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EM radiation: The Milky Way at multiple wavelengths

Adopted from G. Maier

5

328 9 The TeV Sky and Multiwavelength Astrophysics

Fig. 9.10 Multiwavelength observations of the Crab nebula. The synchrotron emission is given
by the superposition of the contributions of electrons with different energies. Mono-energetic
electrons contribute with photons with peaked spectra, according to Eq. (8.7). For instance, 1 TeV
electrons give photons in the visible wavelength. The synchrotron spectrum provides the target
photons for the inverse Compton (IC) process (Funk 2011)

Although GeV–TeV γ -rays constitute only a small fraction of the luminosity
of the nebula, they provide crucial information on the environmental conditions.
The comparison of the X-ray and TeV γ -ray fluxes allows for, respectively,
determination of the energy density of the magnetic field and that of the radiation
energy density in (8.32). As the former exceeds the latter by more than two orders
of magnitude, this has led to the estimate that the average nebular magnetic field
is about 100µG, as expected from magneto-hydrodynamical models (Rieger et
al. 2013). Thus, as evident from the two regions labeled synchrotron and inverse
Compton in Fig. 9.10, the Crab nebula is very inefficient at producing γ -rays
through inverse Compton scattering. Only its extremely high spin-down power
allows the production of the observed flux (9.3).

Particularly interesting is the transition region between the falling edge of the
synchrotron component and the rising edge of the inverse Compton component.
Figure 9.11 shows the results from high-energy experiments in detail. The data
collected by COMPTEL and EGRET carry information about the fading syn-
chrotron part of the spectrum. The Fermi-LAT data reveal a sharp transition from
the synchrotron to the IC component at around 1GeV (Abdo et al. 2010b). The
measurements with ground-based observatories have almost approached 100TeV.
This is compatible with the fact that the IC component extends up to the maximum
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2 Air showers, secondary atmospheric Cherenkov emission, imaging
atmospheric Cherenkov telescopes

High-energy cosmic gamma rays produce e± pairs in the atmosphere over
9
7 X0 (with the radiation length X0 ≈ 36.5 g/cm2 in air). This is followed by
Bremsstrahlung over the next radiation length which implies new γ -rays that
generate new pairs, etc., until the energy of the final generation of electrons
becomes so small that their fate is dominated by ionization losses which
rapidly cool and thermalize them. The result of these processes is called an
electromagnetic Air Shower that exists for about 10−4 s while traversing the
atmosphere. The multiplication of the number of particles and their eventual
removal by thermalization leads to a maximum number of shower particles at
about 250 to 450 g/cm2 for primary γ -rays of 20 GeV to 20 TeV, corresponding
to an atmospheric height of about 7 to 12 km above the ground.

The most realistic and complete description of the physical processes and
the corresponding results in the detector(s) is given by Monte Carlo (MC)
simulations. Except when explicitly noted we use the simulations performed by
one of us [2] which use the CORSIKA code [3]. It incorporates all the physics
of the atmospheric interactions and emission processes and gives the possibility
to statistically track their evolution in the atmosphere, down into the detector.

Not only γ -rays penetrate into the atmosphere, but also charged energetic
nuclei (Cosmic Rays). They must be distinguished from the γ -rays. Energetic
protons and nuclei undergo hadronic interactions and produce dominantly
neutral (π0) or charged (π±) pions. Whereas the former decay into two
gammas, the latter ultimately produce electrons, positrons and two neutrinos
via the π → µ → e decay. This leads to background air showers which are of a
mixed hadronic and electromagnetic nature. As a result of the large transverse
momentum transfer in hadronic interactions the hadronic shower component
is broad and irregular compared to the electromagnetic component (see Fig. 2).

Fig. 2 The different
character of gamma showers
and hadronic showers. The
gamma shower is slender and
to lowest approximation
axially symmetric about the
direction of the primary.
The hadronic shower is
irregular and may contain
electromagnetic subshowers
as a result of the large
transverse momenta
generated in hadronic
interactions (from
K. Bernlöhr)

Gamma shower Hadronic shower

Indirekte Messung: Cherenkov-Teleskope (i)
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In general the flux of Cosmic Ray (CR) particles is much larger—by a factor
of about 103—than that of γ -rays. This implies a large background for γ -
ray astronomy from the ground. It must be separated from the γ -ray signal,
because no anti-coincidence shield can be applied as in space detectors.

At primary γ -ray energies of about 100 GeV very few energetic photons or
electrons reach the ground. But the shower electrons from the original γ -ray
are still observable with optical telescopes through their Cherenkov radiation
in the optical range, because this atmospheric Cherenkov emission reaches the
ground without major absorption. Figure 4 below gives an impression of the
overall configuration. The disadvantages of this very promising measurement
technique are the weakness of the Cherenkov light and, to some extent, its
optical character. They require large light collection devices and limit the
observation time to clear and moonless nights. The observation efficiency
is typically about 10%, depending critically on the astronomical quality of
the site.

2.1 Cherenkov light pool

The atmospheric Cherenkov light emission from a single particle is char-
acterized by a forward cone with an opening angle Θ ≈ 1◦ that increases
downwards. For a particle moving vertically downwards, the largest ring on
the ground near sea level is from a height of 12 to 15 km (see Fig. 3).

The ensemble of shower electrons from an energetic primary γ -ray pro-
duces a rather uniformly illuminated “light pool” on the ground, centered on
the shower core, with a radius of about 125 m, if the multiple scattering of the

α

particle

Cherenkov
light

charged

250 m

"light pool"

Fig. 3 Left: Atmospheric Cherenkov emission from a downward-moving single particle.
Right: The “light pool” at an observation level at 1800 m above sea level from a γ -ray shower
with a primary energy of 1 TeV (from K. Bernlöhr)
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ground assuming no interactions. Right: Lateral distribution per unit area of the optical Cherenkov
emission from a shower with primary energy of 100 GeV, for various atmospheric profiles (from
K. Bernlöhr)

After successful initial experiments concerning CR air showers—what we
call today the CR background—in the 50ies in the UK [4] and in the USSR
[5], the first dedicated γ -ray observations were attempted in the Crimea by the
Lebedev group from Moscow, following the suggestion by [6]. At the time the
results were basically negative [7]. Nevertheless they resulted in an upper limit
to the VHE γ -ray flux from the Crab Nebula.1,2

In the USA the growing interest in VHE γ -ray astronomy led to the
construction (in 1968) of a 10 m optical reflector with tessellated mirrors at
the Whipple Observatory in southern Arizona (see Fig. 6).3 The imaging of
the shower’s Cherenkov light is schematically shown in Fig. 6.

