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ABSTRACT

Aims. To explore the nature of the unidentified very-high-energy (VHE, E > 100 GeV) gamma-ray source HESS J1626—-490, we
investigated the region in X-ray, sub-millimeter, and infrared energy bands.

Methods. So far only detected with the HESS array of imaging atmospheric Cherenkov telescopes, HESS J1626—490 could not
be unambiguously identified with any source seen at lower energies. Therefore, we analyzed data from an archival XMM-Newton
observation, pointed towards HESS J1626—490, to classify detected X-ray point sources according to their spectral properties and
their near-infrared counterparts from the 2MASS catalog. Furthermore, we characterized in detail the diffuse X-ray emission from a
region compatible with the extended VHE signal. To characterize the interstellar medium surrounding HESS J1626—490 we analyzed
12CO(J = 1-0) molecular line data from the Nanten Galactic plane survey, HT data from the Southern Galactic Plane Survey (SGPS)
and Spitzer data from the GLIMPSE and MIPSGAL surveys.

Results. None of the detected X-ray point sources fulfills the energy requirements to be considered as the synchrotron radiation
counterpart to the VHE source assuming an inverse-Compton (IC) emission scenario. We did not detect any diffuse X-ray excess
emission originating in the region around HESS J1626—490 above the Galactic background and the derived upper limit for the total
X-ray flux disfavors a purely leptonic emission scenario for HESS J1626—-490. We found a good morphological match between
molecular and atomic gas in the =27 kms™! to —18 kms™! line-of-sight velocity range and HESS J1626—-490. The cloud has a mass
of 1.8 x 10* M, and is located at a mean kinematic distance of d = 1.8 kpc. Furthermore, we found a density depression in the H1 gas
at a similar distance, which is spatially consistent with the SNR G335.2+00.1. We discuss various scenarios for the VHE emission,

including the CO molecular cloud being a passive target for cosmic ray protons accelerated by the nearby SNR G335.2+00.1.

Key words. acceleration of particles — ISM: supernova remnants — ISM: clouds — ISM: individual objects: HESS J1626-490 —

X-rays: ISM — submillimeter: ISM

1. Introduction

During scans of the Galactic plane with the Imaging
Atmospheric Cherenkov Telescopes (IACTs) of the HESS (High
Energy Stereoscopic System) array a number of new Galactic
very high energy (VHE, E > 100 GeV) y-ray sources were de-
tected (Aharonian et al. 2005a, 2006a). Many of these sources
could be identified as pulsar wind nebulae (PWN), shell-type
supernova remnants (SNR), y-ray binaries, molecular clouds, or
active Galactic nuclei (AGN). However, there are still a few TeV
sources that could not be unambiguously associated with any
source detected in lower energy bands (see, e.g., Aharonian et al.
2008a). In recent efforts to investigate these “dark” VHE emit-
ters, multi-wavelength observations were conducted to probe the
environment of these particle accelerators (for recent work, see,
e.g., Aharonian et al. 2008b,c).

HESS J1626-490 is another VHE gamma-ray source of un-
known origin, which so far could not be identified with a
source at lower wavelengths. This object, with an intrinsic ex-
tension of ~5 arcmin (Gaussian FWHM)), is located right on the

* Now at Laboratoire d’ Annecy-le-Vieux de Physique des Particules
(LAPP), Université de Savoie, CNRS/IN2P3, 74941 Annecy-Le-Vieux,
France.
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Galactic plane (RA: 16"26™04%, Dec: —49°05"13"") and was de-
tected by HESS with a peak significance of 7.50- (Aharonian
et al. 2008a). It is also stated that the source might be com-
posed of two separate sources owing to the long tail extending
towards the east. These authors measured a power-law spec-
trum with a photon index of 2.2 £ 0.15, + 0.2 and a flux
normalization of (4.9 + 0.9) x 1072 cm™2s™! TeV~! at 1 TeV
at energies between 0.5 TeV and 40 TeV. A number of pos-
sible counterparts from other wavelengths are discussed by
(Aharonian et al. 2008a), such as the nearby faint extended
ROSAT source IRXS J162504-490918 (Voges et al. 1999), the
shell-type SNR G335.2+00.1 (Whiteoak & Green 1996), and de-
spite their large offsets, the X-ray binaries (XRBs) 4U 1624-
490 and IGR 16283-4838. Furthermore, the high-energy (HE)
source 1FGLJ1626.0—4917c from the one-year Fermi source
catalog (IFGL, Abdo et al. 2010) lies in close proximity to
HESS J1626-490.

The two physical mechanisms thought to produce VHE
gamma rays are inverse-Compton (IC) upscattering of low-
energy photons by a population of relativistic electrons, as
well as production and subsequent decay of n°s when high-
energy hadrons interact with a dense medium. The latter, purely
hadronic scenario becomes more viable in cases where the VHE
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emission correlates with the location of dense molecular clouds
(e.g. towards the Galactic Center Ridge, Aharonian et al. 2006b)
or when SNRs interact with the surrounding interstellar medium
(ISM) as seen with HESS from W28 and other SNRs (Aharonian
et al. 2008c; Feinstein et al. 2009) and with VERITAS and
MAGIC from IC 443 (Acciari et al. 2009; Albert et al. 2007).
In an IC scenario, X-ray emission coinciding with the VHE sig-
nal is expected due to synchrotron radiation from the same lep-
ton population, whereas only a very low X-ray flux is predicted
for a purely hadronic scenario arising from synchrotron cool-
ing and/or nonthermal bremsstrahlung from secondary electrons
produced in the decay of charged pions (see e.g. Gabici et al.
2009).

