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ABSTRACT
We present an analysis of the gamma-ray data obtained with the Large Area Telescope (LAT) onboard the

Fermi Gamma-ray Space Telescope in the direction of SNR W49B (G43.3−0.2). A bright unresolved gamma-
ray source detected at a significance of 38σ is found to coincide with SNR W49B. The energy spectrum in
the 0.2–200 GeV range gradually steepens toward high energies. The luminosity is estimated to be 1.5×
1036 (D/8 kpc)2 erg s−1 in this energy range. There is no indication that the gamma-ray emission comes
from a pulsar. Assuming that the SNR shell is the site of gamma-ray production, the observed spectrum can be
explained either by the decay of neutralπ mesons produced through the proton–proton collisions or by electron
bremsstrahlung. The calculated energy density of relativistic particles responsible for the LAT flux is estimated
to be remarkably large,Ue,p > 104 eV cm−3, for either gamma-ray production mechanism.

Subject headings: acceleration of particles — ISM: individual(W49B) — radiation mechanisms: non-thermal

1 Corresponding authors: J. Katsuta (katsuta@astro.isas.jaxa.jp),
Y. Uchiyama (uchiyama@slac.stanford.edu), H. Tajima (hta-
jima@slac.stanford.edu), T. Tanaka (Taka.Tanaka@stanford.edu).

2 Space Science Division, Naval Research Laboratory, Washington, DC
20375, USA

3 National Research Council Research Associate, National Academy of
Sciences, Washington, DC 20001, USA

4 W. W. Hansen Experimental Physics Laboratory, Kavli Institute for
Particle Astrophysics and Cosmology, Department of Physics and SLAC
National Accelerator Laboratory, Stanford University, Stanford, CA
94305, USA

5 Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, I-56127 Pisa,
Italy

6 Laboratoire AIM, CEA-IRFU/CNRS/Université Paris Diderot, Ser-
vice d’Astrophysique, CEA Saclay, 91191 Gif sur Yvette, France

7 Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, I-34127
Trieste, Italy

8 Dipartimento di Fisica, Università di Trieste, I-34127 Trieste, Italy
9 Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131

Padova, Italy
10 Dipartimento di Fisica “G. Galilei", Università di Padova, I-35131

Padova, Italy
11 Istituto Nazionale di Fisica Nucleare, Sezione di Perugia, I-06123

Perugia, Italy
12 Dipartimento di Fisica, Università degli Studi di Perugia, I-06123

Perugia, Italy
13 Dipartimento di Fisica “M. Merlin" dell’Università e del Politecnico

di Bari, I-70126 Bari, Italy

14 Istituto Nazionale di Fisica Nucleare, Sezione di Bari, 70126 Bari,
Italy

15 Laboratoire Leprince-Ringuet, École polytechnique, CNRS/IN2P3,
Palaiseau, France

16 Institut de Ciencies de l’Espai (IEEC-CSIC), Campus UAB, 08193
Barcelona, Spain

17 INAF-Istituto di Astrofisica Spaziale e Fisica Cosmica, I-20133
Milano, Italy

18 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
19 Center for Research and Exploration in Space Science and Technol-

ogy (CRESST) and NASA Goddard Space Flight Center, Greenbelt, MD
20771, USA

20 Department of Physics and Center for Space Sciences and Technol-
ogy, University of Maryland Baltimore County, Baltimore, MD 21250,
USA

21 Laboratoire de Physique Théorique et Astroparticules, Université
Montpellier 2, CNRS/IN2P3, Montpellier, France

22 Department of Physics, Stockholm University, AlbaNova, SE-106 91
Stockholm, Sweden

23 The Oskar Klein Centre for Cosmoparticle Physics, AlbaNova,
SE-106 91 Stockholm, Sweden

24 Royal Swedish Academy of Sciences Research Fellow, funded by a
grant from the K. A. Wallenberg Foundation

25 CNRS/IN2P3, Centre d’Études Nucléaires Bordeaux Gradignan,
UMR 5797, Gradignan, 33175, France

26 Université de Bordeaux, Centre d’Études Nucléaires Bordeaux
Gradignan, UMR 5797, Gradignan, 33175, France

27 INAF Istituto di Radioastronomia, 40129 Bologna, Italy

SLAC-PUB-15604

KIPAC, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA  94025
Work supported in part by US Department of Energy under contract DE-AC02-76SF00515.

Published in Astrophys.J.722:1303-1311,2010 and arXiv:1008.4190.



2 Fermi LAT Collaboration

1. INTRODUCTION

Galactic cosmic rays are widely believed to be accelerated
in supernova remnants (SNRs) through the diffusive shock
acceleration process (e.g., Blandford & Eichler 1987). Sev-
eral SNRs have recently been detected with the Large Area
Telescope (LAT) onboard theFermi Gamma-ray Space Tele-
scope; specifically SNRs W51C, Cassiopeia A, W44, and
IC443 (Abdo et al. 2009c, 2010a,c,d). Except for Cas A, the
LAT-detected SNRs are known to be interacting with molec-
ular clouds. The GeV emission from such SNRs is expected
to be dominated by the hadronic gamma rays due to the de-
cay ofπ0 mesons, since the ambient dense molecular cloud
would enhance the proton-proton collisions (Aharonian et al.
1994). The observed gamma-ray sources associated with
cloud-interacting SNRs are all seen to be spatially extended in
the LAT data. Based on the extension and its comparison with
radio data, it is concluded that the gamma-ray emission comes
from SNRs not from pulsars/pulsar wind nebulae (PWNe).
The LAT spectra of these SNRs steepen above a few GeV. Al-

