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The Fermi Large Area Telescope
    

News
The 2012 American Physical Society's W. H. K. Panofsky Prize in Elementary Particle Physics is
awarded to William B. Atwood "For his leading work on the design, construction, and use of the Large
Area Telescope on the Fermi Gamma-Ray Satellite, enabling numerous new results in gamma-ray
astrophysics and fundamental physics."

The Large Area Telescope (LAT) is the principal scientific instrument on the Fermi Gamma Ray Space
Telescope spacecraft. Originally called the Gamma-Ray Large Area Space Telescope (GLAST), the
mission was renamed for the physicist Enrico Fermi. The Fermi spacecraft was launched into a near-earth
orbit on 11 June 2008. The design life of the mission is 5 years and the goal for mission operations is 10
years. The Fermi LAT instrument collaboration is an international effort, funded by agencies in several
countries[*].

The LAT is an imaging high-energy gamma-ray telescope covering the energy range from about 20
MeV to more than 300 GeV. Such gamma rays are emitted only in the most extreme conditions, by
particles moving very nearly at the speed of light. The LAT's field of view covers about 20% of the sky at
any time, and it scans continuously, covering the whole sky every three hours.

Currently the LAT scientific collaboration includes more than 400 scientists and students at more than
90 universities and laboratories in 12 countries. The collaboration has published papers on pulsars, active
galactic nuclei, globular clusters, cosmic-ray electrons, gamma-ray bursts, binary stars, supernova
remnants, diffuse gamma-ray sources and other subjects.

Data from the LAT are available to the public, along with standard analysis software, from NASA's
Fermi Science Support Center.

For general questions about Fermi, Fermi science, or Fermi classroom materials, please contact Fermi
Answers
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Pair-production telescope launched in June, 2008
Energy Range: from 20 MeV to > 300 GeV

Angler Resolution: < 1° (68% containment at 1 GeV)
Effective Area: 8000 cm2 (on axis at 1 GeV) 

Field of  View: 2.4 sr (all-sky coverage in ~ 3 hr)
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CGRO EGRET vs Fermi LAT

LAT Specif ications & Performance
Quantity LAT (Minimim Spec.) EGRET

Energy Range 20 MeV - 300 GeV 20 MeV - 30 GeV

Peak Effective Area 1 > 8000 cm 2 1500 cm 2

Field of View > 2 sr 0.5 sr

Angular Resolution 2

 
< 3.5° (100 MeV)
< 0.15° (>10 GeV)

5.8° (100 MeV)
 

Energy Resolution 3 < 10% 10%

Deadtime per Event < 100 µs 100 ms

Source Location Determination 4 < 0.5' 15'

Point Source Sensitivity 5 < 6 x 10 -9  cm -2  s -1 ~ 10 -7  cm -2  s -1

1  After background rejection
2  Single photon, 68% containment, on-axis
3  1-!, on-axis
4  1-! radius, flux 10 -7  cm -2  s -1  (>100 MeV), high |b|
5 > 100 MeV, at high |b|, for exposure of one-year all sky survey, photon spectral index -2



2FGL catalog contains 1873 sources (cf. 271 sources for 3EG catalog)
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GeV-Bright SNRs

Color: Gamma Rays by Fermi LAT
Contours: Radio Continuum by VLA



W44: Fermi LAT Spectrum

Spectral break at a few GeV
 π0-decay model can explain the data well
Leptonic scenarios have similar difficulties

Bremsstrahlung: difficult to fit the radio and GeV data at the same time
IC: requires large amount of electrons (~ 1051 erg) 

Red vertical bars: 1-σ statistical errors
Black vertical bars: systematic errors

Milagro

HEGRA

Whipple

Abdo+ 2010



W44: Fermi LAT Spectrum
Red vertical bars: 1-σ statistical errors
Black vertical bars: systematic errors

Milagro

HEGRA

Whipple

Abdo+ 2010

Proton Spectrum: Broken PL
s1 = 1.74, s2 = 3.7, Eb = 8 GeV

Wp = 6 × 1049 (n/100 cm–3)–1 (d/3 kpc)2 erg

Kep = 0.01



Similar Case: W51C

π0-decay

Brems

IC

H.E.S.S.

Age: 3.0 × 104 yr,  Distance: 6 kpc

One of the most luminous gamma-ray sources L = 1 × 1036 (D/6 kpc)2 erg s–1

Spectral steepening 
 π0-decay model can reasonably explain the data 

Leptonic scenarios have difficulties similar to those for W44

Count Map 
(2–10 GeV)

Abdo+ 2009

Contours: ROSAT X-ray (Koo+ 1995)
Dashed magenta ellipse: shocked CO clumps (Koo & Moon 1997)

Green crossed: HII regions (Carpenter & Sanders 1998)
Diamond: CXO J192318.5+143035 (PWN?) (Koo+ 2005)



Similar Case: W51C
No. 1, 2009 GAMMA-RAY STUDY OF SNR W51C L5

Figure 4. Three different scenarios for the multiwavelength modeling (see
Table 1). The radio emission (from Moon & Koo 1994) is explained by
synchrotron radiation, while the gamma-ray emission is modeled by different
combinations of π0 decay (long-dashed curve), bremsstrahlung (dashed curve),
and IC scattering (dotted curve). The sum of the three component is shown as a
solid curve.

boundary (a flat elliptical template) as the spatial distribution of
the source gamma-rays. Different spatial distributions such as a
flat elliptical template reduced in size (scaled by 0.5) are tested
to estimate the systematic error. Our conservative estimate is
!20% in 1–6 GeV and ∼30% above 6 GeV as the systematic
uncertainty attributable to the unknown shape of the source.