In this work we analyzed the data of an archival
XMM-Newton observation to search for an X-ray counter-
part of HESS J1626—-490. Therefore, we classified the detected
X-ray point sources in the vicinity of HESS J1626—-490 and
searched for possible diffuse excess emissions above the ex-
pected Galactic background. Furthermore, we present '>2CO(J =
1-0) molecular line survey data taken with the Nanten mm/sub-
mm observatory to scan for molecular clouds and infrared data
from the Spitzer GLIMPSE and MIPSGAL surveys to search for
indications of recent star-forming activity.

2. X-ray data analysis and results

We retrieved the EPIC (European Photon Imaging camera) data
of an archival XMM-Newton (Jansen et al. 2001) observation
(ID: 0403280201), pointed to the position of HESS J1626—-490.
The EPIC-MOS (Turner et al. 2001) and EPIC-PN (Striider
et al. 2001) data were analyzed with the XMM-Newton Science
Analysis System (SAS) version 9.0.0, supported by tools from
the FTOOLS package and XSPEC version 12.5.0 (Arnaud 1996)
for spectral modeling. For image processing, we used some tools
from the CIAO 4.0 software package.

This observation was affected by long intervals of strong
background flaring. To clean the data we applied a background
good-time-interval (GTI) screening based on the full field-of-
view (FoV) 7-15 keV light curve provided by the standard pro-
cessing chain. We used thresholds of 8 cts/s for PN and 3 cts/s
for MOS and the resulting net exposures are 4.9 ks for PN and
13.2 ks for MOS, respectively. For all spectra and images pre-
sented in the following sections, we selected good (FLAG==0)
single and multiple events: PATTERN <4 (PN), PATTERN < 12
(MOS).

2.1. X-ray point sources

Even though Aharonian et al. (2008a) detected
HESS J1626—-490 with an intrinsic extension of ~0.1°, we
first characterized possible point-like X-ray counterparts.
The SAS standard maximum likelihood technique for source
detection was used in several energy bands: 0.2-0.5 keV,
0.5-1.0 keV, 1.0-2.0 keV, 2.0-4.5 keV, 4.5-10.0 keV, and 0.5—
10.0 keV. The resulting point source list indicates a detection
threshold of 2x 107'* ergcm=2s~!. Within the 40~ contours
of HESS J1626—-490, we detected twelve X-ray point sources
(see Fig. 1). For five of these sources (1, 5, 7, 8, and 9) the
photon statistics were sufficient to perform a spectral analysis.
The remaining seven objects were classified according to their
hardness ratio (HR), which we defined as the normalized differ-
ence between high-energy (Hi: 2.0-10.0 keV) and low-energy
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Fig.1. Combined color-coded image from the PN and MOS de-
tectors. Energy intervals for the colors are 0.5-1.0keV (red), 1.0-
2.0keV (green), and 2.0-4.5keV (blue). The red contours denote
the 7,6,5,40 statistical significance levels of the HESS detection
of HESSJ1626-490. Marked are point sources detected within the
40 VHE contours (numbered 1 to 12 with increasing RA). The dashed
ellipse (white) shows the 1o~ confidence region of the positional uncer-
tainty of the Fermi source 1IFGL J1626.0-4917c.

(Low: 0.2-2.0 keV) counts:
_ Hi-Low )
" Hi+ Low

The number of counts in the respective energy bands is the sum
over all instruments where the source is detected. A correction
for differential vignetting was applied to the HRs. Similar to
the Galactic plane X-ray source population studies conducted
with XMM-Newton (Hands et al. 2004) and Chandra (Ebisawa
et al. 2005), we classified sources as either soft (HR < —0.5),
medium (-0.5 < HR < 0.5) or hard (HR > 0.5). To iden-
tify near-infrared (NIR) counterparts, we correlated the X-ray
point-source positions to the 2MASS all-sky catalog (Skrutskie
et al. 2006). Especially for regions on the Galactic plane where
the interstellar absorption is very strong, which is the case for
HESS J1626—490 (N ~2.22 x 10?2 cm™? Dickey & Lockman
1990b), the NIR band is particularly suited to probing deep into
the interstellar medium (ISM). We classified an X-ray source
from this observation as NIR-identified when a 2MASS cata-
log entry is found within 2 arcsec of the source position re-
sulting from the SAS source detection algorithm. In the fol-
lowing section we classify the detected point sources as either
“soft Galactic” (e.g., X-ray active stars), “hard Galactic” (e.g.,
cataclysmic variables (CVs), X-ray binaries), or “hard Extra-
galactic” (e.g., background AGN), based on the X-ray spectral
characteristics and the NIR counterpart. These classifications
are meant to reflect general characteristics such as hard/soft or
absorbed/unabsorbed, which helps for deriving more accurate
fluxes for sources where no spectral analysis was possible.

2.1.1. Soft Galactic sources

Owing to coronal activity and/or binary interaction, stars can
exhibit strong thermal X-ray emission during a wide variety of
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Table 1. Classification of point sources.