28 Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121
Bonn, Germany

29 Center for Space Plasma and Aeronomic Research (CSPAR), Uni-
versity of Alabama in Huntsville, Huntsville, AL 35899, USA

30 Institució Catalana de Recerca i Estudis Avançats (ICREA),
Barcelona, Spain

31 Department of Physical Sciences, Hiroshima University, Higashi-
Hiroshima, Hiroshima 739-8526, Japan

32 Department of Physics, Center for Cosmology and Astro-Particle
Physics, The Ohio State University, Columbus, OH 43210, USA

33 Department of Physics, Royal Institute of Technology (KTH),
AlbaNova, SE-106 91 Stockholm, Sweden

34 Research Institute for Science and Engineering, Waseda University,
3-4-1, Okubo, Shinjuku, Tokyo, 169-8555 Japan

35 Institute of Space and Astronautical Science, JAXA, 3-1-1 Yoshin-
odai, Sagamihara, Kanagawa 229-8510, Japan

36 Department of Physics, Graduate School of Science, University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

37 Centre d’Étude Spatiale des Rayonnements, CNRS/UPS, BP 44346,
F-30128 Toulouse Cedex 4, France

38 George Mason University, Fairfax, VA 22030, USA
39 Istituto Nazionale di Fisica Nucleare, Sezione di Roma “TorVer-

gata", I-00133 Roma, Italy
40 Department of Physics and Astronomy, University of Denver,

Denver, CO 80208, USA
41 Hiroshima Astrophysical Science Center, Hiroshima University,

Higashi-Hiroshima, Hiroshima 739-8526, Japan
42 Max-Planck Institut für extraterrestrische Physik, 85748Garching,

Germany
43 Institut für Astro- und Teilchenphysik and Institut für Theoretische

Physik, Leopold-Franzens-Universität Innsbruck, A-6020Innsbruck,
Austria

44 Department of Physics, University of Washington, Seattle,WA
98195-1560, USA

45 Santa Cruz Institute for Particle Physics, Department of Physics and
Department of Astronomy and Astrophysics, University of California at
Santa Cruz, Santa Cruz, CA 95064, USA

46 NYCB Real-Time Computing Inc., Lattingtown, NY 11560-1025,
USA

47 Department of Chemistry and Physics, Purdue University Calumet,
Hammond, IN 46323-2094, USA

48 Partially supported by the International Doctorate on Astroparticle
Physics (IDAPP) program

49 Institut für Theoretische Physik and Astrophysik, Universität
Würzburg, D-97074 Würzburg, Germany

50 Consorzio Interuniversitario per la Fisica Spaziale (CIFS), I-10133
Torino, Italy

51 INTEGRAL Science Data Centre, CH-1290 Versoix, Switzerland
52 Dipartimento di Fisica, Università di Roma “Tor Vergata", I-00133

Roma, Italy
53 School of Pure and Applied Natural Sciences, University of Kalmar,

SE-391 82 Kalmar, Sweden

though electron bremsstrahlung cannot be ruled out,π0-decay
emission is the most plausible explanation for the observed
LAT data (Abdo et al. 2009c, 2010c). The breaks in the ob-
served spectra may be accounted for by an energy-dependent
escape of accelerated protons at SNRs (Aharonian & Atoyan
1996).

The gamma-ray measurements in the TeV range provide di-
rect support for the acceleration of particles up to∼ 100 TeV
in SNR shells (Aharonian et al. 2007a). The TeV gamma rays
in SNR RX J1713.7−3946, one of the most prominent exam-
ples of TeV-emitting SNRs, can be ascribed to the decay of
π0 mesons produced inpp collisions (e.g., Berezhko & Völk
2008) if the average magnetic field strength is larger than
≃ 15 µG (Uchiyama et al. 2007). However, the emission
mechanism remains unsettled largely because of poorly con-
strained physical conditions in the gamma-ray-emitting zone
in SNR RX J1713.7−3946. Other examples are valuable for
discriminating the origins of the gamma-ray emission.

SNR W49B (G43.3−0.2) has a bright radio shell and cen-
trally peaked thermal X-ray emission. The interaction be-
tween W49B and molecular clouds was evidenced by obser-
vations of mid-infrared lines from shocked molecular hydro-
gen (Reach et al. 2006). HI Zeeman observations also sug-
gest the interaction (Brogan & Troland 2001). Near infrared
[Fe II] emission exhibits filamentary structures, tracing ra-
diative shocks (Keohane et al. 2007). The age of W49B is
estimated to be in the range of∼1000–4000 yr (Pye et al.
1984; Hwang et al. 2000), and the distance is estimated to
be 8–11 kpc (Radhakrishnan et al. 1972; Moffett & Reynolds
1994; Brogan & Troland 2001). The radio continuum map
shows a shell structure with a diameter of∼ 4′ (∼ 10 pc
at 8 kpc). The radio flux density is 38 Jy at 1 GHz.
The radio emission is linearly polarized and the spectral in-
dex is α = 0.48 (Green 1988) in the frequency range 0.3–
30 GHz, indicating a synchrotron origin. No optical emis-
sion is detected from the source due to the severe extinc-
tion through the Galactic plane. Although the ATNF pulsar
database (Manchester et al. 2005)54 lists seven pulsars with
the spin-down luminosity> 1×1034 erg s−1 within 1.◦0 of the
SNR position, no pulsar candidate has been reported within
0.◦4. Prior to our LAT observations, gamma-ray emission had
not been detected in the GeV or TeV bands.