Despite intriguing indications the results remained controversial for about
20 years. With a multi-pixel photomultiplier camera in the focus since the mid-
80ies and the introduction of image analysis finally the Crab Nebula could be

1A very interesting account of the early efforts in the USSR is given by A.S. Lidvansky in the
talk “Air Cherenkov Methods in Cosmic Rays: A Review and Some History” presented at the
centenary conference “P.A. Cherenkov and Modern Physics” (Moscow, 2004) [8].
2A condensed history of the field until 1994, very worthwhile reading, is to be found in [9].
3Of the scientists originally involved (G.G. Fazio, J.E. Grindlay, G.H. Rieke, T.C. Weekes,
and others) several have later also become leaders in fields like Infrared Astronomy and X-ray
Astronomy.
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shower electrons is included (see Fig. 3). To first approximation it corresponds
to the effective area of a telescope that images the shower.

A schematic picture of a shower from a cosmic γ -ray source, illuminating
an array of telescopes on the ground, is given in Fig. 4. Since the atmospheric
index of refraction is very close to 1, the Cherenkov light almost keeps pace
with the radiating charged particles. Near the edge of the “light pool” most
light from a γ -ray shower arrives within 2 ns (see Fig. 5). Thus a very short
temporal window is possible, in order to suppress the dominant night sky
background. This suggests the use of fast photomultiplier cameras for the
telescopes.

2.2 Atmospheric Cherenkov telescopes

The lateral distribution of the Cherenkov photon density depends somewhat
on the atmospheric profiles in its amplitude. However, the dependence on
the distance from the shower core—the extrapolation of the direction of
the primary γ -ray–is essentially independent of the atmospheric conditions.
An example is shown in Fig. 5. At a γ -ray energy of 100 GeV about 1000
Cherenkov photons are produced in a 100 m2 telescope. With a conversion
efficiency of 10% this results in ∼ 100 photoelectrons in the image. Given that
the total number of Cherenkov photons is about proportional to the primary
γ -ray energy, this determines the threshold energy of the telescope.

Fig. 4 Schematic of the
Cherenkov light pool,
originating from a primary
γ -ray from within a
cosmic-ray source (e.g. a
supernova remnant) that
illuminates an array of
telescopes (from K. Bernlöhr)
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Fig. 9 Projection of several images from within the light pool of an event into one camera plane
in a stereo system with four telescopes (from K. Bernlöhr)

particle number. The most advanced data analysis methods use 3-dimensional
modeling of the shower, no longer confining themselves to the use of the
2-dimensional image parameters alone.

The second major step forwards in the stereoscopic observation mode is
the suppression of the above-mentioned local muons with a stereo trigger:
they leave an image only in the telescope concerned, but not in the other
telescopes (unless the telescope light-gathering power is so enormous that even
a single charged particle can trigger an event from an inter-telescope distance,
a case which we will not discuss here). Therefore such events can be almost
completely eliminated (see Fig. 10). This is most important near the energy
threshold, where the shower images get weak and poorly defined. In other

Length/Size (rad./p.e.)
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

−3x10

R
at

e 
(H

z)

0

5

10

15

20

25
Multiplicity 1

Multiplicity 2

Fig. 10 Local muons hitting telescopes in the center and close to the periphery (left, courtesy
G. Hermann and W. Hofmann). In peripheral encounters the resulting image is difficult if not
impossible to distinguish from a low-energy γ -ray shower (right, based on H.E.S.S. data [15]). No
such effect occurs in the other telescopes of a multiple system. The exclusion of muon events in
stereoscopic systems reduces the muon background drastically
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Fig. 7 Difference between the images of gamma-induced and hadron-induced showers in the
camera (from K. Bernlöhr)

2.3 Stereoscopic method

The use of several telescopes observing the same shower in coincidence allows
a unique determination of the shower direction by projecting the images in all
triggered telescope cameras into one camera (see Fig. 9). Then the intersection
point of the image major axes yields the shower direction. Compared to a
single telescope the angular resolution, the energy resolution, the background
rejection and the sensitivity are improved. In addition this method allows the
3-dimensional reconstruction of the shower, including the height of maximum

Fig. 8 The start of
stereoscopy: HEGRA on La
Palma (1995–2002) [14]. The
five 3.5 m telescopes were
situated in the center and at
the 4 corners of a square of
100 m sidelength. The FoV
was ≈ 5◦ ca.

100 m

ca 100 m

Photon-Hadron-
Separation

Hillas-Parameter
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shower electrons is included (see Fig. 3). To first approximation it corresponds
to the effective area of a telescope that images the shower.

A schematic picture of a shower from a cosmic γ -ray source, illuminating
an array of telescopes on the ground, is given in Fig. 4. Since the atmospheric
index of refraction is very close to 1, the Cherenkov light almost keeps pace
with the radiating charged particles. Near the edge of the “light pool” most
light from a γ -ray shower arrives within 2 ns (see Fig. 5). Thus a very short
temporal window is possible, in order to suppress the dominant night sky
background. This suggests the use of fast photomultiplier cameras for the
telescopes.

2.2 Atmospheric Cherenkov telescopes

The lateral distribution of the Cherenkov photon density depends somewhat
on the atmospheric profiles in its amplitude. However, the dependence on
the distance from the shower core—the extrapolation of the direction of
the primary γ -ray–is essentially independent of the atmospheric conditions.
An example is shown in Fig. 5. At a γ -ray energy of 100 GeV about 1000
Cherenkov photons are produced in a 100 m2 telescope. With a conversion
efficiency of 10% this results in ∼ 100 photoelectrons in the image. Given that
the total number of Cherenkov photons is about proportional to the primary
γ -ray energy, this determines the threshold energy of the telescope.