Source RA Dec Nu HRY kT /T® F ;3 imabs J® 2MASS Class
No. (x 10*' cm™?) (for kT: keV) (mag) name
1 16:25:17.5 —49:08:53 <0.08 091 KT, =020%0% 795 6117  J16251768-4908524 soft Galactic
KT, = 0.637002
kT5 =2.070%
2 16:25:19.6  —49:13:33 - -0.80 - 0.39 13.458 J16251980-4913341  soft Galactic
3 16:25:45.0 -49:04:30 - -0.05 - 35 - - med. extra-galactic
4 16:25:55.4 —49:12:56 - -025 - 2.1 12.895 J16255550-4912576  hard Galactic
5 16:26:08.0 —49:00:09 <I1.6 -0.72 kT, = 0.46f8:§§ 3.1 7.884 J16260819-4900103  soft Galactic
kT, = 3.5%13 -
6 16:26:09.2 —49:05:21 - -0.82 - 0.044 12.42 J16260907-4905195  soft Galactic
7 16:26:17.2  —49:09:03  88*18 +0.92 T'=041%9 3.9 - - hard extra-galactic
8 16:26:21.6  —49:08:33 <0.9 -091 kT = 0.84f8:? 1.9 13.133  J16262176-4908333  soft Galactic
9 16:26:22.3  —49:02:48 6.5+5.0 -0.16 TI'=2.0+0.7 14 11.304 J16262255-4902485 med. Galactic
10 16:26:38.1 -48:59:29 - -098 - 0.091 13.47  J16263792-4859277 soft Galactic
11 16:26:47.2 -49:00:22 - -0.39 - 2.1 12.726  J16264736-4900230 hard Galactic
12 16:26:57.4 -49:10:30 - -0.73 - 0.35 11.704 J16265766-4910312  soft Galactic

Notes. () Hardness ratio as defined in the text. @ Temperature(s) or photon index resulting from a MEKAL or power-law model fit to the spectra;
depending on the statistical quality of the thermal spectra, the number of temperature components varies. ® Unabsorbed flux in the 0.5-10.0 keV
band (x 10~'3 ergem™ s7!). The flux is derived from spectral fitting or, for fainter sources, by scaling an assumed spectrum with the count-rate
depending on the source class (see text).  J magnitude from the 2MASS catalog in cases where a counterpart was found within 2 arcsec of the

X-ray source.

evolutionary stages (for a compilation of the 100 brightest X-ray
stars detected by ROSAT, see Makarov 2003). Therefore, such
objects comprise the vast majority of soft Galactic sources. A
typical physical model to describe their X-ray spectra is an ab-
sorbed multi-temperature thermal plasma (MEKAL in XSPEC)
with temperatures in the range of kT = 0.5-2.0 keV. Due to the
lack of high interstellar absorption at these short distances and
their intrinsically soft spectra, these objects would be classified
as soft, according to the HR criterion, mentioned in the previ-
ous section. Furthermore, we required an NIR counterpart for an
identification as a “soft Galactic” source. According to these cri-
teria, eight of the twelve point sources were classified as “soft
Galactic”, and a spectral analysis could be performed on three
of them. We calculated the flux for those sources with no spec-
trum from the 0.5-10.0 keV count-rate assuming an unabsorbed
power-law spectrum with photon index 3.0. The X-ray and in-
frared information for these objects are compiled in Table 1.

Source No. 1 is by far the brightest X-ray point source
(Fx.unabs = 8.0x 1072 ergem™s7!) in the FoV and is spa-
tially coincident with the active triplet system HD 147633 =
IRXS J162517.7-490855 (Makarov 2003). This system con-
tains a close binary of two G-type main sequence stars. The
X-ray spectrum (Fig. 2) can be well-fit with a 3-temperature ther-
mal plasma emission model (see Table 1). The three plasma tem-
peratures resulting from the fit are compatible with temperatures
seen, e.g., from the Castor X-ray triplet (Giidel et al. 2001). We
therefore conclude that an identification of Source No. 1 with
HD 147633 is very likely.

2.1.2. Hard Galactic and extra-galactic sources

In contrast to the X-ray emission seen from nearby active stars,
the spectra of background AGN and Galactic CVs are intrin-
sically harder, and, in the case of AGN, heavily absorbed by

Counts 57! keV~!

Channel Energy (keV)

Fig.2. EPIC-PN and EPIC-MOS spectra of source No. 1 with a 3-
temperature thermal plasma model (MEKAL, )‘7 = 1.07) fit.

the interstellar medium in the Galactic plane. According to
the hardness-ratio classification scheme, these sources would
be medium or hard. For two sources, not classified as “soft
Galactic”, an X-ray spectrum could be extracted (Nos. 7 and 9).
Both feature hard power-law spectra. Source No. 7 shows a
very high absorption column density (Ng = 8.8 X 10*? cm™?),
which is higher than the Galactic level in that direction
(Ng = 2.1 x 10%2 cm™2, Dickey & Lockman 1990b), so we clas-
sify this object as “hard extra-galactic”. In contrast, the spec-
trum of the NIR identified source No. 9 is much less absorbed,
indicating a location in the Galactic plane. We therefore clas-
sify this source as “hard Galactic”. The rest of the medium or
hard sources were classified as “Galactic” if an NIR counterpart
is present, otherwise as “extra-galactic”. We calculated the flux
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for sources with no spectrum from the 0.5-10.0 keV count rate
assuming an absorbed power-law spectrum with photon index
2.0. For “extra-galactic” sources we assumed the total Galactic
column density Ny = 2.1 x 10*2 cm™2, for “Galactic” sources
the somewhat lower value Ny = 5 x 102! cm™2. The results for
all point sources are shown in Table 1. We note here that in the
rare case of hard Galactic sources with no NIR counterpart, such
as PWN, these objects would have been wrongly classified as
“extra-galactic”.