Here we report the LAT observations in the direction of
SNR W49B. A GeV gamma-ray source spatially coincident
with W49B is designated as 0FGL J1911.0+0905 in the initial
source list published by theFermi LAT collaboration, which
includes the 205 most significant sources based on the ob-
servation in the first three months (Abdo et al. 2009b). Is is
also designated as 1FGL J1910.9+0906c in the year-1 catalog
(1FGL catalog)55. In this paper, we present a detailed anal-
ysis of this LAT source with much longer accumulation time
of about 17 months. This paper is organized as follows. In
section 2, the observation and the data reduction are summa-
rized. The analysis results for the LAT source in the direction
of SNR W49B are reported using 17 months of the LAT data
in section 3. In section 4, we discuss whether the gamma rays
come from the SNR shell or a pulsar, and study the cosmic-ray
acceleration using multi-wavelength data.

2. OBSERVATION AND DATA REDUCTION

54 http://www.atnf.csiro.au/research/pulsar/psrcat
55 available at the Fermi Science Support Center.

http://fermi.gsfc.nasa.gov/ssc
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The Fermi Gamma-ray Space Telescope was launched on
June 11 2008. The Large Area Telescope (LAT) onboard
Fermi is composed of electron-positron pair trackers, featur-
ing solid state silicon trackers and cesium iodide calorimeters,
sensitive to photons in a very broad energy band (from 0.02 to
>300 GeV). The LAT has a large effective area (∼8000 cm2

above 1 GeV if on-axis), viewing∼2.4 sr of the full sky with a
good angular resolution (68 % containment radius better than
∼1◦ above 1 GeV). The tracker of the LAT is divided into
front andback sections. The front section (first 12 planes) has
thin converters to improve the PSF, while the back section (4
planes after the front section) has thicker converters to enlarge
the effective area. The angular resolution of the back events
is a factor of two worse than that of the front events at 1 GeV.

The LAT data used here were collected for about 17 months
from August 4 2008 to December 26 2009. Thediffuse event
class was chosen and photons beyond the earth zenith angle
of 105◦ were excluded to minimize Earth albedo gamma rays.

Among the standard science analysis tools2, we utilized
gtlike for spectral fits andgtfindsrc to find a point source
location. Withgtlike, an unbinned maximum likelihood fit
is performed on the spatial and spectral distributions of ob-
served gamma rays to optimize spectral parameters of the in-
put model taking into account the energy dependence of the
point spread function (PSF). On the other hand,gtfindsrc op-
timizes a point source location by finding the best likelihood
for different positions around an initial guess until the con-
vergence tolerance for a positional fit is reached. TheP6_V3
instrument response functions were used for the analyses in
this paper. Details of the LAT instrument and data reduction
are described in Atwood et al. (2009).

3. ANALYSIS AND RESULTS

3.1. Detection and Source Localization

The LAT observation revealed significant (38σ) gamma-ray
emission from the direction of SNR W49B with 17 months
of data. Figure 1 shows LAT count maps in the vicinity of
SNR W49B in the 2–6 GeV and 6–30 GeV bands. Onlyfront
events are used in the count map to achieve better angular
resolution. The effective LAT point-spread function (PSF)is
constructed using a spectral shape obtained through a maxi-
mum likelihood fit (gtlike) in the corresponding energy band
for each count map (see §3.3). The statistical and system-
atic uncertainties in the spectral shape do not noticeably af-
fect the PSF shape. ASpitzer near-infrared (5.8µm) map,
which traces ionic shocks in the SNR, is overlaid on the count
maps56. Both count maps clearly suggest that gamma-ray
emission comes predominantly from the SNR W49B region,
not from a nearby star forming region, W49A. Comparisons
between gamma-ray distributions and LAT PSFs in both en-
ergy bands indicate that the observed gamma-ray emission
could be consistent with a point source.

In order to confirm the consistency with a point source, a
radial profile of the gamma rays from the above source lo-
cation is compared with that expected for a point source for
front events in 2–30 GeV band as shown in Figure 2. The
background, which is composed mainly of the Galactic dif-
fuse emission, is subtracted. No sign of spatial extension can
be seen in Figure 2.

To evaluate the consistency with a point source quantita-
tively, we compared the likelihood of the spectral fit for a

56 The IR data are available from NASA/IPAC Infrared Science Archive.
http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE

point source and an elliptical shape (3′×4′ in size; compat-
ible with the extent of the IR image as shown in Figure 1)
with a uniform surface brightness. Here, we assumed a bro-
ken power law function to model the source spectrum in the
fit (see §3.3 for details). The resulting likelihood was al-
most the same for both cases (difference of log likelihood was
∼ 3), which means the source emission is consistent with that
from a point source. Therefore, to simplify the analyses, the
gamma-ray source in the SNR W49B region is analyzed as
a point source in this paper. Assuming a point source, the
gamma-ray source position was found to be (α, δ)=(287.◦756,
9.◦096) with an error radius of 0.◦024 at 95% confidence level
usinggtfindsrc, as indicated by the black circle in Figure 1.

