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Abstract. The association of very-high energy (VHE; E > 100 GeV) sources with regions of the sky rich in
dust and gas has been noticed in the study of individual VHE sources. However, the statistical significance of this
correlation for the whole population of TeV detections has not been assessed yet. To trace the material content, we
make use of the publicly released all-sky maps of astrophysical foregrounds of the Planck Collaboration, and of
an extensive existing CO mapping of the Galactic sky. To test the correlation, we construct randomized samples
of VHE source positions starting from the inner Galactic plane survey. A positive correlation cannot be firmly
established yet. Additionally we explore the possibility that unidentified VHE sources are located in environment
particularly rich in material content unaccounted by traditional tracers, including HI hyperfine transition at 21 cm
to trace atomic hydrogen in regions where the gas is diffuse. No additional gas component is found in the direction

of unidentified VHE sources.

1. Introduction

Most of the very-high energy (VHE; EZ>100 GeV)
galactic sources were discovered in the last decade
through a scan of the Galactic plane region by the High
Energy Stereoscopic System (H.E.S.S.). In many cases,
multiwavelength studies of the position of VHE emission
allowed the classification of the source within a given
class of known VHE emitters. Still, many sources are
unidentified. It would seem that the Galactic VHE sources
are in regions of the sky where the surrounding is rich in
molecular material, but no correlation is established up to
date.

Such a relation would be expected in a scenario
where the VHE emission has an hadronic origin: the
accelerated cosmic rays (CRs, protons or heavier nuclei)
interact with the surrounding material, leading to VHE
emission through the decay of the produced 7° (Ginzburg
& Syrovatskii 1964). Such emission can be boosted by the
presence of an enhancement of target material above the
ISM contribution (see e.g., Aharonian et al. 2008).

Mass enhancements (or simply enhancements of the
dust content) can also be associated with regions of high
stellar activity, which are in turn associated with known
or predicted VHE emitters, such as Pulsar Wind Nebulae
(PWN), Supernova remnants (SNR), binaries or regions
of massive-star formation. In the case of PWN, the VHE
emission needs to take into account also the inverse
Compton scattering (ICS) of the accelerated electrons off
the thermal radiation associated to the dust (e.g., Martin
et al. 2012). VHE emission has also been predicted to be
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produced in regions of massive-star formation, where apart
from being obvious sites prone to the appearance of SNRs
and other accelerators, the strong winds of the hot OB stars
in the clusters form acceleration regions at wind interaction
zones. These regions are rich in molecular material and
dust and are hence expected to be bright regions for the
tracers that we consider here.

In the following we explore if the correlation can be
quantitatively confirmed. Moreover we investigate whether
the still unidentified VHE sources can be associated with
regions with a peculiar environment.

The work presented here is part of works published
previously in Pedaletti et al. (2014) and Pedaletti et al.
(2015).

2. The data set and mass estimation

The gas surface density at a given projected position in the
sky can be expressed as

> = ,umHNH, (1)

where Ny is the column density, u = 1.4 is the mean
weight per H atom, my is the mass of the H nucleon.

An extensive archive of CO line (1—0) at 115 GHz
(2.6 mm) intensity Wco is provided in Dame et al. (1987)
and Dame et al. (2001). The data are released’ in cubes of
radial velocity (in Local Standard of Rest), galactic latitude
and longitude. The radial velocity allows the estimation of

1 http://wuw.cfa.harvard.edu/rtdc/C0/
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the distance. From W one can estimate the amount of
molecular material as follows:

Nm = XCOZWCO' (2)
px

The dust content can be used as tracer of the total mass
(hydrogen in any form) once Ny, column density of the
hydrogen, is calculated from the thermal emission of dust
(see, e.g. Roy et al. 2013) as follows:

o v\’
NH = GVO ZTU (\)(}) (3)

px

where o0, is the dust emissivity at the reference frequency
Vo, which contains the knowledge on the emissivity of the
dust grains and their composition, t, is the dust optical
depth at frequency v, and B is the dust spectral index.

The Planck legacy archive? provides dust parameters
as all-sky maps of 7, 8 index and T at 353 GHz (with
degeneracy between the last 2 parameters). They were
obtained by fitting the Planck data at 353, 545 and
857 GHz together with the IRAS (IRIS) 100 micron data
(see Ade et al. 2014). One can use all-sky maps for
and B to calculate the mass. The Planck satellite legacy
archive also provides Wcq in galactic coordinates. This is
equivalent to the velocity-integrated Dame map in the full
velocity range with the addition of a < 10% contribution
from 3CO (at 110 GHz, hence in the same HFI channel of
the Planck satellite). The maps used in this work are from
the first release of 2013.

