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Chasing cosmic rays
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CR are charged + B fields 
→ do not track back to 
sources (< 1018 eV)

• acceleration

• propagation

• interactions with galactic 
ecosystems

• dark-matter signatures?
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γ rays as a charged particle tracer

• neutral secondaries → 
complement direct 
observations

• γ rays → neutral and easy 
to detect (≠ ν)
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The Fermi Gamma-ray Space Telescope
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Large Area Telescope (LAT)
20% of the sky at any instant
20 MeV to >300 GeV

Gamma-ray burst monitor (GBM)
entire unocculted sky
transients from 8 keV to 40 MeV

launched in 2008
nearly circular orbit 565 km, 25.6°
sky survey: 2008-2013
Galactic center biased survey: 2014 ...
(+ target of opportunities, autonomous 
repointings)
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The Large Area Telescope
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Pair-tracking telescope
• 1.8 m x 1.8 m x 0.72 m
• 4x4 towers

Anticoincidence Detector 
• segmented
• 0.9997 MIP efficiency

Precision Si-strip tracker
+ W converters
• 12 planes 3% r.l. (FRONT)
• 4 planes 12% r.l. (BACK)
• 2 planes with no converter
• 0.9 M channels
• 70 m2 active Si

DAQ

Hodoscopic CsI 
calorimeter
•1536 logs
• 8.5 r.l. on axis
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Fermi tells us the story of cosmic rays
focus on CRs below the knee,  <1015 
eV

• acceleration in supernova 
remnants

• link with massive-star forming 
regions/early propagation

• large-scale propagation

• external galaxies
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Supernova remnants as CR sources

• energetic and numerous 
enough

• non-linear diffusive shock 
acceleration

• SNRs accelerate

• electrons

• nuclei? up to the knee?
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SNR paradigm

NASA/CXC/Rutgers/J.Warren & J.Hughes et al.
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Supernova remnants as CR sources

• energetic and numerous 
enough

• non-linear diffusive shock 
acceleration

• SNRs accelerate

• electrons

• nuclei? up to the knee?
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adapted from
Ginzburg and  Syrovatskii, ICRC 1963

Figure 3. All-particle CR spectrum for ten random realizations of sources in the cylindrical model,
assuming δ = 0.6, a SN rate R = 1/30yr−1 and a halo with size H = 4 kpc. The injection spectrum
of all chemicals is assumed to have a slope (below the cutoff) such that γ + δ = 2.67.

escape from the Galaxy. The latter condition occurs at lower energies when the escape times
become larger. For the energies we are interested in, the flattening is simply induced by the
secular action of spallation during the propagation time, and is certainly more pronounced
for elements heavier than He, as Fig. 4 clearly shows. In our calculations the slope of the
proton spectrum is ∼ 2.67 but that of the He spectrum is ∼ 2.6 (the difference in slope is
∼ 0.05 − 0.07 depending on realization). As shown in Eq. 3.9, if spallation were dominant
the change of slope would be δ ∼ 0.33. These numbers should be compared with the slopes
of the proton and He spectra as observed by CREAM, that are 2.66 ± 0.02 and 2.58 ± 0.02
[17] respectively.

The case δ = 0.6 is somewhat different, as shown in Fig. 5. As stressed above, the fit to
the all-particle spectrum is not that solid and depends on the specific realization. Moreover,
the hardening in the He spectrum is not evident and in fact the He and proton spectra are
mostly parallel in the realizations shown here. Nearby sources induce wiggles and occasionally
give rise to concave spectra. These are not to be confused with the ones predicted by non
linear diffusive shock acceleration.

It is important to keep in mind that the spallation-based explanation of the flatter
He spectrum compared with the H spectrum relies on the requirement of a large enough
grammage at energies above 200 GeV/nucleon or so. At these energies the B/C ratio is
not very constraining. On the other hand, trying to obtain a comprehensive fit of B/C and
particle spectra at lower energies is also problematic, since the spectra of protons and He
both show a sharp hardening at 200 GeV/nucleon, that can, equally well, be the result of
local sources or be due to a reduction of the scattering rate of particles (larger diffusion
coefficient). The first explanation would not affect the global B/C ratio, while the latter
would indeed affect it, since it results in a decreased grammage at low energies. In this sense
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Supernova remnants in the γ-ray sky
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Supernova remnants in the γ-ray sky
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No. 1, 2009 GAMMA-RAY STUDY OF SNR W51C L3

Figure 1. Left: Fermi LAT counts map in 2–10 GeV around SNR W51C in units of counts deg−2. Front-converted events are selected. The counts map is smoothed
by a Gaussian kernel of σ = 0.◦12. The green dashed line represents the galactic plane. Right: close-up view around SNR W51C. The simulated point-source image
(smoothed by the same gaussian) is shown in the inset. The outer boundary of W51C is indicated by a white ellipse. Superposed is the ROSAT X-ray map (contours)
from Koo et al. (1995). The region where shocked CO clumps (Koo & Moon 1997b) were found is represented by a dashed magenta ellipse. A diamond near the SNR
centroid indicates CXO J192318.5+143035 (see the text). The positions of five H ii regions are indicated by green crosses (Carpenter & Sanders 1998).

VHE gamma-ray emission coincident with W51C (Fiasson et al.
2009). Also, the Milagro Collaboration has reported a possible
excess of multi-TeV gamma-rays in this direction (Abdo et al.
2009a).

In this Letter, we report the analysis results for the LAT
source coincident with SNR W51C, using data accumulated
over the first year of Fermi’s operation. The Fermi observations
of SNR W51C permit a refined study of cosmic-ray acceleration.
Specifically, the LAT data suggest that π0-decay emission is the
dominant contribution to the gamma-ray signal.

2. OBSERVATION AND DATA REDUCTION

The Fermi Gamma-ray Space Telescope was launched on
2008 June 11 by a Delta II Heavy launch vehicle. The LAT
onboard Fermi is a pair-conversion gamma-ray detector capable
of measuring gamma-rays in a very wide range of energy from
20 MeV up to 300 GeV. The LAT tracks the electron and
positron resulting from pair conversion of an incident gamma-
ray in thin high-Z foils, and measures the energy deposition
due to the subsequent electromagnetic shower that develops in
the calorimeter. The effective area is ∼8000 cm2 above 1 GeV
(on-axis) and the per-photon 68% containment radius is ∼0.◦8
at 1 GeV. The point-spread function (PSF) depends largely on
photon energy and improves at higher energies. The tracker of
the LAT is divided into two regions, front and back. The front
region (first 12 planes) has thin converters to optimize the PSF
while the back region (four planes after the front section) has
thicker converters to enlarge the effective area. The angular
resolution for the back events is approximately twice as broad
than that for the front events. The details of the LAT and data
processing are given in Atwood et al. (2009), and the on-orbit
calibration is described in Abdo et al. (2009b).

The gamma-ray data acquired from 2008 August 5 to 2009
July 14 are analyzed. The diffuse class events as defined in
Atwood et al. (2009) are chosen for gamma-ray analysis. A cut
on earth zenith angles greater than 105◦ is applied to reduce the
residual signal from earth albedo gamma-rays. The instrument
response functions (IRFs) called “Pass 6 V3” are used (Rando
et al. 2009).