4. DISCUSSION

The extended gamma-ray emission positionally coincident
with SNR W51C has been studied using the Fermi LAT. The
gamma-ray spectrum presented in Figure 3 is not fitted by a
simple power law, exhibiting a remarkable steepening. Here, we
discuss the origin of the extended emission and the underlying
particle spectra that give rise to the observed spectrum of
photons.

The expanding shock waves driven by the supernova explo-
sion are expected to be the sites of the acceleration of multi-GeV
particles. To phenomenologically interpret the spectral curva-
ture in the LAT+TeV bands, a broken power law is adopted for
the momentum distribution of the radiating electrons/protons

Ne,p(p) = ae,p
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p

p0

)−s
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p
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)2
)−∆s/2
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where p0 = 1 GeV c−1. For simplicity, the indices and the break

momentum are assumed to be identical for both accelerated
protons and electrons. As we argue below, the break may
reflect the character of magnetohydrodynamic turbulence. To
account for the radio synchrotron index α # 0.26 (Moon &
Koo 1994), we adopt s = 1.5, though a steeper index (say,
s = 1.7) could be reconciled with the radio observations
within the uncertainty. The energetic particles are assumed to
be uniformly distributed in the volume of V = (4π/3)R3

eff
with an effective radius Reff = 30 pc. The age and radius
imply a shock velocity of vsh ∼ 400 km s−1 and ESN/n0 ∼
1.6 × 1052 erg cm3, where ESN and n0 represent the explosion
kinetic energy and the interstellar density into which the main
blast wave is propagating, respectively. The X-ray data suggest
n0 ∼ 0.3 cm−3. The radio images indicate that radio-emitting
electrons are smoothly distributed in a thick shell. The model
of Koo & Moon (1997a) suggests the presence of a molecular
cloud of ∼1×104 M% engulfed by the blast wave. The engulfed
cloud can act as target material for relativistic particles. The
total (atomic and molecular) hydrogen mass contained in the
volume is denoted by MH = n̄HmpV . Note that n̄H & n0 can
be expected.

Given the interaction with a molecular cloud, we first attribute
the observed gamma-rays to the decay of π0 mesons produced
in inelastic collisions between accelerated protons (and nuclei)
and target gas (Figure 3). The gamma-ray spectrum of π0 decay
is calculated based on Kamae et al. (2006) using a scaling
factor of 1.85 for helium and heavy nuclei (Mori 2009). Note
that the scaling factor assumes the local interstellar abundance
for target material and the observed cosmic-ray composition.
Contributions from bremsstrahlung and inverse Compton (IC)
scattering by accelerated electrons are also shown in Figure 3.
Electron–ion and electron–electron bremsstrahlung spectra are
computed as in Baring et al. (1999). The interstellar radiation
field for IC (see Table 1) is comprised of two diluted blackbody
components (infrared and optical) and the cosmic microwave
background (CMB). The infrared and optical components are
adjusted to reproduce the interstellar radiation field in the
GALPROP code (Porter et al. 2008). Cooling effects due to
ionization and synchrotron (or IC) losses, which introduce
cooling breaks in particle spectra in addition to pbr, are taken
into account assuming constant particle injection over a period
T0 ∼ 3 × 104 yr. The synchrotron cooling becomes important
in the TeV band for leptonic models.

Figure 4(a) shows the radio+gamma-ray spectrum together
with the radiation model that uses the parameters in Table 1.
We adopt here MH = 2.8 × 104 M% (n̄H = 10 cm−3), which is
somewhat larger than the value quoted above. The total energy
of the high-energy protons amounts to Wp = 5.2 × 1050 erg,
which is inversely proportional to MH, but insensitive to other

Table 1
Parameters of Multiwavelength Models

Parameters Energetics

Model ae/ap ∆s pbr B n̄H Wp We

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

(a) π0 decay 0.02 1.4 15 40 10 5.2 0.13
(b) Bremsstrahlung 1.0 1.4 5 15 10 0.54 0.87
(c) Inverse Compton 1.0 2.3 20 2 0.1 8.4 11

Notes. Seed photons for IC include the CMB (kTCMB = 2.3 × 10−4 eV, UCMB = 0.26 eV cm−3), infrared
(kTIR = 3 × 10−3 eV, UIR = 0.90 eV cm−3), and optical (kTopt = 0.25 eV, Uopt = 0.84 eV cm−3). The total
energy content of radiating particles, We,p, is calculated for p > 10 MeV c−1.
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Contributions from bremsstrahlung and inverse Compton (IC)
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Similar Case: IC 443

π0-decay

Abdo+ 2009

Gaensler+ 2006

Spatially extended emission detected with the Fermi LAT
Similar spectral steepening to W51C and W44
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Emission from the Vicinity of W44

