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Detailed Investigation of the Gamma-Ray Emission in the
Vicinity of SNR W28 with FERMI-LAT
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ABSTRACT

We present a detailed investigation of theay emission in the vicinity of the supernova
remnant (SNR) W28 (G6-0.1) observed by the Large Area Telescope (LAT) onboard the
Fermi Gamma-ray Space Telescopée detected significantray emission spatially coincident
with TeV sources HESS J186R40A, B, and C, located outside the radio boundary of the
SNR. Their spectra in the 2—-100 GeV band are consistent hattextrapolation of the power-
law spectra of the TeV sources. We also identified a new soafrégeV emission, dubbed
Source W, which lies outside the boundary of TeV sources amttitles with radio emission
from the western part of W28. All of the GeVtray sources overlap with molecular clouds in
the velocity range from 0 to 20 km’s Under the assumption that theray emission towards
HESS J1806240A, B, and C comes from® decay due to the interaction between the molecular
clouds and cosmic rays (CRs) escaping from W28, they can toeatigt explained by a single
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model in which the CR diffusion coefficient is smaller thae theoretical expectation in the
interstellar space. The total energy of the CRs escaping W28 is constrained through the
same modeling to be larger than2 x 10* erg. The emission from Source W can also be
explained with the same CR escape scenario.

Subject headingsacceleration of particles — cosmic rays — diffusion — ISMpstnova
remnant — gamma-rays: ISM

1. Introduction

Diffusive shock acceleration (DSA) operating at the shawksupernova remnants (SNRs; Reynolds
2008, and references therein) is the most likely mechanssoohvert the kinetic energy released by su-
pernova explosions into high energy particles (cosmic;r@Rs) that obey a power-law type distribution.
Evidence of the CR proton acceleration in SNRs has emergettfie detection of GeV rays from some
SNRs interacting with molecular clouds such as W51C, W44, 1&h443 (Abdo et gl. 2009h, 2010a,b)
by the Large Area Telescope (LAT) on board thermi Gamma-ray Space TelescopEhe intense GeV
emission from those SNRs is naturally explainedddydecay produced in inelastic collisions of the accel-
erated protons with dense gas. This was recently confirmetidogetection of the characteristic spectral
feature produced by the decaydts in W44 and IC 443 (Giuliani et &l. 2011; Ackermann et al. 2018
DSA theory, CRs accelerated at the shock are scattered bgeswirated magnetic turbulence. Since the
highest-energy CRs in the shock precursor at the upstreaiprane to lack self-generated turbulence, they
are expected to escape from the shock (Ptuskin & Zirakast@il3). However, it has been unclear how the
CRs escape from SNRs and propagate into the interstellaiumetiSM) because the interplay among the
CRs, the magnetic turbulence, and the surrounding envieohiwf SNRs is not well understood.

If an SNR is in a dense environment, we can expect an enhantehéhe 7°-decay~ rays from
molecular clouds illuminated by the escaping CRs in thenitigiof the SNR |((Aharonian & Atoyan 1996;
Gabici et all 2007). For example, theray emissions near middle-aged SNRs G8.1 and W44 are nat-
urally explained by the above scenatio (Ajello et al. 2012hiyama et al. 2012). The energy dependence
of the diffusion coefficient of the CRs alters their spectruvhich affects the spectral shape of the resulting
~-ray emission (Aharonian & Atoyan 1996; Gabici etlal. 200%ir@ et al. 20111). Thus, we can constrain
the diffusion coefficient by measuring the wide-bapday spectrum of the emission around SNRs.

W28 (also known as G6-.1) is a mixed-morphology SNR whose age is estimated to e (3
15) x 10* yr (Kaspi et al. 1993). In this paper, we adopted the same Bgjexdl.0* yr as used in Abdo et al.
(2010¢). The SNR is located within a molecular cloud comp¥étk a mass of 1.4 10° M, (Reach et al.
2005) and interacts with some parts of the cloud, traceddgdection of OH (1720 MHz) masers (Frail et al.

1994 Claussen et al. 1997, 1999). Observations of molelioés placed W28 at a distance-oi.9 kpc (Velazquez et al.

2002). GeVy-ray emission associated with W28 has been detected by theahd the Gamma-Ray Image
Detector (GRID) onboardGILE (Tavani et al. 2008). A natural explanation is the decay’sfdue to the in-
teraction of the cloud and CRs accelerated in the SNR (Abdt|2010c| Giuliani et al. 2010). W28 is con-
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sidered to have entered the radiative phase (Lozinskayz) H89ndicated by optical filaments (Lozinskaya
1974). Thus, we can expect that CRs have escaped into tleusdmg ambient medium.

H.E.S.S. observations of W28 have revealed four ¥y sources (Aharonian et/al. 2008): HESS JHRB,
located along the northeastern boundary of W28, and a coangblthree sources, HESS J18310A, B,
and C, located to the south, outside the radio boundary. dihern H.E.S.S. sources spatially correspond
with molecular clouds whose distances are consistent Wwahdf W28 [(Aharonian et al. 2008), suggest-
ing the possibility that their origins are due to runaway @R the SNR. Thus, this region is one of the
best sites to study CR diffusion. Although Abdo et al. (20)1@etected only one source associated with
HESS J1806240B in the first year of observations, there are two LAT sesiia the southern region listed
in the secondrermiLAT catalog (2FGL| Nolan et al. 2012). If the GeV and TeV esmss originate from
CRs escaping from W28, we can constrain the diffusion caefftof the particles in this region.

