as the tracers
SiO(1-0), CH3OH and HC3N.

In §2 we describe the parameters of the data taken by
the Mopra radio telescope and the data reduction processes.
The gas parameter calculations we apply to these data are
described in §3. In §4 we investigate the gas distribution to-
wards HESS J1640—465 and HESS J1641—463 and in §5 we
discuss the impact our results have on the possible emission
scenarios for the TeV sources.
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1.1 Distance to SNRs and HII complex

The distance to SNR G338.3—0.0 and SNR G338.5+0.1, and
the HII complex containing G338.4+0.0 and G338.45+0.06
have previously been reported in several studies utilising
observations in the 21 ¢cm HI spectral line.

Lemiere et al. (2009) derived a distance of 8 - 13 kpc for
SNR G338.3—0.0 and the HII surrounding region based on
HI absorption features. This is in agreement with previous
work presented by Kothes & Dougherty (2007), who also
used HI absorption to derive a distance of 11.7722 kpc for
G338.440.0. The nearby SNR G338.5+4-0.1, coincident with
HESS J1641—463, was found to have a very similar HI ab-
sorption profile as G338.44+0.0, which led to the assertion
that it too was most likely located at ~11 kpc.

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

This places the two SNRs and the HII complex in the
Norma II spiral arm at the far side of the Galaxy. In our
results in §4, we have used the Galactic rotation curve in
Kothes & Dougherty (2007) to calculate distances for cor-
responding visgr. For purposes of our discussion in §5, we
adopt a distance of 11 kpc for the two SNRs, HII regions,
and both HESS J1640—465 and HESS J1641—463.

2 MOPRA OBSERVATIONS AND DATA
REDUCTION

For the 7 mm targeted studies, initial Mopra observations
towards HESS J1640—465 and HESS J1641—463 were taken
in April 2012. Four Mopra ‘On-the-fly’ (OTF) 20’ by 20’ area
maps were taken resulting in a 40’ by 40" region centred at
[1,b]=[338°.26, —0°.072]. The scan length was 7" .6 per cycle
time of 2.0 seconds with spacings of 31”.2 between each scan
row. Each scan consisted of 79 cycles (~158 seconds). After
every 2 scans, a sky reference position was observed for 18
cycles (~36 seconds) which was used for subtraction in the
data reduction process. 3 passes were observed towards each
20" by 20’ region in alternating ! and b scanning directions.
This resulted in ~9 hours of observations per 20" by 20’ map.
The 7 mm coverage is indicated by the large dashed black
box in left panel of Figure 1.

In May 2013 additional observations were taken in a
smaller, 12" by 12’ region centred at [l, b]=[338°.51,—0°.083]
towards HESS J1641—463. Similar scan parameters were
used as in the 20’ by 20’ maps over 6 new passes result-
ing in ~3 times the observation time in this region. The
additional observations resulted in greater sensitivity and a
lower Trms by a factor of ~1.7. This region is indicated by
the dashed red box in the left panel of Figure 1.

The Mopra spectrometer, MOPS, was used to target
specific molecular line tracers. MOPS is capable of record-
ing in sixteen 4096-channel bands simultaneously whilst in
its ‘zoom’ mode as employed here in our 7 mm observations.
The list of the targeted molecular transitions and Trwms lev-
els are displayed in Table 1. The beam FWHM of Mopra

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

Molecular line Frequency  Detection Trwms |
(GHz) (K/channel)
308i0(J=1-0, v=0) 42.373365 - 0.04
Si0(J=1-0, v=3) 42.519373 - 0.04
SiO(J=1-0, v=2) 42.820582 - 0.04
29810(J=1-0, v=0) 42.879922 - 0.04
SiO(J=1-0, v=1) 43.122079 - 0.04
Si0(J=1-0, v=0) 43.423864 Yes 0.04
CH30H-1 44.069476 Yes 0.04
HC7N(J=40-39) 45.119064 - 0.04
HC5N(J=17-16) 45.264750 - 0.04
HC3N(J=5-4, F=4-3)  45.490264 Yes 0.05
13CS(J=1-0) 46.247580 - 0.05
HC5N(J=16-15) 47.927275 - 0.05
C343(J=1-0) 48.206946 Yes 0.06
0CS(J=4-3) 48.651604 - 0.06
CS(J=1-0) 48.990957 Yes 0.06

T Map Trwms values are for the smaller 12/ by 12/ region described
in the text. This is where detections in all of the 7 mm lines were
made except for CS(J=1-0). For the detections in CS(J=1-0)
outside the 12’ by 12’ region, the Trus value was ~ 0.1.

across the 7 mm band varies from 1'.37 (31 GHz) to 0'.99
(49 GHz), and the velocity resolution of 7 mm zoom-mode
data is ~0.2 km/s.

The CO(1-0) line emission data is from the Mopra
Southern Galactic Plane CO Survey (Burton et al. 2013;
Braiding et al. 2015). This is a survey in the *2CO, '3CO and
C'®0 J = 1-0 lines over the 1=305°-345°, b==40°.5 region
of the Galaxy. The beam FWHM and spectral resolutions
of the survey are 0'.6 and 0.1 km/s respectively. Full details
about the observational parameters used in this survey can
be found within the aforementioned papers.

OTF mapping data was reduced and analysed using
ATNF analysis software, Livedata, Gridzilla, and Miriad, as
well as custom IDL routines.

Livedata was used to calibrate each scan row/column
data against a sky reference position and to apply a polyno-
mial baseline-subtraction. Gridzilla was used to re-grid and
combine the data from multiple mapping scans into individ-
ual three-dimensional data cubes. Miriad and custom IDL
routines were used to generate integrated velocity, peak ve-
locity, and position-velocity images from the data cubes.

3 GAS PARAMETER CALCULATIONS
(SPECTRAL LINE ANALYSIS)

To investigate the gas distribution towards HESS J1640—465
and HESS J1641—463, we calculated mass and density pa-
rameters using CO(1-0), CS(1-0) and HI data. Using the cus-
tom IDL routine domom, we produced integrated intensity
maps of the different molecular lines. The average column
density of molecular hydrogen, Ng,, was calculated from
these maps following the corresponding methods outlined in
the subsequent sections. The mass of gas in a region, M, is
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then estimated via the relation:
M = 2mHNH2A (1)

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

3.1 CO

In this work, to convert brightness temperature to column
density, we have adopted the value of the CO(1-0) X-factor
to be Xco(ioy ~ 1.5 x 10*° em™*(K km/s)™' (Strong
et al. 2004). This allows us to calculate the average Hs col-
umn density in a region, N—H2 = Xco(-0)Weco(i-0), where
Weo-oy is the measured 12C0O(1-0) intensity.