Fig. 4 Schematic of the
Cherenkov light pool,
originating from a primary
γ -ray from within a
cosmic-ray source (e.g. a
supernova remnant) that
illuminates an array of
telescopes (from K. Bernlöhr)

Exp Astron (2009) 25:173–191 181

Fig. 9 Projection of several images from within the light pool of an event into one camera plane
in a stereo system with four telescopes (from K. Bernlöhr)

particle number. The most advanced data analysis methods use 3-dimensional
modeling of the shower, no longer confining themselves to the use of the
2-dimensional image parameters alone.

The second major step forwards in the stereoscopic observation mode is
the suppression of the above-mentioned local muons with a stereo trigger:
they leave an image only in the telescope concerned, but not in the other
telescopes (unless the telescope light-gathering power is so enormous that even
a single charged particle can trigger an event from an inter-telescope distance,
a case which we will not discuss here). Therefore such events can be almost
completely eliminated (see Fig. 10). This is most important near the energy
threshold, where the shower images get weak and poorly defined. In other
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Fig. 10 Local muons hitting telescopes in the center and close to the periphery (left, courtesy
G. Hermann and W. Hofmann). In peripheral encounters the resulting image is difficult if not
impossible to distinguish from a low-energy γ -ray shower (right, based on H.E.S.S. data [15]). No
such effect occurs in the other telescopes of a multiple system. The exclusion of muon events in
stereoscopic systems reduces the muon background drastically
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CTA Northern and Southern Hemisphere Site Rendering; credit: Gabriel Pérez Diaz
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Endstadien der Sternentwicklung

19



SN II: Hydrodynamische SN oder Kernkollaps-SN

• n
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SN II: Kollaps vom Kern des Sterns

Figure 1.1: The sequence of events leading to core collapse, and the associated supernova
explosion
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1.3 Spectral Classification 7

5

Thermonuclear Supernovae

Care Collapse Supernovae

Hydrogen
Helium
Sulfer
Silicon
Iron

Type 1a
No Hydrogen
Strong Silicon

Type 1C
No Hydrogen
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Type 1b
Weak Hydrogen
Strong Helium

Type II
Storng Hydrogen
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Fig. 1.2 Comparison of early-time spectra. Figure courtesy of D. Kasen

often is. Months after maximum, when the ejecta begin to become optically thin,
SN Ia show forbidden lines of iron ions, while SN Ib and SN Ic show characteristic
features of semi-forbidden Mg I] and forbidden [O I] and [Ca II] (Fig. 1.3).1 SN Ib
and SN Ic are sometimes referred to collectively as SN Ib/c, although in Chaps. 16
and 17 we will discuss the case for considering them as separate physical categories.

1Most of the spectra displayed in this book are in F! units, erg s!1 cm!2 Å!1, as in Fig. 1.2, but
some are in F" units, erg s!1 cm!2 hz!1, as in Fig. 1.3. Because F" / "2F!, a spectrum in F" units
appears redder than it would in F! units. If a spectrum is not specified in a figure or its caption to
be in F" units, it is in F! units.
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Phase des freien Strömens (free streaming)
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P1: JZP Trim: 246mm × 189mm Top: 10.193 mm Gutter: 18.98 mm

CUUK1326-16 CUUK1326-Longair 978 0 521 75618 1 August 13, 2010 1:5

555 16.7 The evolution of supernova remnants
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Fig. 16.8 The evolution of the internal properties of a young supernova remnant from the time when the mass ratio is very
much less than 1 to the Sedov phase when the swept-up mass dominates the dynamics. Features of importance are
the formation of the dense shell of material just inside the contact discontinuity and the role of the reverse inner shock
in heating up the material inside the expanding sphere (Gull, 1975).

dynamical variables are the radius and time. The dimensions of E/!0 are L5T−2 and
consequently, we can find a dimensionless quantity (E/!0)t2/r5 which describes the
dynamics of the expansion. Therefore, r ∝ (E/!0)1/5t2/5. Taylor’s study of explosions,
including his analysis of Mack’s movie of the first Trinity atomic bomb test in the New
Mexico desert, showed that this relation is closely obeyed.

When the deceleration of the expanding sphere becomes significant, there are im-
portant changes in the temperature, density and pressure distribution inside the sphere.
The most important is that the outer shells of the expanding sphere are decelerated first
and so the material inside the sphere catches up with the material in the outer layers.



Beispiel: Supernova-Überrest SN 1573
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Beispiel: Supernova-Überrest SN 1573

Figure 1.4: Two pictures of the remnant of Tycho’s supernova (AD 1572), a picture
in X-Rays (left) , made with the CHANDRA satellite, and a radio picture made with
the Very Large Array radio synthesis telescope (right). The X-ray picture shows the
hot (T ∼ 108 K) gas in the remnants interior in yellow. This is mostly line emission
from exited nuclei. The blue radiation at the outer rim of the remnant is synchrotron
continuum emission, caused by relativistic electrons moving in a weak magnetic field.
The radio emission is also synchrotron radiation. It is believed that these relativistic
electrons are accelerated at the outer shock.
This is a ‘classical’ remnant with a nearly perfect spherical shape. It is believed to be
entering the Sedov-Taylor phase. Note the sharp outer edge of the remnant, which is
believed to coincide with the position of the outer blast wave.

11

(Tychos Supernova, AD 1572)

Beispiel: Supernova-Überrest SN 1573

Figure 1.4: Two pictures of the remnant of Tycho’s supernova (AD 1572), a picture
in X-Rays (left) , made with the CHANDRA satellite, and a radio picture made with
the Very Large Array radio synthesis telescope (right). The X-ray picture shows the
hot (T ∼ 108 K) gas in the remnants interior in yellow. This is mostly line emission
from exited nuclei. The blue radiation at the outer rim of the remnant is synchrotron
continuum emission, caused by relativistic electrons moving in a weak magnetic field.
The radio emission is also synchrotron radiation. It is believed that these relativistic
electrons are accelerated at the outer shock.
This is a ‘classical’ remnant with a nearly perfect spherical shape. It is believed to be
entering the Sedov-Taylor phase. Note the sharp outer edge of the remnant, which is
believed to coincide with the position of the outer blast wave.
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Fig. 16.8 The evolution of the internal properties of a young supernova remnant from the time when the mass ratio is very
much less than 1 to the Sedov phase when the swept-up mass dominates the dynamics. Features of importance are
the formation of the dense shell of material just inside the contact discontinuity and the role of the reverse inner shock
in heating up the material inside the expanding sphere (Gull, 1975).

dynamical variables are the radius and time. The dimensions of E/!0 are L5T−2 and
consequently, we can find a dimensionless quantity (E/!0)t2/r5 which describes the
dynamics of the expansion. Therefore, r ∝ (E/!0)1/5t2/5. Taylor’s study of explosions,
including his analysis of Mack’s movie of the first Trinity atomic bomb test in the New
Mexico desert, showed that this relation is closely obeyed.