In this paper, we report a detailed analysis of the LAT saustgrounding W28, based on 4 years of
data. First, we give a brief description of the observatiand data selection in Sectioh 2. The analysis
procedure and results are presented in Seftion 3, alongheitspectra of the LAT sources. The discussion
is given in Section}4 followed by conclusions in Secfion 5.

2. Observations and Data Reduction

The LAT is the main instrument dfermi, detectingy rays by conversion into electron-positron pairs
in the energy range from- 20 MeV to > 300 GeV |(Atwood et al. 2009). It contains a high-resolution
converter/tracker for direction measurement of the intiderays, a Csl (TI) crystal calorimeter for energy
measurement, and an anti-coincidence detector to iddhgfjackground of charged particles. The LAT
has a large effective area (7500 cn? on-axis for> 2 GeV), a wide field of view{ 2.4 sr), and a good
point-spread function (PSF; the 68% containment angte atGeV is smaller than- 0°6). The on-orbit
calibration, event classification and instrument perforogaare described in detaillin Abdo et al. (2009a).

We have analyzed 4 years of data within the energy range 25&80in the vicinity of W28, collected
from 2008 August 4 to 2012 August 18, with a total exposure-df.2 x 10! cn? s at 2 GeV. The LAT
was operated in sky-survey mode nearly continuously. Bidbserving mode, the LAT scans the whole sky
every two orbits £ 3 hr), obtaining complete sky coverage and approximateifypum exposure.

We used the standard LAT analysis softweBeienceToolsersion v9r30, publicly available from the
Fermi Science Support Center (FS8CWe used the post-launch instrument response functionss§IR
P7V6 [Ackermann et al. 2012) and applied the following esahéction criteria: (1) events should be clas-
sified as “Source” class, (2) the reconstructed zenith angfehe arrival direction ofy rays should be
smaller than 100to minimize the contamination from Earth-limpray emission, and (3) only time inter-

!Software and documentation of thEermi ScienceToolsare distributed by Fermi Science Support Center at
http://fermi.gsfc.nasa.gov/ssc.


http://fermi.gsfc.nasa.gov/ssc

—4-

vals when the center of the LAT field of view is within 5@f the local zenith, are accepted to further reduce
the contamination by Earth’s atmospheric emission. Jay burst GRB 100826A_(McEnery & Omodei
2010) occurred within the region used for the analysis is plaiper. However the event data are not included
because they do not satisfy the above criteria (3). Thus,iveat need to apply any additional time cut.

Two different tools were used to perform the spatial and tspkanalysis:gt | i ke (in binned mode)
andpoi ntlike. gtli ke is a standard maximum-likelihood method (Mattox et al. JO@®i nt | i ke
is an alternate binned likelihood technique, optimizedctmiracterizing the extension of a source, that has
been extensively tested agaigstl i ke (Lande et al. 2012).

3. Analysis and Results
3.1. Morphological Analysis and Source Position

Here, we analyzed the morphology of high enefggay emission in the vicinity of W28. We made
a counts map in the 10-100 GeV energy band to take advantagmtiofal angular resolution and weaker
Galactic diffuse emission. Figufé 1 shows the map in @x1Q0° region around W28. Emission around
W28 can be clearly seen against the Galactic diffuse enmis3ibere are two LAT sources in the vicinity of
W28 in the 2FGL catalog (Nolan etial. 2012): 2FGL J1758402¢ and 2FGL J1800-2400.

Figure[2 shows a close-up view of the LAT counts map, suparseg on the H.E.S.S. significance
map (Aharonian et al. 2008) and the radio image by the Vergd.akrray (VLA; |Brogan et all_2006).
Multiple spatial associations are evident, allowing GeM dieV emission to be correlated: between the
northern part of W28 and HESS J18®B3, between 2FGL J1758:8402c and HESS J186240C, and
between 2FGL J1800-2400 and HESS J186Q40B (Aharonian et al. 2008). GeYrays also overlap with
HESS J1806240A although there is no 2FGL source there. We also foundlditianal GeV source to the
west beyond the observed TeV emission. Note that+tisy source cannot be seen clearly below 10 GeV.
Here we will refer to the GeV emissions coincident with the eV ~ ray sources as HESS J1820B
and 240C, and to the western GeV emission as Source W. In tiReivihge, Source W overlaps with the
western shell of W28 whereas 240B and 240C overlap with radigsion unrelated to W28: H region
W28A2 (G5.89-0.39) and SNR G5.70.08 (Brogan et al. 2006), respectively.

In order to evaluate the morphology of the GeV emission aloW®8, we fit models to the data
using the maximum likelihood framework withoi nt | i ke. The likelihood is the product of the prob-
abilities of observing the-ray counts within each spatial and energy bin for a specdiission model.
The best parameter values are estimated by maximizing kbéhibod of the data over the set of mod-
els (Mattox et al. 1996). The probability density functiam the likelihood analysis includes (1) individual
sources detected in the 2FGL catalog withifi @6W28, (2) the Galactic diffuse emission resulting from CR
interactions with interstellar medium and radiation basedhe LAT standard diffuse background model,
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gal _2year p7v6. fits available from the FSS&‘ and (3) an isotropic component to represent extra-
galacticy rays and residual CR background using a tabulated spectrittarwini so_p7v6sour ce. t xt

also available from the FSSC. The region of interest for ihadx maximum likelihood analysis based on

Poisson statisti@bwas a square region of 1& 16° in Galactic coordinates centered on W28 with a pixel
size of (1.

