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ABSTRACT

Aims. The association of very-high energy sources with regions of the sky rich in dust and gas has been noticed in the study of
individual very-high energy (VHE; E 2 100 GeV) sources. However, the statistical significance of this correlation for the whole
population of TeV detections has not been assessed yet. Here, we present a study of the association of VHE sources in the central
Galactic region with positions of enhanced material content.

Methods. We obtain estimates of the material content through two classical tracers: dust emission and intensity of the >CO(1 — 0)
line. We make use of the recently 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 sources detected by the High Energy Stereoscopic System (H.E.S.S.) array.

Results. We find hints of a positive correlation between positions of VHE sources and regions rich in molecular material, which
reaches the 3.90 level in the best of cases. The latter confidence is however decreased if variations in the selection criteria are
considered, which lead us to conclude that a positive correlation cannot be firmly established yet. Forthcoming VHE facilities will be

needed to firmly establish the correlation.

Key words. astroparticle physics — radiation mechanisms: non-thermal — cosmic rays — dust, extinction — gamma rays: ISM —
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1. Introduction

Most very-high energy 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, multi-
wavelength 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 cor-
relation 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 surround-
ing material, leading to VHE emission through the decay of the
produced 7° (Ginzburg & Syrovatskii 1964). This 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 ac-
tivity, 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 also consider
the inverse Compton scattering (ICS) of the accelerated elec-
trons off the thermal radiation associated to the dust (e.g., Martin
et al. 2012). The VHE emission has also been predicted to be
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produced in regions of massive-star formation. Apart from being
obvious sites prone to the appearance of SNRs and other accel-
erators, the strong winds of the hot OB stars in the clusters form
an acceleration region 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. The ex-
treme cases in this sense are the ULIRGs and starburst galaxies
(e.g., Volk et al. 1996; Torres 2004; de Cea et al. 2009; Lacki
2013), some of which have also been established as high energy
emitters both in GeV and TeV (Abdo et al. 2010; Acero et al.
2010).

Mass content is usually obtained trough well-established
tracers. The most commonly used is the intensity of the
2CO(1 — 0) line at 115 GHz (2.6 mm), which has been used
as a tracer of H2 (Dame et al. 1987). However, if the gas is
diffuse, the line cannot be excited, and this method fails to
trace all the mass content of the region. The gas in this phase
is usually referred to as “dark gas” and can be better studied
through HE (E 2 100 MeV) y-ray emission or dust emission
(Planck Collaboration XIX 2011; Planck Collaboration 2014).
In this work, we use both the CO line and dust emission as
tracers.

Thanks to the increase of the VHE detections and the rich-
ness of data released by the Planck Collaboration (see e.g.,
Planck Collaboration XIII 2014; Planck Collaboration 2014), it
is possible to quantitatively estimate the possible correlation of
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Fig. 1. Positions overlaid on a dust emission map (at 353 GHz, Planck data), which is cut at 10% of maximum value. Black circles correspond to
GPS sources. Orange circles correspond to a random sample drawn from 2D distribution in Fig. 2. See text for details.

the population of Galactic VHE sources with enhancements of
the mass distribution. We do so in the next sections.

2. The data set and mass estimation

The mass in a given position in the sky can be expressed as
M = umyD* AQNy, (1)

where ¢ = 1.4 is the mean weight per H, my is the mass of
the H nucleon, D is the distance, AQ is the solid angle, and Ny
is the hydrogen column density. Therefore, one only needs to
estimate Ny if the distance is known.

An extensive archive of CO line (1 — 0) at 115 GHz
(2.6 mm) intensity Wco is provided in Dame et al. (1987, 2001).
The data are released' in cubes of radial velocity (in local stan-
dard of rest), Galactic latitude, and longitude. The distance can
be estimated from the radial velocity. From W¢o one can esti-
mate the mass of the molecular material as follows:

Mco = ,umHD2AprXCOZWCO- (2)
px

The suffix relates to the method of estimation but refers to the
total molecular mass. The solid angle is taken out of the summa-
tion, as it is the same for each pixel (squares of 0.125° per side).