2 Y. Uchiyama

FIG. 1.— (a) Fermi LAT γ-ray count map for 2–100 GeV around SNR W44 in units of counts per pixel (0.◦1× 0.◦1) in celestial coordinates
(J2000). Gaussian smoothing with a kernel σ = 0.◦3 is applied to the count maps. Green contours represent a 10 GHz radio map of SNR W44
(Handa et al. 1987). 2FGL sources included in the maximum likelihood model are shown as crosses, while those removed from the model are
indicated by diamonds. (b) The difference between the count map in (a) and the best-fit (maximum likelihood) model consisting of the Galactic
diffuse emission, the isotropic model, 2FGL sources (crosses), and SNR W44 represented by the radio map. Excess γ-rays in the vicinity of
W44 are referred to as SRC-1 and SRC-2.
2012), Galactic interstellar diffuse emission, and an isotropic
component (extragalactic and residual particle background).
The Galactic diffuse emission is modeled using the standard
ring-hybrid model, gal_2yearp7v6_v0.fits, with its normal-
ization being left free. We use a tabulated spectrum written in
iso_p7v6source.txt as the isotropic diffuse emission. The
LAT data, analysis software, and diffuse models are made
publicly available through the Fermi Science Support Center9.
Figure 1(a) shows a 2–100 GeV count map in the vicin-

ity of SNR W44, where crosses and diamonds indicate the
positions of 2FGL sources. In addition to W44, five 2FGL
sources are distributed within 1.◦5 from W44. One of them,
2FGL J1857.6+0211, coincides with PSR B1855+02 and also
with SNR G35.6−0.410 that has recently been re-identified as
a SNR (Green 2009). The other nearby 2FGL sources (dia-
monds) do not have clear counterparts in other wavelengths,
and they are excluded from the source model to investigate
the surroundings of W44.
We employ a synchrotron radio map of SNR W44 taken

from Handa et al. (1987) to model the spatial distribution of
the γ-ray emission from W44, given that the synchrotron and
γ-ray emission from W44 are expected to be co-spatial (see
§4.1). The γ-ray spectrum is assumed to obey a power law.

3. RESULTS
The likelihood analysis is performed using the source

model described above. For point sources, we use the spectral
models adopted for each source in the 2FGL catalog anal-
ysis. Spectral normalizations of point sources located < 3◦
from W44 are allowed to vary in the likelihood fit, while the
spectral parameters of the other field sources are fixed using
the 2FGL catalog. The normalization and photon index of
W44 are left free; a photon index of ΓW44 = 2.94± 0.07 is
obtained in agreement with our previous work (Abdo et al.
2010a). Figure 1(b) shows a residual count map, where the
observed count map in 2–100 GeV is subtracted by the best-fit
9 http://fermi.gsfc.nasa.gov/ssc/
10 PSR B1855+02 is located near the center of G35.6−0.4. At the south-

ern border of G35.6−0.4, there is a TeV γ-ray source HESS J1858+020
(Aharonian et al. 2008a), toward which one or more molecular clouds have
been found (Paron & Giacani 2010). Discussion of HESS J1858+020 can be
found in Torres et al. (2011).

sky model. Significant excess γ-rays are seen in the vicinity
of W44; the features are referred to here as SRC-1 and SRC-
2. The statistical significance is found to be ∼ 9σ for SRC-1
and ∼ 10σ for SRC-2.
The residual countmap dependsweakly on the choice of the

spatial template that describes γ-rays fromW44. Our simula-
tions using gtobssim verified that SRC-1 and SRC-2 are not
caused by photons leaking from W44 due to the PSF of the
LAT. Also we checked the robustness of the results by select-
ing only the front-converted events.

FIG. 2.— (a) Fermi LAT spectrum of SRC-1 (red points) along
with the LAT spectra of SNRW44 from this work (black points) and
previous one (Abdo et al. 2010a, gray points). The γ-ray spectrum
reported by AGILE is also shown (Giuliani et al. 2011, open circles).
Systematic errors are added in quadrature to the errors of the SRC-1
spectrum. The model curves describe the emission from SNR W44
(see §4.1), consisting of π0-decay γ-rays (dashed curves) and rela-
tivistic bremsstrahlung (dotted curves). (b) Same as (a) but the LAT
spectrum of SRC-2 is shown instead of SRC-1.

We perform spectral analysis of SRC-1/2 by modeling each
source as a disk with a 0.◦4 radius (see Fig. 1). The re-
sulting γ-ray spectra are plotted in Figure 2 along with the

Uchiyama+ 2012
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Gamma-rays from W44 Surroundings 3

spectrum obtained for SNR W44. Adding the SRC-1/2 disks
to the source model does not significantly affect the W44
spectrum. The power-law photon index is found to be Γ =
2.56±0.23sta±0.2sys and Γ = 2.85±0.23sta±0.2sys for SRC-
1 and SRC-2, respectively. The systematic errors are evalu-
ated from different choices of the sky models describingW44
and SRC-1/2 and from the uncertainties of the effective area.
The imperfection of the diffuse emission model and its pos-
sible impact on the results are discussed below. We tested a
smoothly broken power-law and exponentially cutoff power-
law for SRC-1/2 but found that the spectral fits do not signifi-
cantly improve.

FIG. 3.— Fermi LAT residual count map highlighting the γ-ray
emission from the surroundings of SNR W44. Magenta contours
present the synchrotron radio map of SNR W44. Green contours
show CO (J = 1→ 0) emission integrated over velocity from 30 to 65
km s−1 with respect to the Local Standard of Rest (Dame et al. 2001),
tracing the molecular cloud complex that surrounds SNR W44. The
contours start from 20 K km s−1 with an interval of 10 K km s−1.
Some molecular clouds not associated with W44 are also seen along
the Galactic plane (dashed line) in the CO map.