2.2. Properties of the diffuse X-ray emission

(Aharonian et al. 2008a) approximated the morphology of
HESS J1626-490 by fitting a 2-D Gaussian to the VHE ex-
cess map. The resulting intrinsic (with the effects of the in-
strument point-spread-function removed) major and minor axes
were 0.1 deg and 0.07 deg, respectively, with a position angle of
3 deg west to north. An IC scenario would predict X-ray emis-
sion due to the synchrotron cooling of the same population of
electrons. Likely candidates for such a scenario are PWN. For
these sources the X-ray nebula is more compact than the VHE
source since the high magnetic fields close to the pulsar lead to
strong synchrotron cooling. In contrast, the VHE nebula might
be dominated by a more extended population of electrons with
lower energies and longer cooling timescales. However, as we
did not see any obvious extended X-ray counterpart with XMM-
Newton we characterized the diffuse X-ray emission seen from a
region comparable to the VHE emission.

Before the extraction of events from diffuse regions, we first
removed all detected point sources from the dataset. For that pur-
pose we mostly relied on the results from the SAS maximum-
likelihood source detection algorithm. Exceptions were very
bright sources (e.g. source No. 1), sources at large off-axis an-
gles (e.g. source No. 5), and the out-of-time event column from
source No. 1, where we modified or added the respective regions
manually. All exclusion regions are shown in Fig. 3.

To estimate of the non-X-ray background (NXB) we used
a filter-wheel closed dataset, provided by the EPIC background
working group (Carter & Read 2007). To clean the background
data of soft proton flares and of contributing observations with
a general higher flux level, we applied the same GTI thresh-
old as for the source data (see Sect. 2). However, due to the
non-simultaneity of the source and background observations,
the particle-induced background level could still be different.
At energies above ~12 keV the effective area of the X-ray tele-
scope decreases significantly and the NXB becomes the domi-
nant background component. Thus to improve the estimation of
the NXB we derived a scaling factor based on the ratio of the
count-rate in the 12—15 keV energy bands between source and
background observations (similar to De Luca & Molendi 2004).

To check for possible hard diffuse X-ray excess emission, we
extracted an image in the 3-7 keV energy band. We refilled ex-
cluded regions using dmfilth and applied the adaptive smoothing
algorithm csmooth (Fig. 3). For the kernel size of the smoothing
we required a minimum significance of 5o. As background we
subtracted the scaled NXB dataset as described in the previous
paragraph.

2.2.1. Upper limit for extended X-ray emission

from HESS J1626-490

The diffuse image (Fig. 3) shows no significant excess emission
above the flat Galactic diffuse component apart from the area at
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Fig. 3. Adaptively smoothed EPIC-PN image of diffuse X-ray flux in
the 3-7 keV energy band with a linear color scale (arbitrary units).
The instrument FoV is shown as a dashed circle (green). The large el-
lipses (black) denote the extraction regions for HESS J1626—490 and
the background test, respectively. The large circle (magenta) to the
east gives the approximate extension of the X-ray scattering halo of
4U 1624-490. Excluded regions are shown as crossed-out areas (yellow
regions crossed with red lines).

the eastern edge of the FoV, which is discussed in the next sec-
tion. To derive an upper limit for the total X-ray flux possibly
connected to HESS J1626—490 (yellow ellipse in Fig. 3) we ex-
tracted a spectrum from that area and compare it to a spectrum
extracted from the southern part of the FoV outside the 40~ con-
tours of the VHE detection. For the spectral analysis we used the
same exclusion regions as for the extraction of the diffuse image
(see Sect. 2.2).

To accurately account for the energy-dependent variation of
the effective area over these large regions we applied the weight-
ing method described by Arnaud et al. (2001) to extract the spec-
tra. In accordance with this method we used the on-axis energy
response (RMF) and ancillary response files (ARF). As back-
ground we subtracted spectra from the identical regions in the
NXB dataset using the weighting method as well. Both NXB
subtracted spectra are shown in Fig. 4.

Since HESS J1626-490 is right on the Galactic plane, we
assumed that the observed emission from both regions is of dif-
fuse Galactic origin. Therefore, we adopted the two-temperature
non-equilibrium ionization model (2-T NEI) from Ebisawa
et al. (2005, henceforth E05). These authors observed a typical
Galactic plane region (Dickey & Lockman 1990b) with Chandra
and analyzed the Galactic diffuse emission in great detail. We
fixed most of the model parameters at the values from E05 ex-
cept for the norm and column densities of both temperature com-
ponents and the Si abundance of the hard component, which
would have been significantly overestimated otherwise. We fit
both spectra in parallel with this model (Fig. 4), and we only
allowed the normalizations to vary separately. The intrinsic sur-
face fluxes were derived by dividing the unabsorbed fluxes by
the effective extraction region, which is the region on the detec-
tor minus excluded areas, bad pixels/columns, and CCD gaps.
For both regions the details of the fitting parameters are listed in
Table 2.