The optical depth of the 2CO line, 712, was calculated
by comparing >CO and ¥*CO line emission. Following Bur-
ton et al. (2013), in the limit where the *CO line is optically
thick and the *CO line is optically thin, 712 is given by:

Xi2/13
e Ri2/13 @
where Ri5/13 is the ratio of the brightness temperature
of the 2CO and *CO lines and Xio/13 = [*2C/'3C] is the
isotope abundance ratio. This abundance ratio was deter-
mined via Xi5,13 = 5.5R+24.2 where R is the galactocentric
radius in kpc (Henkel et al. 1982).

3.2 CS

The CS(J=1) column density was calculated using Equa-
tion9 from Goldsmith & Langer (1999). This equation
expresses the upper level column density in terms of
the observed integrated line intensity. The optical depth
term required in this equation was determined from the
CS(1-0)-C3*S(1-0) intensity ratio in regions where C**S(1-0)
was detected. We adopted the elemental abundance ratio of
22.5 for [CS]/[C3*S] and calculate the optical depth follow-
ing Equation 1 of Zinchenko et al. (1994).

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

3.3 HI

The Southern Galactic Plane Survey (SGPS) (McClure-
Griffiths et al. 2005) provided HI data towards

HESS J1640—465 and HESS J1641—463. Strong absorption
features due to continuum sources are seen in data corre-
sponding to the HII regions (G338.44-0.0, (G338.45+0.06,
and G338.39+0.16. Where HI emission features are present
we calculate the column density using an HI X-factor,
Xpr = 1.823 x 10*® em™2(K kms™*)™! (Dickey & Lockman
1990).

4 RESULTS

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

4.1 CO(1-0) emission

1200 and 'CO line emission data from the Mo-
pra survey was studied towards HESSJ1640—465 and
HESS J1641—463. 2CO(1-0) is the standard tracer for dif-
fuse molecular hydrogen gas, while the '*CO(1-0) line is
generally optically thin with *CO being approximately 50
times less abundant than 12CO. Detections in both isotopo-
logues lines were made towards the TeV sources, as well as
in other adjacent regions.

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

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

Multiple broad emission components are seen in
the CO(1-0) spectra towards HESSJ1640—465 and
HESS J1641—463 in the right panel of Figure 1 between
—140 and 0 km/s. The velocity positions of these compo-
nents are indicated by the shaded rectangles in the right
panel of Figure 1 and are labelled as indicated. Figure 2
shows panels of the integrated *>CO(1-0) emission over said
velocity intervals.

Components 1 2 and 3 (red, yellow and orange
shaded boxes) appear both towards HESS J1640—465 and
HESS J1641—463 and are centred at ~ —30, —40 and —50
km/s respectively. The gas traced in these components are
the most likely candidates to be associated with the HII com-
plex, which includes G338.44+0.0 and (G338.45+0.06 with
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HESS J1640-465
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3386 3384

Galactic longitude -140 -80 —-60
0 Visr [km/s]

Figure 1. Left: Mopra 2CO(1-0) image [K km/s] integrated between -53 and -23 km/s towards HESS 1641—463 and HESS 1640—465.
Blue contours are H.E.S.S. significance contours towards the TeV sources at the 50, 60, 7o and 8o levels at E > 4 TeV (Abramowski
et al. 2014b). Dashed black and red boxes are the extent of the 7 mm observations and region of additional observations as discussed
in text. Solid green circles are the positions of the labelled SNRs. The black X is the position of PSR J1640—4631. The 3 dashed white
circles are the regions from which CO spectra were extracted, as discussed in text. Right: Solid black and blue lines are the average
12C0(1-0) and 3CO(1-0) emission spectra respectively within the rightmost and leftmost dashed white circles towards the TeV sources.
13CO scaled by factor of 2 for clarity. Velocity integration intervals used in Figure 2 are numbered and indicated by the shaded boxes.

7 o4

2) Vlsr: -45 to -35 km/s [ a)llsr: -53to -45 km/s

3388 8.6 338.4 338.2 338.0

4) Vlsr: -63 to -55 km/s I 5) Vlsr: -90 to -68 km/s

Galactic Latitude

338.8 3386 3384 338.2

ro4

7) Vlsr: -103 to -90 km/s

10 12 14 16 18 20 22

Galactic Longitude

Figure 2. Integrated 2CO(1-0) emission images [K km/s] over indicated velocity intervals. Single blue 50 significance H.E.S.S. contour
used for clarity. The position and extent of SNR G338.5+0.1 and SNR (G338.3-0.0 are indicated by the left and right solid green circles
respectively in each panel.
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Visr ~ —30 to —40 km/s. This motivates the integration
range used in the left panel of Figure 1 which corresponds
to the velocity space spanned by these three components.

In component 1 (=35 to —23 km/s), the 2CO(1-0)
emission is very prominent in the spectrum towards
HESS J1641—-463. The corresponding integrated intensity
image shows a molecular cloud positionally coincident with
HESS J1641—-463 that extends spatially to at least the
Galactic-west and Galactic-north-western parts of SNR
(338.3-0.0.

Gas is seen overlapping both TeV sources, as well as
all around these sources, in the integrated image for com-
ponent 2 (—45 to —35 km/s). Additionally, intense CO
emission appears in the region between the TeV sources.
An approximate ring of emission can be made out towards
HESS J1641—463 and is discussed in a later section.

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

The broad features in components 1, 2, and 3 in both
12C0 and 3CO spectra appear to overlap each other. Thus
it is difficult to say with certainty if these are physically con-
nected structures. As such the mass and density parameters
for these features were calculated individually. The spec-
trum in these components were fit with a multi-Gaussian
function, and the individual Gaussian functions were used
to calculate mass and density parameters. The parameters of
the fitted Gaussian functions and the calculated properties
of the diffuse Hz gas are displayed in Table 2.