First, we determined the strength of the diffuseay emission around W28. To take advantage of the
narrower PSF at higher energies, we analyzed data from 2GdEHY. To account for any effects from
nearby sources on the fit, we set free the normalization aactrsp index of a power-law model applied to
the Galactic diffuse emission and the locations and sgewtranalizations of all 2FGL sources withit 4f
the direction of W28. To represent the emission near Sourecedié accurately, the spectral parameters of
W28, HESS J180€240B and 240C were also set free. All parameters of the ssiregond 4 were fixed
to the values in the 2FGL catalog. After the fit, the spectembmeters except for 240B and 240C were fixed
to the values obtained in the above analysis. We used a mnd@k model as the spatial template of W28,
as in the 2FGL catalog. Fitting the extension and positioV@B gave consistent results with those in the
catalog. We substituted the H.E.S.S. significance map of HEIB01233 (Aharonian et al. 2008) for the
template and found that it cannot represent the GeV emisom\W28.

We performed a series of maximum likelihood fits to invegtgdne GeV morphology around W28,
adopting a power-law spectral form for all sources of irger€irst, we added Source W as a point source and
varied its position. As a result, we obtained the resultirmximum likelihood value for three point sources
composed by 240B, 240C, and Source M| with respect to that for the no-source hypothesis).(The
likelihood ratio,~2In(Lo/L3p) (12 degrees of freedom) ef 335, was substantially better than that obtained
for a model containing only the two point sources 240B andéZIn(Lo/L2p) (8 degrees of freedomy 293,
wherely, is the likelihood for the two sources with the optimized piosis (see Tablel1). We therefore
concluded that Source W is significantly detected. Note thatlocations of the other two sources do
not significantly differ from those in the 2FGL catalog. Thea added a point source at the peak of the
TeV emission 240A. The obtained likelihood ratio increabgd- 29, so we concluded that 240A is also
significantly detected. In addition we substituted the fooint sources model with a morphological model
composed by Source W in addition to the H.E.S.S. significanap. The map was divided into individual
sources 240A, 240B, and 240C with separate spectral pazesnghose boundaries were determined from
the apparent TeV morphology. For the latter we extractedeg@ons above 4 to avoid the background
fluctuations. The resulting maximum likelihood ratio~ef383 (11 degrees of freedom) is larger than that of
the four point sources model. Thus, we concluded that theflbesodel for the GeV emission is provided
by including the H.E.S.S. template and a separate sourcee&d, and used this model for the spectral

2The model can be downloaded from
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/GacindModels.html

3As implemented in the publicly availablermi Science Tools. The documentation concerning the analgsis and the
likelihood fitting procedure is available from
http://fermi.gsfc.nasa.gov/ssc/data/analysis/docuat®n/Cicerone/.
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analysis. Note that this result holds even if the extractimeshold for the template extraction from the
H.E.S.S. significance map is changed-bio.

Source W is consistent with a newly detected point sourcee Ugper limit on its radius, assuming
a uniform disk spatial model, was 4t 68% confidence level. The position of Source W in J2000 was
obtained as (R.A., decl.) = (138™.2, -23°42.3) with an error radius of W33 at 68% confidence level. We
found no other obvious multiwavelength counterparts to GeMrces, such as pulsars and blazars, within
the positional error radius 0f’054 at the 95% confidence region. We tested the possibiitySburce W is
a background active galactic nucleus, such as a blazarhwically has a longer variability time scale
of the~-ray flux than a few months. Although Source W is not brightwggioto investigate the variability
on monthly time scales, we can expect that the test stati€li§) of Source W slowly increases each year
if the source is steady. Indeed, we found that its TS graguadreases with time. However, it remains
possible that Source W may beyaray blazar with repetitive yearly activity. We also couldt exclude the
possibility that Source W is @-ray pulsar due to the lack of photon statistics for a pulsasiearch.

3.2. Energy Spectrum

For the spectral analysis of LAT sources in this region, wedute maximum likelihood fit tool,
gt | i ke. Each source was modeled as a simple power-law funé‘%‘@ o E™ for the fit. The obtained
spectral index of 2.77 0.06 and flux level for W28 were in agreement with the previmsilt reported
by |Abdo et al. [(2010c), but the spectral energy distribui®mot shown here because we focus on the
sources near W28. Figuré 3 shows the resulting spectradedestribution for each source along with 68%
confidence regions. We show the best-fit model of HESS HABOIC obtained by Aharonian et al. (2008)
as an upper limit for Source W in the TeV range (see Figlire) 3(the obtained spectral indices and TS
values are shown in Tallé 2. The spectral index of HESS JABMB obtained here is consistent within the
uncertainties with Source Slin Abdo ef al. (2010c).

The LAT spectra of 240B and 240C smoothly connect to the HE.®easurements, while 240A has
a slightly harder spectral index than the value of 2458.18 found by H.E.S.S. (Aharonian et lal. 2008).
Thus, 240A is expected to have a spectral break in the GeVVordiege. However, a simple power-law
spectrum with a lower flux and softer spectral index at thdelel away from the LAT best-fit values is
consistent with the H.E.S.S. spectrum. This result is diffé from that presented in_Abdo el al. (2010c)
where it was shown that 240A has a spectral break in the LA@.b&ahis might be caused by the difference
in source extension or an improved understanding of thas#ifbackground models. Source W also can be
expected to have a spectral break in the GeV to TeV band frguréli3(d). We fitted the LAT spectrum
with a power-law with an exponential cutoff. However, noatlevidence for a break was found from the
GeV data alone.