FIG. 1.— Fermi LAT count map in the vicinity of SNR W49B in
units of counts per pixel. The pixel size is 0.◦01. The LAT localiza-
tion is represented by a black circle with a radius of 0.◦024 (95 %
confidence level) centered at (α, δ)=(287.◦756, 9.◦096). Cyan circles
represent radii of the effective LAT PSF at 75%, 50% and 25% of
the peak. Magenta and green contours indicate W49B and W49A
in the Spitzer IRAC 5.8µm, respectively. (Top) The count map in
2–6 GeV is smoothed by a Gaussian kernel ofσ = 0.◦2. (Bottom)
The count map in 6–30 GeV is smoothed by a Gaussian kernel of
σ = 0.◦1.

3.2. Evaluation of Galactic Diffuse Model

Since uncertainties associated with the underlying Galac-
tic diffuse emission are expected to be the largest system-
atic effects for spectral analyses of the W49B source, those
effects should be carefully evaluated. The uncertainties of
the Galactic diffuse emission are primarily due to the im-
perfection of the Galactic diffuse model and/or the contribu-
tions from unresolved point sources. As a first step of the
evaluation process, the position and energy dependences of

http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE
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FIG. 2.— The radial profile of the LAT count map withfront data
in 2 to 30 GeV in units of counts per pixel. The pixel size is 0.◦01.
The origin of the profile is the LAT localization of the W49B source
at (α, δ)=(287.◦756, 9.◦096). The histogram shows the profile of the
effective LAT PSF.

the discrepancies between the observed gamma-ray distribu-
tions and the Galactic diffuse model are studied in the re-
gions where the Galactic diffuse emission is considered to
be dominant around the W49B source. The normalization
of the Galactic diffuse model is determined by runninggt-
like for a circular region with a radius of 10◦ centered on the
W49B source in the energy range of 0.2–200 GeV. The posi-
tion of the W49B source is fixed at (α, δ)=(287.◦756, 9.◦096)
determined bygtfindsrc (see § 3.1). The positions and spec-
tral shapes of all other sources are fixed at the value in the
1FGL catalog, while the flux is allowed to vary, except for
PSR J1907+06 (Abdo et al. 2010b), SNR W51C (Abdo et al.
2009c) and SNR W44 (Abdo et al. 2010c) which are 3, 6
and 9 degrees away from W49B, respectively. Since these
sources around SNR W49B are very bright as evident in
Figure 3, we carefully evaluated spectral models for these
sources. For this study we modeled W44 as two point sources
at (α, δ)=(283.◦89, 1.◦56) and (284.◦10, 1.◦15), to approxi-
mately account for its angular extent, while the positions of
the other sources are fixed at the values determined by the
catalog. The spectral shape of these four bright sources is
assumed to be a broken power law since likelihood tests be-
tween a power law function and a broken power law func-
tion favored a broken power law hypothesis at> 10σ (PSR
J1907+06),> 7σ (SNR W51C),> 15σ (SNR W44) confi-
dence levels. All spectral parameters (flux, spectral break
and spectral indices at low and high energy) are allowed to
vary in the fitting since the spectral model is different from
that reported in the 1FGL catalog. The Galactic diffuse emis-
sion is modeled using “gll_iem_v02.fit". An isotropic com-
ponent (isotropic_iem_v02.txt) is also included to account for
instrumental and extragalactic diffuse backgrounds. The both
background models are the standard diffuse emission models
released by the LAT team2. The normalization factors of the
Galactic diffuse and the isotropic models are allowed to vary.

In order to evaluate the the validity of spectra for back-
ground models, we compared two counts spectra in the 0.2–
10 GeV band; the spectrum expected from the models ob-
tained by the above procedure, and the observed spectrum.
This comparison is performed in a nearby circular region with
a radius of 0.◦5 centered on∆l ∼ +2◦ and∆b ∼ 0◦ from
SNR W49B where the Galactic diffuse component is domi-
nant. Figure 4 shows resulting fractional residuals, namely
(observed−model)/model, as a function of energy. We fit the

FIG. 3.— The LAT count map above 1 GeV around SNR W49B in
units of counts per pixel. The pixel size is 0.◦1, and Gaussian smooth-
ing is applied with a kernel size ofσ = 0.◦3. The W49B source,
which is located at the center, is clearly visible. The greenboxes
(1.◦0×1.◦6) represent the regions used for the evaluation of spatial
dispersion of the difference between the Galactic diffuse model and
the observed distribution. The cyan and white circles represent the
regions where the flux of the Galactic diffuse model was varied to
evaluate effects of spatial dispersion of the model.

residuals with a cubic function as shown in Figure 4, which
will be used to estimate the systematic error in flux due to
uncertainties of Galactic diffuse model as discussed in § 3.3.

FIG. 4.— The fractional residuals at 8 energy bins in 0.2 to 10
GeV between the observed LAT data and the best-fit Galactic dif-
fuse emission model in the nearby circle centered at (α, δ)=(288.◦4,
10.◦2) with radius of 0.◦5. The fluxes of all sources included in the
fit-model except for the Galactic diffuse component are subtracted
from the observed data. The blue line shows a cubic function fitted
to the residual data.