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

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

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

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

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

It is possible that not all gas traced in components 1,
2, and 3 are located at the far distance, as contamination
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Figure 3. Mopra 12CO(1-0) emission image [K km/s] integrated
between —40 and —35 km/s. Single solid blue contour is 50 sig-
nificance from H.E.S.S. observations towards HESS 1640—465 and
HESS 1641—463. The white dashed ellipse is the approximate po-
sition of a ring feature discussed in the text and the solid magenta
box is the integration region for the position-velocity plot shown
in Figure 4. Overlaid black contours are from Mopra 13CO(1-0)
observations. SNRs are indicated by green circles.

from molecular material located at the near solution may
occur. However, the likely need for molecular gas to support
the HII complex suggests that a significant fraction of the
CO emission in components 1, 2, and 3 traces associated gas
located at the far distance.

CO bubble feature seen at vLsr ~ —40 to —35 km/s

Figure 3 shows the integrated **CO(1-0) emission between
—40 and —35 km/s. Overlaid are black contours indicating
integrated '*CO(1-0) emission in the same velocity interval.
Both data show an ellipse-like ring of emission seen approx-
imately positionally coincident with HESS J1641—463. The
location of this ring is indicated by the white dashed ellipse
in the figure. The ellipse has semi-major and semi-minor axis
lengths of ~ 7 and 5 arcminutes respectively.

Figure 4 is a position-velocity plot (in longitude) of the
'2C0(1-0) emission in the magenta rectangle region shown
in Figure 3. A cavity is seem in the gas at the ~ —40 to —30
km/s velocity range, the approximate position of which is
illustrated by the dashed white ellipse. The overlaid white
contours indicate integrated emission in the dense gas tracer
CS(1-0) seen in our 7 mm observations in the same velocity
interval. Note that the extent of the coverage in 7 mm only
partially covers the position-velocity plot. The image sug-
gests that the bubble-like feature may have been blown out
from one side of the molecular cloud seen in component 1
(velocity range ~ —35 to —23 km/s) in Figure 2. It is
possible that this bubble has been blown out by the SNR
G338.540.1 or perhaps the result of the stellar wind from a
progenitor star.

From Figure 3, the thickness of the ring is ~ 3 ar-
cminutes. The kinematic distance along the line-of-sight is
~ 11.4 kpc at —40 to —35 km/s. Under these assump-
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Table 2. '2CO(1-0) line parameters, and the corresponding calculated gas parameters, from the apertures as indicated in Figure 1. The
line-of-sight velocity, vrsgr, line-width (full-width-half-maximum), Avpwmnwm, and peak intensity, Tpeak, were found by fitting Gaussian
functions to the 2CO(1-0) spectra. The optical depth was calculated by comparing the 12CO and ¥CO line emission following §3.1.
Masses and density have been scaled to account for an additional 20% He component.

Component Region VLSR Distance®  AvpwHM Peak Optical N, b Mass ® nb
(km/s) (kpc) (km/s) (K) depth (102! em~2) (Mg x 10%) (10?2 cm™3)

1 HESS J1640—465 -31.6 £+ 1.1 11.9 3.9 £ 0.1 1.6 £ 0.1 10.5 4.3 6.8 2.0

HESS J1641—-463 -29.0 £+ 0.1 11.9 4.1 £ 0.1 4.5 + 0.1 11.7 12.8 9.7 8.4

Bridge -28.1 + 0.1 11.9 52+01 35%0.1 13.1 12.5 19.0 5.8

2 HESS J1640—465 -40.7 £ 0.1 11.2 2.6 £ 0.1 1.9 + 0.1 8.5 3.4 4.7 1.6

HESS J1641—-463 -39.8 + 0.1 11.2 2.7+01 2540.1 10.3 4.6 3.1 3.2

Bridge -40.5 £+ 0.1 11.2 2.4 £+ 0.1 4.4 + 0.1 11.1 7.4 9.9 3.6

3 HESS J1640—465 -49.2 + 0.1 10.8 424+0.1 24=+0.1 6.9 6.9 8.8 3.5

HESS J1641—-463  -47.0 £ 0.2 10.8 2.3 +0.2 1.2 + 0.1 11.1 1.8 1.1 1.3

Bridge -48.3 + 0.1 10.8 424+0.1 39+0.1 9.3 11.0 13.9 5.6

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

and density respectively.

b The error in the calculated physical parameters are dominated by the statistical uncertainties associated with the CO to Ha
conversion factor (X¢o(1-0y) and is on the order of 30% (Bolatto et al. 2013).

Radio velocity (km/s)

338.8 338.6 338.4 338.2 0.05

Galactic Longitude

Figure 4. Position-velocity image [K] (in Galactic longitude)
of 2CO(1-0) emission towards the bubble feature seen towards
HESS J1641—-463 in the region indicated in Figure 3. The approx-
imate position of the cavity discussed in text is indicated by the
dashed white ellipse. The solid white contours indicate CS(1-0)
emission detected in our 7 mm observations. Note that the ex-
tent of the coverage in 7 mm only reaches the vertical green line
in longitude.

tions, the column density of the gas enclosed by the ring
is N—H2 ~ 4 x 10* canZ7 with a total mass of ~ 8 x 10*
Mg. From Figure 4, the expansion velocity of the bubble
appears to be ~ 5 — 10 km/s. The expansion of the bubble
would then have a kinetic energy of ~ 2 — 8 x 10° erg.

If this were a wind-blown bubble, an O-type progenitor

star with mass ~ 27 Mg would be able to create it, based
on the bubble size of radius ~ 25 pc at a distance of ~ 11.4
kpc (Chen et al. 2013, and references therein). The energy
required to produce such a bubble can then be calculated
following the model presented by Chevalier (1999), and is
~ 4 x 10*° erg.

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

In components 1, 2, and 3 of Figure 2, we see an area
of intense CO emission located towards the Galactic-
south part of the region that bridges HESS J1640—465
and HESS J1641—463 which appears to span between ~
—35 to —55 km/s. This region is indicated by the central
white dashed circle in Figure 1. Figure 5 shows the average
2C0(1-0) and '*CO(1-0) emission spectra in this region. 3
components are seen in the 2CO spectra that match well
with components 1, 2, and 3 in Figure 1. Calculated mass
and density parameters for these components are displayed
in Table 2.