3. ANALYSIS AND RESULTS

The maximum likelihood technique is employed for spectral
and spatial parameter estimation using gtlike, which is publicly
available as part of Fermi Science Tools.58 The likelihood is the
product of the probability of observing the gamma-ray counts
of each spatial and energy bin given the emission model, and
parameter values are estimated by maximizing the likelihood of
the data given the model (Mattox et al. 1996). The gamma-ray
emission model includes individual sources at fixed coordinates,
galactic diffuse emission (resulting from cosmic-ray interactions
with interstellar gas and photons), and an isotropic component
(extragalactic and residual background). The so-called mapcube
file of gll_iem_v02.fit is used for modeling the galactic diffuse
emission, together with the corresponding tabulated model for
the isotropic diffuse emission. Other versions of the galactic
diffuse models, generated by the GALPROP code (Strong et al.
2004), are also utilized to assess systematic error. The maximum
likelihood analysis is performed inside a square region of
12◦ × 12◦ centered on W51C with a pixel size of 0.◦1, unless
otherwise mentioned. Background point sources detected in six
months data are included in the likelihood analysis with free
normalization and power-law index, though none of them affect
the results in this Letter.

3.1. Spatial Distribution

In Figure 1, the maps of photon counts in the 2–10 GeV band
in the vicinity of SNR W51C are shown; the right panel is a
close-up view of the left panel. Gamma-ray events that converted
in the front section of the tracker are selected. A bright gamma-
ray source is enclosed by the outer boundary of W51C. The
average surface brightness inside the SNR boundary is about
2 and 5 times larger than neighboring regions on the galactic
plane in the 0.5–2 GeV and 2–10 GeV bands, respectively.
The gamma-ray distribution appears to be somewhat clumpy,
suggesting the presence of sub-structures. Due to the limited

58 Software and documentation of the Fermi Science Tools are distributed by
the Fermi Science Support Center at http://fermi.gsfc.nasa.gov/ssc
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Gamma-ray Emission from SNR W49B 3

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 and back 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. The diffuse 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 and gtfindsrc to find a point source
location. With gtlike, 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. The P6_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. Only front
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. A Spitzer near-infrared (5.8 µm) 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
using gtfindsrc, 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 5.8 µm, respectively. (Top) The count map in
2–6 GeV is smoothed by a Gaussian kernel of σ = 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

W49B

RX J1713.7-3946

SNR RX J0852.0−4622 with the Fermi LAT 3

Figure 1. (a) Counts map of > 5 GeV events. The unit of the color scale is counts per pixel with a pixel size of 0◦.1×0◦.1. The green contours
are the H.E.S.S. image (Aharonian et al. 2007b). Locations of 1FGL catalog sources included in the emission model are indicated with the
cyan crosses. The brightest source located to the west of the SNR is the Vela pulsar (Abdo et al. 2009a). The map is smoothed with a Gaussian
kernel with σ = 0.◦25. The inset is an image of a simulated point source with the same spectral shape as the SNR. (b) Counts map of > 10 GeV
events. Gaussian smoothing is applied with σ = 0.◦15. (c) Map of test statistic for events above 5 GeV.

above log10(E/MeV) = 4, and interpolation of the two val-
ues in-between. The accuracy of the Galactic diffuse model
was evaluated based on the discrepancies between the best-
fit model and data at each location of the ROI as was done
by Abdo et al. (2009b). We found that they are ! 10%, and
we changed the normalization of the Galactic diffuse model
by ±10% from the best-fit values and added the differences
of the parameters before and after the renormalization to the
systematic errors.

4. DISCUSSION
Gamma-ray emission mechanisms for RX J0852.0−4622

have been actively discussed in the literature since its detec-
tion in the TeV band. Two types of scenarios have mainly
been considered to account for the nonthermal emission from
RX J0852.0−4622 (e.g. Aharonian et al. 2007b). One is the
so-called hadronic scenario in which gamma rays are domi-
nantly radiated through decays of π0 mesons produced in col-
lisions between accelerated protons/nuclei and ambient gas.
The other is the leptonic scenario in which inverse Compton
scattering of relativistic electrons with photon fields such as

the cosmic microwave background (CMB) is the main emis-
sion mechanism for gamma rays.
We calculated gamma-ray emission models for both the

hadronic and leptonic scenarios. In the calculations, protons
and electrons are injected with a constant rate and fixed spec-
tral form of

Qe,p = Ae,p
( p
1 GeV c−1

)−s
exp

[

−

(

p
p0

)]

. (1)

Injected particles suffer cooling via such processes as ioniza-
tion, synchrotron, or inverse Compton scattering, and their
spectra are deformed. The spectra of radiating particles (Ne,p)
are obtained by solving the kinetic equations for electrons and
protons:

∂Ne,p(p, t)
∂t

= ∂

∂p
[be,p(p) Ne,p(p, t)]+Qe,p(p), (2)

where the term be,p denotes the momentum loss rate. The
equations are solved for t = 3000 yr, and then photon spec-
tra from electrons and protons are computed for each radi-
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Figure 2. Background-subtracted LAT count map in the 0.5–10 GeV energy range. The count map is binned using a grid of 0.◦05 and smoothed with a Gaussian
kernel of σ = 0.◦5. Negative residuals are shown to gauge the quality of the subtraction of the background emission. Green contours correspond to images at different
wavelengths. (a) X-ray count map (0.1–2 keV) by ROSAT. Contours are at 20%, 40%, 60%, and 80% levels; the image was first cleaned from background emission,
estimated by fitting data surrounding the Cygnus Loop with a bilinear function, and smoothed with a Gaussian kernel of σ = 0.◦2; (b) Hα image obtained from the
publicly available Digital Sky Survey obtained with the same procedure explained for X-ray data. We selected the POSS-II F (red) filtered survey whose transmission
coefficient peaked near Hα. (c) 1420 MHz radio continuum emission (Reich 1982); extraction of the contours as for the previous images. (d) 12CO (J = 1 → 0) line
intensities integrated for velocities from −25 km s−1 to 30 km s−1. The data are taken from the CfA survey (Dame et al. 2001) cleaned from background using the
moment-masking technique (Dame 2011); the image was smoothed using a Gaussian kernel with σ = 0.◦25; contours are at 1, 4, 7, and 10 K km s−1. (e) The infrared
intensity map at 100 µm by Infrared Astronomical Satellite (IRAS; Beichman et al. 1988); the image was smoothed using a Gaussian kernel of σ = 0.◦2; contours are
at 15, 25, 35, and 45 MJy sr−1. The contour at the top-right corner is the highest one. (f) The effective LAT PSF in the energy band of the LAT count map for a photon
spectral index of 2.5. The PSF map is binned and smoothed in the same manner as the real data.
(A color version of this figure is available in the online journal.)

X-ray and Hα images are significantly larger than for the four
1FGL sources. On the other hand, the TS for the radio image
increases moderately in spite of the association in the northern
rim, confirming that radio continuum structures in the southern
rim do not well correlate with gamma-ray emission.

3.1.4. Geometrical Models

We further characterized the morphology of gamma-ray
emission associated with the Loop by using simple parameter-
ized geometrical models. We started with a uniform disk/ring
assuming a simple power-law spectrum. We varied the radius
and location of the disk and evaluated the maximum likelihood
values. In the case of the ring, we varied inner and outer radii
as well. The resulting TS values are reported in Table 1. The TS
value for the ring with respect to the disk shape is $ 12. As-
suming that, in the null hypothesis, the TS value is distributed
as a χ2 with n degrees of freedom, where n is the difference in

degrees of freedom between the two nested models compared16

(n = 1 in the present case), it would be equivalent to an im-
provement at ∼3.5σ confidence level. Let us note, however, that
the conversion of TS values into confidence level (or, equiva-
lently, false positive rate) is subject to numerous caveats, see,
e.g., Protassov et al. (2002). We will thus take into account the
source morphology uncertainties in the spectral analysis, below.
In order to further illustrate the morphology of the gamma-ray
emission, in Figure 3 we show its radial profile compared with
the best-fit disk/ring models.