3. The inner GPS sources and surface
density enhancements

We select the sources in the H.E.S.S. Galactic plane survey
(GPS, as presented in Carrigan et al. 2013)3 with |I| < 30°
and |b| < 2°. The resulting 39 sources (henceforth referred
to as GPS sources) are then binned in space according
to their Galactic coordinates (with bins of §/ = 10° and
8b = 1°). This is certainly a flux-biased sample, limited by
the exposure weighted sensitivity of the H.E.S.S. array in a
certain part of the scan. However the inner Galactic region
is the most uniformly covered, providing an almost flat
detection threshold for fluxes above 2% CU (Crab Units)*.

We proceed to build 103 fake distributions of TeV
sources, by randomizing the locations of each detection
yet conserving their number within each spatial bin.
The results are proven to be stable with the number of
randomization if these are > 10*. The surface density for
the random positions is calculated as described above,
depending on the mass tracer. We sum the emission in a
square of 3x3 pixels, with the central pixel corresponding
to the best fit position of the VHE source. As for
both maps 1px=0.125°, the area considered is similar
to the trial extension used in the HESS GPS scan for

2 http://pla.esac.esa.int/pla/aio/planckProducts.
html

3 The online database at http://tevcat.uchicago.edu/ was
used for the actual positions. The only exception being HESS
J1833-105, that it is not yet present in the webpage.

41CU ~ 2.8 x 107"(E/TeV) 2 cm 257! TeV~!.
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Figure 1. Distribution in surface density of the positions in
the inner galaxy (empty filled histogram) and in the GPS
(dashed filled histogram). Top, CO: there are 19 sources above
the threshold of Xy.co = 274 Mgpc~? (dashed vertical line).
Bottom, Dust: there are 16 sources above the threshold of
Sihrdust = 496 Mopc~? (dashed vertical line).

sources discovery (radius=0.22°, see Aharonian et al.
2006). The error on the source localization is typically
smaller than the pixel size considered here. Each estimate
of the mass has some unknowns, most noticeably the
conversion factors from tracer to mass: the term Xcg for
Eq. (2) and the coefficient o,, in Eq. (3). It has to be
noted that their value is not important at the moment
as we are more interested in relative mass gradients
to define enhancements. Nevertheless, we will now use
Xco = 1.8 x 10¥%ecm2(K km/s)~! (Dame et al. 2001) and
0(353GHz) =2.2 x 1072 cm? H™'.

In order to quantify the correlation, we calculate the
probability of having a certain number of positions of the
GPS sources associated with a surface density estimate
above a chosen threshold, thus defining the enhancement.
The chosen threshold is defined a priori as the surface
density for which only 10% of the positions in the
considered inner galaxy have a larger surface density. To
be able to compare this threshold directly to the surface
density calculated as shown above, we follow the same
procedure for each position in the inner Galaxy. With
the surface density threshold defined, we then construct
the distribution function of the randomized samples and
its cumulative distribution function, from which we can
extract the significance of the correlation.

We construct the surface density distribution over the
entire inner galaxy region estimating the values from the
Dame-deep Wco map integrated along the line of sight.
The surface density threshold is thus defined as Xy co =
274 Mopc~2. When applying the threshold to the surface
density distribution corresponding to the positions of the
GPS sources, we obtain 19 sources in the real GPS sample
(see Fig. 1, top).
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Figure 2. Occurrences in randomized sample of positions relative to an integrated surface density ¥ > X, . The dashed vertical line
is for 30. Left, CO: there are 19 sources in the GPS above threshold, that corresponds to 3.9¢ (solid vertical line). Middle, Dust: there
are 16 in the GPS above threshold, that corresponds to 3.1¢ (solid vertical line). Right: occurrences in randomized sample where surface
density estimates from both tracers are above the respective threshold. There are 15 in the GPS that satisfy simultaneously the two

thresholds, and this corresponds to 3.5¢.

When applying the same threshold to the 10°
randomized set of 39 positions, we obtain the distribution
given in Fig. 2 (left). Therefore we can conclude that
the significance of correlation between the selected VHE
sources and the surface density enhancement that we
define is of 3.90 (99.989%). The significance of the
correlation is calculated from the probability extracted
from the constructed cumulative distribution, assuming a
normal underlying distribution.

The emission of the 2.6 mm CO line might not be
tracing all the gas, especially when diffuse. Therefore we
repeat the same exercise starting from the dust opacity map
in the Planck data repository.