Uncertainties of the spatial distribution of the Galactic dif-
fuse emission are evaluated by measuring the dispersion of the
fractional residuals in 14 regions, where the Galactic diffuse
component is dominant (Figure 3). The regions around 4 very
bright sources, the W49B source, PSR J1907+06, SNR W51C
and SNR W44, are excluded. The fractional residual for each
region is calculated in 5 energy bands, 0.20–0.32 GeV, 0.32–
0.50 GeV, 0.50–0.80 GeV, 0.80–1.3, 1.3–10 GeV. Figure 5
shows the resulting distribution of the fractional residuals for
14 regions in 5 energy bands. The figure shows that 68% and
90% of the fractional residual are within 4% and 6%, respec-
tively. To be conservative, the fractional residual of 6% will
be used to estimate the systematic error in flux due to uncer-
tainties of Galactic diffuse model below.
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FIG. 5.— The histogram of the fractional residuals between the ob-
served LAT data and the Galactic diffuse model fixed at the best-fit
parameters determined bygtlike. The fluxes of all sources included
in the fit-model except for the Galactic diffuse component are sub-
tracted from the observed data. The residual was calculatedin 5 en-
ergy bands (0.20–0.32 GeV, 0.32–0.50 GeV, 0.50–0.80 GeV, 0.80–
1.3, 1.3–10 GeV) for each region as shown in Figure 3 .

3.3. Gamma-ray Spectrum of W49B

The spectral energy distribution (SED) of the source asso-
ciated with W49B is evaluated by dividing the 0.2–200 GeV
energy band into 11 energy bins, extracting data inside a cir-
cular region with a radius of 10◦ centered on the W49B source
and by usinggtlike to obtain a flux value at the center of each
bin. In eachgtlike run, the W49B source, the other 1FGL
sources, Galactic diffuse and isotropic backgrounds are fit-
ted with their normalization free. The W49B source is fitted
with a simple power–law function in each energy bin with its
spectral index fixed at 2.2 below 5 GeV and 2.9 above 5 GeV
using the fitting result in 0.2–200 GeV (see below), while the
indices of the other sources are fixed at the values in the 1
FGL catalog. Note that the obtained flux of the W49B source
is insensitive to the choice of the index, if it is fixed in a rea-
sonable range (say, 2–3). Figure 6 shows the resulting SED
for the W49B source.

FIG. 6.—Spectral energy distribution of the W49B source measured
with the Fermi LAT. The vertical red and black lines represent sta-
tistical errors (1σ) and systematic errors, respectively. The blue line
represents the best-fit broken power law from an unbinned likelihood
fit in 0.2–200 GeV.

In order to evaluate systematic effects on the SED due to un-
certainties of the Galactic diffuse model, we varied the Galac-
tic diffuse model used in the fit. Systematic errors due to

uncertainties in the energy spectrum of the Galactic diffuse
model are estimated by comparing the fit with and without the
modification of the energy distributions of the Galactic diffuse
model according to the curve in Figure 4. We did not modify
the shape of the energy distribution above 10 GeV. Though
the fractional residual intensities in Figure 4 are within our
current understanding of the systematic uncertainties in the
effective area, these residuals were used conservatively as un-
certainties of the Galactic diffuse model. We obtain an esti-
mate of uncertainties as:≤ 30% for below 1 GeV,≤ 20%
in 1–2 GeV, and≤10% above 3 GeV. Systematic errors due
to uncertainties of spatial distribution of the Galactic diffuse
model as shown in Figure 5 are estimated, using two modified
Galactic diffuse models in which fluxes are varied by 6% in
all energy bins for one of two regions with a 3 degree radius,
a disk centered on W49B or an offset disk at (α, δ)=(285.◦18,
4.◦51). The resulting systematic errors are estimated to be
45% at 300 MeV, decreasing to 12% at 700 MeV, and≤6%
above 1 GeV for both cases. We adopt the maximum value
among these errors at each energy bin as the systematic er-
ror due to the Galactic diffuse model. Other systematic errors
include uncertainties of the effective area which are 10% at
100 MeV, decreasing to 5% at 560 MeV, and increasing to
20% at 10 GeV and above. Total systematic errors are set by
adding in quadrature the uncertainties due to the Galactic dif-
fuse model and the effective area. The total systematic errors
in each energy bin are indicated by black error bars in Figure6
while statistical errors are indicated by red error bars.

Inspection of Figure 6 suggests a spectrum steepening
above a few GeV. We performed a likelihood-ratio test be-
tween a power-law (the null hypothesis) and a smoothly bro-
ken power-law functions (the alternative hypothesis) for 0.2–
200 GeV data inside a circular region with a radius of 10◦

centered on the W49B source. The smoothly broken power-
law function is described as

dN
dE

= KE−Γ1



1+
(

E
Ebreak

)