When the deceleration of the expanding sphere becomes significant, there are im-
portant changes in the temperature, density and pressure distribution inside the sphere.
The most important is that the outer shells of the expanding sphere are decelerated first
and so the material inside the sphere catches up with the material in the outer layers.
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Entwicklung von SN-Überresten

29

Entwicklung von
SN-Überresten

Figure 1.3: The evolutionary stages in the life of a supernova remnant From: Cioffi, 1990,
in: Physical Processes in Hot Cosmic Plasmas, W. Brinkmann, A.C. Fabian & F. Giovannelli
(Eds.), NATO ASI Vol. 305, p. 1, Kluwer Academic Publishers.
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Supernova-Überrest RX J1713.7-3946
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Supernova-Überrest RX J1713.7-3946 

ANRV385-AA47-13 ARI 22 July 2009 4:12
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Figure 7
The SED of RX J1713.7−3946 at γ -ray energies. Three curves are shown in comparison to the dark gray
HESS data (Aharonian et al. 2007e) and EGRET upper limit: (a) the best-fit γ -ray spectrum arising from
interacting protons with an energy distribution following a power-law with exponential cutoff (see Kelner,
Aharonian & Bugayov 2006) (solid orange line), (b) hadronic emission as calculated by Berezhko & Völk
(2006) (dashed blue line), and (c) IC emission as calculated by Porter, Moskalenko & Strong (2006) (dotted
green line). Reproduced from Hinton (2009).

is presumably inefficient, since particles spiral along field lines and are immediately overrun by
the shock. In the polar regions, injection is more effective, resulting in significant CR current
and most likely in turbulent magnetic field amplification, rendering the acceleration process even
more efficient.

Explaining the VHE emission from RX J1713.7−3946—probably the best-studied case—as IC
emission of electrons requires magnetic fields of around 10 µG (Aharonian et al. 2006b). These
magnetic fields are at variance with the significantly higher fields of at least 50 µG determined
from the width of X-ray emitting filaments, translated into an electron cooling time (e.g., Berezhko
& Völk 2006), and from the temporal variations observed in X-ray structures (Uchiyama et al.
2007), which directly measure the cooling time. Questions remain, though, on whether these high
magnetic fields are characteristic of the entire SNR, and if the observed structures are due to
variations in electron density rather than magnetic fields; only if this is the case, is an IC origin
of the γ rays firmly ruled out. There are no significant variations of γ -ray spectral shape across
the TeV SNRs, and the observed spectra are well described by hadron acceleration models that
generate a power-law distribution with an index close to 2, with a gradual high-energy cutoff
(Figure 7). Leptonic models tend to generate spectra that are too hard at low energy, reflecting
the fact that the index of IC γ rays is 1.5, for an electron index of 2 (see Section 2.2). This problem
can be solved to a limited extent by adjusting the composition of target radiation fields and by
introducing multizone models with different cutoffs, where different IC peaks are superimposed
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Figure 6
Four SNRs imaged in
(dominantly)
nonthermal X-rays
(left) and resolved in
VHE γ rays with
HESS (right). (a) RX
J1713.7 − 3946 with
1–3 keV data from
ASCA (Uchiyama,
Takahashi &
Aharonian 2002),
(b) RX J0852.0 − 4622
with ROSAT (1.3–
2.4 keV) (Aschenbach
1998), (c) RCW 86
with 2–4 keV data
from XMM-Newton
(Vink et al. 2006), and
(d ) SN 1006 with
Chandra archive data
(0.5–10 keV). The
HESS data are taken
from Aharonian et al.
(2006b, 2007d, 2009b)
and Naumann-Godo
et al. (2008). The
white scale bars are
0.5◦ long.
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1.2 The case of RX J1713.7−3946

Fig. 1.3, where he noted:

“A guest star appeared within the asterism Wei during the second
lunar month of the eighteenth year of the Tai-Yuan reign period
(February 27–March 28, AD393), and disappeared during the ninth
lunar month (October 22–November 19, AD393).”

Other references are given in Wang et al. (1997). The asterism Wei is shown in Fig. 1.4,
on the right-hand side. The word “Wei” means that it looks like the tail of a dragon,
hence the stars indicated in the figure correspond to the stars that form the constellation
Scorpius, an image of which can be seen in Fig. 1.4 (left). The stars that form Scorpius
are highlighted, the approximate position of RX J1713.7−3946 is marked by a red cross.
From the positional coincidence, Wang et al. (1997) suggested the AD393 guest star to be
the supernova that created the remnant of RX J1713.7−3946.

Figure 1.3: Historical record of the AD393 guest star in Sung Shu (Shen 500), taken
from Wang et al. (1997).

The suggested relatively young age of the SNR is supported by the high surface brightness
of this object in non-thermal X-rays, which suggests that it is close to the evolutionary
phase where the shocks are most powerful. While hardly a conclusive argument, this
implies that the remnant is observed at the sweep-up time when the ejecta are interacting
with approximately their own mass of swept-up ambient material and the energy flux

7

1 Gamma-ray astronomy and the quest for the origin of Galactic cosmic rays

Figure 1.4: Left: Optical image of the Constellation Scorpius. The stars that form
the constellation are highlighted. The approximate position of RX J1713.7−3946 is
marked with a red cross. The rectangle is the area pictured in the ancient image
drawn on the right (from Wang et al. 1997), which shows the asterism Wei. The
Chinese character in the circle is “Wei”, which means “tail”.

through the shocks (both forward and reverse) peaks. Normally this would be at an age
of a few hundred to a thousand years, which indeed supports the closer distance estimate.