One can estimate the total mass (hydrogen in any form) from
the dust content. From the thermal emission of the dust, we can
derive Ny (see, e.g. Roy et al. 2013). Using Eq. (1), the total

mass would be:
I, v\?
2)" ®

Maus = AQp D, )

£iB(T) \vo

where «,, is the mass absorption coefficient (MAC) that contains
the knowledge on the emissivity of the dust grains and their com-
position. The intensity of the dust emission can be parametrized
as follows:

RV
I,=A (—) B,(T), 4)
Vo

where B, (T) is the Planck function for dust equilibrium temper-
ature T, A is the amplitude of the modified blackbody, and S the
dust spectral index. The dust optical depth at frequency v is

L, vV
HZWﬂ_q%» o

! http://www.cfa.harvard.edu/rtdc/C0/
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The Planck legacy archive® provides dust parameters as all-sky
maps with 7, 8 index and T at 353 GHz (with degeneracy be-
tween the last two parameters). They were obtained by fitting
the Planck data at 353, 545, and 857 GHz with the IRAS (IRIS)
100 micron data (see Planck Collaboration 2014). One can use
all-sky maps for 7 and S to calculate the mass. As can be seen
from Eq. (4), this is equivalent to using intensity maps, if we
restrict ourselves to the emission at 353 GHz (that is the refer-
ence frequency for the intensity map available in the archive), as
we do in the following. The Planck satellite legacy archive also
provides Wco in Galactic coordinates. This equals the velocity-
integrated Dame map in the full velocity range with the addition
of a <10% contribution from '*CO (at 110 GHz, hence, in the
same HFI channel of the Planck satellite). Here we only use the
map from the Dame archive, which is dubbed Dame-deep, that is
the composition of several surveys and covers the entire Galactic
plane at low latitudes (Jb| < 5°). Indeed, we focus only on the
central Galactic region. The Dame scan provides the advantage
of selecting only one isotopologue thanks to spectroscopic in-
formation. Above all, we choose not to use the Planck maps for
CO emission, so to have the two estimate of the mass as indepen-
dent as possible. Using the healpix package?, the dust maps have
been repixelized to match the resolution of the Dame-deep maps
(1 px = 0.125°). This is slightly larger than the original resolu-
tion of the all-sky map of optical depth (5’, Planck Collaboration
2014). The dust emission intensity map at 353 GHz, cut to the
inner Galactic region and 10% of maximum value, is shown in
Fig. 1.

Each estimate of the mass has some unknowns, which are
most noticeably the conversion factors from tracer to mass: the
term Xco for Eq. (2) and the coefficient «,, in Eq. (3). It has to
be noted that these are constants and hence, their value is not
important here as we are more interested in relative mass gradi-
ents to define enhancements. Nevertheless, for the scope of this
work, we use Xco = 1.8 x 102 cm™2 (Kkms™")~! (Dame et al.
2001) and 0(353 GHz) = umyuk, = 2.2 x 10726 cm? H™!. The
choice of this particular value is given in the next section.

A further unknown is the distance of the VHE sources. From
here onwards, we refer to the material content through the esti-
mation of the surface density:

M\ A
=) ) ®

where A is the area projected in the sky of the region where the
mass M is estimated.

2 http://pla.esac.esa.int/pla/aio/planckProducts.html
3 http://healpix.sourceforge.net/
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Fig. 2. Distribution on the sky of the sources in the central Galactic
plane region. The numbers refer to the abundance of sources in each
bin of the grid in which we divided the inner Galactic plane (6/ = 10°,
ob =1°).