4. DISCUSSION
We have discovered GeV γ-ray sources on the periphery of

SNR W44. It has long been known that a complex of giant
molecular clouds (GMCs) surrounds SNR W44; the spatial
extent is as large as 100 pc and the total mass of the complex
amounts to∼ 1×106M! (Dame et al. 1986; Seta et al. 1998).
In Figure 3, the γ-ray emission from the surroundings of W44
is compared with a CO (J = 1→ 0) map (Dame et al. 2001)
integrated over a velocity range of 30 to 65 km s−1 appropriate
for the GMC complex. The regions of excess γ-rays overlap
with the surrounding GMC complex.
The γ-ray emission in the vicinity of W44 can be ascribed

formally to possible imperfection of the maps of gas column
densities used in the model of the Galactic interstellar diffuse
emission, or to a local enhancement of CR density. The for-
mer implies that the mass in the γ-ray-emitting region around
W44 is underestimated by a large factor (! 5), or it requires
the presence of unknown background clouds with a hugemass
of! 106M!. Therefore an overabundanceof CRs in the vicin-
ity of W44 offers a more sensible explanation; we present a
model in which the GMC complex is illuminated by CRs that

were produced in SNR W44 and escaped from it. We first
model the γ-ray emission from W44 itself, and then proceed
with modeling the γ-ray emission from the surroundings.
We adopt the following parameters to describe SNR W44

(Uchiyama et al. 2010, and references therein): (i) d = 2.9 kpc
as the distance to W44 based on the firm association with the
surrounding GMCs (e.g., Seta et al. 1998); (ii) R = 12.5 pc as
the radius (corresponding to the angular radius of θ = 14.8′);
(iii) the kinetic energy released by the supernova ESN = 2×
1051 erg; (iv) the ejecta mass Mej = 2M!; and (v) the remnant
age11 tage = 10000 yr. Assuming evolution in the uniform in-
tercloud medium, these parameters imply that the intercloud
medium has hydrogen density of n $ 2 cm−3 and the Sedov-
Taylor phase started around t = tST $ 129 yr when the radius
was rST $ 1.9 pc.

4.1. Gamma-ray Production Inside SNR W44
A high-resolution radio continuum map of SNR W44 is

dominated by filamentary structures of synchrotron radiation
(Castelletti et al. 2007). The radio emission is thought to
arise from radiatively-compressed gas behind fast dissocia-
tive shocks driven into molecular clouds that are engulfed by
the blastwave (Reach et al. 2005). Assuming typical magnetic
fields of molecular clouds, the GeV γ-ray flux relative to the
radio flux is expected to be high enough to account for the γ-
ray emission from SNR W44, irrespective of the origin of the
high-energy particles (Uchiyama et al. 2010).

FIG. 4.— Modeling of the γ-ray emission from the molecular cloud
complex that surrounds W44. Data points are from Fig. 2, but SRC-
1 and SRC-2 are co-added. The SRC-1+2 spectrum (red points with
statistical errors) is attributable to the π0-decay γ-rays from the cloud
complex illuminated by the CRs that have escaped from W44 (blue
curves). Three cases of diffuse coefficient, D28 = 0.1,1,3, are shown.
A gray curve indicates the γ-ray spectrum produced by the sea of
GCRs in the same CR-illuminated clouds.

The dense radio-emitting filaments are indeed the most
probable sites of the dominant γ-ray production in SNRW44,
given the estimated mass of Msh = 5× 103M! (Reach et al.
2005) which is ∼ 9 times larger than the swept-up intercloud
mass. Assuming a pre-shock cloud density of n0 = 200 cm−3

11 The SNR age is comparable to the spin-down age of the pulsar
B1853+01 associated with SNRW44, τsd = 20000 yr (Wolszczan et al. 1991).
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(Reach et al. 2005) and a pre-shock magnetic field of B0 =
30 µG, we can estimate the compressed gas density and mag-
netic field in the filaments as nm ! 7×103 cm−3 and Bm ! 0.8
mG following the prescription in Uchiyama et al. (2010).
For simplicity we describe the energy distributions of CR

electrons and protons in the filaments as a cut-off power law
in momentum: ne,p(p) = ke,p p−1.74 exp(−p/pc), where the in-
dex is chosen to match the radio spectral index of α ! 0.37
(Castelletti et al. 2007). The ratio of radio and γ-ray fluxes
yields ke/kp = 0.05. The spectral break in the LAT spec-
trum is reproduced by pc = 10 GeVc−1. As shown in Fig. 2,
the spectrum below a few GeV is dominated by the decays
of π0-mesons produced in the dense filaments12, while the
falling part of the LAT spectrum is contributed largely by the
electron bremsstrahlung. The energy density of the CR pro-
tons amounts to up ! 4× 102 (Msh/5× 103M!)−1 eV cm−3,
which could be explained by reacceleration of Galactic CRs
(GCRs) pre-existing in a molecular cloud (Uchiyama et al.
2010). However, we do not specify the dominant source of
the γ-ray-emitting particles, since freshly accelerated CRs
could also enter the filaments diffusively from the intercloud
medium. Provided that up corresponds to the mean CR den-
sity in the shell of the remnant, the total kinetic energy of CRs
isWp ! 0.4× 1050 (Msh/5× 103M!)−1 erg.

