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ABSTRACT

The recently discovered extended TeV source HESS 31884 is associated with both a diffuse X-ray en-
hancement and a molecular cloud, projected at the center of an old radio supernova remnanrtDG2ZBBIR
WA41). New Hr observations from the VLA Galactic Plane Survey (VGPS) show unambiguous structures associated
with W41 in the radial velocity range of 53—63 km'sso we obtain for W41 a distance 4f+ 0.2  kpc. A new
higher sensitivity VGPS continuum image of W41 at 1420 MHz shows faint emission in its eastern part not detected
by previous observations, so we provide a new angular siB5'ck 30 ib-thdirection (average radius of
19 pc). We estimate for W41 an age-ef(® yr. A new XMM-Newton observation reveals diffuse X-ray emission
within the HESS source and suggests an association between the X-rgyrapagmission. The high-resolution
13CO images of W41 further reveal a giant molecular cloud (GMC) located at the center of W41, likely associated
with W41 in the radial velocity range of 61-66 km'sAltogether, the new observations can be interpreted as
providing the first evidence that an old SNR encounters a GMC to emityFeys in the cloud material.

Subject headings. gamma rays: observations — ISM: molecules — radio continuum: galaxies —
radio lines: galaxies — supernova remnants — X-rays: galaxies

Online material: color figures

1. INTRODUCTION mation for the Hr spectral line images is from additional ob-
servations with the 100 m Green Bank Telescope of the NRAO.

Young supernova remnants (SNRs) are one of the main ga-
. . . W41 was observed b¥YMM-Newton on 2005 September 18
lactic populations to generate very high energy (aboveed) o, \in 1300560301 %fincipal nvestigator: G. Puehinofer)

y-rays (Torres et al. 2003). Observationally, TeMays have : : ;
) with a 20 ks exposure. In this work, we only used data obtained
been detected from the Crab Nebula (SN 1054; Weekes et aI.from the EPIC-pn. We used SAS, version 7.0.0, for data re-

1989) and the SNRs RX J1713:3946 (G347.3 0.5; Enomoto duction. We selected pn events with patterns 0—4 and applied

etal. 2002) and RX J0852:01622 (G266.2 1.2; Aharonian et fla filtér FLAG =0 Excludin time iFr)nervaIs contamina?epd

al. 2005a). Theoretically, acceleration mechanisms for relativisticb gback round f@reé results ir? a net exposure of 12.4 ks. We

electrons at SNR shock fronts have been well established (Mal-tﬁ/en cor?structed exposure maos in the% 3-07.0 701 5 1 5

kov & Drury 2001). Recently, the survey of Aharonian et al. 3 and 3-7 keV ban%s for fIat-]Ei)eIdin W. 'I.’ d.th .“f',lt ’

(2006) of the inner part of our Galaxy has revealed 14 new TeV > - . g. Ve applied the -niter
wheel closed” data for instrumental background subtraction.

y-ray sources. The origin of some of them remains _uncertain.We also searched for pointlike sources using a detection pro-
Yamazaki et al. (2006) showed that Te¥rays can originate cedure detailed by Wang (2004).

from an old SNR of an age around ®19r or from a giant
molecular cloud (GMC) encountered by the SNR, via pion decay
from proton-proton collisions. In their scenario, the flux ratio of

the y-rays to the associated X-ray emission is much higher than 3. RESULTS
that from a young SNR. In this Letter, we provide observational _ o
evidence supporting the theory that an old SNR encounters a 3.1. Continuum Emission

GMC to emit TeVy-rays, based on new radio and X-ray ob- ) _ )
servations as well as recei€0 images of SNR W41, which ~ The VGPS continuum image of W41 at 1420 MHz is shown
is spatially coincident with HESS J183487, one of the 14  in Figure 1. The VGPS map has a higher resolution (by a factor

TeV sources. of 3) and sensitivity and shows more details than the previous
image at 330 MHz (Kassim 1992). A prominent filament struc-
2. RADIO AND X-RAY OBSERVATIONS ture outlines WA41. Fainter features, not detected by previous

. , o observations, appear in its eastern part. The new image gives a
The radio continuum and IHemission data sets come from  corrected angular size of W436' x 30 in thel direction.