We considered the systematic errors due to the extractieshbld of the H.E.S.S. significance map, the
uncertainty of the GeVy-ray morphology of W28, the LAT effective area, and the modgbf interstellar
emission. We evaluated the systematic errors associatbdibve H.E.S.S. map by changing the nominal
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threshold of 4 that we used to extract the morphology templates, as exqulamSection 3)1, by- 1 . To
account for imperfections in the spatial model describgrnorphology of W28 (see Figure 2), we divided
the uniform disk into 4 quadrants to represent the morphologre accurately and estimated systematic
errors. The uncertainties in the LAT effective area are 5%1&t MeV and 10% above 10 GeV, linearly
varying with the logarithm of energy between those valueskédmann et al. 2012). We estimated the
systematic errors induced in the source flux by repeatingutladysis 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 tmteestellar emission model, we compared the
results obtained using the standard model in Sectidn 3Hthdt results based on eight alternative interstellar
emission models as performed.in Ackermann et al. (2013) arRbdima et all (2013). We varied some of the
most important parameters of the interstellar emissionatspdiamely the uniform spin temperature used to
estimate the column densities of interstellar atomic hgdr(150 K and 10K), the vertical height of the
CR propagation halo (4 kpc and 10 kpc), the CR source disinibin the Galaxy (the pulsar distribution
by|Lorimer et all 2006 and the SNR distribution by Case & Biddiarya 1998). We replaced the standard
isotropic background and Galactic interstellar emissiardets with the alternative ones for the spectral
analysis. In this procedure, we fixed the isotropic backgdospectrum while the normalization of the
interstellar model components were left free. The combsyedematic errors on the spectral indexes and
the spectral shapes considering the above uncertaingeshawn in Tabl€l2 and Figulré 3, respectively.

4. Discussion
4.1. HESS J1808240A, B, and C

Three GeVk-ray sources are found to be spatially coincident with thé Seurces HESS J186Q40A,
240B, and 240C. They are likely to be steady sources andapveiith molecular clouds. This suggests that
the GeV-TeVy-ray emission may be produced by decay originating from the interaction between the
clouds and CRs which were accelerated in and escaped frol@NRe Alternatively, the three H.E.S.S.
sources may be unrelated to W28, but still close to the mtdeatlouds. Since there is no clear TeV
counterpart to Source W, we will discuss its origin in thédweing subsection.

4.1.1. Individual Known Sources

First we consider whether the three H.E.S.S. sources maydi@m®ed by individual sources unrelated
to the runaway CRs from W28. HESS J18Q@0A is coincident with two Hi regions, G6.20.6 (Kuchar & Clark
1997) and G6.225.569 (Lockman 1989), that contain young massive starshwinight contribute to the
~-ray emission. 240B is associated with the clouds contgittie ultra-compact H region W28A2, con-
taining a massive star in a very young phase of evolution. A228xhibits energetic bipolar molecular
outflows (Harvey & Forveille 1988; Acord etlal. 1997; Solliesal.l 2004) which arise from the accretion of
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matter by the progenitor star. Abdo et al. (2010c) conclutiatl GeV~-rays can be explained by’-decay
and bremsstrahlung. The kinetic energy of the outflow is:3.50*® erg and the dynamical timescale is a
few 10° yr, with the matter density as high as’idn™ (Klaassen et al. 2006), although there is no model to
explain multi-TeV particle acceleration in suchlHegions. 240C is spatially coincident with the radio-faint
SNR G5.7%10.08 (Brogan et al. 2006), which was suggested to be intagaetith a molecular cloud due
to the detection of an OH maser (Hewitt et'al. 2009). Its distais estimated to be either 3.1 or 13.7 kpc
based on the maser velocity. Therefore, it is not conclusiaethe origins of the H.E.S.S. sources are stellar
objects, or otherwise unrelated to SNR W28.

4.1.2. Cosmic-Ray Escape Model

We now explore the possibility that the three H.E.S.S. sesiare attributed to the®-decay~ rays
from molecular clouds illuminated by the escaping partickecelerated in W28. Attempts to constrain
the diffusion coefficient of the runaway CRs have been madenté/ using the GeV-TeV spectrum of
HESS J1806240B and the TeV data with upper limits in the GeV band (e.@hi@ et al! 2010; Li & Chen
2010). We can expect that the diffusion coefficient may beentightly constrained by spectral modeling
using the GeV-TeV spectra of the H.E.S.S. sources presantbi$ work.

The CR escape scenario generally assumes that partickderted in the SNR are gradually released
into the ambient medium. Here we assume an energy-depergleate of accelerated particles after the
timetst when the SNR enters the Sedov phase (e.g. Gabicilet al. 2002 € all 2011). To estimate ther
of W28, we adopt the following parameters; the typical kinehergy released by the supernova explosion
Esn = 10°! erg and the ejecta mabk; = 1.4 M,. Assuming evolution in the uniform intercloud gas with
a hydrogen number density of 2 cir{Reach et al. 2005), the Sedov phase started arbundst ~ 310 yr
when the radius of W28 wast ~ 2.4 pc.

Let us consider the diffusion process of CRs from SNRs. Warmasghat CRs with a momentum
can escape from an SNR at a tilne tesd p) when the SNR radius reachBssd p). tesd p) becomes larger
for the CRs with lower momentum and is assumed to depend onemtim as a power law, starting with
tesd Pmax) = tst as follows (Gabici et al. 2009; Ohira et al. 2011):

p -1/x
tesdP) = tst <—> . (1)

Pmax
Using the Sedov-Taylor solution and Equatibh (1), one fRAgp) = rst(p/pmad %/>X. Here we adopt the
maximum momentum of the particlgs,ax = 10*° eV ¢ (reached alist) andy = 3, following/Gabici et al.
(2009) and Ohira et al. (2011). Assuming the age of W28is1* yr, the SNR is currently releasing CRs
with p ~ 0.5 GeV ¢?.

