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Abstract: We present a detailed investigation of the region around the supernova remnant (SNR) W28 
with Fermi-LAT. There are three TeV sources located outside the boundary of the SNR, overlapping with 
molecular clouds (MCs). We investigated the spatial correlation of the GeV emission with the TeV sources 
and found good correspondences of the morphologies. With the wide-band gamma-ray spectra, these 
emissions can be naturally explained by a single model in which the cosmic-ray (CR) diffusion coefficient 
around W28 is smaller than the theoretical expectation in the interstellar space. The total energy of the 
CRs escaping from W28 is constrained through the modeling to be larger than 2×1049 erg, in agreement 
with the conjecture that SNRs are the main accelerator of the Galactic CRs.

I. Introduction II. Morphological Analysis
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(b) HESS J1800-240B
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(a) HESS J1800-240A
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(c) HESS J1800-240C

Energy (GeV)
-110 1 10 210 310 410

 )-1  s
-2

dF
/d

E 
(e

V 
cm

2 E

-110

1

10

210

 = 0.35, r = 25 pc!=0.5, 27D
 = 0.1, r = 16 pc!=1, 27D
 = 0.1, r = 16 pc!=5, 27D

(d) Source W

III. Spectral Results and Discussion
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Contours: TeV significance map at 20, 
40, 60, and 80%(Aharonian et al. 2008) 

Contours: VLA 90cm image at 5, 10, and 20% 
of the peak intensity (Brogan et al. 2006)

The data in the 10-100 GeV band was used to take advantage of 
optimal angular resolution (< 0.2˚) and weaker Galactic diffuse emission

◯, +: 2FGL sources  ♢(White): OH maser spot  ♢: HII regions  X: Source W
‣ Source W is a newly detected point source. It is located outside the boundary 
of the TeV emission and overlap with radio emission of W28.
‣The GeV emission except for W28 itself can be well represented with the TeV 
significance map and Source W.

‣The GeV spectra of HESS J1800−240B and C have the same 
spectral indexes as those of the TeV measurements.
‣There is no significant break in the spectrum of HESS J1800−240A.

Best fit model 
of 240C

Red: Statistical error at 68% confidence range.
Black: Combined systematic errors due to uncertainties of LAT effective area, 
morphologies and interstellar emission model. 

Table: Power-law spectral 
indexes and test statistics 
for the LAT sources in the 
2–100 GeV band.
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Table 1
Results of the Morphological Analysis of the ! -Ray Emission from the

Sources in the Vicinity of W28 (2–100 GeV)

Model !2ln(L0/L)a Additional Degree of Freedom

W28 0 0
Two point sourcesb 293.1 8
Three point sourcesc 334.6 12
Four point sourcesd 363.5 16
H.E.S.S.e + Source W 382.9 11f

Notes.
a 2ln (L0/L), where L0 and L are the maximum likelihood for W28 with the
2FGL disk template and the additional source component, respectively.
b 2FGL J1800.8!2400and 2FGL J1758.8!2402c in addition to W28 with
positions free in the optimization.
c Two point source model plus Source W with optimized position.
d Three point source model plus a point source model at the peak of HESS
J1800!240A.
e H.E.S.S. significance map is used as a template for the intensity of the ! -ray
emission.
f One degree of freedom for the choice of the threshold used for extraction of
the regions.

point sources model with a morphological model composed by
Source W in addition to the H.E.S.S. significance map. The map
was divided into individual sources 240A, 240B, and 240C with
separate spectral parameters whose boundaries were determined
from the apparent TeV morphology. For the latter, we extracted
the regions above 4" to avoid the background fluctuations. The
resulting maximum likelihood ratio of "383 (11 degrees of free-
dom) is larger than that of the four point sources model. Thus, we
concluded that the best-fit model for the GeV emission is pro-
vided by including the H.E.S.S. template and a separate source
Source W, and used this model for the spectral analysis. Note
that this result holds even if the extraction threshold for the tem-
plate extraction from the H.E.S.S. significance map is changed
by ±1" .