the Very Large Array (VLA) Galactic Plane Survey (VGPS), The H1 regions overlapping in W41 have been resolved into
described in detail by Stil et al. (2006). The data sets are mainly 5t |east three components. We have derived an integrated flux
based on observations from VLA of the National Radio As- density 0f59.7 + 8.2 Jy for W41 (including Hi regions in the
tronomy Observatory (NRAO). The spatial resolution of the sNR) at 1420 MHz. The resulting 330-1420 MHz spectral index
continuum images of W41 is'{FWHM) at 1420 MHz. The  (the flux density is143 + 29 Jy at 330 MHz including H
synthesized beam for the Hine images is 1, and the radial regions; Kassim 1992) has a lower limit of 0.45 ¢ »= ). The
velocity resolution is 1.56 km 8. The short-spacing infor- gy ~v-ray source HESS J193087, detected by Aharonian et

al. (2005b), is located at the center of W41. Its location and

* National Astronomical Observatories, Chinese Academy of Sciences, Bei- extent are shown by a white circle, centered @) = (23.24,

g e, —0.32) with a radius of 5.4(Aharonian et al. 2006). The pul
2 Department of Physi d Ast , University of Calgary, Calgary, : . ron . . pulsar
AB, 55,?;52?&@@iraf,lj’csa%r;ry,;{c’”"my niversity of ~aigaly, =aa: pgR J19330827, also shown in Figure 1, was proposed to be

3 Department of Astronomy, University of Massachusetts, Amherst, MA. ~ associated with W41 by Gaensler & Johnston (1995).
L25



L26 TIAN ET AL. Vol. 657

_I | LINLIL w LI | LILEL LI LI | LI
% .
0.20% o
o 000 .', v
o o o —
3 [+ 3 9
2 —0.20 = 5
o o o ~
- » ] 8
S —0.40F = °
Q r [¢] ~—
= F K iz
S -o0.60 5
-0.80f-
=I | Ll | Ll _l | Ll | | L1l | Ll | | Ll = .
23.80 23.60 23.40 23.20 23.00 22.80 23.80 23.60 23.40 23.20 23.00 22.80
Galactic Longitude Galactic Longitude

Fic. 1.—VGPS continuum image of W41 at 1420 MHz. The central circle Fic. 2.—Column density map of the VGPS Hine emissions associated
shows the position and extent of the TgMay HESS J1934087. The pulsar with W41. This map has superimposed W41's contour at 30 K of continuum
PSR J1933 0827 is marked by a cross. The directions of north (N) and south emission at 1420 MHz chosen to show the SNBnhfours). The circle shows
(S) are marked. the position and extent of HESS J183@87. [See the electronic edition of

o the Journal for a color version of this figure.]
3.2. H1 and CO Emission

We have searched the VGPS radial velocity range for feature
in the Hi that might be related to the morphology of W41. There
is unambiguous H emission coincident with the SNR in the
velocity range 53-63 km'& Figure 2 is the column density map
of H 1 emission integrated over channels from 53 to 63 kin s
in units of 16° atoms cm?® The map has superimposed the
30 K contour of 1420 MHz continuum emission chosen to show
the SNR. The circle is the same as in Figure 1.

We extract®CO images of W41 from the survey of Jackson
et al. (2006). A GMC is found at the center of W41 and in the
radial velocity range of 61-66 km'§ so it is highly likely

spectrum and find that it can be characterized by a combined
Smodel consisting of a thermal plasma component (APEC in
XSPEC) and a power-law component, both subject to absorption
(Table 1). These two components, scaled accordingly to the sky
area, are applied to account for the background contribution in
the source spectrum. The remaining emission in the source spec-
trum, presumably intrinsic to the feature, is then characterized
by an additional component, for which we find a heavily ab-
sorbed power law. Fitting results are listed in Table 1.

4. DISCUSSION AND CONCLUSION

associated with W41. Figure 3 shows the averageé® map 4.1. Distance and Age of W41
for channels from 61 to 66 km & The contour and circle in ) ) ) )
the map are the same as in Figure 2. US|ng flat galaCtIC rotation V(—:-lOCIUR = VO = 200 krTT%and
R, = 8.0 kpc, we obtain the SNR'’s distance 4+ 0.2  kpc or
3.3. X-Ray Emission 10.7 + 0.2 kpc. The updated average angular diameter of W41,

) o 33, yields a radius of abolR = 19 pa(=4 kpc) or 51 pc
The X-ray images of W41 are shown in Figure 4 for the soft (§ = 10.7 kpc) for the SNR. Since known shell-type SNRs are
(0.3-1.5 keV) and hard (3—7 keV) bands. In the soft band, the

bulk of the field is of smooth, low intensity. In the hard band,
a region of enhanced intensities is clearly present within the
extent of HESS J1834087. With the resolution of the instru-
ment FWHM ~ 13"), the enhancement is apparently extended 0.00
by visual comparison with nearby point sources in the range,
although we cannot completely rule out the possibility that it