Finally, we want to verify if there are any spectral variations
in the gamma-ray emission associated with the Cygnus Loop we
are modeling as a whole. We thus divided the best-fit ring into
four regions as shown in Figure 4 and allowed an independent
normalization and spectral index for the four portions of the

16 See link to Fermi Science Tools, Cicerone, in footnote 14
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additional background source at R.A.,Dec = (3.◦94, 63.◦94) has a comparable overall flux of

(3.3±2.0stat)×10−9 cm−2s−1 with a softer photon index of 2.4±0.2stat±0.1syst. Its significance
is 5σ.
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Fig. 2.— Fermi -LAT TS map zoomed in. The green contours are 4.5 keV - 5.8 keV con-
tinuum band from XMM-Newton (Decourchelle et al. 2001) and the black line denotes the

95% confidence area for the Fermi -LAT position.

The second method consists of dividing the entire energy range in logarithmically spaced
energy bins from 400 MeV to 100 GeV and in fitting all point sources and the scale factors for

the diffuse components in each bin. The fitting procedure assumes simple power law models
for all the sources in the RoI and in each energy bin with a photon index arbitrarily fixed

at 2. The results of this band-by-band fitting procedure are shown in Figure 3 for Tycho.
In this figure the data points are drawn with statistical uncertainties only; the systematics
have been indicated with dashed boxes, calculated making the same fit with different IRFs

(the Monte Carlo-based P6V3 and the in-flight corrected P6V11) and different models of the
Galactic and isotropic diffuse emission optimized for each IRFs.

4. Discussion

4.1. Association

A point-like GeV γ-ray source is found in the direction of Tycho’s SNR based on more
than 2.5 years of observation with the Fermi -LAT. The positional coincidence between the

Tycho

Gamma-ray Emission from SNR S147 3

FIG. 1.— (Left) Fermi-LAT count map above 1 GeV around SNR S147 in units of counts per pixel. The pixel size is 0.◦1. Smoothing with a Gaussian kernel of
σ = 0.◦25 is applied. SNR S147 is represented by a white circle. The background sources contained in the ROI are shown as green crosses. (Middle) Background
model map. The green boxes each with the dimensions of 1.◦0× 1.◦5 represent the regions used for the evaluation of the accuracy of the Galactic diffuse model.
(Right) Background-subtracted count map. A simulated point source is shown in the inset.

FIG. 2.— Left: TS map obtained with maximum likelihood analysis of the Fermi-LAT data in the vicinity of SNR S147 above 1 GeV. Overlaid are linear
contours of the background-subtracted count map above 1 GeV taken from Figure 1. A white circle represents the outer boundary of SNR S147. A cyan cross
and circle represent a position and positional error (95% confidence level) of 3EG J0542+2610, respectively (Hartman et al. 1999). A magenta cross indicates
the position of PSR J0538+2817. Right: Hα flux intensity map of SNR S147 in units of rayleighs (106/4π) photons cm−2 s−1 sr−1 (Finkbeiner 2003), with the
contours of the background-subtracted count map overlaid.
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Fig. 25.— A diffuse-emission-subtracted 10 GeV to 100 GeV counts map of the region
around 2FGLJ2021.5+4026 smoothed by a 0.◦1 2D Gaussian kernel. The triangular marker

(colored red in the online version) represents the 2FGL position of this source. The plus-
shaped marker and the circle (colored red) represent the best fit position and extension of

2FGLJ2021.5+4026 assuming a radially-symmetric uniform disk model. The star-shaped
marker (colored green) represents 2FGLJ2019.1+4040, a 2FGL source that was removed

from the background model. 2FGLJ2021.5+4026 is spatially coincident with the γ-Cygni
SNR. The contours (colored light blue) correspond to the 408MHz image of γ-Cygni observed
by the Canadian Galactic Plane Survey (Taylor et al. 2003).

Gamma Cygni
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Fig. 1.— Test Statistic (TS) map in celestial coordinates of the SNR Puppis A. Only photons

with energies above 800 MeV in the off-pulse window of the Vela pulsar are selected. The TS

was evaluated by placing a point-source at the center of each pixel, Galactic diffuse emission and

nearby sources being included in the background model, except the two background sources BckgA

and BckgB which are indicated with yellow crosses. The location of the compact object inside

Puppis A, PSR J0821−4300, is indicated by a black diamond. The gray circle corresponds to the

best fit model (D1) provided by pointlike in Table 1, the dashed line showing its division in two

half-disks along the North/South line in celestial coordinates. The color-coding is represented on

a square-root scale.

Puppis A
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Figure 1. (a) Map of the test statistic (TS) for a point source in the region around RX J1713.7−3946 obtained in a maximum likelihood fit accounting for the
background diffuse emission and 1FGL catalog sources. Only events above 500 MeV have been used in this analysis. H.E.S.S. TeV emission contours are shown in
white (Aharonian et al. 2007). Rectangles indicate the positions of 1FGL sources in our background model. Several TS peaks outside the SNR shell are visible. The
three peaks marked by circles are added as additional sources to our background model (see the text). (b) Same map as panel (a), but with the three additional sources
now considered in the background model.
(A color version of this figure is available in the online journal.)

in our ROI is expected. We simply denote these sources with
the identifiers A, B, C. The source positions are shown in Fig-
ure 1 and given in Table 2. The location of source A is con-
sistent with a weak radio source (Lazendic et al. 2004). It is
further identified in an internal update of the Fermi-LAT cat-
alog using 24 months of data. Source B is only 11′ from the
catalog source 1FGL J1714.5−3830c and could be an artifact
caused by unmodeled emission from 1FGL J1714.5−3830c if
this source is spatially extended as has been tentatively sug-
gested by Castro & Slane (2010). 1FGL J1714.5−3830c is
modeled as a point source in the 1FGL catalog. However,
the catalog source is spatially coincident with SNR CTB 37A
which has an extent in radio of ∼15′ (Green 2004). A detailed
study of the morphology of this source is in progress but be-
yond the scope of this publication as the exact morphology of
CTB 37A does not significantly affect the spectral analysis of
RX J1713.7−3946. For simplicity we just assume the emission
from this region can be described by two independent point
sources, 1FGL J1714.5−3830c and source B. The third addi-
tional background source C shown in Figure 1 may be associated
with RX J1713.7−3946. It is very close to RX J1713.7−3946,
located about 35′ from the center of the SNR. However, it is
spatially consistent with a local enhancement of molecular gas,
observed via the radio emission from the CO (J = 1→0) transi-
tion (Dame et al. 2001). Furthermore, we will show below (see
Table 2) that in a combined likelihood analysis of the spectra of
RX J1713.7−3946 and the surrounding background sources the
emission from source C is considerably softer than the gamma-
ray emission from the SNR. In fact, both the spectral index and
the intensity of the source are consistent with expectations of
gamma-ray emission from a small cloud of molecular gas. Nev-
ertheless, we cannot reject the possibility that at least part of
the emission attributed to the additional background source C is
originating from the SNR shell. While we consider source C an
independent point source in our standard background model of
the ROI, we repeat the spectral analysis with a model without
this source and account for the difference in our estimation of
systematic uncertainties. Figure 1(b) shows the detection sig-
nificance map for the region around RX J1713.7−3946 (E >

500 MeV) with our standard background model accounted for.
A comparison with the significance contours from H.E.S.S. sug-
gests a spatially extended emission from the shell of the SNR
rather than a single point source.