Considering the surface density distribution in the
inner galaxy obtained from the dust emission, a threshold
of Zipnr qust = 496 MQpc’2 is chosen (see Fig. 1, bottom).
After 10° realizations of samples of 39 positions, the
distribution obtained is the one shown in Fig. 2 (middle).
Therefore the GPS sample, with 16 sources showing
Y > Zypraust (see Fig. 1, bottom), presents a significant
correlation at 3.1¢ significance (99.77%).

We additionally compute the probability that the
positions of the VHE sources sitting on an enhancement
are the same for both tracers. Out of the 19 positions with
Y > Zirco and 16 with ¥ > Xy qust, 15 are common to
both samples. That is to say, 15 of the GPS sources are
associated with a surface density above threshold both in
the case of CO and dust. These 15 sources correspond
to a significance of 3.50 (99.95%) when compared to
randomized samples. We used here the same randomized
sample studied above.

3.1. Stability of the result

The test described in the previous sections relies
on our educated guesses on the construction of the
randomized sample and on our definition of surface density
enhancement. We therefore now study the stability of the
correlations found.

The Xy, = X9 was chosen such that only 10% of the
positions in the inner Galaxy presented a larger surface
density. If this percentage were to be smaller, this would
restrict de facto the study to only the VHE sources in the
Galactic center region; if larger, it would select common
values of the surface density distribution (cf. Fig. 1).

We nonetheless have scanned the evolution of significance
with percentages (Xs,10,15,20,25;, Where the numbers in
the subscript refer to the percentage). The significance
of correlation remains positive (> 30) for thresholds of
2[10,25] with a peak for E[IO,CO] and E[20,dust]~

The initial binning of the sample was chosen in
order to allow for a large randomization of positions in
a single bin, without incurring in the risk of selecting
often the same region of 0.375° x 0.375°. However, with
the initial binning of 8b = 1° (hereafter case A), the
latitude distribution of the randomized samples would
have a standard deviation of 0.61°, slightly larger value
than the original sample (0.47°+0.05°). This is not a
critical widening, but might impact the final significance
assessment. This is possible, but difficult to quantify given
the asymmetrical distribution of the material and the small
widening comparable to the size of a single integrated
position. We therefore reduce the binning in latitude (from
the initial 6b = 1° to §b = 0.5°, hereafter case B), making
the width of the original and simulated samples (0.51°)
fully compatible. We reduce the number of randomization
to 10*. The threshold for the definition of surface density
enhancement does not depend on this binning, hence it has
the same value as in case A. The significance of correlation
against X is reduced to 2.40 for the CO tracer case
and 1.40 for the dust tracer case. The significance never
exceeds the level of 3o, but follows the same behaviour
described in case A (peak for Xjj0.coj and X0 qust))-

As we are relying on a quantity (the surface density)
integrated along the line of sight, we can expect the
tests performed to be less sensitive in the regions closer
to the Galactic plane where VHE sources are more
abundant and matter enhancements are more common.
We therefore proceed to replicate the test above (case
B), but neglecting the region closer to the Galactic plane
(]b] < 0.5°, hereafter case C). We now are focussing on the
correspondingly-located 9 VHE sources. Surface density
thresholds will change with respect to case A and B and
are given in Table 1 where we summarize the results. We
do obtain a positive correlation of 3.5¢0 significance for
2[5, dust]-

Given the reduction of significance due to trials (the
5 trials of the X, scan reduce a 3.50 already to 30),
we conclude that we cannot firmly claim a correlation
neither with CO traced material nor with dust content
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Table 1. Significance (S) of correlations with different tracers
and 210.

Case Tracer Zihr #  Probability S
Mgpc?
A Dust 496 16 0.9977 3.050
A CO 274 19 0.9999 3.890
A Combined - 15 0.9995 3.520
B Dust 496 16 0.8366 1.390
B CO 274 19 0.9822 2.370
B Combined - 15 0.9610 2.060
C Dust 266 4 0.8804 1.550
C CO 137 4 0.9170 1.730
C Combined - 4 0.9663 2.120

enhancement, but all the tests performed present hints of
it. The final proof of correlation is left for the future,
when the forthcoming Cherenkov Telescope Array (CTA)
observations will provide us with more sources (Dubus
etal. 2013).

4. Gas content on the direction of
unidentified VHE sources

We have shown that a firm correlation between positions
of VHE sources and regions rich in molecular material
cannot be established yet. However, the study of the gas
content on the direction of specific sources might help in
shedding light on the underlying acceleration and emission
processes. It is to be noted that up to date there are 84
VHE sources with Galactic latitude |b| < 5°. While in
most cases the identification of the object responsible for
VHE emission is possible thanks to a multiwavelength
investigation of the region, at least 25 detections have
no firm counterpart. From here onwards we will refer
the latter as unidentified VHE sources (UNID). We now
proceed to study the surface density in the direction of the
UNID sources. The work shown in this section and more
details can be found in Pedaletti et al. ( 2015).