2.1. Mass absorption coefficient or opacity of the interstellar
material

The MAC value depends on the type of dust considered. In
Planck Collaboration XXI (2011) the best estimate of the dust
opacity is ¢ = umyk, = T/Nyg = 0.92 +0.05 X 10°P cm?H ! at
250 um (1200 GHz) for the ISM. An environment more similar
to the mass enhancements studied here is the Orion molecular
cloud, where the opacities can be larger by a factor of ~2—4
(Herschel data from Roy et al. 2013). As they note, much higher
opacities than what is obtained for the ISM are not unprece-
dented; another example is 0.(1200 GHz) = 3.8 107 cm?H™!
for a dense molecular region in the Vela molecular ridge where
the column density ranged between [10 ... 40] x 10*' cm™
(Martin et al. 2012). A study of the impact of dust grain com-
position is given in Coupeaud et al. (2011), where values as high
as Kgso um = 0.8 mz/kg are shown. This would correspond to
(353 GHz) = 2 x 1072 cm? H™!, but this is very extreme.

The spectral dependence of the opacity can be parametrized
as o.(v)/oe(vo) = (v/v)’ with a fiducial frequency vy =
1200 GHz (250 pm), as in Roy et al. (2013). Assuming
B = 1.8 and considering an average value for the opacity as
(1200 GHz) = 2x 1072 cm? H™!, the value that we obtain for
the frequency used here is 0(353 GHz) = 2.2 x 1072 cm’ H™!,
which is what we choose for this work.

3. The inner GPS sources

We select the sources in the H.E.S.S. Galactic plane survey
(GPS, as presented in Carrigan et al. 2013)* with |[] < 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 8/ = 10° and 6b = 1°). Their
distribution in the sky is shown in Figs. 1 and 2. This is cer-
tainly a flux-biased sample, which is 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 (1 CU ~2.8x107 " (E/TeV) ™% ecm™2 s~ TeV ™).

We proceed to build 10° fake distributions of TeV sources
by randomizing the locations of each detection, yet conserving
their number within each spatial bin. One randomized realization
is shown in Fig. 1. To be able to construct this large number of
randomized distributions, the binning in space cannot be much
smaller than what is chosen here, or the same random positions
would be selected often. The results are proven to be stable with

4 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.
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Fig. 3. Distribution in surface density of the positions in the inner
Galaxy (black histogram) and in the GPS (red histogram). Top, CO:
there are 19 sources above the threshold at Tg.co = 274 Mgpc™
(dashed vertical line). Bottom, Dust: there are 16 sources above the
threshold at Ty gust = 496 M, pc=? (dashed vertical line).

the number of randomization if these are >10*. The surface den-
sity for the random positions is calculated as described above,
depending on the mass tracer. We sum the emission in a square
of 3 x 3 pixels with the central pixel corresponding to the best
fit position of the VHE source. As for both maps 1 px = 0.125°,
the area considered is similar to the trial extension used in the
H.E.S.S. GPS scan for source discovery (radius = 0.22°, see
Aharonian et al. 2006). The error on the source localization is
typically smaller than the pixel size considered here.

To quantify the correlation, we calculate the probability of
having a certain number of positions of the GPS sources asso-
ciated 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 posi-
tions in the considered inner Galaxy have a larger surface den-
sity. To be able to compare this threshold directly to the surface
density calculated as shown above, we follow the same proce-
dure. The surface density of each point in the Galaxy is calcu-
lated by scanning through each bin of the map and summing
the emission of a 3 X 3 pixel square surrounding said bin. This
surface density distribution is oversampled but it is intended
to serve only the scope of threshold definition. With the sur-
face density threshold defined, we then construct the distribution
function of the randomized samples and its cumulative distribu-
tion function, from which we can extract the significance of the
correlation.

3.1. Mass enhancement traced by Wco or dust emission

Following the procedure that was just explained, we construct
the surface density distribution over the entire inner Galaxy re-
gion by estimating the values from the Dame-deep Wco map,
which we integrate along the line of sight. The surface density
threshold is thus defined as Zy.co = 274 Mg pc~2. When apply-
ing the threshold to the surface density distribution that corre-
sponds to the positions of the GPS sources, we obtain 19 sources
in the real GPS sample (see Fig. 3, top). When applying the
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Fig. 4. Occurrences in the randomized sample of positions relative to an integrated surface density X > Xy, «. The dashed vertical line is for 30
Left, CO: there are 19 sources in the GPS above the threshold that correspond to 3.90 (solid vertical line). Middle, Dust: there are 16 in the GPS
above the threshold that correspond to 3.10 (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 simultaneously satisfy the two thresholds, and this corresponds

to 3.50.