2.2. Centroid and Angular Extent

We study the morphology of the emission associated with
RX J1713.7−3946 with a series of maximum likelihood fits,
comparing the TS value for different hypotheses about the shape
and extent of the source. We fitted the extension (and position)
of the gamma-ray emission with a disk of varying radius.
The emission is found to be significantly extended; the best-
fit position (R.A., decl. = 258.◦50 ± 0.◦04stat,−39.◦91 ± 0.◦05stat)
is consistent with the center of the SNR within 0.◦2 and the best-
fit radius is 0.◦55 ± 0.◦04. This size is consistent with that of the
X-ray SNR given in Green (2004) as 1.◦1 × 0.◦9 in diameter. To
confirm these fits, we test a single point source at the location
of the highest excess in the TS map within the shell of the SNR.
We further test a spatially extended source defined by the shape
of the H.E.S.S. significance contours of RX J1713.7−3946 and
an extended source as a uniform disk of 0.◦55 radius. Finally,
we consider two and three independent point sources within the
shell of the SNR located at the most prominent peaks in the TS
map. A power-law spectrum with integrated flux (between 1 and
300 GeV) and spectral index as free parameters is assumed for
each of the hypotheses. The detailed setup of the likelihood fit is
identical to the one used for the spectral analysis and described
with that analysis (Section 2.3). Table 1 shows the flux, and
spectral index of the tested shape and its TS value in comparison
to the background model. The TS values are suggestive of
extended gamma-ray emission from RX J1713.7−3946. The
H.E.S.S. significance map as well as the uniform disk have a
difference in TS of ∆TS = 61 or 58 (H.E.S.S./Disk) relative
to a single point source and a ∆TS = 43 or 40 (H.E.S.S./
Disk) relative to a set of three point sources within the shell of
RX J1713.7−3946. However, the TS value in a comparison to
the background model for both the H.E.S.S. significance map
(TS = 77) and the uniform disk (TS = 79) is almost identical,
demonstrating that we are not sensitive to the detailed shape

4
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low-energy break in IC 443 and 21s for that in
W44, when assuming a nested model with two
additional degrees of freedom.

To determine whether the spectral shape could
indeed be modeled with accelerated protons, we
fit the LAT spectral points with a p0-decay spec-
tral model, which was numerically calculated from
a parameterized energy distribution of relativistic
protons. Following previous studies (15, 16), the
parent proton spectrum as a function of momen-

tum p was parameterized by a smoothly broken
power law in the form of

dNp

dp
º p−s1 1þ p

pbr

! "s2 − s1
b

2

4

3

5
−b

ð1Þ

Best-fit parameters were searched using c2-
fitting to the flux points. Themeasured gamma-ray
spectra, in particular the low-energy parts, matched

the p0-decay model (Fig. 2). Parameters for the
underlying proton spectrum are s1 = 2.36 T
0.02, s2 = 3.1 T 0.1, and pbr = 239 T74GeV c−1 for
IC 443, and s1 = 2.36 T 0.05, s2 = 3.5 T 0.3, and
pbr = 22 GeV c−1 for W44 (statistical errors
only). In Fig. 3 we show the energy distribu-
tions of the high-energy protons derived from
the gamma-ray fits. The break pbr is at higher
energies and is unrelated to the low-energy pion-
decay bump seen in the gamma-ray spectrum.
If the interaction between a cosmic-ray precursor
(i.e., cosmic rays distributed in the shock upstream
on scales smaller than ~0.1R, where R is the SNR
radius) and adjacent molecular clouds were re-
sponsible for the bulk of the observed GeV gamma
rays, one would expect a much harder energy
spectrum at low energies (i.e., a smaller value for
the index s1), contrary to the Fermi observations.
Presumably, cosmic rays in the shock downstream
produce the observed gamma rays; the first index
s1 represents the shock acceleration index with
possible effects due to energy-dependent prop-
agation, and pbr may indicate the momentum
above which protons cannot be effectively con-
fined within the SNR shell. Note that pbr results in
the high-energy break in the gamma-ray spectra
at ~20 GeV and ~2 GeV for IC 443 and W44,
respectively.

The p0-decay gamma rays are likely emitted
through interactions between “crushed cloud” gas
and relativistic protons, both of which are highly
compressed by radiative shocks driven into mo-
lecular clouds that are overtaken by the blast
wave of the SNR (25). Filamentary structures of
synchrotron radiation seen in a high-resolution
radio continuum map of W44 (26) support this
picture. High-energy particles in the “crushed
cloud” can be explained by reacceleration of the
preexisting galactic cosmic rays (25) and/or fresh-
ly accelerated particles that have entered the
dense region (20). The mass of the shocked gas

Fig. 1. Gamma-ray count maps of the 20° × 20° fields around IC 443 (left) and W44 (right) in
the energy range 60 MeV to 2 GeV. Nearby gamma-ray sources are marked as crosses and squares.
Diamonds denote previously undetected sources. For sources indicated by crosses and diamonds,
the fluxes were left as free parameters in the analysis. Events were spatially binned in regions of
side length 0.1°, the color scale units represent the square root of count density, and the colors
have been clipped at 20 counts per pixel to make the galactic diffuse emission less prominent.
Given the spectra of the sources and the effective area of the LAT instrument, the bulk of the
photons seen in this plot have energies between 300 and 500 MeV. IC 443 is located in the
galactic anti-center region, where the background gamma-ray emission produced by the pool of
galactic cosmic rays interacting with interstellar gas is rather weak relative to the region around
W44. The two dominant sources in the IC 443 field are the Geminga pulsar (2FGL J0633.9+1746)
and the Crab (2FGL J0534.5+2201). For the W44 count map, W44 is the dominant source
(subdominant, however, to the galactic diffuse emission).
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Fig. 2. (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured
with the Fermi LAT. Color-shaded areas bound by dashed lines denote the best-
fit broadband smooth broken power law (60 MeV to 2 GeV); gray-shaded bands
show systematic errors below 2 GeV due mainly to imperfect modeling of the
galactic diffuse emission. At the high-energy end, TeV spectral data points for IC
443 from MAGIC (29) and VERITAS (30) are shown. Solid lines denote the best-

fit pion-decay gamma-ray spectra, dashed lines denote the best-fit bremsstrah-
lung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra
when including an ad hoc low-energy break at 300 MeV c−1 in the electron
spectrum. These fits were done to the Fermi LAT data alone (not taking the TeV
data points into account). Magenta stars denote measurements from the AGILE
satellite for these two SNRs, taken from (31) and (19), respectively.
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Figure 4. Broadband SED model of Tycho’s SNR for the far scenario in leptonic model (left) and hadronic interpretation (right).
(A color version of this figure is available in the online journal.)

Table 1
Parameters Used in the Spectral Energy Modeling Shown in Figure 4

Case Dkpc nH ESN Ep,tot Ee,tot

(kpc) (cm−3) (1051 erg) (1050 erg) (erg)

Far leptonic 3.50 0.24 2.0 - 1.5 × 1048

Far hadronic 3.50 0.24 2.0 1.50 6.7 × 1046

Nearby hadronic 2.78 0.30 1.0 0.61 4.3 × 1046

Note. Spectral indices have been fixed to 2.3 for both electrons and protons.

spectrum. Only the cutoff energy is much higher as protons do
not suffer from synchrotron losses as much as electrons do. Since
the VERITAS spectral measurements (Acciari et al. 2011) do
not indicate any cutoff, we estimate the maximum proton energy
by equating the acceleration time (assuming Bohm diffusion)
with the age of Tycho. For Bd = 215 µG, this results in an energy
break for protons of Ep,max = 44 Dkpc2 TeV (Parizot et al. 2006).

The intensity of this emission depends on the total energy
in the accelerated protons (and other ions) as well as on the
density of the ambient medium nH. Even though the density
is expected to be around 6 nH just behind the shock front, the
average density seen by the shock-accelerated protons over the
full emission zone between the blast wave and the ejecta is only
around 3 nH in the self-similar model.

Furthermore, the γ -ray emission has been computed as-
suming that shock acceleration is not very efficient and only
10% of the available energy eventually gets transferred into the
protons/cosmic rays (Eamb

51 = 0.77E51 or 0.61E51 in the “far”
or “nearby” case, respectively, from Equation (2))

The relevant parameters for the two different cases used here
are summarized in Table 1. As shown in the right panel of
Figure 4, this conventional hadronic model can explain very
well the whole γ -ray emission from the GeV to the TeV part of
the spectrum in a way consistent with all the constraints.