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

CO(1-0) emission over a very broad (~ 60 km/s) velocity
range can be seen in an extended molecular cloud structure
to the Galactic-west of HESS J1640—465. The top panel of
Figure 6 displays an integrated image of the 2?CO(1-0) emis-
sion between —80 and —20 km/s over an extended region
from [ = 339° to | = 337° taken from the Mopra CO survey.
Contours of the TeV source HESS J1634—472 are shown in
addition to those of HESS J1640—465 and HESS J1641—463
for completeness. Spectra in three representative regions in
this extended structure, indicated by white circles in the top
panel, are shown in the bottom panel. The average 12CO(l—
0) and "*CO(1-0) spectra are shown by black and blue lines
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CO(1-0) emission spectra towards "bridge" region
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Figure 5. 2CO(1-0) (black) and '3CO(1-0) (blue) emission
spectra towards the “bridge” between HESS J1640—465 and
HESS J1641—463 indicated by the central white dashed circle in
Figure 1. 13CO scaled by a factor of 2 for clarity. Velocity ranges
for components 1, 2, and 3 are indicated by the shaded boxes.

respectively. Our 7 mm observations had coverage over the
region labelled “1” in the top panel of Figure 6, and we
include the spectrum for CS(1-0) emission in red in the cor-
responding set of axes. Note that the '*CO(1-0) and CS(1-0)
emission have been scaled by a factor of 2 and 10 respectively
for clarity.

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

4.2 7 mm line emission

In our 7 mm observations towards HESSJ1640—465
and HESSJ1641—463, detections were made in the
CS(1-0), C3*5(1-0), SiO(J=1-0,v=0), HC3N(5-4, F=4-3)
and CH30H (I) lines.

Dense gas in the region was traced by CS(1-0) and
C3*S(1-0) emission. The CS(1-0) transition has a critical
density for emission of ~ x10° cm® at a temperature of
~ 10 K, making it an ideal tracer for probing the deeper and
denser inner regions of molecular clouds. SiO emission is
usually produced behind shocks moving through molecular
clouds (Gusdorf et al. 2008) from which the SiO(J=1-0,v=0)
line can be detected. HC3N is often detected in warm molec-
ular clouds and is associated with star forming regions, while
the CH3OH (I) maser generally traces star formation out-
flows.

The location of the dense gas traced by the CS(1-0)
line in our study are displayed via a velocity-of-peak-pixel
map in Figure 7. From the figure, we can see that most of
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Figure 6. Top: Integrated '2CO emission image [K km/s]
between —80 and —20 km/s from [ = 339° to | = 337°.
Blue contours indicate the positions of HESS J1640—465 and
HESS J1641—463 (Abramowski et al. 2014b). Contours for the
TeV source HESS J1634—472 are also shown in blue for complete-
ness (Aharonian et al. 2006). Bottom: Average "2CO(1-0) (black)
and 13CO(1-0) (blue) emission spectra in three circular regions
indicated above in white. CS(1-0) emission from 7 mm observa-
tions is displayed in red for extended region 1. *3CO and CS(1-0)
emission have been scaled by a factor of 2 and 10 respectively for
clarity. Vertical dashed lines indicate the integration range used
to produce the image in the top panel.

strongest CS(1-0) emission occurs at a velocity consistent
with components 1, 2, and 3 (=53 to —23 km/s) in the
CO(1-0) data. Several regions of significant CS(1-0) emis-
sion present themselves and are roughly grouped together
as illustrated in Figure 7. These groups are discussed below
together with other detections made in the 7 mm band. The
detections of the 7 mm lines aside from CS are shown in
Figure 10 overlaid on a Spitzer 8.0 pym image of the region.

7 mm emission in Group A

Group A is located slightly to the Galactic-north of
HESS J1640—465 and HESSJ1641—463, and is ap-
proximately coincident with a bright HII region
(G338.3940.16. CS(1-0) emission in this region appears in
the ~ —40 to —30 km/s velocity range. The morphology

K km/s
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Figure 7. Velocity of peak pixel CS(1-0) map [km/s] in the 7 mm observations region. Overlaid solid black contours show the intensity
of the peak pixel. H.E.S.S. 50 significance contour is in solid blue. Regions of interest discussed in the text are labelled by black dashed
ellipses. The CS - Group B region, however, is outlined by a solid green box and indicates the integration region for the position-velocity
plot shown in Figure 9. Dashed white circles indicate apertures used to extract spectra for Bridge Core 1 (left circle) and Bridge Core 2
(right circle) discussed in the text.
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Figure 8. Average spectra of detected 7 mm lines within apertures centred at Bridge Core 1 (Left panel), Bridge Core 2 (Centre panel)
and the —80 km/s core (Right panel).
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of the emission is extended in nature, forming a slight arc
with what appears to be 2 dense clumps.

7 mm emission in Group B or “bridge” region

Group B is the central bridge coincident with the HII com-
plex between HESS J1640—465 and HESS J1641—463. A
markedly strong amount of CS(1-0) emission is seen here
spanning a broad (~ 20 km/s) velocity space. Group B is
also roughly positionally coincident with the intense emis-
sion seen in the CO “bridge” discussed earlier, with emission
features at similar velocities.

Figure 9 is a longitude-velocity image of CS(1-0) data
in the region indicated by a solid green box in Figure 7.
From this image, there appears to be two separate dense
cores with broad CS(1-0) emission in this region separated
in velocity, but somewhat overlapping spatially along the
line of sight. We label these Bridge Core 1 and Bridge Core
2 as illustrated. These cores appear to be embedded in an
extended bridge of emission linking themselves as well as
other smaller clumpy features. We note the good correlation
between Bridge Core 1 and emission in **CO(1-0) (indicated
by the solid black contours in Figure 9). Bridge Core 2,
however, appears to be offset from the local maximum traced
in 2CO.

Detections in the isotopologue transition C**S(1-0), as
well as in SiO(1-0) and HC3N(5-4, F=4-3) were made to-
wards core 1 and core 2. The left and centre panels of Fig-
ure 8 displays the emission spectra in these lines towards
Bridge Core 1 and Bridge Core 2. The spatial size of the
cores was determined by fitting a Gaussian function to the
line profile drawn through the centre of each core, and the
spectra extracted from circular apertures with sizes equal to
the FWHMs (1.3" and 0.9 for Bridge Core 1 and 2 respec-
tively). We note that all the 7 mm line emission peaks at
the same velocity as the intense emission in CS(1-0); —40
and —32 km/s for Bridge Core 1 and 2 respectively. Table 3
displays the 7 mm detection parameters and mass estimates
calculated from the data in these cores. Mass parameters
were calculated following §3.2 assuming the gas is at a dis-
tance of 11 kpc.