—0.337T) with a radius of 2.5(Fig. 4). To determine the local ; 4

sky background, we extract a spectrum from a concentric circle ' & B.- # *
with a radius of 7.5and with the enclosed circle representing *

HESS J1834 087 and detected pointlike sources excluded. The ~ ~0-6° y

two spectra are shown in Figure 5. Part of the background emis- .

sion may arise from the interior of the remnant and vary between R v T N
the source and background regions. Thus, our procedure of back- 2360 2340 2320  23.00 2280
ground determination might be affected by this nonuniformity. Galactic Longitude
Nevertheless, encouraged by the apparently uniform surface in-
tensity at energ'les_ below 1.5 .kev. (Fig. 4.)’ we assume that theGG km s*. The contours and circle in the map have the same meaning as in
background emission also varies little at higher energies. We US&rig. 2. [see the electronic edition of the Journal for a color version of this

the X-ray spectral fitting package XSPEC to fit the background figure]

L
=)
represents an unusual cluster of pointlike sources. Given its lo- £ _oz20
cation, this feature is likely associated with HESS J18387. E
We perform spectral analysis for the feature, for which we . . - X
extract a spectrum from a circle centeredlab) = (23.243, 3 E 1.0
& -o.
o
(]

T T [ 0= el ' Tergyy T rer=r Tt Tt

Fic. 3.—Averaged*CO emission in the field centered on W41 from 61 to
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Fig. 4—XMM-Newton EPIC-pn intensity images of SNR W41 in the 0.3—-1.5 ké#ft( and 1.5-7 keV right) bands. The intensity is adaptively smoothed
using csmooth to achieve a signal-to-noise ratio ef3. The middle circle represents the location and extent ofytih@y source HESS J183487. The small
circle illustrates the region of spectral interest, while the large circle outlines the region (with the enclosed middle circle excluded) wénekgrthend spectrum
is extracted. The smaller circletef) outline detected sources and their extent according to twice the 50% encircled energy radius, which are excluded from
spectral extraction. The right plot has superimposed contoul¥C@ emission from Fig. 3, at 0.8, 1.2, 1.6 and 2.1 $egthe electronic edition of the Journal
for a color version of this figure.]

a few to~20 pc in radius, we adopt the closer distance. From the J1834-087 lies toward a GMC. However, our observations show
H 1 column density map associated with W41 (Fig. 2), we estimate the H1 line emissions are associated with W41 in the velocity
aN, of about(5-10)x 10*° cm? so the density, = N,/2R range of 53—-63 kms. *CO is useful as an optically thin tracer
around W41 is about 6 cry Applying a Sedov model (Cox 1972),  of the molecular cloud, so we reanalyzed tfeO images of
for a typical explosion energy dE = 0.75 x 10°* ergs, yields W41. We found a GMC located at the center of W41 in the
an age of~6 x 10* yr. However, forn,~6 cm? one finds radial velocity range of 61-66 km's Figure 3 shows the bright
R>RY (the radius for complete cooling; Cox 1972). The age **CO emission in the velocity range and that it is coincident with

determined from the complete cooling expansiondsx 10° yr. HESS J1834-087. The total Hmass of the CO emission peak
(over a 0.1° x 0.2 region) is estimated fronM,,, =
4.2. X-Ray, TeV Gamma-Ray, and CO Emission from W41 N,,2d*(2m,/Ms). We takeN, /W, ~ 1.8 x 10*° cm? K™

) ) ) ) km™ s from Dame et al. (2001). The total integrated inten-
Previous“CO observations have shown that W41 is associated ity of *CO isW., ~ 5 K km s* from Figure 3. Assuming a

with a very large molecular complex (Dame et al. 1986). Albert 12copcO isotopic abundance ratio of 30 (Langer & Penzias
et al. (2006) studied th&CO images from Dame et al. (2001_) 1990), we obtain an average, Holumn density ofN, =
and suggested that the GMC associated with W41 is best defined 7 x 1022 cm 2 and a molecular cloud mass M, ~ 4.5 x

by the integrated’CO peak emission from 70 to 85 km's 10* M,,. This is a GMC with a density 0£10° cm >,

They also used thECO images from Jackson et al. (2006) and  From the observed-ray luminosity (Albert et al. 2008),
confirmed that the recently discovered TeV source HESS ;sing equation (16) in Torres et al. (2003) and a supernova
power of 16" ergs, we obtain a relation between an acceleration
efficiency of hadrons and the required densitpf matter in

the y-ray production region for a hadronic origin of the ob-
served radiationd ~ 1072 requiregs~ 10> ch 6 ~ 10 % re-
guiresn ~ 10° cm? (similar values are obtained by Combi et