The momentum spectrum of the runaway CRs integrated ove3tie expansion is expected to have
the formNgsdp) o< p° ands ~ 2 if the maximum momentum of the CRs confined in the SNR is a powe
law function of time such as Equation] (1) (e.g., Ptuskin &Rashvili 2005). However, the index of the
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spectrum could be different from = 2 since it depends on the time history of acceleration efficy and
maximum energy. (Ohira et ial. 2010; Caprioli etlal. 2010). uksmg that particles are injected into DSA
from the thermal plasma at the downstream of the SNR shockM#& Voelk[1995) andy = 3, the value
of sis changed to be- 2.2 (Ohira et al. 2010). We parameterize the total spectrumRH i@jected into the
interstellar space as

Nesdp) = kescp_z'2 expEp/ Pmax)- (2

The spatial distribution of the escaped Oifp,r,t) at a timet after the supernova explosion and at a
distance from the SNR center is described by the well-known diffustguiation for the point source case,
and it can be solved using the method developed by Atoyan €t385). Considering the escape from the
surface of the expanding SNR shell, Ohira etlal. (2011) plexvithe analytical solution @i(p,r,t) as:

N 2 2 2
— esc ~(r—Resd?/R3 _ o (r+Res)?/R3
(0D = s mmay |© ¢ J. 3)
where
Ra(p,t) = 2v/Dism(p)[t —tesd P)]- 4)

Dism(p) is the diffusion coefficient of the interstellar medium daaften parameterized with a power-law
energy dependence as below:

Dism(p) = 1027D27<W2\b_1)5 cn? s, (5)

whereD»7 is the normalization constant.

4.1.3. Spectral Modeling to Constrain the Diffusion Coedfit

To minimize the manual scanning of the parameters for caimétig of the diffusion coefficient when
modeling the other clouds, we first consider the spectrumhefytray emission towards the molecular
cloud around HESS J186R40B because its GeV-TeV spectrum is the best determinedigthe three
sources. We adopt 1.9 kpc for the distance from the Earth t8.\@2ly CR protons are taken into account
since the leptonic emission is unimportant in the case ofl@etren to proton ratio of 0.01, as in the local
CR abundance. The-ray spectrum fromr® decays produced by the interaction of protons with ambient
hydrogen is scaled by a factor of 1.84 to account for heliuchtegavy nuclei in the target material and the
CR composition (Mori 2009). The mass of the clddg responsible for 240B is found to bed7x 10* M,
by the NANTEN CO (J=1-0) data for the velocity range from 0 bkin s (Aharonian et al. 2008).
Because the distance from the SNR centecannot be well determined, we treated it as a free parameter
We adopted the center of the radio boundary shown in Flgures®(the SNR center. The minimunis the
projected distance 20 pc derived from the angular distant@den the SNR center and the peak of the TeV
emission. From the above assumptions, our model has foustatije parameters; D27, d, andkescWhich
is the normalization of the CR spectrum.
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The runaway CR spectrum has two cutoffs whose energies éeemired asr(— Resaleé and ¢ +
Resd?/R3 from Equation[(B) andRy depends onﬁ)%éz from Equations[{4) and15). Then, as the valu®egf
becomes small, the cutoff energies shift to higher ener@iessequently, for a small value Db, the model
spectrum of they-ray emission conflicts with the observed GeV spectrum, heddwer limit obtained is
~ 0.5. In this caser must be almost the same value as the projected distance,itimaum r, because
the cutoff energies also move to higher energies with irsgganr. On the other handj is constrained
to be 0.20-0.35 to fit the spectrum above the higher cutoffggnas shown in Tablgl 3. Figuré 3(a) shows
the y-ray model curve wittD,7 = 0.5,6 = 0.35 andr = 25 pc. They-ray emission from the Galactic CRs,
calculated based on the proton spectrum_ in Dermer (1988lsasplotted to show the expected background
emission. Even if the interstellar emission model does eptaduce the background emission from local
clouds completely, it is not a large fraction of the observesidual emission. The upper limit @y7 is
constrained by the amount of escaped ORs,because the normalization of the spectrum of the particles
depends omesd Ry o Kese/ D%z from Equations[(2)[(3)[{4) andl(5). Here we assume the ulypérof W,
is 10°° erg, which is 10% oEgy. We try to fit they-ray spectrum wittD,7 = 1, 5, and 10, respectiveli,;
is found to be below~ 5 (see Figurél3(a)) since the requikdglexceeds the upper limit usiridp7 = 10. The
value ofé is constrained to be slightly smaller (0.1-0.25) than \lith = 0.5. A similar result was obtained
for IC 443 by Torres et al. (2010). The variationddor 0.5 < D7 < 5 is given in Tablé3. The lower limit of
W, is obtained withD,7 = 0.5 and the minimum, as the spectral normalization is proportionalkgg/D%zr
from Equations[{2)£(5). Using = 0.20, the resulting value &, is 0.4 x 10°(Mg /7.0 x 10 M) erg.