SiO(1-0) emission appears positionally coincident with
Bridge Core 1 and Bridge Core 2 at the same velocity as
that observed in CS(1-0). This suggests that both these
cores have been disturbed by a shock passing through. A
CH3OH (I) maser is seen at the Galactic-north-east edge of
Bridge Core 1, suggesting the presence of an outflow. Com-
bined with the detection of HC3N at the same position and
velocity and that Bridge Core 1 and 2 appear to be embed-
ded in the complex of HII regions, the shock is likely to be
been caused by recent nearby star formation.

7 mm emission in Group C

Group C is a region towards the Galatic-eastern side
of the gas structure located to the Galactic-west of
HESS J1640—465 and HESS J1641—-463 as traced in CO.
Note that the extension of our 7 mm observations only
reaches to include the region labelled “1” in the top panel
of Figure 6. We see large-scale extended and broad emission
in the region in CS(1-0). This emission is in the same kine-
matic velocity ranges as that of the CO(1—0) emission. In

Radio velocity (km/s)

338.5 338.45 338.4

Galactic Longitude

Figure 9. Position-velocity image [K] of CS in the region indi-
cated by a solid green box in Figure 7. Locations of Bridge Core 1
and Bridge Core2 are labelled with arrows. Black contours are
from Mopra 3CO(1-0) observations.

Figure 6, the average spectra shown for Extended region 1
include the CS(1—0) emission spectrum in red. Emission is
seen between ~ —80 to —30 km/s, similar to the profile seen
in the 2CO and **CO, and is likely tracing denser regions
that exist inside cloud. There is also one dense core traced
in CS which appears at ~ —120 km/s (dark blue in Figure
7).

7 mm emission in Group D

Emission in CS(1-0) is seen in the Group D region slightly
overlapping the Galactic-east side of the HESS J1641—463
contours in the ~ —25 to —20 km/s velocity range. It has
a marginally extended morphology. The most intense emis-
sion, located towards the middle, is positionally coincident
with a dense core detected in the NH3(1-1) transition line by
the HoO southern Galactic Plane Survey (HOPS) (Purcell
et al. 2012).

A core of gas traced by CS emission is seen at —80 km/s
(green in Figure 7) within the Galactic-north-east bounds of
HESS J1641—463. This —80 km/s core appears marginally
extended and is positionally coincident with detections made
in NH3(1,1) in the HOPS survey. Detections in the isotopo-
logue transition C3*S(1-0) were also made at this position,
as well as in SiO(J=1-0,v=0) and HC3N(5-4, F=4-3). The
average spectra of the 7 mm lines detected in an aperture
centred at this core is displayed in the right panel of Figure
8, and we note that the emission in each line peaks at —80
km/s. A CH3OH (I) maser is also seen positionally coinci-
dent with this core at —79 km/s. The velocity at which this
core is detected suggests that it is not associated with the
HII complex (which has vigr ~ —30 to —40 km/s).
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Table 3. 7 mm line parameters extracted from apertures towards Bridge Core 1 and Bridge Core 2 (as shown in Figure7). The line-of-
sight velocity, vi,sr, peak intensity, Tpeak, and line-width, Avpwmn, were found by fitting Gaussian functions to the spectra in Figure 8.
The optical depth, together with mass and density calculations used the CS(1-0) and C34S(1-0) data following §3.2.%

Object Detected lines VLSR Tpheak Avpwum — Optical N—H2 Mass n
(km/s) (K) (km/s) depth (x10%3 cm—2) Mp) (x10% cm—3)

Bridge Core 1 CS(1-0) -40.2 £ 0.1  0.66 £ 0.01 4.1 £0.1 1.3 2.0 1.8x10° 2.4
C345(1-0) -40.3 £ 04 0054001 32+04
Si0(J=1-0,v=0)  -41.1 £ 0.3 0.05 £ 0.01 3.7+0.3
HC3N(5-4, F=4-3) -39.6 £ 0.2 0.11 +001 3.8+0.2

Bridge Core 2 CS(1-0) -3254+ 0.1 058 £0.01 3.3+0.1 3.1 2.6 1.1x10° 4.5
C343(1-0) -32.0+0.3 0.08+0.01 25+0.3
Si0(J=1-0,v=0)  -30.7 £ 0.4 0.04 £0.01 3.2+05
HC3N(5-4, F=4-3) -31.3+0.1 0.18 £001 2.0=£0.1

% An assumed distance, dgp = 11 kpc was used for mass and density calculations. However, these values are easily scaled for an arbitrary
distance, d, by multiplying by (d/do)? and (d/do)~! for mass and density respectively.

b The error in the calculated physical parameters are dominated by the statistical uncertainties associated with the abundance ratio of
CS to molecular hydrogen. This uncertainty can be of the factor 2 (eg. Irvine et al. 1987).

.

-80 kri/s core Bridge core 2

SiO -85 to -75 km/s SiO -35 to -25 km/s
HC3N -85 to -75 km/s HC3N -35 to -25 km/s

Galactic latitude

Bridge core 1
SiO -45 to -35 km/s
HC3N -50 to -32 km/s

Galactic longitude

Figure 10. Spitzer 8.0 um image towards HESS J1640—465
and HESS J1641—463. Single magenta contour is 5o signifi-
cance from H.E.S.S. observations. Green solid contours are inte-
grated SiO(1—0) emission. Dashed black contours are integrated
HC3N(5-4, F=4-3) emission. The velocities over which they are
integrated are as labelled. White Xs indicate positions of observed
CH3OH (I) masers.

4.3 HI emission

The atomic gas towards HESSJ1640—465 and
HESS J1641—-463 was studied using HI data from the
Southern Galactic Plane Survey (SGPS) (McClure-Griffiths
et al. 2005). Integrated velocity maps were generated from
the HI emission cubes over the same velocity intervals as
the components traced in CO. Images of the HI integrated
velocity maps can be found in the appendix Figure A2. We
note that a study of atomic gas using SGPS data towards
HESS J1640—465 was carried out by Supan et al. (2016),
which focused on the velocity ranges from —121 to —111

km/s and from —40 to —25 km/s. We find that our results
are similar to those presented towards HESS J1640—465.

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

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

5 DISCUSSION

As mentioned previously in §1, the production of v-rays from
the TeV sources HESS J1640—465 and HESS J1641—463
may be the result of hadronic scenarios, in which acceler-
ated CRs are interacting with ambient gas, or leptonic sce-
narios, in which energetic electrons up-scatter background
photons. We now consider the implications that our study
of the interstellar gas towards these TeV sources have on the
aforementioned origin scenarios.