The radio emission of RX J1713.7−3946 is very faint (Lazendic et al. 2004) which puts
it into a peculiar class of shell-type SNRs with dominantly non-thermal X-ray and only
very faint radio emission. The only other known object of this type is RX J0852.0−4622
(G266.2−1.2) (Aschenbach 1998; Slane et al. 2001).

RX J1713.7−3946 was detected in VHE gamma rays by the CANGAROO collaboration in
1998 (Muraishi et al. 2000) and re-observed by CANGAROO-II in 2000 and 2001 (Enomoto
et al. 2002). Recently H.E.S.S., a new array of imaging atmospheric Cherenkov telescopes
operating in Namibia, has confirmed the detection (Aharonian et al. 2004b). This was
the first independent confirmation of VHE gamma-ray emission from an SNR shell. Fur-
thermore, the H.E.S.S. measurement provided the first ever resolved gamma-ray image at
very high energies. The complex morphology of RX J1713.7−3946 was clearly unraveled.
Deep follow-up observations confirmed the previous measurement and enabled detailed
spatially resolved studies (Aharonian et al. 2005a). Together with the H.E.S.S. detection
of RX J0852.0−4622 (Aharonian et al. 2005c) there are currently two spatially resolved
VHE gamma-ray SNRs with a shell-like structure which agrees well with that seen in X-
rays. These two objects may well be the brightest SNRs in the VHE gamma-ray domain
in the whole sky; anything equally bright in the Northern sky would have been clearly seen
in the Milagro survey (Atkins et al. 2004), and the H.E.S.S. Galactic plane survey (Aharo-
nian et al. 2005e) reveals no SNRs brighter than RX J1713.7−3946 or RX J0852.0−4622
in the region covered.

It is worth mentioning that there are two more shell-type SNRs which have been reported
to emit TeV gamma rays. One is the remnant of SN 1006, which was claimed by CANGA-
ROO (Tanimori et al. 1998), but could not be confirmed with H.E.S.S. (Aharonian et al.
2005f). The other one is Cassiopeia A (Aharonian et al. 2001), a classical core-collapse
SNR, whose northern location makes it inaccessible to H.E.S.S..
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Figure 7
The SED of RX J1713.7−3946 at γ -ray energies. Three curves are shown in comparison to the dark gray
HESS data (Aharonian et al. 2007e) and EGRET upper limit: (a) the best-fit γ -ray spectrum arising from
interacting protons with an energy distribution following a power-law with exponential cutoff (see Kelner,
Aharonian & Bugayov 2006) (solid orange line), (b) hadronic emission as calculated by Berezhko & Völk
(2006) (dashed blue line), and (c) IC emission as calculated by Porter, Moskalenko & Strong (2006) (dotted
green line). Reproduced from Hinton (2009).

is presumably inefficient, since particles spiral along field lines and are immediately overrun by
the shock. In the polar regions, injection is more effective, resulting in significant CR current
and most likely in turbulent magnetic field amplification, rendering the acceleration process even
more efficient.

Explaining the VHE emission from RX J1713.7−3946—probably the best-studied case—as IC
emission of electrons requires magnetic fields of around 10 µG (Aharonian et al. 2006b). These
magnetic fields are at variance with the significantly higher fields of at least 50 µG determined
from the width of X-ray emitting filaments, translated into an electron cooling time (e.g., Berezhko
& Völk 2006), and from the temporal variations observed in X-ray structures (Uchiyama et al.
2007), which directly measure the cooling time. Questions remain, though, on whether these high
magnetic fields are characteristic of the entire SNR, and if the observed structures are due to
variations in electron density rather than magnetic fields; only if this is the case, is an IC origin
of the γ rays firmly ruled out. There are no significant variations of γ -ray spectral shape across
the TeV SNRs, and the observed spectra are well described by hadron acceleration models that
generate a power-law distribution with an index close to 2, with a gradual high-energy cutoff
(Figure 7). Leptonic models tend to generate spectra that are too hard at low energy, reflecting
the fact that the index of IC γ rays is 1.5, for an electron index of 2 (see Section 2.2). This problem
can be solved to a limited extent by adjusting the composition of target radiation fields and by
introducing multizone models with different cutoffs, where different IC peaks are superimposed
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Figure 6
Four SNRs imaged in
(dominantly)
nonthermal X-rays
(left) and resolved in
VHE γ rays with
HESS (right). (a) RX
J1713.7 − 3946 with
1–3 keV data from
ASCA (Uchiyama,
Takahashi &
Aharonian 2002),
(b) RX J0852.0 − 4622
with ROSAT (1.3–
2.4 keV) (Aschenbach
1998), (c) RCW 86
with 2–4 keV data
from XMM-Newton
(Vink et al. 2006), and
(d ) SN 1006 with
Chandra archive data
(0.5–10 keV). The
HESS data are taken
from Aharonian et al.
(2006b, 2007d, 2009b)
and Naumann-Godo
et al. (2008). The
white scale bars are
0.5◦ long.
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1.2 The case of RX J1713.7−3946

Fig. 1.3, where he noted:

“A guest star appeared within the asterism Wei during the second
lunar month of the eighteenth year of the Tai-Yuan reign period
(February 27–March 28, AD393), and disappeared during the ninth
lunar month (October 22–November 19, AD393).”

Other references are given in Wang et al. (1997). The asterism Wei is shown in Fig. 1.4,
on the right-hand side. The word “Wei” means that it looks like the tail of a dragon,
hence the stars indicated in the figure correspond to the stars that form the constellation
Scorpius, an image of which can be seen in Fig. 1.4 (left). The stars that form Scorpius
are highlighted, the approximate position of RX J1713.7−3946 is marked by a red cross.
From the positional coincidence, Wang et al. (1997) suggested the AD393 guest star to be
the supernova that created the remnant of RX J1713.7−3946.

Figure 1.3: Historical record of the AD393 guest star in Sung Shu (Shen 500), taken
from Wang et al. (1997).