The total surface fluxes for both regions agree within 1.5¢0,
with the flux measured from the test region slightly larger.
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Table 2. Fit results for a 2-T NEI model.

Parameter

HESS J1626-490 Southern test region

Soft Component

kT (keV)

log(net) (cm™ s)

Abundance (except Ne, Mg, Si)
Ne abundance

Mg abundance

Si abundance

Ny (x 102 cm™)

0.59 (frozen)
11.8 (frozen)
0.044 (frozen)
0.30 (frozen)
0.14 (frozen)
0.25 (frozen)
0.23 +£0.09

Intrinsic surface flux® (x1077 ergecm™2s7! sr7!) 1.4+04 1.8+0.5
Hard Component
kT (keV) 5.0 (frozen)
log(n.t) (cm™ s) 10.6 (frozen)
Abundance (except Fe) 0.17 (frozen)
Fe abundance 0.9 (frozen)
Ny (x 102 cm™?) 3.17“:8:;;
Intrinsic surface flux®” (x107® ergcm™2 s~ sr™!) 2.7+0.2 3.6+03
Xy 102 /74
Notes. @ In the 0.7-10.0 keV energy band.
5 XMM upper limit Fermi spectrum  H.E.S.S. spectrum
oL
i} &
%
& T
| b
8 E ot 1
b 5 %
o ~ 0+
- 2 °
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= o
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&
x
ol 1
Tl v vl i i el v il il s vl
100 1000 10* 10 10® 107 10®8 10° 10 10' 10 10'® 10"

Channel Energy (keV)

Fig.4. NXB subtracted spectra from the elliptical region centered at
HESS J1626—-490 (black) and a region in the south of the FoV outside
the 40 contours of HESS J1626—490 (red). The stepped lines show the
best-fit of a 2-temperature NEI model.

Therefore, we did not detect any significant X-ray excess emis-
sion from the direction of HESS J1626—490 with respect to the
test region. Assuming that a possible X-ray signal associated to
HESS J1626—490 would originate in a region with the same ex-
tension as the VHE signal and that an excess flux greater than 4o
above the Galactic diffuse emission would be detectable, we de-
rived an upper limit for the X-ray flux in the 1-10 keV band of
Fy excess < 4.85% 10712 erg cm~2s™!. Given the observed back-
ground count rate from the ellipse and assuming an absorbed
power-law spectral shape with index —2 and column density
1 x 10%2 cm™2, the formal 40 confidence level flux upper limit
(1-10 keV) would be ~1 x 1072 ergecm =2 57!, somewhat lower
than the above value. However, we used the first value as we
deem it more realistic for the actual source analysis techniques.

Figure 5 shows the VHE spectral energy distribution (SED)
of HESS J1626-490, together with this upper limit, assuming
a power-law spectrum with index —2 for the X-ray spectrum.

energy (eV)

Fig.S. Spectral energy distribution of HESS J1626—490, showing the
HESS spectrum as data points with errors (red) (Aharonian et al. 2008a)
together with the spectral uncertainty band of 1FGL J1626.0-4917c
(Abdo et al. 2010). The XMM-Newton upper limit from this work is
denoted by a horizontal line with an arrow (black).

In addition, the spectral uncertainty band of the Fermi source
1FGL J1626.0-4917c¢ is shown (Abdo et al. 2010).

2.2.2. Contamination from the dust-scattering halo
of the low-mass X-ray binary 4U 1624-490

As seen in the smoothed image of diffuse X-ray emission 3, the
flux level increases towards the eastern edge of the FoV. The dip-
ping low-mass X-ray binary 4U 1624-490 is located ~270 arcsec
outside the XMM-Newton FoV, exactly to the east. This source
features an extended dust-scattering halo, which was detected
with BeppoSAX (Batucinska-Church et al. 2000) and Chandra
(Xiang et al. 2007). According to these authors the halo shows
a hard, highly absorbed spectrum (Nyg = 8-9 x 10?2 cm™~2) and
should reach well inside the XMM-Newton FoV of this observa-
tion as denoted by the eastern yellow circular region in Fig. 3.
An absorbed power-law fit to the spectrum extracted from the
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Fig. 6. Left: Nanten '*CO(J = 1-0) image of the region around HESS J1626—490 (linear scale in K km s~!) integrated over the v sg range —31 to
—18 kms™'. Overlaid are the contours of the VHE emission (blue) and of the HI cloud discussed in Sect. 4 (green). The dashed circle (light blue)
denotes the position and extension of SNR G335.2+00.1. Right: Nanten >*CO(J = 1-0) Galactic longitude-velocity plot (linear scale in K deg)
integrated over the Galactic latitude range —0.33 to 0.14 deg. The '>CO cloud shown in the left image is marked by a dashed circle (green).

eastern region in the XMM-Newton observation gives a column
density of Ny = (8.0 +2.5) x 10?2 cm™2 and a photon index of
I' = 2.3 £ 0.7. These results, together with the apparent circular
shape of the excess, confirm the identification of this emission
with the dust-scattering halo of 4U 1624-490. The effects of this
contamination are very limited to the eastern edge of the FoV
and should therefore not influence much the measurements of
the diffuse emission from the direction of HESS J1626—-490 and
the test region.