/T0Z ‘6 Afenuer uo apreppY 10 AIsPAIUN e /610°Seudnolploxoseduw//:dny woly papeojumoq


http://mnras.oxfordjournals.org/

5.1 Hadronic scenarios

The segment of emission that includes components 1, 2, and
3 in the CO spectra traces gas that is at a velocity within
~ 10 — 20 km/s of the reported systematic velocity of the
HII regions in the HII complex (see §1.1). Assuming SNRs
G338.3—0.0 and G338.54+0.1 and the TeV sources are all
linked with this HII complex, the gas traced here is a po-
tential target for accelerated CRs. The dense gas traced by
CS at these velocities is found in a bridging region between
the two TeV sources and may also be acting as CR target
material.

A relationship to calculate the flux of v-rays above a
given energy level produced by hadronic interactions be-
tween CRs and CR-target material from the mass of the
target material was derived by Aharonian (1991). The ex-
pected «-ray flux above some energy F., assuming an E~L6
integral power law spectrum, is given by:

F(> EBy) =285 x 107" E; "¢ < Ms > ker  cm %87t

dzpc
(3)
where M5 is the mass of the CR-target material in units of
10° Mg, dipe is the distance in kpc, kcr is the CR enhance-
ment factor above that observed at Earth, and E, is the
minimum energy of y-rays in TeV.

From the results in Abramowski et al. (2014a), the -
ray flux photon above 1 TeV towards HESS J1640—465 is
determined to be F(> 1TeV) ~ 1.9 x 107" ecm™2s™'. From
Abramowski et al. (2014b) the flux above 1 TeV towards
HESS J1641—463 is ~ 3.6 x 10~'* cm™?s™".

The total amount of CR-target material towards
HESS J1640—465 and HESS J1641—-463 is taken to be the
sum of the molecular and atomic mass traced by emission
in CO(1-0) and HI respectively. These masses, together with
the calculated CR enhancement factors kcr for the total
mass in components 1, 2, and 3 are displayed in Table 4. A
complete list of kcr values for every gas component along
the line of sight can be found in Table A2 in the appendix. It
should be noted that the kcr values here refer to E > 1 TeV
~-rays and pertain only to higher energy CRs (2 10 TeV).
Thus any CR energetics should be considered lower limits
on the total CR energy. In addition, Equation 3 assumes
an E~1% integral power law CR spectrum. This is differ-
ent from the ~ E~'! CR integral spectra needed to fit
the y-ray spectra of HESS J1640—465 and HESS J1641—463
(Supan et al. 2016; Abramowski et al. 2014b). By scaling
Equation 3 appropriately, the calculated CR enhancement
factors would reduce by ~ 40% for HESS J1640—465 and
HESS J1641—463.

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

The CR enhancement factor kcg above 1 TeV towards
HESS J1640—465 for the gas traced in components 1, 2, and
3 are of the order of ~ 10%. This value is consistent with a

nearby (within a few pc) and young SNR (< 5 kyr) such as
(338.3—0.0 accelerating and injecting CRs into the ambient
gas (Aharonian & Atoyan 1996). Thus, assuming the gas at
either components 1, 2, or 3 are associated with the location
of HESS J1640—465, a hadronic scenario is plausible. In a
case where all of the gas traced in these components are
summed and considered as CR target material associated
with HESS J1640—465, the required kcr value becomes 350.

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

If the hadronic scenario holds true in both
HESS J1640—465 and HESS J1641—463, then the total
CR energy budget, Wp, can be given as W, = LTpp, where
L., is the luminosity in v-rays. 7p, is the cooling time of
protons through proton-proton collisions and is given by
(Aharonian & Atoyan 1996): 7,, &~ 6 x 107 (n/lcm™3)~! yr,
where n is the number density of the ambient gas.

HESS J1640—465 has a ~-ray luminosity of L, = 9 X
10** erg s7* above 1 TeV at 11 kpc (Abramowski et al.
2014a), while HESS J1641—463 has a luminosity of 4 x 10%*
erg s~ above 0.64 TeV at 11 kpc (Abramowski et al. 2014b).
Thus Wy, ~ 10°°(n/1em™3) 7! erg for HESS J1640—465, and
Wy ~ 10*(n/1cm™3)"! erg for HESS J1641—463. The num-
ber densities for both TeV sources presented in Table 2
in components 1, 2, and 3 are of the order ~ 10% cm™2.
W, is then ~ 10*® and ~ 10*" for HESS J1640—465 and
HESS J1641—463 respectively, which is a fraction of the
canonical amount of energy channelled into accelerated CRs
by a SNR (~ 10°° erg).

We note here that the hadronic modelling of
HESS J1640—465 done in Supan et al. (2016) used the
parametrisation of the v-ray differential cross-section in the
proton-proton interactions from Kafexhiu et al. (2014). Us-
ing ambient proton densities of ~ 10? ecm™®, they found the
total energy in accelerated protons to be ~ 10*® — 10*° erg,
consistent to first-order with a SNR scenario.

In one of the scenarios discussed in Abramowski
et al. (2014b) and Tang et al. (2015), CRs accelerated
by the SNR G338.3—0.0, coincident with HESS J1640—465,
have diffusively reached a molecular cloud coincident with
HESS J1641—463. The centre of G338.3—0.0 lies ~ 0.3° from
the far side of the maximum extent of HESS J1641—463,
equivalent to ~ 60 pc at the assumed distance of 11 kpc.
The maximum Gaussian extent of HESS J1641—463 is 0.05°
or ~ 10 pc at this distance. Thus the filling factor of
HESS J1641—463, assuming a spherical geometry with ra-
dius 10 pc, compared to the 60 pc radius sphere centred at
SNR G338.3—0.0 is ~ 0.005. Assuming that 10°° erg was
injected into accelerating CRs by G338.3—0.0, and assum-
ing the CRs are uniformly distributed within the sphere,
the total amount of energy in CRs at HESS J1641—463 is
~ 5x10*" erg. This value is consistent with the value of W,
calculated above for HESS J1641—-463, and thus the pre-
sented origin scenario is energetically plausible for the ob-
served ISM.