To investigate whether the emission from 240A and 240C cantbpreted within the same CR escape
scenario, we modeled theray spectra considering the range in the diffusion coefficobtained for 240B.
The minimumr for 240A and 240C are derived from the projected distanc@4 gic and 24 pc, respectively.
Their spectra can be fitted with models using the same diffusoefficient, except for the casel@$; =5
(see Tablél3). The model curves with; = 0.5 andy = 0.35 for 240A and 240C are shown in Figurés 3(b)
and (c), respectively, with the allowed rangesrdbr each combination of the diffusion coefficient and
are shown in Tablgl3. The masses of the cloMidsandMc towards 240A and 240C are estimated to be
about 2.3x 10* M, and 1.4x 10* M., using NANTEN CO (J=1-0) data by Aharonian et al. (2008) and
Nicholas et al.[(2012), respectively. Usiig7 = 0.5 andy = 0.20, we obtained the lower limits &¥, for
240A and 240C as 1.8 10*9(Ma/2.3 x 10* M)t erg and 1.9x 10°(Mc/1.4 x 10* M)t erg, respec-
tively. The differentW, resulting from assuming the same diffusion coefficient agntive three H.E.S.S.
sources may be explained by different fractions of the clmads responsible for theray emissions. With
D,7 =5, ¢ is constrained to be 0.1-0.15. The model curve with0.1 is also shown in Figuré$ 3(b) and (c).

By combining the results for the three H.E.S.S. sourcesdiffigsion coefficient for the runaway CRs
from W28 is constrained to be®< Dy7 < 5and 01 < 6 < 0.35, with a negative correlation between them
as shown in Tablel 3. The lower limit ¥, is obtained to be 1.9 10* erg. The value of becomes larger as
eitherDy7 or § increase. However, all clouds cannot be located beyone times their projected distances
(see Tablel3).
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4.1.4. Uncertainty of the Diffusion Coefficient

We also evaluate the uncertainty of the diffusion coefficinchanging the values of the following
parameters; the age of W28, the explosion energy, and theviihen the Sedov phase starts. Doubling
the SNR age changes the rangeDgf to be 0.5-10 while halving changes it to be 0.1-1. To take into
account the uncertainty iBisy, we adopt 4x 10°0 erg as the lower limit because this value was obtained
byRho & Borkowski (2002) with the caution of possible undgimation. Assuming that the upper limit
of W, is 10% of theEgy, D27 is constrained to be less than 1. In this cassljghtly changes to the harder
value of 0.1-0.2 ab,7 = 1 than those obtained above (see Table 3). The ambientrrdattsity may also be
different from 2 cm?3. If W28 originates from a core-collapse supernova, the @nigr makes a cavity into
which the SNR initially expands, and the tikg when CRs start to escape will change. Adopting a matter
density of 0.1 cri¥® changesst to ~ 840 yr . Although the spectral break shifts to higher enetgy,model
curve with each value dD,7 still does not conflict with the observed spectrum. In sunynide diffusion
coefficient does not depend strongly on the choice of thenpatiers.

Moreover, there is uncertainty of the ejecta mass. If we abiyp= 7 M, which is likely in core-
collapse supernovagt becomes- 1100 yr which is longer than that witl; = 1.4 M. Consequently, the
~ rays around 2 GeV could be no longer explained by the CR escagpario because, based on Equafibn (1),
particles with the momentum lower than about 10 GeV cannmdf@s Thus, it is possible to reproduce all
components of the-ray emission if the ejecta mass is small but it would be diffiwvith masses larger than
7Me.

4.2. W28

The~-ray emission from the northeastern part of W28 may alsdratg from the CR escape scenario.
We tried to model they-ray spectrum using the same scenario that we applied to tBeSES. sources.
Here,r was fixed to the SNR radius of 13 pc from the radio boundary. mhases of the cloud responsible
for the emissiorMg is estimated to be 510* M, by|Aharonian et al. (2008). The model curves with
D,7 = 0.5 and 1 reasonably reproduce the observed spectrum &vhéh35. Thus, the emission is con-
sistent with the CR escape scenario. However, there ardvatsother possible scenarios to explain the
rays: (1) CRs remaining at the SNR shell contribute to thessimm because this place is the interaction
site of W28 with molecular clouds and (2) the emission comes fthe reaccelerated CRs in the crushed
cloud (Uchiyvama et al. 2010). In the first scenariorays above 2 GeV are emitted by particles above
10 GeVct, which should have escaped from the SNR shell bec&dssor these particles is- 11 pc,
which is smaller than the SNR radius. HoweMRss. is proportional tol\/léj/3 andn61/3, and given the un-
certainties in these quantities may be larger than 13 paeftre we cannot rule out that these CRs remain
within the SNR, and do not use the model results for the nasfeen part of W28 to further constrain the
diffusion coefficient.
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4.3. Source W

Source W is separated from the TeV emission, having no obvomwnterpart except for the radio
emission of W28. One possibility is that thaays come from the particles accelerated and confined in the
SNR shell. The differeny-ray spectral shape compared with the northeastern bopday28, shown in
Sectiori 3.2, might be due to the difference of the particeespm if they rays from the northeastern region
also come from the CRs confined in the SNR shell. Since theanwvient around Source W is expected to
be more tenuous than that of the northeastern boundary ige® R in Aharonian et al. 2008), the effects of
damping of magnetohydrodynamic turbulence due to ionfakasllisions (Drury et al. 1996) could operate
differently causing a break in the spectrum of acceleratatigles at higher energy>( 100 GeV). A harder
radio spectral index is found around SourcelW (Dubner |etl0®, which may support this scenario.