5. CONCLUSIONS

A 5σ detection of GeV γ -ray emission from Tycho’s SNR is
reported. The flux above 400 MeV is (3.5 ± 1.1stat ± 0.7syst) ×
10−9 cm−2 s−1 and the photon index 2.3 ± 0.2 stat ± 0.1syst.
The measured Fermi spectrum as well as the available radio,
X-ray, and TeV data can be explained by an accelerated proton

population which produces γ -ray photons via π0 production and
decay. IC emission and bremsstrahlung can account for only a
fraction of the observed γ -ray flux.
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and JAXA in Japan, and the K. A. Wallenberg Foundation, the
Swedish Research Council, and the National Space Board in
Sweden. Additional support from INAF in Italy and CNES in
France for science analysis during the operations phase is also
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Figure 2—CRIS ratios compared with model 

predictions for WR stars with (a) no rotation, and 

(b) an equatorial surface rotation velocity of 300 

km s-1 for the initial precursor star for masses of 40, 

60, 85, and 120 M⊙, and for metallicity Z⊙=0.02. 

We have examined other isotope 

ratios at the cosmic-ray source, 

inferred from our CRIS observations 

and other experiments, as an 

additional test of the origin of cosmic 

rays in OB associations. In Figure 2 

we compare these ratios with two-

component modeling calculations of 

WR outflow (Binns et al., 2005; 

Meynet & Maeder 2003) for 

metallicity Z=0.02 and initial 

precursor-star rotational equatorial-

velocities at the stellar surface of 

either 0 or 300 km/s.  For each WR 

star model we calculated the mixture 

(by mass) of WR wind material with 

material of solar-system (solar-wind) 

composition required to give the CRIS 

22Ne/20Ne GCR source ratio.  Table 1 

shows the mass fraction of the total 

cosmic ray source material required from the WR star since its initial formation for each 

case.  

Table 1—The mass fraction of ejecta from WR stars, integrated from the time of star formation, 

mixed with ISM material of solar-system composition, that is required to normalize each model to 

the CRIS 22Ne/20Ne ratio. 

WR Initial Mass (M⊙) No-rotation WR Fraction Rotating WR Fraction 

40 -- 0.22 
60 0.20 0.16 
85 0.12 0.44 

120 0.16 0.37 

 

Although the material being mixed with ISM material in the two approaches (Binns et al., 

2005, and Higdon & Lingenfelter, 2003) is slightly different (i.e. Higdon & Lingenfelter 

include neon contributions from SNe in the material being mixed with ISM), the mixing 

fractions are very similar with the exception of the higher fractions predicted for the very 

rare M ≥ 85 M⊙ rotating stars.  

 

In each of the two-component models described above, the material ejected from massive 

stars is mixed with ISM with an assumed solar system composition to normalize to the 

A link with massive-star forming regions?

• isotopic abundances of 
WR stars (22Ne, > Fe)

• ~80% of supernovae in 
massive-star clusters

• superbubbles?

• impact of massive-star 
environment on young 
CRs?

18
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encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.
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A cocoon of young cosmic rays

20To reproduce the LAT data with pure ha-
dronic emission (16), we need an amplification
factor of (1.6 to 1.8) × (E/10 GeV)0.3 of the Local
proton and helium spectra in the cocoon. It im-
plies a total CR energy of 1.3 × 1042 J above 2
GeV/nucleon and a volume energy density 50%
larger than that near the Sun.

We calculated an upper bound to the IC emis-
sion expected from CR electrons, with the Local
spectrum, upscattering the stellar light from Cyg
OB2 andNGC6910 (16). The enhanced, infrared-
rich, interstellar radiation field (ISRF) in the re-
gion (fig. S8) also provides hard IC emission in
addition to the cluster contributions and to the
Galactic component included in the background
model. We used radio to infrared maps, the Local
electron spectrum, and a 25-pc (1°) thickness
along the lines of sight to estimate the ISRF and
IC spectra in each pixel subtended by the cocoon
(16). We added stellar light fields to account for
the average abundance of stars outside Cyg OB2
and NGC6910. The total IC emission, integrated
over the cocoon directions, is too faint and too
soft to match the data (Fig. 4). An amplification
factor of 60 × (E/10 GeV)0.5 of the Local electron
spectrum can, for instance, account for the LAT
data without overpredicting the average synchro-
tron intensity we measured at 0.408 and 1.42
GHz in the cocoon. The synchrotron calculation
used a magnetic field of 2 nT deduced from
pressure balance with the gas. The amplified
electron spectrum gives a total energy of 4 ×
1041 J above 1 GeV.

Whether CR electrons or nuclei dominate
the cocoon g radiation, its hardness points to
freshly accelerated particles. TeVelectrons have a
20,000-year lifetime against synchrotron and IC
losses in the cocoon environment (with av-
erage magnetic and ISRF energy densities of
9.9 and 6.8 MeV m−3, respectively). A hard pion
spectrum indicates nuclei having recently left
their accelerator. After a travel time t, particles dif-
fuse to a characteristic length L2D= [4D(E) t]

1/2 for

an interstellar diffusion coefficient D(E) = 1024

(E/10 GeV)1/2 m2/s. They can flood the entire
cocoon in a few thousand years from a single
accelerator anywhere in Cygnus X, with higher-
energy particles reaching farther out (Fig. 3B).
The fact that we obtain consistent widths for the
Gaussian source in the 1 to 10 and 10 to 100 GeV
bands, however, suggests an efficient confine-
ment inside the cocoon.

We conclude that the cavities carved by the
young stellar clusters form a cocoon of hard CRs.
It provides evidence for the long-advocated hy-
pothesis that OB associations host CR factories.

Where is/are the accelerator(s)? g Cygni is a
potential candidate. Its relation to the Cygnus X
cavities is unclear. It expands in low gas densities
[0.3 cm−3 (18)], but a chance alignment in this
crowded direction is possible. g Cygni shelters
energetic particles shining in g rays (figs. S2 and
S3). We used the present expansion character-
istics of the 7000-year-old shockwave to follow
its past evolution and to evaluate the energy the
particles could reach by Fermi acceleration at the
end of the free expansion phase, 5000 years ago
(16). With CR pressure feedback on the shock
and magnetic amplification by the streaming
CRs, we obtain maximum energies of 80 to 300
TeV for protons and 6 to 50 TeV for the radiating
electrons (16). These values are high enough to
explain the LAT emission with nuclei and/or
electron emission after a few thousand years of
interstellar propagation, but not the Milagro flux
with pure IC emission. The anisotropy of the
emission around the supernova remnant chal-
lenges this scenario. The slightly foreground
molecular ridge extending southeast of the
remnant (along L889 and HII region 4) may be
too far to serve as a target mass (10). Another
option involves a champagne flow (19, 20) with
the shockwave breaking away into a cavity and
advecting particles out, independent of their en-
ergy, but there is no evidence that the shockwave
of g Cygni rushes out on its eastern rim (12). In

the absence of advection, the short diffusion
lengths expected in the turbulent medium of
Cygnus X (see below) may rule out the very
young g Cygni as the unique accelerator in the
cocoon.