The separation from the Galactic-eastern edge of the
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Table 4. Calculated cosmic-ray enhancement valutes, kog, for the intrinsic Gaussian size of HESS J1640—465 and the maximum Gaussian
extent of HESS J1641—463 for the gas related to components 1, 2, and 3 as defined in Figure 1. Molecular mass comes from CO analysis

and atomic mass from HI analysis.

Region Velocity range Assumed distance  Molecular mass  Atomic mass Total mass kcgr ¢
(km/s) (kpc) Mo) Mp) Mp)
HESS J1640-465 -35 to -23 (Component 1) 11.9 68,000 12,000 80,000 1,000
-45 to -35 (Component 2) 11.2 47,000 9,300 56,000 1,400
-53 to -45 (Component 3) 10.8 88,000 7,100 95,000 850
-53 to -23 (Components 1, 2, & 3) 11.0 203,000 28,000 230,000 350
HESS J1641-463 -35 to -23 (Component 1) 11.9 97,000 5,000 102,000 150
-45 to -35 (Component 2) 11.2 31,000 3,200 34,000 450
-53 to -45 (Component 3) 10.8 11,000 2,100 13,000 1,200
-53 to -23 (Components 1, 2, & 3) 11.0 139,000 10,000 149,000 100

@ Note that the CR enhancement factor, kcg, is effectively independent of assumed distance as the distance terms in Eq. 3 cancel with

the distance assumptions for the mass calculations.

SNR G338.3—0.0 to the position of HESS J1641—-463 is
~ 0.15° or 30 pc (at a distance of 11 kpc). The required
CR enhancement factor of kcr ~ 100 resulting from the
diffusion of CRs from the SNR towards HESS J1641—463 is
achievable according to Aharonian & Atoyan (1996). Fig-
ure 1b of their paper shows the kcr values at several time
epochs at a distance of 30 pc from a SNR. A kcr of ~ 100 is
acquired at a source age between 10% and 10* years, similar
to the estimated age of SNR (G338.3—0.0. Their calculations
assumed a source spectral index of 2.2 and that Dig = 1026
chsfl7 where D1 is the diffusion coefficient when energy =
10 GeV. This value corresponds to slow diffusion and is not
unexpected given the substantial amount of gas traced in
the region between HESS J1640—465 and HESS J1641—463
in both CO and CS observations. This is because gas with
larger values of m will have greater magnetic fields. The cor-
responding increase in the interaction between CR particles
and magnetic fields would increase the rate of scattering,
thereby decreasing the diffusion coefficient.

We can estimate the diffusion coefficient through the
gas in this bridge region using Equation 2 from Gabici et al.
(2007). The required value of the magnetic field inside the
ISM is a function of 7 and is calculated following Crutcher
et al. (2010). In §4 we have calculated the values of 7 for the
diffuse and dense gas in the bridge region from CO and CS
data respectively. These values have been presented in Ta-
bles 2 and 3. For the diffuse CO traced gas, B ~ 15uG and
Do ~ x(4 x 10*”) cm®s™!. For the dense CS traced cores,
B ~ 500G and Dig ~ x(7 % 1026) cm?s™!. The parameter
x < 1 is a suppression factor that accounts for the suppres-
sion of the diffusion coefficient inside a turbulent cloud. For
a moderate value of x ~ 0.1, the diffusion coefficient in this
region would agree with a slow diffusion scenario. This diffu-
sion scenario is a theoretically plausible explanation for the
~-ray emission from HESS J1641—463. The hardness of the
TeV emission would be explained by higher energy protons
preferentially reaching CR target material earlier and the
effective exclusion of low energy CR due to the dense gas
bridge.

As mentioned in §4.1, emission in CO(1-0) traces an
extended molecular cloud structure to the Galactic-west of
HESS J1640—465. The angular separation of this cloud is

comparable to the separation between SNR G338.3—0.0 and
HESS J1641—463 (~ 0.3°). If the scenario in which CRs es-
caping from SNR G338.3—0.0 are generating the TeV emis-
sion of HESS J1641—463 is true, then one might have ex-
pected this other giant molecular cloud to glow in ~-rays.
However, while at similar angular separations from the SNR,
this molecular cloud may be at different distance along the
line-of-sight. The CO(1—-0) and CS(1—0) emission (see Fig-
ure 6) is very broad and is seen between ~ —80 and —20
km/s in velocity. This is in contrast with the emission from
molecular cloud seen towards HESS J1641—463 which is seen
at ~ —30 km/s. Differences between the Galactic-rotation
curve solution at these velocities range up to several kpc.
Since an increase in distance of even ~ 100 pc from the
source SNR would drastically diminish the available CRs
(Aharonian & Atoyan 1996), it is possible that CRs may not
have yet reached this molecular cloud. In addition, CRs es-
caping from an accelerator can diffuse anisotropically, tend-
ing to propagate along magnetic field lines (eg. Nava &
Gabici (2013)). It is possible that the orientation of the mag-
netic fields in this region are directing CRs away from this
molecular cloud.

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

5.2 Leptonic Scenarios

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

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

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

The cooling time of CR electrons due to synchrotron
radiation can be given by Tsync = (bsfy)f1 s, where bs =
1.292 x 107 (B/mG)? s7', and the diffusion time of CRs
over a distance d is given by Taig = d>/(6D(E)), where
D(E) is the diffusion coefficient at energy E (Ginzburg & Sy-
rovatskii 1964). We consider the case where E. = 5 TeV. At
this energy, y-rays produced via inverse-Compton scattering
would have energies ~ 200 GeV (in the Thompson regime)
which is near the lower limit of detectability by H.E.S.S.

Dense cores of gas within the bridge region are traced
in CS observations with 7@ ~ 10% cm ™. These cores have a
diameter of ~ 2, which corresponds to ~ 6 pc at a line-of-
sight distance of 11 kpc. The magnetic field in these cores are
calculated following Crutcher et al. (2010), using the values
of 7 presented in §4. Using this, 7sync and 7qig were found to
be ~ 10 yr and ~ 1 kyr respectively. This implies that CR
electrons would rapidly lose their energy via synchrotron
losses, and be unable to pass through the dense cores. For
completeness, we note that calculations using emission from
the diffuse gas tracers 12CO and 3*CO in these core regions
give T ~ 4 x 10% cm 3.