Source W is consistent with a newly detected point source.
The upper limit on its radius, assuming a uniform disk spatial
model, was 4# at a 68% confidence level. The position of
Source W in J2000 was obtained as (R.A., decl.) = (17h58.m2,
!23$42.#3) with an error radius of 0.$033 at a 68% confidence
level. We found no other obvious multiwavelength counterparts
to GeV sources, such as pulsars and blazars, within the positional
error radius of 0.$054 at the 95% confidence region. We tested
the possibility that Source W is a background active galactic
nucleus, such as a blazar, which typically has a longer variability
timescale of the ! -ray flux than a few months. Although
Source W is not bright enough to investigate the variability on
monthly timescales, we can expect that the test statistics (TS)
of Source W slowly increase each year if the source is steady.
Indeed, we found that its TS gradually increases with time.
However, it remains possible that Source Wmay be a ! -ray
blazar with repetitive yearly activity. We also could not exclude
the possibility that Source W is a ! -ray pulsar due to the lack
of photon statistics for a pulsation search.

3.2. Energy Spectrum

For the spectral analysis of LAT sources in this region, we
used the maximum likelihood fit tool, gtlike. Each source was
modeled as a simple power-law function (dN (E)/dE) % E!#

for the fit. The obtained spectral index of 2.77 ± 0.06 and
flux level for W28 were in agreement with the previous result

Table 2
Power-Law Spectral Indexes and Test Statistics for the LAT Sources Near

W28 in the 2–100 GeV Band

Name Indexa TS

HESS J1800!240A 2.12 ± 0.23 ± 0.14 37
HESS J1800!240B 2.45 ± 0.19 ± 0.07 88
HESS J1800!240C 2.38 ± 0.23 ± 0.17 51
Source W 2.06 ± 0.20 ± 0.14 41

Note. a The first and second uncertainties listed represent the statistical
and systematic errors, respectively.

reported by Abdo et al. (2010c) but the spectral energy distri-
bution is not shown here because we focus on the sources near
W28. Figure 3 shows the resulting spectral energy distribution
for each source along with 68% confidence regions. We show
the best-fit model of HESS J1800!240Cobtained by Aharonian
et al. (2008) as an upper limit for Source W in the TeV range
(see Figure 3(d)). The obtained spectral indices and TS values
are shown in Table 2. The spectral index of HESS J1800!240B
obtained here is consistent within the uncertainties with Source
S in Abdo et al. (2010c).

The LAT spectra of 240B and 240C smoothly connect to
the H.E.S.S. measurements, while 240A has a slightly harder
spectral index than the value of 2.55 ± 0.18 found by H.E.S.S.
(Aharonian et al. 2008). Thus, 240A is expected to have a
spectral break in the GeV to TeV range. However, a simple
power-law spectrum with a lower flux and softer spectral index
at the 1" level away from the LAT best-fit values is consistent
with the H.E.S.S. spectrum. This result is different from that
presented in Abdo et al. (2010c) where it was shown that
240A has a spectral break in the LAT band. This might be
caused by the difference in source extension or an improved
understanding of the diffuse background models. Source W also
can be expected to have a spectral break in the GeV to TeV band
from Figure 3(d). We fitted the LAT spectrum with a power-law
with an exponential cutoff. However, no clear evidence for a
break was found from the GeV data alone.

We considered the systematic errors due to the extraction
threshold of the H.E.S.S. significance map, the uncertainty
of the GeV ! -ray morphology of W28, the LAT effective
area, and the modeling of interstellar emission. We evaluated
the systematic errors associated with the H.E.S.S. map by
changing the nominal threshold of 4" that we used to extract
the morphology templates, as explained in Section 3.1, by ±1" .
To account for imperfections in the spatial model describing the
morphology of W28 (see Figure 2), we divided the uniform disk
into four quadrants to more accurately represent the morphology
and estimated systematic errors. The uncertainties in the LAT
effective area are 5% at 516 MeV and 10% above 10 GeV,
linearly varying with the logarithm of energy between those
values (Ackermann et al. 2012). We estimated the systematic
errors induced in the source flux by repeating the analysis with
two sets of modified IRFs, where the effective area was scaled
up and down by its uncertainty.