Γ2−Γ1
β





−β

, (1)

where photon indicesΓ1 below the break,Γ2 above the break,
a break energyEbreak and a normalization factorK are free
parameters. The parameterβ is fixed at 0.05. The simple bro-
ken power-law function is not adopted here, since the function
cannot be differentiated at the break energy resulting in un-
stable fit results and inaccurate error estimates. We obtained
a test statistics of TSBPL = −2ln(LPL/LBPL) = 22.9, which
means a simple power law can be rejected at a significance
of 4.4σ. The parameters obtained with the broken power law
model are photon indicesΓ1 = 2.18± 0.04, Γ2 = 2.9± 0.2,
andEbreak= 4.8±1.6 GeV, with an integrated flux in 0.2–200
GeV of (1.74±0.06)×10−7 photon cm−2 s−1, while the pho-
ton index obtained with the simple power law is 2.29±0.02.
The gamma-ray luminosity in 0.2–200 GeV is calculated as
1.5×1036 (D/8 kpc)2 erg s−1. Figure 7 shows the resulting
fit with a broken power-law spectrum to the count spectrum
within a radius of 0.◦5 around the W49B source location. This
underscores the importance of understanding the Galactic dif-
fuse emission for the spectral analyses of the W49B source.
We checked if the significance of the spectral break changes
for different Galactic diffuse models. We found that TSBPL
is 20.0 with the Galactic diffuse models used for evaluat-
ing the spatial distribution uncertainties, corresponding to a
significance of 4.1σ. TSBPL is 11.8 for the Galactic diffuse
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model used for evaluating uncertainties of the energy spec-
trum, corresponding to a significance of 3.0σ. Depending
on the chosen Galactic diffuse model, the significance of the
break ranges between 3 and 4.4σ.

FIG. 7.— The count spectrum within a radius of 0.◦5 around the
W49B source location at (α, δ)=(287.◦756, 9.◦096). The blue, red,
green and black line shows best-fit model curves for the W49B
source, the Galactic diffuse emission model, the sum of the other
sources (all sources except for the W49B source and the Galactic
diffuse model) and the sum of all sources included in the fit-model,
respectively.

3.4. Upper limit on W49A

W49A (G43.0+0.0) is one of the most active and luminous
star forming regions (∼ 107 L⊙) in the Galaxy (Conti & Blum
2002), located 0.◦21 to the west of SNR W49B as shown
in Figure 1. Its distance is estimated to be 11.4 ±

1.2 kpc (Gwinn et al. 1992).
In this analysis, we find no gamma-ray counterpart for

W49A. An upper limit to the GeV flux from W49A is de-
termined by performinggtlike analysis. The model used for
the fit includes W49A, the W49B source, all other 1FGL
sources, Galactic diffuse and isotropic backgrounds. The
W49A source is assumed to have uniform surface brightness
inside a circle with radius 5′. A simple power-law function
with its photon index fixed at 2.0 or 2.5 is used to model
the W49A spectrum. The upper limits on the flux (0.2–
200 GeV) obtained from the fits with the indices fixed at 2.0
and 2.5 are 9.5×10−9 photon cm−2 s−1 and 3.4× 10−8 pho-
ton cm−2 s−1 at 95% confidence level, corresponding to lu-
minosity limits of < 3× 1035 (D/11.4 kpc)2 erg s−1 and
< 4.9× 1035 (D/11.4 kpc)2 erg s−1, respectively. The un-
certainties due to the Galactic diffuse model as discussed in
§3.2 have little effect on the upper limit in the case of the
photon index 2.0, while those increase the upper limit to
< 7.8×1035 (D/11.4 kpc)2 erg s−1 in the case of the photon
index 2.5.

4. DISCUSSION

4.1. Pulsar?

The gamma ray emission positionally coincident with SNR
W49B is unresolved with the LAT. This is reasonable given
the fact that the angular extent of SNR W49B is some-
what smaller than the effective LAT PSF. The extent of
GeV gamma-ray emission from middle-aged SNRs W51C
(Abdo et al. 2009c) and W44 (Abdo et al. 2010c) made it pos-
sible to attribute the observed gamma-ray signals to the shells

of these SNRs. Since this is not possible with W49B, we will
examine a possibility that a pulsar’s magnetosphere is respon-
sible for the observed gamma-ray emission even though no
pulsed emission has been detected with the LAT. In addition,
no radio pulsars are found within a radius of 0.◦4 around the
LAT position of the W49B source in the ATNF catalog, while
the LAT position is determined with 0.◦024 at 95% confidence
level. Note that we do not consider a PWN here, since the ob-
served gamma-ray flux is very difficult to be accounted for by
a radio-quiet PWN.

To compare the spectral shape of the W49B source with that
of typical LAT pulsars in the first pulsar catalog (Abdo et al.
2010e), we fit the LAT spectrum of the W49B source by a
power law with an exponential cutoff:

dN
dE

= KE−Γ exp

(

−
E

Ecutoff

)

, (2)

where photon indexΓ, a cutoff energyEcutoff and a normal-
ization factorK are free parameters. The parameters of the
W49B source obtained bygtlike are Γ = 2.10± 0.02 and
Ecutoff = 15±1 GeV. We performed a likelihood-ratio test be-
tween a power law (the null hypothesis) and a cutoff power
law (the alternative hypothesis) and obtained test statistics of
TScutoff = −2ln(LPL/Lcutoff) = 27, which means that we can re-
ject a simple power law at a significance of∼ 5σ. About 90%
of the 46 LAT pulsars in the catalog (Abdo et al. 2010e) have
Γ< 1.9 andEcutoff < 5.0 GeV. No pulsars exhibitsEcutoff > 6.5
GeV among the LAT pulsars that have an error onEcutoff less
than 4 GeV. The LAT spectrum of W49B is different from
what has been obtained for almost all gamma-ray pulsars so
far.