OB associations are considered as CR accel-
erators from the collective action ofmultiple shocks
from supernovae and the winds of massive stars
[e.g., (5,6,21–23)]. The age ofCygOB2, spreading
from 3:5þ0:75

−1:0 million years in the core to 5:25þ1:5
−1:0

million years in the northwest (9), allows the pro-
duction of very few supernovae, if any. NGC6910
has a comparable age of 6 T 2 million years (24).
We applied the superbubble acceleration formal-
ism (5) solely to the termination shocks of ran-
dom winds in the high gas pressure (10−12 Pa) of
the cocoon (16). Their characteristic size and
mean separation of ~10 pc is taken as the energy-
containing scale of the strong magnetic turbu-
lence (16). It leads to diffusion lengths that are
shorter by a factor of 100 than in the standard
interstellar medium; thus, protons can remain
confined over 100,000 years in agreement with
the time scale implied by isotopic abundances
(1, 25). Their energy distribution peaks at 10 to
100 GeV and extends to 150 TeV, so their g
radiation in the ambient gas can explain the
hard cocoon spectrum (16). It is therefore
possible that the cocoon is an active CR super-
bubble. It provides a test case to study the
impact of wind-powered turbulence on CR
diffusion and its potential for acceleration, both
for in situ CR production and to energize
Galactic CRs passing in the tangled environ-
ment of star-forming regions. Small g-ray spectral
variations across the cocoon can point to a single
accelerator or to a distributed acceleration within
the superbubble.

A dozen outstanding stellar clusters, at least
as young and rich as Cyg OB2, are known in the
Galaxy [e.g., (9)]. The production and confine-
ment of fresh CRs in the Cygnus X cocoon pro-
vides an alternative scenario on the origin of the
TeVemission seen toward several of these clusters
[the Arches, Quintuplet, and Sgr B2 (26), West-
erlund 2 (27), and Westerlund 1 (28)].
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Fig. 4. Energy spectrum of the
cocoon emission. The 1s errors
are statistical; 2s upper limits
are given below 1 GeV. The
Milagro flux (open circle), in-
tegrated over 78.7° < l < 81.7°
and –0.4° < b <2.6°, is
corrected for the extrapolation
of the TeV J2032+4130 source
at energies >10 TeV. The blue
curves show the expectations
from the Local CR spectrum
pervading the ionized gas for
electron densities neff = 10 cm−3

(solid) and 2 cm−3 (dashed). The
black curves give the expect-
ations from the Local CR elec-
tron spectrum upscattering the
stellar light from Cyg OB2 (up-
per dotted curve), NGC 6910 (lower dotted curve), and the interstellar radiation present in the cavity and
PDRs (dashed curve). The red curve sums all IC emissions.
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Origin and propagation

• Gamma Cygni 
supernova remnant?

• stellar-wind 
superbubble?

• active airlock?
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encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.

www.sciencemag.org SCIENCE VOL 334 25 NOVEMBER 2011 1105
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A trip through the Galaxy

• diffusion on magnetic fields

• δ = 1/3, 1/2, 0.7?

• breaks in D and/or CR 
spectra?

• size of the propagation halo?

• convection? reacceleration?
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Figure 31. Comparison of model SSZ4R20T150C5 (black solid curve),
SLZ6R20T∞C5 (blue dashed curve), SYZ10R30T150C2 (red dotted curve), and
SOZ8R30T∞C2 (green dash-dotted curve) to CR observations of B/C ratio
(top), and 10Be/9Be ratio (bottom). In addition to the data we used for the CR
fit (see Section 3.2) we also show data from CREAM (Ahn et al. 2010), ACE
(Yanasak et al. 2001), and ISOMAX (Hams et al. 2004). Error bars for the
x-axis indicate bin width and error bars for the y-axis include systematic error.
Models are corrected for solar modulation with the modulation potential shown
in Figure 36. 10Be/9Be ratio uses modulation for ACE. For a direct comparison,
we also show the interstellar spectrum of the components as thin curves.
(A color version of this figure is available in the online journal.)

We have also explored how the uncertainties affect the CR
propagation (Figure 32), aiming for a self-consistent model
by incorporating the XCO values found from the γ -ray fit
into the propagation parameter determination and transport
calculations. Self-consistency, as used in this paper, is intended
to ensure that the CR secondary-to-primary ratios and other
direct measurements are consistent with the assumed TS and
fitted XCO, which affect the gas density and hence CR secondary
production. For an assumed set of input parameters, this is
obtained by adjusting the spatial and momentum-space diffusion
coefficients via D0 and the Alfvén speed vA, respectively. For
the CR protons and He the propagated CR intensities and spectra
are determined mostly by the assumed CR source distribution
and boundary conditions because their energy loss timescales
for the energies of interest in this paper are long compared to

Figure 32. Resulting propagation parameters from the fit to CR nuclei data. Top
shows D0 and bottom shows vA.
(A color version of this figure is available in the online journal.)

the propagation timescale. The CR electrons and positrons are
more strongly affected by changes in the diffusion coefficient
and halo size because their energy losses are much faster. The
modeled CR intensities and spectra are also constrained by
their normalization to the locally measured data, so the self-
consistency requirement does not significantly change the γ -ray
models and results for these models in this paper. Nevertheless,
it is an important criterion to ensure that the origin of systematic
effects from the assumed input parameters can be properly
attributed. It is important to also emphasize that uncertainties
in the input parameters can also affect the determination of
the propagation parameters. Simply assuming that one set of
propagation parameters applies equally to all variations of, e.g.,
assumed CR source distributions, is incorrect. Note that even
though we have assumed a diffusive-reacceleration model for
the CR propagation, this applies to the other variants such as
pure diffusion models, models with convection, and so forth.

6. SUMMARY

This paper presents a systematic study of several basic
parameters for global models of the DGE using Fermi-LAT data.

27
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FIG. 2. Best-fit single power law or SPL (top), and best-fit broken power law or BPL (bottom) spectrum for the local CR
proton spectrum (solid red lines) as derived from the Earth’s limb γ-ray data using the K&O model [29] for pp-interactions. The
total (combined statistical and systematic, neglecting errors in absolute normalization) uncertainties are the dashed red lines.
Other direct measurements ([10],[12],[13],[14],[15]) are shown for comparison. The gray band is PAMELA’s total uncertainty.
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Local CRs from Earth limb emission 

• γ rays 15 GeV - 1 TeV → protons ~90 GeV - 6 TeV

• simple power law or broken power law à la PAMELA fit the γ-
ray data equally well

• simple power law 3σ harder than Pamela below break
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60% of these γ rays are produced by CR interactions in the Milky Way!



of 36L. Tibaldo A tale of cosmic rays narrated in γ rays by Fermi

The Rosetta stone of interstellar γ rays

26

γ
CR

Spectrum of Cosmic Rays from Diffuse Gamma Rays
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

102 103 104 105 106 107

momentum, MeV

1

10

100

1000

10000

p2  n
(p

), 
M

eV
 c

m
-2
 s

r-1
 s

-1

102 103 104 105 106 107

momentum, MeV

1

10

100

1000

10000

p2  n
(p

), 
M

eV
 c

m
-2
 s

r-1
 s

-1

101 102 103 104 105 106

momentum, MeV

0.01

0.10

1.00

10.00

p2  n
(p

), 
M

eV
 c

m
-2
 s

r-1
 s

-1

101 102 103 104 105 106

momentum, MeV

0.01

0.10

1.00

10.00

p2  n
(p

), 
M

eV
 c

m
-2
 s

r-1
 s

-1

101 102 103 104 105

energy, MeV

10-26

10-25

10-24

10-23

E2  X
  e

m
is

si
vi

ty
, M

eV
2  s

r-1
 s

-1
 M

eV
-1

101 102 103 104 105

energy, MeV

10-26

10-25

10-24

10-23

E2  X
  e

m
is

si
vi

ty
, M

eV
2  s

r-1
 s

-1
 M

eV
-1

PRELIMINARY

Figure 2: Spectra derived from model fitting. Yellow band shows model range. Model ranges are 1 standard deviation on
the parameterized synthetic spectra. Top: Measured and derived cosmic-ray proton spectra. Data are AMS01 (asterisks)
and PAMELA (diamonds). Middle: Measured and derived cosmic-ray electron spectra. Data are AMS01 (asterisks),
PAMELA (diamonds), and Fermi-LAT (squares). Bottom: Fermi-LAT emissivity data (vertical bars) and model, with
red and green curves showing the hadronic and leptonic bremsstrahlung contributions; the yellow band shows the total.
Emissivities from Casandjian [4], and cross sections from [6] (left column), [11, 10] (right column).