Requesting that the tracers described above in Eq. (2)
and Eq. (3) trace the same total content and considering
Eq. (1), we can write

Zdust = NXco» €]

and subsequently define the quantity Rgust/co:

> nw/v)
§23
ZWCO ,
px

that we will call dust-to-CO ratio, where 1 should be ~1 in
the case that molecular material is the dominant percentage
of the total hydrogen content. Rays;/co is defined as such
from the ratio of the gas surface densities, but separating
the observables (dust emission and CO line intensity) from
the conversion parameters. The values of the observables
are derived from the tracer maps. In the following we use
the Planck maps for CO and dust, rebinned at a resolution
of 0.5°, to match with the resolution of another tracer

&)

Rausyyco = 1Xcooy, =

map that will be introduced in the following. Regarding
the conversion parameters, we consider the following
intervals:

(353 GHz) = {1. — 4.1} x 107°cm?> H™!
Xco = {0.5 — 4.8} x 10°%cm~2 (K km/s) .
(6)

For a detailed discussion of this parameter space see
Pedaletti et al. (2015). For ease of interpretation however,
we will also refer to the average value of these parameters
as:

0(353 GHz) = 2.5 x 107 %°cm?> H™!
Xco =2 x 10¥%em™2 (Kkm/s)™.  (7)

Therefore the range of possible values for the ratio Ryysi/co
becomes

Rausyyco = {0.1...4}. ®)

Thus the average value of the dust-to-CO ratio parameter
will be Rgusiyco = 1. Extremes of this range of Rgusi/co
pinpoint mismatches in the mass estimations, that
can however still reconciled with possible conversion
parameters.

We calculate the dust-to-CO ratio Rgusyyco at the
position of the UNID VHE sources and show that in most
cases Rgust/co 1S indeed contained in the band defined in
Eq. (8), see also Fig. 3, left. All the objects that have an
exceeding Ryus/co are located at high Galactic latitudes
and especially in the Cygnus region (see Fig. 3, left). But
this is not the case for the inner Galactic region where the
sample of Sect. 3 is located.

The molecular content has been estimated here through
the intensity of the '2CO(1—0) line. However, if the gas
is diluted, this method is shown to fail (Ackermann et al.
2011). The gas that cannot be traced with this method
is usually referred to as “dark” gas, or “CO-faint” gas
(Grenier et al. 2005). Existence of such gas co-located
with the UNID TeV sources may relax conditions on the
accelerator power that is putatively injecting cosmic-rays,
the interaction of which would generate the TeV photons.

Then, in order to better trace the total material content
of a region, also the HI content estimation is assessed. The
HI content can be traced through the intensity of the 21 cm
line due to the hyperfine transition at the ground level.
This quantity is provided by the Leiden Bonn Argentine
(LAB) survey, which provides mapping of the intensity of
the 21 cm HI line in cubes of galactic latitude, longitude,
and radial velocity (Kalberla et al. 2005). We convert the
velocity-integrated intensity into Ny, i.e

Ny = XHIZWHI- )
px

The sum of ZWHI is calculated from the brightness
px

temperature given in the dataset and the binning in

velocity of the data cube. The conversion factor in

this case is Xy = 1.82 x 10"¥cm™2(K km/s)~! (see, e.g.,

Eq. (1) of Fukui et al. 2014), valid in the optically thin

approximation.
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Figure 3. Left: Rqusi/co versus galactic longitude. The horizontal solid lines delimit the accepted region for the value of Rays/co, With its
average value represented by the dashed thin line. Black solid points are for the sample of UNID objects. For comparison we show also
the larger Galactic VHE sample with open black squares, see Sect. 4. Right: dust estimation excess Cgys/2co-+nr as a function of Galactic
longitude. All points are calculated with Xco = 2.0 x 10%cm=2(K km/s)~! and Xy pin = 1.82 x 10"¥cm~2(K km/s)~!. All points are
derived using 07,,,(353 GHz) = 1 x 10726 cm? H™!, where 24,y o< o, L. Black solid points refer to the UNID sample. For comparison
we show also the larger Galactic VHE sample with open black squares.