3. Nanten 2CO(J = 1-0) data

To search for molecular clouds, spatially and morphologically
coincident with HESS J1626—-490, we analyzed 2CoyJ = 1-0)
molecular line observations performed by the 4 m mm/sub-mm
Nanten telescope, located at Las Campanas Observatory, Chile
(Mizuno & Fukui 2004). These data were taken as part of the
Nanten Galactic Plane Survey (1999 to 2003, Matsunaga et al.
2001, and references therein). The survey grid spacing was 4 ar-
cmin for the region around HESS J1626—490. For this work the
local standard of rest velocity (v sr) range -240 to +100 km s~
was searched.

Figure 6 (left) shows the Nanten 2CoW = 1-0) image in-
tegrated over the v sg range —31 to —18 km s~!. In this interval
we found a '>CO feature partially overlapping with the VHE
emission. According to the Galactic rotational model of Brand
& Blitz (1993), this v sr range corresponds to a kinematic dis-
tance of 2.2 to 1.5 kpc. As can be seen in the Nanten position-
velocity plot (Fig. 6 (right)), this CO cloud seems to be con-
nected to a much larger system of clouds at velocities —32 to
—~50 kms~!'. The '2CO emission at these more distant velocities
is much more extended, and we did not find any apparent feature
particularly matching the VHE morphology or coinciding with
the SNR G335.2+00.1.

Using the relation between the hydrogen column den-
sity (Ng) and the '>CO(J = 1-0) intensity W('2CO),
Ny = 1.5x 10%° [W('2CO)/K kms™'] (Strong et al. 2004), we
estimate the total mass of this cloud at 1.8 x 10* M, for
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d = 1.8 kpc within an elliptical region centered at / = 334.78,
b = 0.00 with dimensions 0.26 x 0.30 deg. The corresponding
average density is 2.1 x 10? cm™.

4. HI and infrared data

Figure 8 shows HI images of the region around
HESS J1626-490 from the Southern Galactic Plane Survey
(SGPS McClure-Griffiths et al. 2005) integrated over the vy sr
ranges —23 to —18 km s7! (Leff) and =31 to =23 kms™' (Right),
respectively. A local HI density depression is seen in the center
of the left image at an angular separation of ~21” from the CO
molecular cloud and HESS J1626-490. It is striking that this
feature is consistent in position as well as in angular extension
with the SNR G335.2+00.1 (Green 2009; Reach et al. 2006).
Furthermore, both images show a region of increased gas
density in spatial coincidence with the VHE contours, which is
more pronounced in the —31 to =23 kms~! velocity range. Two
dips, most likely due to foreground absorption, are marked by
arrows (labeled D1 and D2).

We estimated the mass of the dense HI region coinciding
with the VHE and '>CO features using the signal within the
same elliptical region as for the CO cloud (Sect. 3). Using the
relation between H1 intensity and column density from Dickey
& Lockman (1990a) (X = 1.8 x 108 ecm™2K™! kms™) we es-
timated the mass of the cloud as 4.9 x 10° My with an average
density of 60.1 cm™>. However, we note here that due to the two
absorption dips in the region this value should be seen only as a
lower limit of the actual mass of the HI cloud.

Figure 7 shows the vy sr profile for this region integrated over
the Galactic latitude range —0.11 to 0.24 deg, which is the ex-
tension of both the SNR G335.2+00.1 and the VHE emission of
HESS J1626—-490. Both, the region of low density and the HI
cloud are clearly visible. The latter is in good agreement with
the position of the CO cloud (Sect. 3), as indicated by the dashed
ellipse.

Figure 9 shows a three-color (rgb=24/8/3.6 um) im-
age from the Spitzer GLIMPSE and MIPSGAL surveys
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Fig.7. H1 SGPS Galactic longitude-velocity plot (linear scale in K deg)
integrated over the Galactic latitude range —0.11 to 0.24 deg. The po-
sition and extension of the '>CO cloud is denoted by a dashed circle
(black). The double arrow (green) shows the Galactic latitude and ex-
tension of SNR G335.2+00.1.

in log scale (MJy/sr units) with lower limit clipping at
(rgb =30/60/5 MJy/sr). Apart from the large-scale diffuse emis-
sion in the red and green bands along the Galactic plane, there
are two prominent H1II regions within the 40 HESS contours.
These two HII regions are coincident with the absorption dips
seen in HI (Fig. 8), which is a common feature of many H1I re-
gions in the Galactic plane (see, e.g., Kuchar & Bania 1990).
R1 is listed in the catalog of Russeil (2003) (No. 427) with
a systemic distance of 2.4+ 0.3 kpc. Even though R2 is not
listed, judging from the similarity of the two absorption dips,
the distances to both HII regions should be quite similar. Both
H1I regions are also clearly seen in the Molonglo (Green et al.
1999) 843 MHz radio image shown by (Aharonian et al. 2008a,
Fig. 2). The differing distance estimates for the HII regions and
the H1/CO-complex might indicate systematic differences be-
tween both methods. In particular this could mean that a large
fraction of the mass of the HI cloud is located at a distance more
than 1.8 kpc.