Another possibility is that the emission originates frora thteraction between molecular clouds and
the runaway CRs from W28. Source W overlaps clouds in thecitgloange from 0 to 20 km™$ (see
Figure 2 in_LAharonian et al. 2008). The total cloud madsy, is estimated to be about 3500 from
the NANTEN CO (J = $0) datal(Mizuno & Fukui 2004 ; Takeuchi et al. 2010) assumirggame velocity
range and a cloud radius ef 3 pc derived from the upper limit of the extension of theay emission.
We perform modeling of the-ray spectrum in the same manner as in Se¢tionl4.1.3, comgjdbe range
of the diffusion coefficient obtained there. The lower liraftr is the projected distance of 16 pc. Using
D,; =5, the model cannot reproduce the spectrum as shown indE&fdy and Tablel3, because the required
W, exceeds 1% erg. ThereforeD,- is constrained to be the smaller range 0.5—1 than that utdor the
three H.E.S.S. sources. On the other hanid, also tightly constrained to be 0.1-0.25 widh; = 1. The
lower limit of W, is 3.2 x 10°%(Mw/3.5 x 10° M)t erg withD,7 = 0.5 ands = 0.2. From these results,
the four~-ray sources around W28 can all be explained by CR escapetfi®®NR with a single diffusion
coefficient withD,7 ~ 0.5 and§ ~ 0.35.

4.4. Interpretation of the Obtained Diffusion Coefficient

The obtained values f@,7 andd are smaller than those based on the Galactic CR propagatdelm
Dy7 ~ 10 andd ~ 0.6 (Ptuskin et al. 2006; Delahaye etlal. 2Z008),7 is also smaller than that of W44
derived by Uchiyama et al. (2012), where is<1D,7 < 30. For an SNR in a dense environmebyy is
expected to be as low as 0.1 (Ormes et al. 1988) and to depend on the magnetic fieldggtrén the
molecular cloud into which the runaway CRs propagate (Gabial. |2007). D,7 and 6 would also be
affected by the amplification of Alén waves generated by the escaping CRs (Fujitalet al. 20h&)value
of § depends on the assumption of the spectral index of the aatedieparticles in the SNR, which is related
to the time history of acceleration efficiency and maximurargg as mentioned above. The hard spectrum
of the runaway CRs might indicate a harder spectral index thé for the CRs accelerated in W28 and
it is suggested to be 1.7 based on the radio synchrotronrape¢bDubner et al. 2000). Non-linear shock
modification caused by the efficient CR acceleration canymeduch a hard spectrum (elg., Baring et al.
1999).
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The value ofs is also strongly dependent on assumptions about the emolafithe accelerator. If an
SNR continuously accelerates particles even after theeikpansion phase, the spectral index of the escaped
particles above the cutoff energyis s+d. This is smaller by a factor @¥2 than in the case of an impulsive
sourcel(Aharonian et al. 2008) which is very similar to owwuasption for W28, i.e., the value éfbecomes
larger by a factor of 1.5 than our result. However, it is diffido adapt this scenario to W28. The SNR
is considered to be in the radiative phase with a shock vglogiless than 100 km™$ (Rho & Borkowski
2002), and cannot produce multi-TeV particles. Thereftire value of around W28 must be smaller than
that of the Galactic CR propagation model.

5. Conclusion

We analyzed the GeVj-ray emission in the vicinity of SNR W28 using 4 years of LATtala We
detected GeV rays spatially coincident with the TeV sources HESS J32@0A , B, and C, located south
of the radio boundary of W28. Their spectra in the 2—100 Gendare consistent with the extrapolation of
power-law emission from the TeY-ray sources. We also detected GeV emission from Sourcedatdd
outside the boundary of the TeV emission and coinciding veitlio emission from the western shell of W28.
All of the GeV y-ray sources overlap with the molecular clouds in the véjaginge from 0 to 20 km3.

Assuming that the-ray emissions from the three H.E.S.S. sources are due ttettay ofr’s produced
by the interaction of the molecular clouds with CRs escafiioign W28, the GeV-TeV spectra can naturally
be explained by a single model. We constrain the diffusionstant at 10 GeV ¢ and the power-law
index of the energy dependence to be 0.5<30%" cn? st and 0.1-0.35, respectively, with a negative
correlation between them. These values are smaller anéhtrahn those of the Galactic CR propagation
model. Considering the masses of the molecular clouds megige for the emission, the lower limit on the
total energy of the escaped CRs is constrained te l2ex 10°*° erg, in agreement with the conjecture that
SNRs are the main sources of the Galactic CRs.~Ttays from Source W can be also interpreted to be the
emission originating from the interaction of the runaways@Rd molecular clouds with the same diffusion
coefficient as obtained for the H.E.S.S. sources.
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Fig. 1.— Fermi LAT 10-100 GeV count map around W28. The count map is smoatlyed Gaussian
kernel ofc = 0°20. The pixel size is 5. The green circles and crosses indicate the extendedaamtd p
sources in the 2FGL catalog (Nolan etlal. 2012), respegtivehe white line from top left to bottom right
indicates the Galactic plane.
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Fig. 2.— The LAT count map between 10 and 100 GeV around W28rgaposed on (a) H.E.S.S. and
(b) VLA contours. The maps have a pixel size 808 and are smoothed by a Gaussian kernel ©i0°20.
The inset of each figure shows the simulated LAT PSF with agrhatdex of 2.5 in the same energy
range, adopting the same smoothing. Locations of 2FGLagtsburces included in the emission model
are indicated with black marks; circle for W28, left-handss for 2FGL J1800-82400, and right-hand one
for 2FGL J1758.82402c, respectively. A blue x indicates the best-fit posittd Source W. Blue diamonds
on the left indicate HI regions: G6.30.6 (Kuchar & Clark 1997) and G6.226.569 (Lockman 1989).
The blue diamond on the right is W28A2 (see the text). Theavbiamond indicates the OH maser spot
associated with G5.7D.08 (Hewitt et al. 2009). Green contours in panel (a) sh@HtE.S.S. significance
map for TeV~ rays at 20, 40, 60, and 80% levels (Aharonian &t al. 2008yBiieV spots in the south are
HESS J1808240A, B, and C as indicated in the figure. Green contours ielpg@)indicate the VLA 90 cm
image at 5, 10, and 20% of the peak intensity (Brogan et aleP0Quter boundaries of SNR W28 and
G5.710.08, as determined from the radio images, are drawn as ddritieed circles.
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Fig. 3.— The GeV-TeV spectral energy distributions of (a)F831800240B (b) 240A, (c) 240C, and
(d) Source W, respectively. The red regions are the 68% cemdi range of the LAT spectra. The black
regions show the combined systematic errors. The blaclkesigshow the data points for the H.E.S.S.
measurement (Aharonian etlal. 2008). In panel (b), thefitesiadel of 240B obtained by Aharonian et al.
(2008) is shown as an upper limit in the TeV range. In eachlp#meblue solid, dotted, and dashed-dotted
lines show the model curves with (d)47, J, r) = (0.5, 0.35, 25 pc), (1, 0.1, 20 pc), and (5, 0.1, 20 pc),
respectively, (b)D27, 4, r) = (0.5, 0.35, 30 pc), (1, 0.1, 21 pc), and (5, 0.1, 21 pc),eetgely, (c) D27, I,