A pulsar may have eluded detection in X-rays due to the
presence of bright X-ray emission from shock-heated plas-
mas. Using 55 ks ofChandra data (PI: Holt, S. S.) we put
an upper limit on the X-ray flux of a possible hidden pulsar
of FX (2–10 keV)< 6.5×10−14 erg s−1 cm−2 on the assump-
tion that the pulsar spectrum is a power law with a photon
index of 2.0. The foreground column density NH used here
is 6×1022 cm−2. This corresponds to an upper limit on the
X-ray luminosity of LX (2–10 keV)< 5× 1032 (D/8 kpc)2

erg s−1. The empirical correlation of the X-ray and spin-down
luminosity of rotation powered pulsars can be written as:

logLX = 1.34logLsd− 15.34, (3)

whereLX andLsd are the X-ray luminosity in the 2–10 keV
and the spin-down energy loss in units of erg s−1, respectively
(Possenti et al. 2002). This relation constrains the spin down
luminosity of any undetected pulsars in W49B to beLsd< 1×
1036 (D/8 kpc)2 erg s−1. However, the gamma-ray luminosity
(0.2–200 GeV) of the W49B source is 1.5×1036 (D/8 kpc)2

erg s−1, which exceedsLsd. Together with the spectral argu-
ment, we conclude that the gamma-ray emission in the direc-
tion of W49B is unlikely to come from a pulsar.

4.2. Gamma Rays from the SNR Shell

Here we consider a scenario in which the gamma-ray source
originates in the radio-emitting shell of SNR W49B. This sce-
nario is supported by the best-fit LAT position being coinci-
dent with the brightest part of synchrotron radio emission as
shown in Figure 8. The near-infrared [Fe II] emission, arising
from warm ionized gas with a density of order 1000 cm−3, cor-
relates well with the synchrotron map (Keohane et al. 2007).
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We assume that the particles responsible for the LAT flux
are distributed in a radio-emitting zone which can be char-
acterized by a constant hydrogen densitynH and magnetic
field strengthB. The volume of the emission zone is writ-
ten asV = f (4π/3)R3 wheref ≤ 1 denotes a filling factor and
R = 4.4 pc is the radius of the remnant. The radio-emitting
material would originate in swept-up stellar wind and/or in-
terstellar gas. We adopt the total mass contained in the zone
asMH = 50M⊙, which would be valid within a factor of few.
We then consider three cases: (1)nH = 10 cm−3 and f = 0.6;
(2) nH = 100 cm−3 and f = 0.06; (3) nH = 1000 cm−3 and
f = 0.006. Note that the constant product off nH implies the
fixed mass in the gamma-ray-emitting region. Case (1) is con-
sidered for a reference purpose, even though it would hardly
explain the similarity between the synchrotron and the [Fe II]
images. This set of parameters is more appropriate for the X-
ray emitting gas, whose density is estimated asn ∼ 5–8 cm−3

(Miceli et al. 2006).

FIG. 8.—LAT source position at a 95 % confidence level (a magenta
circle) is superposed on theSpitzer IRAC 5.8µm image. Contours
show 20 cm radio intensity obtained from MAGPIS (Helfand et al.
2006).

We adopt the following form as injection distributions of
protons and electrons (Abdo et al. 2009c):

Qe,p(p) = ae,p

(

p
p0

)−s
(

1+
(

p
pbr

)2
)−∆s/2

, (4)

wherep0 = 1 GeVc−1. The indices and the break momentum
are set to be common between electrons and protons. The
radio synchrotron indexα = 0.48 (Green 1988) corresponds
to s ≃ 2. The kinetic equation for the momentum distribution
of high-energy particles in the shell can be written as:

∂Ne,p

∂t
=

∂

∂p
(be,pNe,p) + Qe,p, (5)

wherebe,p = −d p/dt is the momentum loss rate, andQe,p(p)
(assumed to be time-independent) is the particle injectionrate.
To obtain the radiation spectra from the remnant,Ne,p(p,T0) is
numerically calculated forT0 = 2000 yr. Note that energy loss
processes such as ionization/Coulomb and synchrotron losses
are generally not fast enough to modify the gamma-ray spec-
trum in the LAT band. The gamma-ray emission mechanisms
include theπ0-decay gamma rays due to high-energy pro-
tons, and bremsstrahlung and IC scattering processes by high-
energy electrons. Calculations of the gamma-ray emission
were done using the method described in Abdo et al. (2009c).

The large gamma-ray luminosity ofLγ ∼ 1×1036 erg s−1 pre-
cludes IC scattering as a dominant contributor to the gamma-
ray emission as discussed in Abdo et al. (2009c). Specifically,
the total energy required in electrons would be unrealistically
largeWe =

∫

(γ − 1)mec2Ned p ∼ 1× 1051 erg. We shall con-
sider theπ0-decay and electron bremsstrahlung models to ac-
count for the observed gamma-ray spectrum.

FIG. 9.— SEDs of W49B with model curves for three cases. Cases
a1, a2 and a3 representnH = 10,100,1000 cm−3, respectively (see Ta-
ble 1). The gamma-ray emission is assumed to be dominated byπ0-
decay. The radio emission (Moffett & Reynolds 1994) is explained
by synchrotron radiation from primary and secondary electrons. The
dashed line in the radio band represents the synchrotron emission
from the secondary electrons. The gamma-ray emission is modeled
with a combination ofπ0-decay (dashed line), bremsstrahlung (dot-
dashed line) and IC scattering (dotted line).