In order to evaluate the systematic uncertainties due to the
interstellar emission model, we compared the results obtained
using the standard model in Section 3.1 with the results based
on eight alternative interstellar emission models as performed
in Ackermann et al. (2013) and de Palma et al. (2013). We
varied some of the most important parameters of the interstellar
emission models, namely, the uniform spin temperature used
to estimate the column densities of interstellar atomic hydrogen
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spectrum could be different from s = 2 since it depends on the time history of acceleration276

efficiency and maximum energy (Ohira et al. 2010; Caprioli et al. 2010). Assuming that particles277

are injected into DSA from the thermal plasma at the downstream of the SNR shock (Malkov &278

Voelk 1995) and � = 3, the value of s is changed to be ⇠ 2.2 (Ohira et al. 2010). We parameterize279

the total spectrum of CRs injected into the interstellar space as280

Nesc(p) = kesc p

-2.2 exp(-p/pmax). (2)

The spatial distribution of the escaped CRs n(p,r, t) at a time t after the supernova explosion281

and at a distance r from the SNR center is described by the well-known diffusion equation for the282

point source case, and it can be solved using the method developed by Atoyan et al. (1995). Ohira283

et al. (2011) provided the analytical solution of n(p,r, t) considering the escape from the surface284

of the expanding SNR shell as:285
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DISM(p) is the diffusion coefficient of the interstellar medium and is often parameterized with a287

power-law energy dependence as below:288
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where D27 is the arbitrary constant.289

To minimize the manual scan of the parameters for the constraint of the diffusion290

coefficient, we first consider the spectrum of the �-ray emission toward the molecular cloud291

around HESS J1800-240B because the GeV–TeV spectrum is best determined among the three292

sources. We adopted 1.9 kpc for the distance from the Earth to W28. We do not refer to the293
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r: distance from the SNR center to the MC, Rd: diffusion radius of CRs
Resc: the SNR radius when CRs at given energy are released (~2.4 pc)

Assumptions
•CR start escaping when the SNR enters into the Sedov phase (~310 yr). 
•CRs are gradually released from the expanding shell of the SNR, starting 
with higher energies.
•Spatial distribution function of the escaped CRs (Ohira et al. 2011)

Spectral Modeling with CR escape scenario

Rd is proportional to square root of the diffusion coefficient of CRs DISM.

*Parameters indicated with red marks are free in the modeling.

All spectra can be represented by a single model! 

Obtained diffusion coefficient
0.5<D27<1
0.1<δ<0.35

D27~10
δ~0.6 < (e.g., Ptuskin et al. 2006)

Values of CR propagation model

✦Possible explanations of the suppression
‣Disturbed by dense environment (Ormes et al. 1989, Gabici et al 2007)
‣Amplification of the Alfvén wave generated by the escaping CRs (Fujita 
et al. 2011)
‣Harder spectral index than 2.0 for the CRs accelerated in W28, caused 
by the non-linear shock modification??

-Total energy of escaping CRs is larger than 2×1049 erg
-Support the scenario that SNRs are the main accelerator of CR.

-Smaller diffusion coefficient of CRs than that in the interstellar space

D27

δ

More details are available in Hanabata et al. 2014, ApJ, 786, 145

Green contours: TeV gamma-ray 
excess at 4, 5, and 6σ levels.

406 F. Aharonian et al.: Associated VHE and CO emission in the W 28 field

Fig. 3. Left: VLA 90 cm radio image from Brogan et al. (2006) in Jy beam!1 (rebinned by a factor 1.2 compared to the original). The VHE
significance contours (green) from Fig. 1 are overlaid along with the HII regions (white stars) and the additional SNRs and SNR candidates (with
yellow circles indicating their location and approximate dimensions) discussed in the text. Right: ROSAT PSPC image – 0.5 to 2.4 keV (smoothed
counts per bin from Rho & Borkowski et al. 2002). Overlaid are contours (cyan – 10 linear levels up to 5"10!4 W m!2 sr!1) from the MSX 8.28 µm
image. Other contours and objects are as for the left panel. The X-ray Ear representing a peak at the northeastern edge is indicated.

to +9 km s!1). The shocked and unshocked gas extends to the
northeast and northern boundaries of W 28 (see Fig. 3 of A99),
and it appears just their northeastern components are position-
ally coincident with the VHE emission of HESS J1801!233.
A99 estimate the mass and average density of the shocked gas
at M # 2 " 103 M$ and n # 104 cm!3 respectively. For the un-
shocked gas, A99 obtained M # 4 " 103 M$ and n # 103 cm!3

respectively. The VLSR = 10 to 20 km s!1 range in our NANTEN
data also reveals additional molecular clouds along the line of
sight that could contribute to the VHE emission.