4.2. Gamma-rays from the Surroundings of W44
The CR distributions in the surroundings of SNR W44

should be determined by (1) how CRs are released into the
ambient medium, and (2) the diffusion coefficient of the in-
terstellar medium, DISM(p) (e.g., Gabici et al. 2009). We con-
sider only CR protons since leptonic emissions are unimpor-
tant for an e-p ratio of ∼ 0.01. Also, the non-detection of
synchrotron radio emission from the GMC complex indicates
that electron bremsstrahlung is not the main γ-ray production
mechanism.
Let us assume that CRs with a momentum p can escape

from the surface of a SNR at time t = tesc(p) when the SNR
radius becomes Resc(p), and that tesc(p) has a power-law form:

tesc(p) = tST
(

p
pmax

)−1/χ

, (1)

where we adopt pmax = 1015 eVc−1 and χ = 3, following
Gabici et al. (2009) and Ohira et al. (2011). This implies
that SNR W44 is currently releasing CRs with p = p0 !
2 GeVc−1. A simple Sedov-Taylor evolution gives Resc(p) =
rST(p/pmax)−2/5χ.
The runaway CR spectrum integrated over SNR ex-

pansion is expected to be of the form Nesc(p) ∝ p−2
(Ptuskin & Zirakashvili 2005). However, depending on the
time history of acceleration efficiency and maximum energy,
it could be different from p−2 (Ohira et al. 2010; Caprioli et al.
2010). We parameterize the total spectrum of CRs injected
into the interstellar space as Nesc(p) = kescp−s exp(−p/pmax).
The distribution function of the runaway CRs at time t at

a distance r from the SNR center, n(p,r, t), is described by
a well-known diffusion equation, which can be solved using
the method developed by Atoyan et al. (1995). We use the fol-

12 The AGILE spectral data (Giuliani et al. 2011) are not taken into ac-
count in the model. They will be discussed elsewhere in light of a low-energy
spectrum measured with Fermi.

lowing solution of the diffusion equation (Ohira et al. 2011):

n(p,r, t) =
Nesc(p)

4π3/2RdRescr

[

e−(r−Resc)
2/R2d − e−(r+Resc)

2/R2d
]

, (2)

where
Rd(p, t)≡ 2

√

DISM(p)[t − tesc(p)]. (3)
The diffusion coefficient of the interstellar medium is often
parameterized as

DISM(p) = 1028 D28
( p
10 GeV c−1

)δ

cm2 s−1, (4)

with constants of D28 ∼ 1 and δ ∼ 0.6 based on the GCR
propagation model (Ptuskin et al. 2006). The diffusion co-
efficient in the close vicinity of a SNR may be different from
the Galactic average, for example, because of Alfvén waves
generated by CRs themselves (Fujita et al. 2010). We allow
D28 to vary, but fix the index to be δ = 0.6 for simplicity.
Given that the γ-ray emission by the escaping CRs is visi-
ble against SNR W44 in the LAT image, we expect the size
of the CR halo, RCR(p) = Rd(p, tage)+Resc(p), is much larger
than the size of the remnant R = 12.5 pc. Since we find
RCR(100 GeVc−1)! 2R for D28 = 0.1, we set D28 ≥ 0.1. Note
however that the constraint depends on the exact choice of
tage; D28 ≥ 0.05 is obtained for tage = 20,000 yr.
To calculate the γ-ray emission from the surroundings of

W44, we also need to specify the mass distribution. The total
mass of the cloud complex illuminated by the runaway CRs
is estimated as MMC ∼ 5× 105M! by adding up six molec-
ular clouds (Clouds 1–6) in Seta et al. (1998). The mass is
assumed to be uniformly distributed within the radius of the
molecular cloud complex, RMC = 50 pc. Given the spheri-
cal symmetry of the model, we combine the γ-ray spectra of
SRC-1 and SRC-2.
Effectively, our model has three adjustable parameters,D28,

kescMMC, and s. As shown in Fig. 4, we determine kescMMC
(i.e., the normalization) and s to reproduce the γ-ray spectrum
for three values of the diffusion coefficient: D28 = 0.1,1,3.
For slow diffusion of D28 = 0.1, a steep index of s = 2.6 is re-
quired since CR protons with p! 400 GeVc−1 are still within
the GMC complex. CRs at higher energies are leaking from
the complex, and correspondingly the γ-ray spectrum exhibits
a break at ∼ 50 GeV. Though the steep injection index re-
quired for the slow diffusion case is not theoretically expected
(Caprioli et al. 2010), this problem may be alleviated by
adopting a larger value of δ. The total amount of CRs released
into interstellar space amounts toWesc! 0.3×1050 (MMC/5×
105M!)−1 erg. For a nominal value of D28 = 1, we obtain
s = 2.0 and Wesc ! 1.1× 1050 (MMC/5× 105M!)−1 erg; the
γ-ray spectrum in the LAT range is steepened due to energy-
dependent escape from the GMC complex. Finally, we find
s = 2.0 andWesc ! 2.7× 1050 (MMC/5× 105M!)−1 erg to re-
produce the spectrum in the case of D28 = 3.
We estimate that the energy channeled into the escaping

CRs amounts to Wesc ∼ (0.3–3)× 1050 erg. On the other
hand, the CR content trapped in W44 is estimated roughly
as Wp ∼ 0.4× 1050 erg assuming a uniform CR distribution
between the SNR shell and radio filaments (§4.1). A com-
bination of the Fermi-LAT data to be obtained with longer
exposures, and future operation of the Cherenkov Telescope
Array (CTA) will put more stringent constraints on the mod-
els through determination of γ-ray spatial distributions as a
function of energy.