We now define a new parameterization of the three gas
surface densities, so to consider all tracers. This estimate
does not depend on the common terms, that are ¢ and my,
so that is proportional to Ny/(2Nm + Nup) (see Eq. (21)
Bolatto et al. 2013). After simplification, the quantity to be
evaluated is:

Ny
Caustj2co+H1 = N - N
H2 HI
o0 T w/ve) 7’
px
= , (10)
2XCOZWCO + XHIZWHI
px px

and we will refer to it as dust estimation excess. We
will now fix the dust opacity to 0y,,(353 GHz) = 1 x
1072 cm? H™!' (see Eq. (6)), so to use this value as
normalization. In Fig. 3 (right) we show the distribution
in longitude of the dust estimation excess derived from
Eq. (10). We here assume the conversion factor for the mol-
ecular component to be Xco = 2. X 10%cm—2(K km/s)~!,
as is the recommended standard Galactic value in Bolatto
et al. (2013). We then fix the conversion factor for
the atomic component to be Xy, in the optically thin
approximation. In this case one can see that, considering
the atomic component, most of the UNID source locations
are inside an acceptable band of Cgaust/2co+m1, defined
as follows. The lower limit of this band is set to
Cuust/2co+n1 = 1 and corresponds to the minimum value
of dust emissivity oy,,,(353GHz), while the upper limit
of Causty2co+nr = 4, correspond to 03;,(353GHz) (see
Eq. (6)). Contrary to what is seen in the behaviour of
Ryust/co, also the positions in the sky with large Galactic
longitude or latitude are inside the allowed bounds. There
is therefore no necessity to invoke a further gas component
once one allows for a change in the conversion factor
normalization.

While there is no evidence from this approach of
a missing gas component or Cquy/2co+nr > 4, there are
instances of Cgust2co+nr < 1. These locations are in
central regions of the inner Galaxy However, if we assume
Xco = 0.5 x 10® em™2(K km/s)~!, a value appropriate

for the Galactic Center region (see Bolatto et al. 2013),
all values would then be inside the limits.

To avoid invoking a different dust emissivity from the
ISM average in order to reconcile the gas surface densities
estimates (hence Cqusi/2co4+H1 # 1), other assumptions can
reduce the ratio Cgaysoco4+mr- Indeed, the estimate of
the CO or HI component can be incremented. With a
larger value of Xco we can push up ¥cp. The Cygnus
region, for example, presents some of the largest values
of Cqustiy2co+nr. However this does not seem to be a
viable explanation when considering that the average value
for the conversion factor in the molecular component
in the Cygnus region, derived from Fermi-LAT data
at high energies (HE; EZ100 MeV), is Xco = 1.68 x
10%ecm~2(K km/s)~! (Ackermann et al. 2012). On the
other hand, also the mass of the HI component can be
underestimated if the optically thin approximation for the
21 cm line is no longer valid (at large column densities). As
described by Fukui et al. ( 2014), this can lead to the mass
estimate to be off by a factor of Xy mick ~ 2Xm1. The latter
approach would need to be coupled to a X slightly lower
than the Galactic average.

Considering the value of Rgusyco and Caqust/2co+His
we cannot associate the sample of UNID sources with
locations where the canonical estimates of material content
are failing. Therefore we cannot link them to dark gas.

5. Conclusions

We studied the possible correlation of VHE emission and
matter content enhancement in the inner Galactic region
(JI] < 30° and |b| < 2°). We constructed the probability
distribution function of the number of positions in the inner
galaxy associated with a mass enhancement. We conclude
that we cannot firmly claim a correlation neither with
CO traced material nor with dust content enhancement,
but all the tests performed present hints of it. The results
for a representative subsample of the performed tests are
summarized in Table 1. The final proof of correlation
is left for the future, when the forthcoming Cherenkov
Telescope Array (CTA) observations will provide us with
more sources (Dubus et al. 2013).

03002-p.5
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A large part of the detected Galactic VHE sources is
still classified as unidentified, due to the lack of suitable
multiwavelength counterparts. Even if we cannot claim a
correlation of the location of VHE sources and regions
of enhanced material content, we have investigated here
the possibility that these unidentified sources are located
in peculiar regions of the Galaxy, where the classical
estimates of the material content is not complete. We
therefore analyzed the possible existence of “CO-faint”
gas in the location of VHE unidentified sources. The
presence of “CO-faint” gas can be constrained with a
combination of three tracers: intensity of the '>CO(1—0)
line to trace the molecular material (e.g., Dame et al. 2001),
dust emission to trace the total hydrogen content (e.g., Ade
et al. 2014), and HI hyperfine transition at 21 cm to trace
for atomic hydrogen (e.g., Kalberla et al. 2005). We have
however shown that no additional gas component is needed
to reconcile mass estimation from the three different tracer,
when the uncertainty of the conversion factor Xco, Xmr
and 0 (353 GHz) is considered.
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