The suggested relatively young age of the SNR is supported by the high surface brightness
of this object in non-thermal X-rays, which suggests that it is close to the evolutionary
phase where the shocks are most powerful. While hardly a conclusive argument, this
implies that the remnant is observed at the sweep-up time when the ejecta are interacting
with approximately their own mass of swept-up ambient material and the energy flux

7

1 Gamma-ray astronomy and the quest for the origin of Galactic cosmic rays

Figure 1.4: Left: Optical image of the Constellation Scorpius. The stars that form
the constellation are highlighted. The approximate position of RX J1713.7−3946 is
marked with a red cross. The rectangle is the area pictured in the ancient image
drawn on the right (from Wang et al. 1997), which shows the asterism Wei. The
Chinese character in the circle is “Wei”, which means “tail”.

through the shocks (both forward and reverse) peaks. Normally this would be at an age
of a few hundred to a thousand years, which indeed supports the closer distance estimate.

The radio emission of RX J1713.7−3946 is very faint (Lazendic et al. 2004) which puts
it into a peculiar class of shell-type SNRs with dominantly non-thermal X-ray and only
very faint radio emission. The only other known object of this type is RX J0852.0−4622
(G266.2−1.2) (Aschenbach 1998; Slane et al. 2001).

RX J1713.7−3946 was detected in VHE gamma rays by the CANGAROO collaboration in
1998 (Muraishi et al. 2000) and re-observed by CANGAROO-II in 2000 and 2001 (Enomoto
et al. 2002). Recently H.E.S.S., a new array of imaging atmospheric Cherenkov telescopes
operating in Namibia, has confirmed the detection (Aharonian et al. 2004b). This was
the first independent confirmation of VHE gamma-ray emission from an SNR shell. Fur-
thermore, the H.E.S.S. measurement provided the first ever resolved gamma-ray image at
very high energies. The complex morphology of RX J1713.7−3946 was clearly unraveled.
Deep follow-up observations confirmed the previous measurement and enabled detailed
spatially resolved studies (Aharonian et al. 2005a). Together with the H.E.S.S. detection
of RX J0852.0−4622 (Aharonian et al. 2005c) there are currently two spatially resolved
VHE gamma-ray SNRs with a shell-like structure which agrees well with that seen in X-
rays. These two objects may well be the brightest SNRs in the VHE gamma-ray domain
in the whole sky; anything equally bright in the Northern sky would have been clearly seen
in the Milagro survey (Atkins et al. 2004), and the H.E.S.S. Galactic plane survey (Aharo-
nian et al. 2005e) reveals no SNRs brighter than RX J1713.7−3946 or RX J0852.0−4622
in the region covered.

It is worth mentioning that there are two more shell-type SNRs which have been reported
to emit TeV gamma rays. One is the remnant of SN 1006, which was claimed by CANGA-
ROO (Tanimori et al. 1998), but could not be confirmed with H.E.S.S. (Aharonian et al.
2005f). The other one is Cassiopeia A (Aharonian et al. 2001), a classical core-collapse
SNR, whose northern location makes it inaccessible to H.E.S.S..
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Figure 7
The SED of RX J1713.7−3946 at γ -ray energies. Three curves are shown in comparison to the dark gray
HESS data (Aharonian et al. 2007e) and EGRET upper limit: (a) the best-fit γ -ray spectrum arising from
interacting protons with an energy distribution following a power-law with exponential cutoff (see Kelner,
Aharonian & Bugayov 2006) (solid orange line), (b) hadronic emission as calculated by Berezhko & Völk
(2006) (dashed blue line), and (c) IC emission as calculated by Porter, Moskalenko & Strong (2006) (dotted
green line). Reproduced from Hinton (2009).

is presumably inefficient, since particles spiral along field lines and are immediately overrun by
the shock. In the polar regions, injection is more effective, resulting in significant CR current
and most likely in turbulent magnetic field amplification, rendering the acceleration process even
more efficient.

Explaining the VHE emission from RX J1713.7−3946—probably the best-studied case—as IC
emission of electrons requires magnetic fields of around 10 µG (Aharonian et al. 2006b). These
magnetic fields are at variance with the significantly higher fields of at least 50 µG determined
from the width of X-ray emitting filaments, translated into an electron cooling time (e.g., Berezhko
& Völk 2006), and from the temporal variations observed in X-ray structures (Uchiyama et al.
2007), which directly measure the cooling time. Questions remain, though, on whether these high
magnetic fields are characteristic of the entire SNR, and if the observed structures are due to
variations in electron density rather than magnetic fields; only if this is the case, is an IC origin
of the γ rays firmly ruled out. There are no significant variations of γ -ray spectral shape across
the TeV SNRs, and the observed spectra are well described by hadron acceleration models that
generate a power-law distribution with an index close to 2, with a gradual high-energy cutoff
(Figure 7). Leptonic models tend to generate spectra that are too hard at low energy, reflecting
the fact that the index of IC γ rays is 1.5, for an electron index of 2 (see Section 2.2). This problem
can be solved to a limited extent by adjusting the composition of target radiation fields and by
introducing multizone models with different cutoffs, where different IC peaks are superimposed
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a

b

c

d

Figure 6
Four SNRs imaged in
(dominantly)
nonthermal X-rays
(left) and resolved in
VHE γ rays with
HESS (right). (a) RX
J1713.7 − 3946 with
1–3 keV data from
ASCA (Uchiyama,
Takahashi &
Aharonian 2002),
(b) RX J0852.0 − 4622
with ROSAT (1.3–
2.4 keV) (Aschenbach
1998), (c) RCW 86
with 2–4 keV data
from XMM-Newton
(Vink et al. 2006), and
(d ) SN 1006 with
Chandra archive data
(0.5–10 keV). The
HESS data are taken
from Aharonian et al.
(2006b, 2007d, 2009b)
and Naumann-Godo
et al. (2008). The
white scale bars are
0.5◦ long.
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1.2 The case of RX J1713.7−3946

Fig. 1.3, where he noted:

“A guest star appeared within the asterism Wei during the second
lunar month of the eighteenth year of the Tai-Yuan reign period
(February 27–March 28, AD393), and disappeared during the ninth
lunar month (October 22–November 19, AD393).”

Other references are given in Wang et al. (1997). The asterism Wei is shown in Fig. 1.4,
on the right-hand side. The word “Wei” means that it looks like the tail of a dragon,
hence the stars indicated in the figure correspond to the stars that form the constellation
Scorpius, an image of which can be seen in Fig. 1.4 (left). The stars that form Scorpius
are highlighted, the approximate position of RX J1713.7−3946 is marked by a red cross.
From the positional coincidence, Wang et al. (1997) suggested the AD393 guest star to be
the supernova that created the remnant of RX J1713.7−3946.