Kinetic energy of the 
escaped cosmic rays (Wesc) 

can be estimated 

Wesc = (0.3–3) × 1050 erg

Uchiyama+ 2012



TeV-Bright SNRs
H.E.S.S. Images
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Fig. 2.— Panel (a): Counts/sq. deg. observed by the Fermi LAT above 3 GeV in the
region around RX J1713.7�3946. The map is smoothed with a 0.3�-wide Gaussian kernel
corresponding to the width of the LAT PSF at 3 GeV. H.E.S.S. TeV emission contours
are shown in black (Aharonian et al. 2007). Rectangles indicate the positions of 1FGL
sources. Circles indicate the additional sources considered in our background model. Panel
(b): Residual counts after the subtraction of the counts attributed to the background model.
Panel (c): Residual counts after the subtraction of the counts attributed to the background
model and to RX J1713.7�3946.

The Fermi LAT collaboration recently published the results (Abdo+ 2011) 

Spatially extended source at the location of the SNR
The extent determined by a maximum likelihood fit is consistent with that of the 

SNR observed in other wavelengths

Fermi LAT count maps (> 3 GeV)

Before background subtraction After background (contributions from diffuse 
backgrounds + other sources) subtraction



RX J1713.7−3946
Fermi LAT spectrum:  Very hard with Γ = 1.5 ± 0.1 (stat) ± 0.1 (sys)

Hadronic Models Leptonic Models 

The Fermi LAT + H.E.S.S. spectrum can be fit well with leptonic models
How to reconcile with the large magnetic field?

If interpreted with hadronic models, extremely efficient particle acceleration is required to fit the data
(proton index must be sp ~ 1.5 to fit the Fermi LAT spectrum)



RX J0852.0−4622

H.E.S.S. contours

Fermi LAT count maps 

Spatially extended source at the location of the SNR RX J0852.0–4622
The emission clearly detected in the high energy region (Hereafter we show results with events > 5 GeV)

Using a uniform disk as a spatial template, we obtain a radius of 1.12 (+0.07, –0.06) deg, 
which is consistent with the extent observed in radio, X-rays, and TeV gamma rays

Tanaka+ 2011
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Table 1
Fermi LAT Spectral Points

E [GeV] E2 dN(E)/dE [erg cm−2 s−1] TS

2.04 (1.5±0.2±0.7)×10−11 84.2
8.49 (1.7±0.2±0.4)×10−11 86.1
35.3 (2.8±0.4±0.6)×10−11 102.4
147 (2.9±0.8±0.6)×10−11 40.9

Note. — The first and second errors denote statis-
tical and systematic errors, respectively.

Table 2
Parameters for the Models

Model sp p0p se p0e B n Wp We
[TeV c−1] [TeV c−1] [µG] [cm−3] [erg] [erg]

Hadronic 1.8 50 1.8 10 100 0.1 5.2×1050 3.9×1046

Leptonic — — 2.15 25 12 0.1 — 1.1×1048

Note. — Wp and We are total kinetic energy of particles integrated above 10 MeV.

Figure 2. Fermi LAT spectral energy distribution (SED) in 1–
300 GeV with the H.E.S.S. SED by Aharonian et al. (2007b) plotted
together. For the Fermi LAT points, the vertical red lines and the
black caps represent statistical and systematic errors, respectively.
The dotted line indicates the best-fit power law obtained from the
maximum likelihood fit for the entire 1–300 GeV band. The butter-
fly shape shows the 68% confidence region. The dashed curve is the
π0-decay spectrum by Berezhko et al. (2009).

ton scattering, we considered the CMB as well as the interstel-
lar radiation field in infrared and optical bands. The spectrum
of the interstellar radiation is taken from GALPROP (Porter
et al. 2006) at the location of the SNR.

Figure 3 (a) shows the hadronic model together with radio,
X-ray, and gamma-ray data. The parameters adopted for the
calculation are summarized in Table 2. The indices of pro-
ton and electron spectra are assumed to be the same. For the
model curves in Figure 3 (a), the proton spectrum has an in-
dex of sp = 1.8 and a high-energy cutoff at p0p = 50 TeV c−1.
In this case, the total kinetic energy of protons above 10 MeV
is Wp = 5.2×1050 (n/0.1 cm−3)−1 erg, where n denotes the hy-
drogen gas density in the post-shock region. The synchrotron
spectrum from electrons with the same index se = 1.8 is con-
sistent with the radio spectral index α (≡ −Γ+ 1) = −0.4±0.5
deduced from the two flux points in Figure 3 (Duncan &

Figure 3. Broadband SED of RX J0852.0−4622 with (a) the hadronic
model and (b) the leptonic model. The radio data points are in-
tegrated fluxes of the SNR determined based on the 64-m Parkes
radio telescope data by Duncan & Green (2000). The blue line
shows the X-ray flux estimated by Aharonian et al. (2007b), who an-
alyzed ASCA data. The solid, dashed, and dot-dashed curves repre-
sent contributions from π0 decays, inverse Compton scattering, and
synchrotron radiation, respectively. The parameters adopted for the
model calculation are summarized in Table 2.

Green 2000). Note that the synchrotron spectrum index and
electron index are related as se = 2Γ − 1. The flux of the syn-
chrotron component is controlled by the amount of electrons
and the magnetic field strength. The stronger the magnetic
field is, the larger the number of electrons should be, and the
inverse Compton flux becomes higher. In the hadronic sce-
nario, the magnetic field should be at least ≈ 50 µG so that
inverse Compton scattering becomes negligible in the GeV-
to-TeV domain. In the case of B = 100 µG adopted here, the
total kinetic energy of electrons becomes We = 3.9×1046 erg,
and the ratio of injected particle numbers at p = 1 GeV c−1 is
Kep ≡ Ae/Ap = 1.1×10−4.