TABLE 1
FiT TO THE X-RAY SPECTRUM

normalized counts/sec/keV

1 - vy J( Parameter Value
: v
! ' C £ x’/degrees of freedom.......... 61.3/74
’ Ns (10°Cm2) 3.049.0
o~ J[ + } 1 Temperature (keV; APEC)...... 0.09°9%3
x o H # % J[ | % i Photon index (PL1)............. 0.80°0%
N J[ J[ %H _|_ i Ne o (102 CNT2) oot 6.2'31
! ) + Photon index (PL2)............. 2.0'9%
0.5 1 2 5 Flux (L0 **ergs s*cm?° ...... 7.0

channel energy (keV)
Note.—A combined model of absorbed

Fic. 5.—EPIC-pn spectra from the SNR W41 regidbray: Spectrum of (N, ) APEC+power law (PL1) is used for char-
the X-ray feature associated with HESS J18887.Black: Spectrum of local acterizing the sky background, and a second ab-
sky background. The spectra are instrumental background-subtracted and are sorbed K, ;) power law (PL2) is used to model
binned to achieve a signal-to-noise ratio better than 3. Also shown are the to the emission from the feature.
best-fit modelsgolid curves) to the spectra and the different model components #Quoted uncertainties are at the 90% confi-
(dashed and dotted curves). See text for details.See the electronic edition of dence level.

the Journal for a color version of this figure.] > A 2-10 keV intrinsic flux for PL2.
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al. [1998] for another SNR likely interacting with a massive 10 *?ergs s* cm 2, based on the MAGIC observation (Albert
cloud). Generally, the maximum acceleration efficieldcgf et al. 2006). Our 2-10 keV X-ray flux is7 x 10 *° ergs s*
10% is accepted, so the GMC is dense enough to produce them2, giving R;.,x = 11, with uncertainty of a factor of 2.
observed TeV intensity with a lower acceleration efficiency. HESS J1834 087 is possibly arising from a shocked GMC.
The protons could diffuse only partway into the cloud, resulting This is supported by the presence of the GMC as found from
in the observed offset of peak CO apep to 7° decay TeV the*CO detection. The velocities indicate that the GMC is just
y-rays. The physical peak of X-ray and TeV should be coin- behind W41. The absorption column density of a few times
cident. The column density of the molecular cloud is enough 107 cm 2 estimated from the X-ray spectral fit (Table 1) also
to absorb X-rays and cause the offset to the right of the ob-implies that the nonthermal X-ray emission associated with
served X-ray peak with respect to the likely true peak of the HESS J1834 087 arises from within the GMC and is behind
emission. W41. According to Yamazaki et al. (2006), the X-ray emission
HESS J1834 087 has an extended nature, as revealed by from a shocked GMC or a GMC illuminated by high-energy
the Major Atmospheric Gamma Imaging Cerenkov (MAGIC) protons is likely synchrotron emission from secondary elec-
telescope and High Energy Stereoscopic System (HESS) ob+rons arising from hadronic processes. The hard X-ray spectrum
servations (Albert et al. 2006; Aharonian et al. 2006). From that we find is also consistent with such a scenario.
the Swift X-Ray Telescope observations of W41, Landi et al.  Pulsar J18330827 p = 23.386,| = 0.063) lies at the
(2006) found a faint X-ray source within the extent of HESS north side and about 1@Gway from the edge of W4L1. It has
J1834-087 and thereby suggested a possible pulsar wind neb-a kinematic distance of 4-5 kpc by Habsorption (Weisberg
ula (PWN) association. This X-ray source, locatedl ab) = et al. 1995) and a dispersion measure distance of 5.7 kpc and
(23.2340, —0.2657), is also detected by the presexiviM- a characteristic age of 147 kyr (Taylor et al. 1993).
Newton observation, but there is no evidence for the existence Our results for the distance (4 kpc) and agd @ yr) of
of a PWN. Instead, the prominent diffuse X-ray feature is most W41 are consistent with the pulsar J183827 and support

likely associated with the Tey-ray emission.

Yamazaki et al. (2006) studied the X-ray apday emission
from evolved SNRs with an age of around® 0 and that from
a GMC interacting with the SNR. They showed that TeV
ray emission can originate from the SNR, or from the SNR
shock running into a GMC, or from the GMC illuminated by

igins may be distinguished by the X-ray 4eray spectra. A
simple diagnostic is the ratio of thgray to the X-ray flux,
Rrevix = F,(1-10 TeV)F, (2—-10 keV) According to Yamazaki

the possible associations W41/PSR J188827 also. How-
ever, the pulsar is about 2@way from the extendeg-ray
source and is not associated with HESS J18347.
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