The southern cloud overlaps all components of
HESS J1800!240, with a dominant fraction of the cloud
overlapping components A and B. The component of this cloud
visible in the VLSR = 0 to 10 km s!1 range coincides well with
HESS J1800!240B and the HII region W 28A2. The strongest
CO temperature peak of this component at (l, b) = (5.9%, !0.4%)
is within 0.02% of W 28A2, and is likely the dense material
surrounding this HII region. Moreover the peak’s velocity at
VLSR 9!10 km s!1 (with dispersion of #15 km s!1), suggests
a distance (#2.4 kpc) similar to that of W 28A2 (#2 kpc;
Acord et al. 1997), and also W 28. In the VLSR = 10 km s!1 to
20 km s!1 range, molecular material appears to coincide with
all three VHE components of HESS J1800!240. In particular,
HESS J1800!240A and C have molecular cloud overlaps only
in this latter VLSR range.

Using the relation between the hydrogen column density
N(H2) and the 12CO(J = 1!0) intensity (the X-factor) W(12CO),
N(H2) = 1.5 " 1020 [W(12CO)/(K km s!1)] (cm!2) (Strong et al.
2004), we estimate a total mass for the northeastern cloud from
our NANTEN data at #5 " 104 M$ for d = 2 kpc within an
elliptical region of diameter 0.2% " 0.4% (7 " 14 pc; centred on
HESS J1801!233) for the velocity range 0!25 km s!1. An av-
erage density (for neutral hydrogen) of #1.4 " 103 cm!3 is also
derived. Similarly the total mass of the southern cloud is esti-
mated at #1.0 " 105 M$ for d = 2 kpc and combining clouds

from a circular area of radius 0.15% (5 pc) for the velocity range
12!20 km s!1, and area 0.3% " 0.6% (10.5 " 21 pc) in diame-
ter for the velocity range 0!12 km s!1 (both regions are cen-
tred on HESS J1800!240B). The corresponding average den-
sity is #1.0 " 103 cm!3. By integrating over the rather broad
0!20 km s!1 and 0!25 km s!1 ranges we assume that the molec-
ular material along this line of sight is physically connected at
the same distance (for example d # 2 kpc) and possibly dis-
trupted or shocked by a local energy source. Systematic e!ects
in the mass estimates arise from the velocity crowding in this
part of the Galactic plane, and also the broad velocity range for
which X-factor used above may not necessary apply. In the lat-
ter case, the X-factor may underestimate the cloud mass since
an appreciable fraction of gas may be heated under the assump-
tion of distrupted and/or shock-heated gas. One must allow for
#4 kpc distances for some or even all of the VLSR > 10 km s!1

cloud components, and therefore the conclusion that they are not
related to W 28 and other interesting objects at d # 2 kpc. If the
clouds are related, W 28 could play a disrupting role. The level
of this disruption is however unclear since several other plausible
candidates related to the star formation (discussed later) in this
region could also contribute. Some other molecular cloud com-
plexes have also been discussed as possibly disrupted by adja-
cent SNRs and/or energetic sources (e.g. Yamaguchi et al. 1999;
Moriguchi et al. 2000). In Table 2, we present a full summary
of cloud masses and densities (for regions centered on the VHE
source coordinates as in Table 1) for various combiniations of
cloud components and distances of 2 and 4 kpc. Velocity separa-
tion of cloud components are based on their apparent distribution
in Fig. 2 (bottom panels).

4. Radio to X-ray views

Figure 3 compares the radio (left panel), infrared and X-ray
views (right panel) of the W 28 region with the VHE significance

Radio map around W28

W28

•Surrounded by giant MCs
•Age: 4x104 yr
•Gamma rays naturally 
explained by π0 decays 
(Abdo et al. 2010).
•Three HESS sources 
outside W28 (Aharonian+08)
‣Might come from the 
escaped CRs.

•Two GeV sources in the 
south region (Nolan et al. 
2010).

SNR W28

Spectra of escaped CRs are useful to estimate the CR 
acceleration in young SNRs.
‣Important to understand the diffusion process of CRs.

We can tightly constrain the diffusion process of CRs 
by investigating the relation between the GeV and TeV 
emissions.

Time Range: 2008/08/04 - 2012/08/04 (48 months)
IRFs: P7SOURCE_V6

Data Set

Source W Source W

Cloud Mass

3.5⇥ 103 M�1.4⇥ 104 M�

7.0⇥ 104 M�
2.3⇥ 104 M�
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