Figure 1.3: Historical record of the AD393 guest star in Sung Shu (Shen 500), taken
from Wang et al. (1997).

The suggested relatively young age of the SNR is supported by the high surface brightness
of this object in non-thermal X-rays, which suggests that it is close to the evolutionary
phase where the shocks are most powerful. While hardly a conclusive argument, this
implies that the remnant is observed at the sweep-up time when the ejecta are interacting
with approximately their own mass of swept-up ambient material and the energy flux

7

1 Gamma-ray astronomy and the quest for the origin of Galactic cosmic rays

Figure 1.4: Left: Optical image of the Constellation Scorpius. The stars that form
the constellation are highlighted. The approximate position of RX J1713.7−3946 is
marked with a red cross. The rectangle is the area pictured in the ancient image
drawn on the right (from Wang et al. 1997), which shows the asterism Wei. The
Chinese character in the circle is “Wei”, which means “tail”.

through the shocks (both forward and reverse) peaks. Normally this would be at an age
of a few hundred to a thousand years, which indeed supports the closer distance estimate.

The radio emission of RX J1713.7−3946 is very faint (Lazendic et al. 2004) which puts
it into a peculiar class of shell-type SNRs with dominantly non-thermal X-ray and only
very faint radio emission. The only other known object of this type is RX J0852.0−4622
(G266.2−1.2) (Aschenbach 1998; Slane et al. 2001).

RX J1713.7−3946 was detected in VHE gamma rays by the CANGAROO collaboration in
1998 (Muraishi et al. 2000) and re-observed by CANGAROO-II in 2000 and 2001 (Enomoto
et al. 2002). Recently H.E.S.S., a new array of imaging atmospheric Cherenkov telescopes
operating in Namibia, has confirmed the detection (Aharonian et al. 2004b). This was
the first independent confirmation of VHE gamma-ray emission from an SNR shell. Fur-
thermore, the H.E.S.S. measurement provided the first ever resolved gamma-ray image at
very high energies. The complex morphology of RX J1713.7−3946 was clearly unraveled.
Deep follow-up observations confirmed the previous measurement and enabled detailed
spatially resolved studies (Aharonian et al. 2005a). Together with the H.E.S.S. detection
of RX J0852.0−4622 (Aharonian et al. 2005c) there are currently two spatially resolved
VHE gamma-ray SNRs with a shell-like structure which agrees well with that seen in X-
rays. These two objects may well be the brightest SNRs in the VHE gamma-ray domain
in the whole sky; anything equally bright in the Northern sky would have been clearly seen
in the Milagro survey (Atkins et al. 2004), and the H.E.S.S. Galactic plane survey (Aharo-
nian et al. 2005e) reveals no SNRs brighter than RX J1713.7−3946 or RX J0852.0−4622
in the region covered.

It is worth mentioning that there are two more shell-type SNRs which have been reported
to emit TeV gamma rays. One is the remnant of SN 1006, which was claimed by CANGA-
ROO (Tanimori et al. 1998), but could not be confirmed with H.E.S.S. (Aharonian et al.
2005f). The other one is Cassiopeia A (Aharonian et al. 2001), a classical core-collapse
SNR, whose northern location makes it inaccessible to H.E.S.S..
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to mimic an E−2 spectrum (e.g., Porter, Moskalenko & Strong 2006). In hadronic models, on the
other hand, the strong X-ray/γ -ray correlation is nontrivial to obtain. In the case of high B-fields,
electron lifetimes are comparable to acceleration timescales and the X-ray flux is influenced both
by the energy input in accelerated electrons and by the strength of B-fields. Hadronic γ rays, on the
other hand, reflect proton flux—which should scale with the (injected) electron flux—multiplied by
the gas density. A strong correlation between X-rays and γ rays requires a link between gas density
and B-field strength; magnetic field amplification (see Section 2.1) may provide a mechanism for
this.

A final demonstration of CR origin in SNRs may be achieved by a combination of wider
spectral γ -ray coverage, improved resolution or morphology, and larger-scale measurements of
magnetic fields. Detection of neutrinos from SNRs would also demonstrate hadronic origin, but
is challenging even for the largest instruments such as ICECUBE, and suffers similarly from the
fact that, for a quantitative analysis, the target gas density needs to be known. Investigation of
global CR energetics and spectra will in any case certainly require the γ -ray detection and spectral
analysis of a representative sample of SNRs.

Another approach toward demonstrating CR acceleration in SNRs is to look for dense molec-
ular clouds adjacent to, or interacting with, an SNR. In clouds, interactions of accelerated protons
and nuclei will give rise to an enhanced γ -ray flux proportional to the cloud’s mass (Equation 15),
whereas IC radiation from electrons is not enhanced. Two candidate systems where this might
be occurring are W 28 (Aharonian et al. 2008e) and IC 443 (Albert et al. 2007a) (Figure 8).
W 28 is an old remnant (30–150 kyr) that has most likely released most of its CRs. VHE γ -ray
data show four emission hot spots coincident with enhancements of gas density; if interpreted as
proton interactions in passive clouds, their masses imply a CR flux that is 10 to 30 times the flux
near Earth, a plausible value given the proximity (at least in projection) of the remnant. A similar
situation is seen in IC 443, where TeV emission coincides with a massive molecular cloud, with
OH maser emission indicating that the SNR shock wave is hitting the cloud.
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Figure 8
Multiwavelength views of IC 443 (a) and W 28 (b). Molecular tracer 12CO ( J = 2 → 1) is shown (cyan contours) in comparison to TeV
data (color scale) from HESS (Aharonian et al. 2008e) and MAGIC (Albert et al. 2007a).
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Heraeus-400

11 Feb. 2008

Tom Gaisser 5

Problems of simplest SNR shock 

model
• Expected shape of spectrum:

– Differential index !

 

~ 2.1 for 

diffusive shock acceleration

• !observed ~ 2.7"##!source ~2.1;  

$!