In the case of the leptonic scenario, the electron index is

4 Tanaka et al.

Table 1
Fermi LAT Spectral Points

E [GeV] E2 dN(E)/dE [erg cm−2 s−1] TS

2.04 (1.5±0.2±0.7)×10−11 84.2
8.49 (1.7±0.2±0.4)×10−11 86.1
35.3 (2.8±0.4±0.6)×10−11 102.4
147 (2.9±0.8±0.6)×10−11 40.9

Note. — The first and second errors denote statis-
tical and systematic errors, respectively.

Table 2
Parameters for the Models

Model sp p0p se p0e B n Wp We
[TeV c−1] [TeV c−1] [µG] [cm−3] [erg] [erg]

Hadronic 1.8 50 1.8 10 100 0.1 5.2×1050 3.9×1046

Leptonic — — 2.15 25 12 0.1 — 1.1×1048

Note. — Wp and We are total kinetic energy of particles integrated above 10 MeV.

Figure 2. Fermi LAT spectral energy distribution (SED) in 1–
300 GeV with the H.E.S.S. SED by Aharonian et al. (2007b) plotted
together. For the Fermi LAT points, the vertical red lines and the
black caps represent statistical and systematic errors, respectively.
The dotted line indicates the best-fit power law obtained from the
maximum likelihood fit for the entire 1–300 GeV band. The butter-
fly shape shows the 68% confidence region. The dashed curve is the
π0-decay spectrum by Berezhko et al. (2009).

ton scattering, we considered the CMB as well as the interstel-
lar radiation field in infrared and optical bands. The spectrum
of the interstellar radiation is taken from GALPROP (Porter
et al. 2006) at the location of the SNR.

Figure 3 (a) shows the hadronic model together with radio,
X-ray, and gamma-ray data. The parameters adopted for the
calculation are summarized in Table 2. The indices of pro-
ton and electron spectra are assumed to be the same. For the
model curves in Figure 3 (a), the proton spectrum has an in-
dex of sp = 1.8 and a high-energy cutoff at p0p = 50 TeV c−1.
In this case, the total kinetic energy of protons above 10 MeV
is Wp = 5.2×1050 (n/0.1 cm−3)−1 erg, where n denotes the hy-
drogen gas density in the post-shock region. The synchrotron
spectrum from electrons with the same index se = 1.8 is con-
sistent with the radio spectral index α (≡ −Γ+ 1) = −0.4±0.5
deduced from the two flux points in Figure 3 (Duncan &

Figure 3. Broadband SED of RX J0852.0−4622 with (a) the hadronic
model and (b) the leptonic model. The radio data points are in-
tegrated fluxes of the SNR determined based on the 64-m Parkes
radio telescope data by Duncan & Green (2000). The blue line
shows the X-ray flux estimated by Aharonian et al. (2007b), who an-
alyzed ASCA data. The solid, dashed, and dot-dashed curves repre-
sent contributions from π0 decays, inverse Compton scattering, and
synchrotron radiation, respectively. The parameters adopted for the
model calculation are summarized in Table 2.

Green 2000). Note that the synchrotron spectrum index and
electron index are related as se = 2Γ − 1. The flux of the syn-
chrotron component is controlled by the amount of electrons
and the magnetic field strength. The stronger the magnetic
field is, the larger the number of electrons should be, and the
inverse Compton flux becomes higher. In the hadronic sce-
nario, the magnetic field should be at least ≈ 50 µG so that
inverse Compton scattering becomes negligible in the GeV-
to-TeV domain. In the case of B = 100 µG adopted here, the
total kinetic energy of electrons becomes We = 3.9×1046 erg,
and the ratio of injected particle numbers at p = 1 GeV c−1 is
Kep ≡ Ae/Ap = 1.1×10−4.

In the case of the leptonic scenario, the electron index is

Tanaka+ 2011

Power-law fit to the Fermi LAT spectrum yields Γ = 1.85 ± 0.05 (stat) ± 0.17 (sys)

The hadronic model requires a large amount of protons (5 × 1050 erg for n = 0.1 cm–3)
How to reconcile the weak magnetic field with X-ray filaments in the case of the leptonic model

sync

sync

IC

IC

π0 decays



ガンマ線連星



Gamma-ray Binaries
Gamma-ray emitting X-ray binaries

First discovered by air Cherenkov telescopes

LS 5039 LS I +61° 303

O star + ?
H.E.S.S. detected

Periodicity (3.9 days)

Be star + ?
MAGIC & VERITAS detected

Periodicity (26.5 days)

Aharonian+ (2005) Albert+ (2005)



Possible Scenarios
Mirabel (2006)

Particles accelerated at a jet from the compact object 
or 

at a shock generated by interaction between stellar wind and pulsar wind 



LS 5039 in X and TeV

Suzaku XIS
X-ray

HESS
TeV Gamma

Folded Lightcurves

Aharonian+ 2006, Takahashi+ 2007



Geometry of LS 5039

観測者

 = 0.0 
近星点 (Periastron)

 = 0.5 
遠星点 (Apastron)

 = 0.058 
外合 (Superior Conjunction)

 = 0.716
内合 (Inferior Conjunction)

O型星
可視・紫外光

電子

電子

ガンマ線

ガンマ線

逆コンプトン散乱の確率：大

ガンマ線吸収の確率：大

逆コンプトン散乱の確率：小

ガンマ線吸収の確率：小

田中 他　天文月報より



LS 5039 by Fermi LAT

かった (Abdo et al. 2009)。しかし、スペクトルについては、予測とやや異なる結果となった。対生
成による吸収によるカットオフは∼ 10 GeVより高いエネルギーに現れると考えられるが、Fermi衛
星による結果によると 2 GeVにカットオフがあることがわかった。
我々は、LS 5039の正体を探るため、1999年から 2005年まで断続的にとられた、あすか、XMM-