5. Discussion

In this work we searched for X-ray, sub-millimeter, and in-
frared counterparts of the unidentified VHE gamma ray source
HESS J1626-490 to explore the nature of the particle accel-
eration process responsible for the observed emission. With a
luminosity of 2 x 10% ergs™ x (d/kpc)?, HESS J1626-490 is
quite typical of Galactic TeV sources detected by HESS, and
we discuss both leptonic and hadronic emission scenarios in this
section.

According to Reimer et al. (2006), close binary systems con-
sisting of Wolf-Rayet (WR) and/or OB super-giant stars are ex-
pected to effectively produce VHE gamma-rays in the colliding
wind zone where strong shocks are present and where particle
acceleration to multi TeV energies could take place. The nearby
triplet system HD 147633 (source No. 1, Sect. 2.1.1) is a strong
X-ray emitter. Its spectrum can be well fit by a thermal model
with temperatures typical of X-ray binaries showing coronal ac-
tivity. This system is composed of a close binary of two G-type
main sequence stars and a tertiary star orbiting at a greater dis-
tance (Makarov 2003) and can therefore most likely be ruled out
as an efficient source of highly relativistic particles, which could

give rise to VHE gamma-ray emission. Apart from that, the ex-
tended morphology of HESS J1626—-490 makes an identification
with an X-ray point-source detected by XMM-Newton rather un-
likely.

In the case of a leptonic scenario where low-energy pho-
tons are up-scattered by relativistic electrons via the IC pro-
cess, X-ray emission is expected to accompany the VHE sig-
nal arising from synchrotron cooling of the same population of
high-energy electrons (Aharonian et al. 1997). Two examples
for such sources detected by HESS are the pulsar wind neb-
ulae MSH 15-52 (Aharonian et al. 2005b; Schock et al. 2010)
and HESS J1825-13 (Aharonian et al. 2005c). Even from a first
glance at the flux levels in X-rays (~x 10713 ergcm™2s~! for
point sources and ~x 107!2 ergecm™2s~! for diffuse emission)
and at VHE energies (~x 10~'! ergecm™2s7"), a purely leptonic
emission scenario seems unlikely. Following Aharonian et al.
(1997) and assuming a typical Galactic magnetic field strength
of 3x 107 G, the corresponding synchrotron photon energy for
E =1 TeV IC photons is € = 0.02 keV. Assuming the same
photon index for the synchrotron counterpart as measured from
the VHE source (I' = 2.18) and extrapolating the flux to the
0.5 to 10 keV band, we estimate an integrated source flux of
~1.1x 107" ergem™s~!. This flux is a factor of ~25 more
than what we measure from any point source, apart from X-ray
source No. 1, which was discussed in the previous paragraph.
This makes an identification of HESS J1626—-490 with any of
these sources unlikely. Our upper limit for diffuse X-ray emis-
sion (Sect. 2.2.1) is a factor of ~2 lower than the expected value
for HESS J1626—490 in a purely leptonic model.

We observed infrared emission from the field around
HESS J1626—-490 (see Sect. 4) which could provide an addi-
tional target radiation field for the IC process. This would lower
the expected synchrotron flux in the X-ray band. On the other
hand, these estimates are based on the lowest possible magnetic
field found in the Galactic ISM. Magnetic fields in the vicinity of
energetic pulsars can be a factor of 10-100 larger, which would
increase the expected synchrotron flux accordingly. We there-
fore conclude that a purely leptonic emission scenario is rather
unlikely for HESS J1626-490.

Not detecting any X-ray source fulfilling the energetic
requirements for a purely leptonic scenario favors a hadronic
emission process such as dense clouds in the vicinity of a cos-
mic particle accelerator. Such a scenario will be discussed in the
remaining part of this section. As already mentioned in Sect. 1,
dense molecular clouds are established VHE gamma-ray emit-
ters because they provide target material in regions of high
cosmic-ray densities. Using data from the Nanten 2CO(J = 1-
0) Galactic plane survey, we detected a molecular cloud that
is morphologically consistent with HESS J1626—490. This ob-
ject is located at a kinematic distance of ~1.8 kpc. Following
Aharonian et al. (1994, Egs. (2) and (3)), we estimated the re-
quired gas density to produce the observed VHE +y-ray signal
(Fy(>0.6TeV) = 7.5 x 1072 ph cm™ s7! and I' = 2.2) as
n ~ 10 cm™> assuming a cosmic ray production efficiency of 6 =
0.1 and a distance of d = 1.8 kpc. This value is an order of mag-
nitude lower than the measured '>’CO mean density. Thus, this
environment would be easily suited to providing the observed
VHE vy-ray flux.

Following Aharonian (1991) (Eq. (10)), assuming that the
observed molecular cloud only provides a “passive” target for
cosmic-rays originating in a nearby acceleration site, the cosmic-
ray enhancement factor for this source would be kcg = 333
for 10 TeV protons. As seen in Fig. 8 (right) and Fig. 7 there
is a region of high-density HI gas spatially coincident with
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Fig. 8. H1 SGPS images of the region around HESS J1626-490 (linear scale in K km s~!) integrated over the v sg ranges —23 to —18 kms™! (left)
and -31 to =23 kms~! (right), respectively. The dashed circle (white) marks the position and radio extension of SNR G335.2+00.1. Also shown
are the HESS VHE contours of HESS J1626—490 (green). The arrows (white, labeled D1 and D2) mark two dips, probably due to foreground

absorption.