• γ-ray emission rate per H atom 
in the local interstellar medium 

• propagation

• solar modulation

protons

Dermer+ 2013, ICRC, arXiv:1307.0497
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Figure 18. Latitude profile showing the outer Galaxy in the energy range 200 MeV–1.6 GeV. Shown are profiles for models SSZ4R20T150C5 (top left), SLZ6R20T∞C5
(top right), SYZ10R30T150C2 (bottom left), and SOZ8R30T∞C2 (bottom right). The DGE model is split into the three different gas components: H i (red, long-dashed),
H2 (cyan, dash-dotted), and H ii (pink, long-dash-dash-dotted), and also IC (green, dashed). Also shown are the isotropic component (brown, long-dash-dotted), the
detected sources (orange, dotted), total DGE (blue, long-dash-dashed), and total model (magenta, solid). Fermi-LAT data are shown as points with statistical error
bars and the systematic uncertainty in the effective area is shown as a gray band. Due to the evenness of the sky exposure of the Fermi-LAT, the systematic error is
not expected to be position dependent, only global normalization for the profile. The inset sky map in the top right corner shows the Fermi-LAT counts in the region
plotted. The bottom panel shows fractional residuals (data − model)/data.
(A color version of this figure is available in the online journal.)

additional freedom allowed in the diffuse Galactic emission
model in the analysis of Abdo et al. (2010g) where the inten-
sity spectrum of the local H i annulus and the IC component
was allowed to vary freely. The motivations for this additional
freedom were the uncertainties associated with the observed
CR intensities that are around few percent at energies above
100 GeV reaching more than 10% below 10 GeV caused by the
uncertainty in solar modulation, and the size of the CR halo.
The combination of these can produce variations both in the
H i-related and IC emission. Because our models predict the
Fermi-LAT data within the systematic error we do not try to ac-
count for this uncertainty in this analysis. The isotropic spectrum
from Abdo et al. (2010g) is therefore a better measurement. This
does not affect the comparison between the models considered
in this paper because they are all treated identically.

4.6. CR Propagation Parameters

Because the main purpose of the fit to CR data is to obtain
a propagation model consistent with CR observations, we defer
most of the discussion of the results to Appendix D and only
summarize the few key points here. We emphasize that all the
models give a good representation of the CR data as can be seen
in Figures 30 and 31. This has been shown earlier for similar
diffusive-reacceleration models (Strong & Moskalenko 1998).
But models with zh = 10 kpc are at the limit of consistency with
the observed 10Be/9Be ratio and therefore considering larger
values for zh is not warranted.

The propagation parameters from the fits shown in
Figures 32 and 33 are generally in agreement with values found
from similar analyses (Strong et al. 2004a; Trotta et al. 2011).

20

The modeling of large-scale propagation

• large-scale structures reproduced at 
~15%

• degeneracies between sources and 
propagation

• unmodeled features

27
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The Fermi bubbles

• past activity in/around the 
Galactic center? 

• hard spectrum, softening 
> 100 GeV

• substructures? jet? 

• nuclei or leptons? 
relationship with WMAP/
Planck haze?
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The gradient problem

29

CR densities larger than expected in 
outer Galaxy

• large propagation halo

• more sources

• missing gas

• varying diffusion coefficient
(e.g. Evoli+ 2012)

Abdo+ 2010 ApJ 710133
Ackermann+ 2011 ApJ 726 81
Ackermann+2012 A&A 538 A71
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Probing cosmic rays in external galaxies

• EGRET: CRs < 1015 eV are 
Galactic in origin

• Fermi images CR propagation 
in nearby galaxies
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A. A. Abdo et al.: Observations of the Large Magellanic Cloud with Fermi

Fig. 10. Integrated >100 MeV emissivity maps of the LMC in units of 10−27 ph s−1 sr−1 H-atom−1 for H1 (left panel) and H2 (right panel). An
adaptive smoothing with a signal-to-noise ratio of 5 has been applied to reduce statistical fluctuations. Note that the colour scales are not the same
for the two images. As contours we show N(H) column densities convolved with the LAT point spread function that are linearly spaced from
10%–90% of the maximum in steps of 10%. Symbols indicate the locations of pulsars (pluses) from ATNF catalogue version 1.36 (Manchester
et al. 2005), supernova remnants (diamonds) from Rosa Williams web page http://www.astro.illinois.edu/projects/atlas/index.
html, Wolf-Rayet stars (stars) from the fourth catalogue of Breysacher et al. (1999), and supergiant shells (circles) from Staveley-Smith et al.
(2003).

striking variation is found along the gas ridge that runs over ∼3◦
along αJ2000 ∼ 05h40m which coincides with the most prominent
region of 12CO emission tracing giant molecular clouds in the
LMC (Fukui et al. 1999). Roughly 20% of the total gas mass
in the LMC is confined into this ridge (Luks & Rohlfs 1992),
and if the cosmic-ray density were uniform over the LMC (or
at least over the ridge area) the entire ridge should be a source
of high-energy gamma rays. This, however, is obviously not the
case. Cosmic rays apparently do not penetrate into the southern
part of the ridge, which is an additional argument in favour of a
short GeV cosmic-ray proton diffusion length in the LMC.

Figure 10 suggests further that the cosmic-ray density corre-
lates with massive star forming tracers, and in particular Wolf-
Rayet stars and supergiant shells. This correlation is particularly
striking if we assume that the emission from 30 Dor is originat-
ing in the same physical process as the rest of the LMC emis-
sion (H1). If we exclude 30 Dor from the comparison (H2) the
correlation becomes less striking, yet still, most of the cosmic
rays are found in regions that are rich in Wolf-Rayet stars and
that are located near supergiant shells. This finding is corrob-
orated by the good fit of the H II gas map (which is probably
the most direct tracer of massive star forming regions within a
galaxy), even if the 30 Dor emission is discarded from the anal-
ysis (cf. Sect. 2.3.3).

Thus, the gamma-ray emissivity maps of the LMC support
the idea that cosmic rays are accelerated in massive star forming
regions as a result of the large amounts of kinetic energy that are
input by the stellar winds and supernova explosions of massive
stars into the interstellar medium. Our data reveal a relatively
tight confinement of the gamma-ray emission to star forming re-
gions, which suggests a relatively short diffusion length for GeV
protons.

4. Conclusions

Observations of the LMC by Fermi/LAT have for the first time
provided a detailed map of high-energy gamma-ray emission
from that galaxy. Our analysis revealed the massive star form-
ing region 30 Doradus as bright source of gamma-ray emis-
sion in the LMC in addition to fainter emission regions found
in the northern part of the galaxy. So far, we could not identify
any point source contributions to the emission from the 30 Dor
region, and in particular we did not significantly detect pul-
sations from the energetic Crab-like pulsars PSR J0540−6919
and PSR J0537−6910, although the lightcurve of the former
indicates variability at the 2.4σ level. Cosmic-ray interactions
with the interstellar medium and radiation field seem thus the
most plausible origin for the observed gamma-ray emission from
30 Dor.

The gamma-ray emission from the LMC shows very little
correlation with gas density. A much better correlation is seen
between gamma-ray emission and massive star forming regions,
as traced by the ionizing gas, Wolf-Rayet stars and supergiant
shells, and we take this as evidence for cosmic-ray acceleration
in these regions. The close confinement of gamma-ray emission
to star forming regions implies a relatively small GeV cosmic-
ray protons diffusion length.