Newton、Chandra衛星のデータを解析し、これらのデータを「すざく」光度曲線に重ねた (図 2)。そ
の結果は、何年にもわたって、2時間というような短いタイムスケールの構造までもがすざくで得ら
れた光度曲線と一致しているという驚くべきものであった (Kishishita et al. 2009)。この結果は、シ
ンクロトロンの放射強度が過去 10年にわたって正確な周期変動を保っており、連星系というダイナ
ミックに活動する天体において連星軌道だけに依存する、非常に安定した超高エネルギー電子を生成
する加速機構と放射機構が存在することを意味する。
このような LS 5039にみられる一連の挙動を説明することが必要である。関わるエネルギーの大き
さからいって問題はコンパクト星にあると思われる。しかし、ブラックホールあるいはブラックホー
ルのジェットからの放射では、こうした「安定で異常」な挙動を説明することは難しい。一方で、中
性子星のパルサー風と星風の相互作用によって生じる衝撃波で加速された粒子からの放射を考えるモ
デルでは、放射は毎周期、似たものになることが予想される。ただし、ライトカーブにおける 2時間
という極めて短いタイムスケールの構造が安定して存在する理由は明白ではなく、その起源を探るに
は、さらに観測を重ねることが必要であろう。

図 1: (左)上から、すざくXIS、HXD-PIN (Takahashi et al. 2009)、H.E.S.S. (Aharonian et al. 2006)、Fermi
(Abdo et al. 2009) によるガンマ線連星 LS 5039の 2周期分の光度曲線。連星の軌道位相は、φ = 0 が近星点
(periastron)で、φ = 0.5 が遠星点 (apastron)。(右)2007年の 200 ksの観測で得られた X線スペクトル。各軌
道位相におけるベキ関数 (Γ " 1.45–1.6) で良く表され、熱的放射の成分は検出されず、X 線と TeV ガンマ線
が同一の放射起源であることを強く示唆する。

3. ガンマ線連星LS 5039の正体はマグネターか
先に述べたように、我々のX線データ解析によって、LS 5039のコンパクト星がパルサーである可能
性が大きくなった。しかし、通常のB ∼ 1012 Gのパルサーが星風捕獲をしているとしては、LS 5039

観測者

 = 0.0 
近星点 (Periastron)

 = 0.5 
遠星点 (Apastron)

 = 0.058 
外合 (Superior Conjunction)

 = 0.716
内合 (Inferior Conjunction)

O型星
可視・紫外光

電子

電子

ガンマ線

ガンマ線

逆コンプトン散乱の確率：大

ガンマ線吸収の確率：大

逆コンプトン散乱の確率：小

ガンマ線吸収の確率：小

Anti-correlation between GeV and TeV flux as predicted  Abdo+ (2007)



LS 5039 Gamma-ray Spectrum
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Cutoff energy of 2.2 GeV is too low compared to that expected 
from γγ absorption (> 30 GeV)
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Fig. 2. The orbital modulation of the flux and spectral indices of 1FGL J1018.6 5856 in the 0.1
- 10 GeV band as measured with the Fermi LAT. and are photon spectral indices
for energies below and above 1 GeV, respectively, using a broken power law model.

12

Periodic source (P = 16.6 days) found in 1FGL catalog
Follow-up observations confirmed this source is a X-ray binary 

Ackermann+ (2012)



1FGL J1018.6−5856
X-ray & Radio Lightcurve
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Fig.4.X
-ray

(upperpanel)and
radio

(low
erpanel)observationsof1FG
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folded

on
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-ray

data
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from
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energy
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differentcolorsindicate

data
taken

from
different16.58
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Swift XRT (0.3–10 keV)

ATCA 5.5 GHz & 9 GHz 

Suzaku observation during last summer (PI: Tanaka)



かに星雲からの
ガンマ線フレア



Fermi LAT Images



The April 2011 Flare

MJD
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✛ Synchrotron nebula brightened by a factor of ~30 
✛ Flux doubling time : 4–8 hours
✛ No change in pulsar flux and phase

~ 9 min time bins

Buehler+(2012)



Crab SED



Spectral Evolution
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Γ = 1.26 ± 0.11
εc = 361 ± 26 MeV

Lγ ~ 1036 erg/s 
~ 1% of Lsd



Why Puzzling?

✚ Compactness
Doubling time t ~ 4-8 hours ➜ Emission region < ct ~ 3x10-4 pc
(Inner ring ~ 0.1 pc)
Large luminosity (~ 1% of spindown power) from a compact region

✚ Spectrum
Γ = 1.26 ± 0.11: Flare energy is carried by the highest energy 
electrons εc = 361 ± 26 MeV: Appears to violate the radiation 
reaction limit
synchrotron cooling time = gyroradius/c
 ➜ Cutoff of synchrotron spectrum must be:
εc < (9/4αF) mec2 = 160 MeV



Summary

• Fermi LAT は順調に全天観測を進めている

• いくつかの超新星残骸のスペクトルは中性パイ粒
子の崩壊でうまく説明できる

• 今後の低エネルギー帯域のデータ解析に期待

• TeV ガンマ線源の連星系の他、新たなガンマ線連
星からも GeV ガンマ線を検出

• かに星雲からフレアを観測

• このフレアは既存の理論では説明が困難