Fig.9. Three-color (rgb=24/8/3.6 um) image from the Spitzer
GLIMPSE and MIPSGAL surveys in log scale (MJy/sr units) with
lower limit clipping at (rgb = 30/60/5 MlJy/sr) in Galactic coordinates.
Shown are the VHE contours of HESS J1626—490 (white) and two HII
regions (red, labeled R1 and R2).

HESS J1626-490 located at vy sg ~ —25 kms™'. Taking the
additional mass of this HT cloud into account as additional target
material kcg would be down to ~255 which is an order of mag-
nitude larger than seen from other SNR-ISM interactions (see,
e.g., Aharonian et al. 2008c). However, following Aharonian
& Atoyan (1996) (Fig. 1b), even cosmic ray enhancements of
ker > 103 are to be expected from molecular clouds at distances
<10 pc (as in our case, see next paragraph) from the SNR shell
and for diffusion coefficients of D(10 GeV) ~ 102 cm? s~! if the
age of the SNR does not exceed 10* to 10° years.

A82, page 8 of 9

In particular in the left image of Fig. 8, there appears to be a
region of higher concentration of HI gas towards the eastern tail
of the VHE emission, which in turn could arise from a second
VHE source (as already mentioned in Sect. 1). The '>CO emis-
sion that traces the denser regions of the cloud does not show
two distinct features in a similar way. As this issue cannot be
clearly solved based on the current available VHE data, we did
not investigate any subregions and only considered the area as a
whole.

Now assuming that this '>?CO/H 1 cloud is indeed the source
of the observed VHE gamma-rays, a nearby accelerator would
be needed. The presence of two prominent HII regions at dis-
tances consistent with the CO/H1 clouds (see Sect. 4) indicates
massive star formation, hence potential PWNe and SNRs in this
area. The nearby density depression seen in HI (see Sect. 4)
might indicate the presence of a recent catastrophic event, such
as an SNR, giving rise to strong shocks that would have blown
the neutral gas out. Atd = 1.8 kpc the edge of this region would
be at a distance of 8.1 pc from the '>)CO/HTI cloud. It is striking
that this H1 feature is consistent in both position and angular
extension with the SNR G335.2+00.1 (Green 2009). Using the
2-D relation Guseinov et al. (2004) estimated the distance to
SNR G335.2+00.1 as d = 5 kpc. which conflicts with the iden-
tification of SNR G335.2+00.1 with the HT depression seen at
a distance of 1.8 kpc. However, the scatter in X-D distances for
individual sources is quite large (Green 2005) making a positive
identification of SNR G335.2+00.1 and the HT depression seen
at a kinematic distance of 1.8 kpc very well possible.

We note here that, apart from possible systematic uncertain-
ties in kinematic distance estimates, the projected distance of
8.1 pc should be seen only as a lower limit because the physical
separation of accelerator and target could be larger if both ob-
jects are not at the same distance to the observer. A hint that this
could be the case for this source is that the center of gravity of
the CO cloud is slightly shifted in velocity with respect to the H1
density depression. A larger distance between the accelerator,


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015727&pdf_id=8
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015727&pdf_id=9

P.Eger et al.: A multi-wavelength study of HESS J1626-490

most likely SNR G335.2+00.1, and the molecular cloud would
lower the expected cosmic ray enhancement.

Even though the angular separation of the Fermi source
IFGLJ1626.0—4917c and HESS J1626—-490 is relatively small,
these sources are not consistent within the 3o~ significance level
of their spatial uncertainties (see Fig. 1). Furthermore, we did
not find any feature in X-rays, CO, or HI that could explain
a displacement between HE and VHE gamma-ray emission.
1FGLJ1626.0—4917c shows signs of a slight variability. Based
on the variability index listed in the 1FGL catalog (Abdo et al.
2010), the chance of the source being a constant emitter can be
estimated to <11%, which might indicate an extragalactic origin.
Thus it remains unclear at this point whether these two sources
are physically connected.

6. Outlook

With the improved angular resolution of next-generation
Cherenkov Telescope arrays, it will be possible to study the mor-
phology of the VHE signal and its connection to molecular gas
in much more detail. This is crucial for constraining the emission
region of VHE +y-rays, which strongly influences any estima-
tion of target mass and density. For the determination of diffuse
X-ray fluxes and upper limits, a large effective area combined
with a good angular resolution to effectively exclude point-like
sources is needed. Therefore, a much deeper exposure (~100 ks)
with XMM-Newton would make it possible to significantly im-
prove the constraints on leptonic scenarios. However, for a more
likely hadronic scenario, the flux expectations in the keV band
are very low, which could make approval of such a proposal very
unlikely. To study the particle propagation in more detail, dedi-
cated radio polarization observations in the MHz to GHz regime
would help determine the direction and level of turbulence of
the magnetic field in the SNR. VHE gamma-ray emission from
molecular clouds may also exhibit localized peaks at their core
regions with densities >10* cm™ (Gabici & Aharonian 2007).
To trace these regions molecular lines of NH3, CS, or SiO can
be used. Respective follow-up observations at mm and sub-mm
wavelengths could be crucial for characterizing the environment
of particle interaction.
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