In an optimistic scenario, CR electrons could have paths
that avoid the dense cores while diffusing through the gas
bridge region. From §4, the diffuse gas traced by CO observa-
tions across the whole bridge region have @ ~ 5 x 10? cm™2.
Assuming that the distance across the gas bridge is ~ 30 pc,
Tsyne and 7Tgig are calculated to be ~ 11 kyr and ~ 4 kyr re-
spectively. Hence, in an optimistic scenario, some electrons
would be able to diffuse through the gas bridge. However,
realistically this is somewhat unlikely given the prevalence
of dense gas in the region, as traced by CS emission. CR
electrons would be effectively blocked by the dense regions
of the gas bridge and be unable to generate y-rays which
may be contributing to HESS J1641—463.

6 CONCLUSIONS

In this paper we have used data collected by the Mopra Ra-
dio Telescope in the 3 mm and 7 mm wavelengths as well
as archival HI data to investigate the molecular and atomic
gas towards the VHE ~-ray sources HESS J1640—465 and
HESS J1641—-463. The gas investigated here may be tar-
get material for accelerated CRs, producing TeV v-rays via
hadronic interactions.

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

7 mm observations in the CS(1-0) lines revealed a re-
gion of dense gas cores coincident with intense emission in
the CO(1-0) lines. This gas formed a “bridge” of material
located between the two TeV y-ray sources.

Mass and density estimates derived from CO, CS,
and HI for gas components towards HESS J1640—465 and
HESS J1641—-463 allowed for an investigation of the avail-
able CR target mass. Assuming the total gas mass in Com-
ponents 1, 2, or 3 towards HESS J1640—465 is CR target
material in a hadronic scenario for TeV ~-ray production,
the required W, is ~ 10*® erg and the required CR density
would be of the order of ~ 10® times that seen at Earth.
For HESS J1641—463 if the molecular cloud positionally co-
incident traced in Component 1 is CR target material, then
the required W, is ~ 10*7 erg, and the required CR density
would be of the order of ~ 10% times that seen at Earth.

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

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

Future v-ray measurements taken by next-generation
ground based v-ray telescopes systems (eg. Cherenkov Tele-
scope Array), will have greatly increased sensitivity above
10 TeV and have angular resolutions similar to that in this
study of the interstellar gas. This will allow more detailed
morphological comparison between the TeV ~-ray emission
and gas and allow a deeper investigation of the nature of
HESS J1640—465 and HESS J1641—463.
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Figure A1l. Integrated 12CO(1-0) emission images [K km/s] over indicated velocity intervals. Single blue 5o significance H.E.S.S. contour
used for clarity and illustration purposes. The position and extent of SNR G338.54-0.1 and SNR G338.3-0.0 are indicated by the left and
right solid green circles respectively in each panel.

Table Al. '3CO(1-0) line parameters, and the corresponding calculated gas parameters, from the apertures as indicated in Figure 1.
Calculations were made following §3.1, but using the '3CO(1-0) X-factor, X1300(1-0) = 4.92 X 10%° (K km/s)~! (Simon et al. 2001).
Masses and density have been scaled to account for an additional 20% He component.

Velocity range Region Distance® Ngy, b Mass ? b
(km/s) (kpc) (102 cm=2) (Mg x 10%) (102 cm~3)

-35 to -23 HESS J1640—465 11.9 1.7 2.7 0.8
(Component 1) HESS J1641—463 11.9 6.7 5.1 4.4
Bridge 11.9 7.1 10.1 3.3

-45 to -35 HESS J1640—465 11.2 2.9 4.3 1.4
(Component 2) HESS J1641—463 11.2 3.0 2.0 2.1
Bridge 11.2 8.7 11.7 4.3

-53 to -45 HESS J1640—465 10.8 1.9 2.5 0.9
(Component 3) HESS J1641—-463 10.8 0.6 0.4 0.4
Bridge 10.8 3.9 4.9 2.0

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

b The error in the calculated physical parameters are dominated by the statistical uncertainties associated with the 3CO to Ho
conversion factor (X13¢(1.0)) and is on the order of 30%.
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Figure A2. Integrated HI emission images [K km/s| from SGPS data over indicated velocity intervals. Single white 50 significance
H.E.S.S. contour used for clarity and illustration purposes. The position and extent of SNR G338.54+0.1 and SNR G338.3-0.0 are
indicated by the left and right solid black circles respectively in each panel.
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Figure A3. Average HI and "2CO(1-0) emission spectrum towards HESS J1641—463 from the SGPS and Mopra CO survey respectively.
A possible example of a self-absorption dip in the HI is seen at ~-30 km/s in component 1, where a corresponding peak exists in the
CO. The dashed line is the linear interpolation used to estimate the true HI emission.
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Table A2. Calculated cosmic-ray enhancement values, kcgr, for the intrinsic Gaussian size of HESS J1640—465 and the maximum
Gaussian extent of HESS J1641—463 for the gas related to all individual components as defined in Figure 1. Molecular mass comes from
CO analysis and atomic mass from HI analysis.

Region VULSR range Assumed distance * Molecular mass  Atomic mass Total mass kcg °
(km/s) (kpc) (M) Mo) Mo)
HESS J1640-465 -35 to -23 (Component 1) 11.9 68,000 12,000 80,000 1,000
-45 to -35 (Component 2) 11.2 47,000 9,300 56,000 1,400
-53 to -45 (Component 3) 10.8 88,000 7,100 95,000 850
-63 to -55 (Component 4) 10.4 15,000 4,400 19,000 3,800
-90 to -68 (Component 5) 9.6 58,000 8,000 64,000 950
-92 to -81 (Component 6) 9.3 39,000 4,200 43,000 1300
-103 to -90 (Component 7) 8.9 20,000 4,300 24,000 2210
-108 to -97 (Component 8) 8.7 15,000 3,000 18,000 2800
-125 to -108 (Component 9) 8.15 40,000 4,700 45,000 990
HESS J1641-463 -35 to -23 (Component 1) 11.9 97,000 5,000 102,000 150
-45 to -35 (Component 2) 11.2 31,000 3,200 34,000 450
-53 to -45 (Component 3) 10.8 11,000 2,100 13,000 1,200
-63 to -55 (Component 4) 10.4 17,000 1,000 18,000 750
-90 to -68 (Component 5) 9.6 37,000 1,700 39,000 300
-92 to -81 (Component 6) 9.3 15,000 1,100 16,000 680
-103 to -90 (Component 7) 8.9 13,000 1,400 14,000 720
-108 to -97 (Component 8) 8.7 5,500 1,200 7,000 1,400
-125 to -108 (Component 9) 8.15 7,100 1,300 8,000 1,000

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

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