same threshold to the 10° randomized set of 39 positions, we
obtain the distribution given in Fig. 4 (left). Therefore we can
conclude that the significance of correlation between the se-
lected VHE sources and the surface density enhancement that
we define is 3.90 (99.989%). The significance of the correla-
tion is calculated from the probability extracted from the con-
structed cumulative distribution, assuming a normal underlying
distribution.

The emission of the 2.6 mm CO line might not trace 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 X qust =
496 Mg pc~? is chosen (see Fig. 3, bottom). After 107 realiza-
tions of samples of 39 positions, the distribution obtained is the
one shown in Fig. 4 (middle). Therefore, the GPS sample with
16 sources showing £ > X, quq (see Fig. 3, bottom) presents a
significant correlation at 3.10 significance (99.77%).

3.2. Combined correlation

Since we are only interested about the correlation with the mate-
rial content, we should 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 X > X, ., and the 16
with £ > X gqust, 15 are common to both samples. That is to
say, 15 of the GPS sources are associated with a surface den-
sity above a threshold in the case of both 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 ran-
domized sample studied above. For each set of 39 randomized
positions, we calculate how many are associated with a surface
density above the threshold selected for each tracer.

It appears that the VHE emission correlates more strongly
with the dense region that is well traced by Z¢o. Ideally, to prove
this, one could search for correlation in smaller subsamples, for
example, by selecting those VHE sources where an hadronic
component in the emission is more probable. However, hack-
ing the sample further would incur into a reduction of signifi-
cance due to trials, and, given the small significances, it is not
advisable.

3.3. 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
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our definition of surface density enhancement. We therefore now
study the stability of the correlations found.

The Xy = ;9 was chosen such that only 10% of the po-
sitions 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. 3). We, nonetheless, have scanned the evo-
lution of significance with percentages (s 10.15,2025), Where the
numbers in the subscript refer to the percentage). The signif-
icance of correlation remains positive (>30) for thresholds of
2[10_25| with a peak for 2[10,(;0] and 2[20,dusl]-

The initial binning of the sample was chosen to allow a
large randomization of positions in a single bin without incur-
ring the risk of selecting the same region of 0.375° x 0.375°
often. However, with the initial binning of 6b = 1° (hereafter
case A), the latitude distribution of the randomized samples had
a standard deviation of 0.61°, which was slightly larger value
than the original sample (0.47° + 0.05°). This is not a critical
widening but might impact the final assesement of significance
if the randomized positions were to select, on average, positions
with a smaller surface density than in the respective original
GPS position. 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 there-
fore reduce the binning in latitude (from the initial 6b = 1° to
ob = 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 2.4 for the CO tracer case
and 1.40 for the dust tracer case. The significance never exceeds
the level of 30 but follows the same behavior, as described in
case A (peak for Z(10,coj and 220 dust])-

As we rely 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
the VHE source are more abundant and matter enhancements are
more common. We therefore proceed to replicate the test above
(case B) but neglect the region closer to the Galactic plane (|b| <
0.5°, hereafter case C). We now focus on the correspondingly-
located nine VHE sources. Surface density thresholds 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 with
a 3.50 significance for X5 qus that, however, suffers for trial re-
duction (the five trials of the X, scan already reduce it to 30)
and cannot be claimed as a correlation.
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Fig. 5. Map of the enhancement « over the Galactic CR background necessary to reach detection with 50 h of CTA observations. Artificially cut to
an upper value of k = 100. All the regions with higher values are at |b| > 1°.

Table 1. Significance (S) of correlations with different tracers and Xy,.

Case Tracer Zihr #  Probability S
My pc?
A Dust 496 16 0.9977 3.050
A coO 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 2370
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

We therefore conclude that we cannot firmly claim a cor-
relation neither with CO traced material nor with dust content
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 et al. 2013).