Continuing observations of the LMC with Fermi/LAT in the
upcoming years will provide the photon statistics to learn more
about the origin of the gamma-ray emission from that galaxy.
Better statistics will help in identifying more individual emission
components and may help to separate true point sources from the
more diffuse emission that we expect from cosmic-ray interac-
tions. In particular, 1–2 years of additional exposure should al-
low the question of the contribution of PSR J0540−6919 to the

Page 13 of 15

Large Magellanic Cloud:
γ-ray emissivity map

(Abdo+ 2010 A&A 512 A7
Murphy+ 2012 ApJ 750 126)



L. Tibaldo A tale of cosmic rays narrated in γ rays by Fermi of 36

The star formation rate-γ correlation

• quasi-linear scaling γ 
luminosity with radio/IR

• large fraction of energy in 
CRs escapes

• starbust galaxies: E-
independent CR cooling? 
interactions overcoming 
diffusion?
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Figure 3. Top panel: gamma-ray luminosity (0.1–100 GeV) vs. RC luminosity
at 1.4 GHz. Galaxies significantly detected by the LAT are indicated with filled
symbols whereas galaxies with gamma-ray flux upper limits (95% confidence
level) are marked with open symbols. Galaxies hosting Swift-BAT AGNs are
shown with square markers. RC luminosity uncertainties for the non-detected
galaxies are omitted for clarity, but are typically less than 5% at a fixed distance.
The upper abscissa indicates SFR estimated from the RC luminosity according to
Equation (2) (Yun et al. 2001). The best-fit power-law relation obtained using the
EM algorithm is shown by the red solid line along with the fit uncertainty (darker
shaded region), and intrinsic dispersion around the fitted relation (lighter shaded
region). The dashed red line represents the expected gamma-ray luminosity
in the calorimetric limit assuming an average CR luminosity per supernova
of ESN η = 1050 erg (see Section 5.1). Bottom panel: ratio of gamma-ray
luminosity (0.1–100 GeV) to RC luminosity at 1.4 GHz.
(A color version of this figure is available in the online journal.)

Although these three SFR estimators are intrinsically linked,
each explores a different stage of stellar evolution and is
subject to different astrophysical and observational systematic
uncertainties.

Figures 3 and 4 compare the gamma-ray luminosities of
galaxies in our sample to their differential luminosities at
1.4 GHz, and total IR luminosities (8–1000 µm), respectively.
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Figure 4. Same as Figure 3, but showing gamma-ray luminosity (0.1–100 GeV)
vs. total IR luminosity (8–1000 µm). IR luminosity uncertainties for the non-
detected galaxies are omitted for clarity, but are typically ∼0.06 dex. The
upper abscissa indicates SFR estimated from the IR luminosity according to
Equation (1) (Kennicutt 1998b).
(A color version of this figure is available in the online journal.)

A second abscissa axis has been drawn on each figure to
indicate the estimated SFR corresponding to either RC or total
IR luminosity using Equations (2) and (1). The upper panels
of Figures 3 and 4 directly compare luminosities between
wavebands, whereas the lower panels compare luminosity ratios.
Taken at face value, the two figures show a clear positive
correlation between gamma-ray luminosity and SFR, as has
been reported previously in LAT data (see in this context Abdo
et al. 2010b). However, sample selection effects, and galaxies
not yet detected in gamma rays must be taken into account to
properly determine the significance of the apparent correlations.

We test the significances of multiwavelength correlations
using the modified Kendall τ rank correlation test proposed by
Akritas & Siebert (1996). This method is an example of “survival

9
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Figure 1: Cross section data for inclusive π0 and resonance production in p-p collisions. (left) Inclusive cross-section data
(red points) are from [18, 7], and cross-section data for single π0 production, and Δ(1238), and N∗ resonances, as labeled,
are taken from [12] and references therein. Component and total inclusive cross sections are shown by dashed and dotted
curves for models of [6] and [11], respectively. (right) Inclusive cross-section data for pion production extending to high
energies, including LHC data and fit from [16], and fit of [6].

3 Determining the interstellar cosmic-ray
spectrum

Using the newly-measured emissivity spectrum [4], we can
proceed to explore interstellar CR spectra that are com-
patible with it. The analysis is performed by first comput-
ing the matrices connecting model CR spectra to the ob-
served gamma-ray emissivities, in energy bands, and then
scanning the parameter space of the models. The method
is Bayesian, allowing a complete scan of the parameters,
computing posterior probability distributions, mean values
and error bars, while correctly accounting for the correla-
tions among the parameters.
To illustrate the method, the measured emissivities have

been fitted with γ-ray spectra calculated for a broken power
law in momentum for protons and Helium, with the free
parameters being break momentum, spectral index below
and above the break, and the overall normalization. The
range of break momentum scanned is 1–20 GeV, since this
is found necessary to fit the emissivity spectrum. The CR
He/p ratio is fixed to the value measured by PAMELA at
100 GeV/nuc [3], and the He and p spectra are assumed to
have the same shape (since they cannot be distinguished in
gamma rays). Note that CR spectra are expressed as par-
ticle density per momentum.1 The use of a sharp break
in the CR spectrum is over-simplified but serves to illus-
trate the method; more physically plausible spectra (e.g.,
smooth breaks) are also being investigated, but they do not
lead to essentially different conclusions.
The first set of hadronic cross sections used is from [6].

The p-p cross sections are scaled for p-He, He-p andHe-He
interactions using the function given in [15]. The second
set is from [11] below 20 GeV, [10] (QGSJET) above 20
GeV. For [11] the p-p cross sections are scaled for p-He,
He-p and He-He interactions using [15]. For [10] the p-p,
p-He, He-p cross-section are provided, so only He-He is

scaled from p-p. The He fraction in the interstellar medium
is taken as 0.1 by number.
The electron (plus positron) spectrum producing

bremsstrahlung is based on Fermi-LAT measurements
above 10 GeV [2], with a break below 3 GeV as indicated
by synchrotron data [21]. The synchrotron data shown
there require a flattening of the interstellar electron spec-
trum by about 1 unit in the spectral index below a few GeV,
so this is used as a constraint; the actual low-energy index
is determined by the fit to the emissivities.
The resulting cosmic-ray proton and electron spectra

and the corresponding emissivities are shown in Fig 2. The
fit to the measured emissivities is good, as can be expected
with the freedom allowed. The proton spectrum, having
been determined from gamma rays (and gas tracers) alone
with no input from direct CR measurements except for the
He/p ratio, is close to that measured directly at high ener-
gies. The solar modulation is clearly seen in the deviation
of the interstellar spectrum from the direct measurements
below 10 GeV. Bremsstrahlung gives an essential contribu-
tion below≈ 1 GeV, and is an important component in the
analysis.
In this particular example, the interstellar proton spec-

trum steepens by about 1/2 unit in the momentum index
above a few GeV, compatible with expectations from the
cosmic-ray B/C ratio, which shows a similar break due
to propagation. A power-law injection in momentum mod-
ified by propagation would then be a plausible scenario.
The spectrum shown for [6] cross sections has momentum
index 2.5 (2.8) below (above) 6.5 GeV, with a scaling fac-
tor 1.4 relative to PAMELA at 100 GeV; for the [11], [10]
cross sections, the values are 2.4 (2.9) and 1.3, with the
same break energy. The formal significance of the break is

1. Following the physical motivation explained in [8], we
plot the density as a function of momentum n(p), because
the flux j(Tp) = (βc/4π)n(Tp) = (βc/4π)|dp/dTp|n(p) =
(c/4π)n(p).
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