The SED of SNR W49B in the radio and gamma-ray bands
is shown in Figure 9, together with theπ0-decay emission
models. The radio data are modeled by the synchrotron ra-
diation. We construct theπ0-decay emission models for the
different values ofnH = 10,100,1000 cm−3 (Table 1). Lep-
tonic components (synchrotron, bremsstrahlung, and IC) are
calculated assumingae/ap = 0.01, a value similar to what is
observed for cosmic rays at GeV energies. Note that con-
tributions of the secondary electrons and positrons produced
in pp collisions are small for the sets of parameters that we
adopted (Table1; see also Abdo et al. 2010c). The secondary
synchrotron spectrum is shown in Figure 9 (a3), where its
flux is about 10% of the total synchrotron flux at 1 GHz for
nH = 1000 cm−3. The contribution of the secondaries to the
gamma-ray emission is also small, about 10% of the electron
bremsstrahlung components fornH = 1000 cm−3.

The product ofnH andWp remains almost constant irrespec-
tive of nH: nHWp ≃ 10×1051 erg cm−3. We obtainB≃ 240µG
in the case ofnH = 1000 cm−3. The SED itself can be formally
explained in all the cases. The energy density of relativis-
tic protons amounts toUp ≃ 1× 105 eV cm−3. This value is
much higher thanUp ∼ 100 eV cm−3 calculated forπ0-decay
dominant modeling of middle-aged SNR W51C (Abdo et al.
2009c).

In Figure 10, the gamma-ray spectrum is modeled formally
by relativistic bremsstrahlung of electrons. The less-luminous
π0-decay component is also plotted usingae/ap = 1. It is
shown thatnH & 100 cm−3 is required to reproduce the ra-
dio spectrum. If relativistic bremsstrahlung is responsible for
the gamma rays, the ratio of the energy density of relativis-
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TABLE 1
PARAMETERS OFMULTIWAVELENGTH MODELS

Parameters Energetics

Model ae/ap ∆s pbr B nH f (a)Wp or (b)We (a)Up or (b)Ue UB

(GeV c−1) (µG) (cm−3) (1050 erg) (eV cm−3) (eV cm−3)

(Case a1)π0-decay 0.01 0.7 4 15 10 0.6 11 1.1×105 5.6
(Case a2)π0-decay 0.01 0.7 4 60 100 0.06 1.1 1.1×105 90
(Case a3)π0-decay 0.01 0.7 4 240 1000 0.006 0.10 1.0×105 1400
(Case b1) Bremsstrahlung 1.0 1.0 4 5 10 0.6 2.6 2.6×104 0.62
(Case b2) Bremsstrahlung 1.0 1.0 4 20 100 0.06 0.23 2.3×104 10
(Case b3) Bremsstrahlung 1.0 1.0 4 80 1000 0.006 0.016 1.6×104 160

NOTE. — Seed photons for IC include infrared (kTIR = 3×10−3 eV,UIR = 1 eV cm−3), optical (kTopt = 0.25 eV,Uopt = 1 eV cm−3), and the CMB. The total energy,We,p and energy
density,Ue,p of radiating particles are calculated forp > 10 MeV c−1.

FIG. 10.—Same as Fig. 9 but the gamma-ray emission is assumed
to be dominated by electron bremsstrahlung. Cases b1, b2 andb3
representnH = 10,100,1000 cm−3, respectively (see Table 1).

tic electrons to that of magnetic fields becomes very high,
Ue/UB & 100 (Table 1). The energy density required (≃

2×104 eV cm−3) is also much higher thanUe ∼ 20 eV cm−3

calculated for bremsstrahlung dominant modeling of W51C.

5. CONCLUSIONS

We have studied gamma-ray emission in the direction of
SNR W49B using about 17 months of data accumulated
by the Fermi LAT. The observed energy spectrum in 0.2–
200 GeV exhibits steepening toward high energies, although
a simple power-law function cannot be completely ruled out
given the uncertainties of the Galactic diffuse model. The
luminosity is estimated to be 1.5×1036 (D/8 kpc)2 erg s−1,
which makes this source one of the most luminous gamma-
ray sources in the Galaxy.

The gamma-ray source is unresolved by the LAT, which is
consistent with the angular size of SNR W49B (∼ 4′ in di-
ameter) taking into account the effective LAT PSF. Assum-
ing a point source, the source position is found to be (α,
δ)=(287.◦756, 9.◦096) with an error radius of 0.◦024 at 95%
confidence level. This result clearly shows that the gamma-
ray emission comes predominantly from the SNR W49B re-
gion, not from a nearby star forming region, W49A. We put

an upper limit on the gamma-ray luminosity of W49A as
< 3× 1035 (D/11.4 kpc)2 erg s−1 at 95% confidence level.
The gamma-ray emission in the direction of SNR W49B is
unlikely to come from a pulsar. The gamma-ray energy dis-
tribution is different from that observed for other pulsarswith
the LAT. In addition, no pulsed emission has been detected
with the LAT nor are any radio pulsars known in this direc-
tion.

A good match between the best-fit LAT position and the
brightest part of synchrotron radio emission suggests thatthe
gamma-ray source originates in the shell of SNR W49B. The
LAT spectrum can be formally explained either byπ0-decay
gamma rays or by electron bremsstrahlung. For both cases,
the calculated energy density of relativistic particles isevalu-
ated to be very high,Ue,p > 104 eV cm−3.
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