4. Implication for diffuse emission

Let us consider the expected emission from a molecular cloud
under the interaction with the cosmic ray sea (Aharonian 1991;
Gabici 2008):

F(E > E,) ~ 1 x107E;" " MsD™ em ™57, )

where E, is expressed in TeV, the distance D in kpc, the mass
Ms = 10° My, and « is the enhancement factor of CRs, which is
assumed to be unity for passive clouds (i.e., a case where only
the CR background is included) and larger in the presence of a
nearby accelerator. For the same level of «, the larger the mass
content of the target material, the larger the expected flux will be.
If the mass is calculated through Eq. (1), then the dependence
on distance is canceled. Hence, it would be possible to trans-
late the Wco or dust emission maps to maps of the minimum-
expected VHE contribution, which are relative to the Galactic
CR background. This minimum level of diffuse emission should
be completed with the addition of the expected y-rays from the
ICS contribution off the Galactic radiation field. The y-ray dif-
fuse emission is well studied at GeV energies (Hunter et al.
1997; Ackermann et al. 2012). With the large dataset accu-
mulated with observation by the H.E.S.S. array, studies of the
diffuse component also start to be possible with the current gen-
eration of Cherenkov Imaging Arrays, which are not only in the
dense region at the Galactic center (Egberts et al. 2013). If the
correlation that we have studied between VHE sources and re-
gions of enhanced mass was to be confirmed, it implies that the
diffuse emission needs to be studied in regions with a moderate

mass content to select a diffuse component not contaminated by
a nearby source of accelerated particles. However, when remov-
ing regions with mass content £ > X «, the expected diffuse
flux of the remaining regions is quite low. For these regions, as-
suming Xco = 1.8 x 10%° cm™ (K kms™)~!, the flux per pixel
obtained through Egs. (7) and (2) is one order of magnitude be-
low the CTA point source sensitivity for 50 h of observation.
The pixel area considered here is comparable to a point source
for CTA at energies E ~ 1 TeV (Acharyaet al. 2013). The neces-
sary factor « of enhancement over the Galactic CR background
assures a detection with CTA ranges from a factor of few up
to ¥ > 100 at the highest Galactic latitude investigated here, as
seen in Fig. 5. It is important to note that this upper limit is valid
in the assumption when the CR spectrum at every location in
the Galaxy has the same energy dependence than the CR back-
ground. If the spectral dependence changes, the necessary « will
be lowered by a factor of even ~10 (assuming a CR spectrum
with the same normalization at 1 GeV than the CR background
but with a spectral change from I' = 2.7 to I' = 2.1; for details,
see Aharonian 1991). For comparison, an enhancement factor of
k 2 10 is actually found in the W28 region (see Nicholas et al.
2012). The H.E.S.S. preliminary measurements of the diffuse
component in the inner Galaxy already show how the minimum
level that is given by p-p interaction has been clearly exceeded
and that the VHE sources have enhanced the CR content above
the level detected at Earth. The excess can also be due to unre-
solved sources. The most promising regions to study the VHE
emission, which is due only to the Galactic CR background, re-
main the giant molecular clouds in the Gould Belt, even if they
will still prove challenging for CTA due to their large extension
(Pedaletti et al. 2013).

5. Concluding remarks

We studied the possible correlation of VHE emission and matter
content enhancement in the inner Galactic region (|/| < 30° and
[b| < 2°). We constructed the probability distribution function
for a number of positions in the inner Galaxy associated with a
mass enhancement. The value of the surface density threshold to
define enhancement is derived for the inner Galaxy distribution.
The results for a representative subsample of the performed tests
are summarized in Table 1. Independent from the tracer used to
estimate the surface density, we conclude that a positive correla-
tion cannot be firmly established yet.

The number of sources discovered from the H.E.S.S.
Galactic plane scan keeps on increasing with larger observation
time and refined analysis. This study will benefit from a sub-
stantial increase of the number of sources, such as the one we
will expect from the Galactic plane scan with the forthcoming
CTA array.
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