r) =(0.5, 0.35, 30 pc), (1, 0.1, 24 pc), and (5, 0.1, 24 pc)gesgely, (d) 027, 5, r) = (0.5, 0.35, 25 pc), (1,
0.1, 16 pc), and (5, 0.1, 16 pc), respectively. The grey cumnaach panel indicates the upper limit of the
~-ray emission produced by the sea of Galactic CRs in the sadRg@ninated cloud.
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Table 1: Results of the morphological analysis of thy emission from the sources in the vicinity of W28
(2-100 GeV).

Model -2In(Lp/L)® Additional Degree of Freedom
w28 0 0
Two point source® 293.1 8
Three point sourcés  334.6 12
Four point sourcés  363.5 16
H.E.S.S3+SourceW  382.9 11

2In(Lo/L), whereLo andL are the maximum likelihood for W28 with the 2FGL disk templand the additional source component,
respectively.

P2FGL J1800.82400 and 2FGL J1758-2402c in addition to W28 with positions free in the optimizat
“Two point source model plus Source W with optimized position

4Three point source model plus a point source model at the gfiadESS J1806240A.

°H.E.S.S. significance map is used as a template for the itgaighe y-ray emission.

fOne degree of freedom for the choice of the threshold useebdoaction of the regions.

Table 2: Power-law spectral indexes and test statistich&k AT sources near W28 in the 2—100 GeV band.
Name Indef TS
HESS J1806240A 2.12+0.23+0.14 37
HESS J1806240B 2.45+ 0.19+ 0.07 88
HESS J1806240C 2.38+0.23+0.17 51
Source W 2.06t 0.20+ 0.14 41

#The first and second uncertainties listed represent thistitat and systematic errors, respectively.
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Table 3: The values of the diffusion coefficient of the esogRs and the distance from the SNR center to
each molecular cloud obtained by the spectral modeling 88 J1806240A, B, C, and Source W. The
spectra of all sources can be reproduced with a single difiusoefficient withD,7 ~ 0.5 andé ~ 0.35.

240A 240B 240C Source W
D7 & | r(pc) W, (10¥erg)| r(pc) W, (10%erg) | r(pc) W, (10*%erg) | r (pc) W, (10% erg)

0.5 0.35| 30-40 3.3-10 25 1.0 30 4.3 25 10

0.3 | 25-35 2.3-4.9 20-25 0.5-1.0 24-30 2.1-4.8 20-25 5.4-10

0.25| 21-35 1.3-4.2 20-25 0.5-0.8 24 2.1 16-25 3.2-75

0.2 | 21-30 1.0-2.3 20 0.4 24 1.9 16-25 3.2-5.4

0.15| 21-30 0.8-2.0 N/A N/A N/A N/A 16-20 2.6-3.2
0.1 | 21-25 0.7-1.0 N/A N/A N/A N/A N/A N/A
1 0.35| 40-45 8.2-10 30-35 2.1-2.7 35 8.1 N/A N/A
0.3 | 35-45 5.9-10 20-35 1.1-25 24-40 4.3-10 N/A N/A
0.25| 30-45 3.9-8.2 20-30 0.9-1.6 24-35 3.2-6.4 25 10

0.2 | 25-45 2.3-7.5 | 20-30 0.8-1.5 | 24-35 2.7-6.7 | 20-25 7.5-10
0.15| 2140 1.6-4.7 | 20-25 0.6-0.9 | 24-30 2.1-3.8 16-25 54-7.5

0.1 | 21-40 1.1-49 20 0.5 24 2.0 16 3.9
5 0.35] N/A N/A N/A N/A N/A N/A N/A N/A
0.3 | N/A N/A N/A N/A N/A N/A N/A N/A
0.25| N/A N/A 30-60 7.5-10 N/A N/A N/A N/A
0.2 | N/A N/A 20-60 5.4-10 24 10 N/A N/A
0.15| 3045 6.4 20-60 4.0-10 24-35 10 N/A N/A

0.1 | 21-50 4.3-6.4 | 20-45 3.2-54 | 24-35 8.1 N/A N/A
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