 

~ 0.6 ! %esc(E) ~ E-0.6 

• c %esc ! Tdisk ~100 TeV

• ! Isotropy problem 

• Emax ~ &shock Ze x B x Rshock

– ! Emax ~ Z x 100 TeV with 

exponential cutoff of each 

component

– But spectrum continues to 

higher energy:

• ! Emax problem

• Expect p + gas ! ' (TeV) for 
certain SNR

– Need nearby target as shown 
in picture from Nature (April 02)

– Some likely candidates (e.g. 
HESS J1745-290) but still no 
certain example

– ! Problem of elusive (0 '-rays
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Berezhko & Völk: Hadronic vs leptonic γ-rays in SNR RX J1713.7-3946 7

Fig. 2. Spatially integrated, overall nonthermal spectral energy distribution of RX J1713.7-3946 Ṫhe ATCA radio
data (cf. Aharonian et al., 2006)[violet color], ASCA X-ray data (cf. Aharonian et al., 2006), Suzaku X-ray data
(Uchiyama et al., 2008)[red color], and 2006 H.E.S.S.γ-ray data (Aharonian et al., 2007a)[blue color] are shown. The
EGRET upper limit for the RX J1713.7-3946 position (Aharonian et al., 2006) [green color] is shown as well. The solid
curve at energies above 107 eV corresponds to π0-decay γ-ray emission, whereas the dashed and dash-dotted curves
indicate the Inverse Compton (IC) and Nonthermal Bremsstrahlung (NB) emissions, respectively, from the theoretical
model of Berezhko & Völk (2006).

spectrum of the nonthermal emission, that corresponds
to the leptonic (or inefficient) scenario, is almost iden-
tical to the spectrum presented by Porter et al. (2006),
even though they approximate the electron spectrum an-
alytically, whereas we calculate it numerically. Therefore
it is also clear that the quality of the fit achieved by
Porter et al. (2006) with a leptonic model will be consider-
ably lower if one uses the Suzaku X-ray spectrum and the
new HESS γ-ray spectrum instead of older, less accurate
data.

At γ-ray energies of 1 GeV the spectral energy flux
density is a factor of about 30 below the value in the
hadronic scenario. It might be possible to construct a
more or less plausible form of the diffuse radiation field
spectrum to obtain a reasonable fit in the TeV region.
However, it remains very doubtful in our view whether
this can avoid the sharp decline towards the GeV energy
range indicated in Fig.3. In any case such a construction
cannot improve the unacceptable fit in the hard X-ray
range.

5. Conclusions

We conclude that a theoretical acceleration model which
takes into account magnetic field amplification and a con-
sistent nuclear energetic particle production is consistent
with the latest H.E.S.S. γ-ray and Suzaku hard X-ray ob-

servations. It is also expected to be consistent with the ob-
served good correlation between X-ray synchrotron emis-
sion and VHE γ-ray emission. In the face of existing gas
density variations in or near the SNR, a purely leptonic
interpretation of the spatial correlation becomes poorer as
this correlation becomes closer empirically. The attempt
to explain the γ-ray emission by leptonic processes cannot
be made consistent with the observed synchrotron spec-
trum. The availability of higher-quality hard X-ray and
γ-ray measurements leads to a better consistency with
the kinetic nonlinear theory prediction, whereas the con-
sistency of the leptonic model becomes much poorer.

Whether a leptonic model can lead to an acceptable fit
of the γ-ray spectrum through a more detailed evaluation
of the local diffuse radiation field is an open question. In
our view, even such a modification would encounter enor-
mous difficulties in attempting to fit the γ-ray spectrum
over the additional two orders in γ-ray energy down from
the VHE range to the GeV range. The leptonic scenario
seems also to be inconsistent with the filamentary X-ray
morphology which suggests substantial field amplification
at least over part of the remnant.
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8 Berezhko & Völk: Hadronic vs leptonic γ-rays in SNR RX J1713.7-3946

Fig. 3. The same as in Fig.2, except that a leptonically dominated scenario was assumed (see text).
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Fig. 3.— Energy spectrum of RX J1713.7�3946 in gamma rays. Shown is the Fermi -LAT detected emission

in combination with the energy spectrum detected by H.E.S.S. (Aharonian et al. 2007). The green region

shows the uncertainty band obtained from our maximum likelihood fit of the spectrum of RX J1713.7�3946

assuming a power-law between 500 MeV and 400 GeV for the default model of the region. The gray region

depicts the systematic uncertainty of this fit obtained by variation of the background and source models.

The black error bars correspond to independent fits of the flux of RX J1713.7�3946 in the respective energy

bands. Upper limits are set at 95% confidence level. Also shown are curves that cover the range of models

proposed for this object. These models have been generated to match the TeV emission and pre-date the

LAT detection. The top panel features predictions assuming that the gamma-ray emission predominately

originates from the interaction of protons with interstellar gas (brown: Berezhko & Völk (2008), blue: Ellison

& Vladimirov (2008), cyan (solid/dashed): Zirakashvili & Aharonian (2010)). The bottom panel features

models where the bulk of the gamma-ray emission arises from interactions of electrons with the interstellar

radiation field (leptonic models). (brown: Porter et al. (2006), blue: Ellison & Vladimirov (2008), cyan:

Zirakashvili & Aharonian (2010)). See text for a qualitative discussion of these models.
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bands. Upper limits are set at 95% confidence level. Also shown are curves that cover the range of models

proposed for this object. These models have been generated to match the TeV emission and pre-date the

LAT detection. The top panel features predictions assuming that the gamma-ray emission predominately

originates from the interaction of protons with interstellar gas (brown: Berezhko & Völk (2008), blue: Ellison

& Vladimirov (2008), cyan (solid/dashed): Zirakashvili & Aharonian (2010)). The bottom panel features

models where the bulk of the gamma-ray emission arises from interactions of electrons with the interstellar

radiation field (leptonic models). (brown: Porter et al. (2006), blue: Ellison & Vladimirov (2008), cyan:

Zirakashvili & Aharonian (2010)). See text for a qualitative discussion of these models.
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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 1: Gamma-ray count maps of the 20◦ × 20◦ fields around IC 443 (left panel) and W44
(right panel) 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 units of the color bar is 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, sub-dominant, however, to the galactic diffuse emission.
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Figure 3: Proton and gamma-ray spectra determined for IC 443 and W44. Also shown are
the broadband spectral flux points derived in this study, along with TeV spectral data points for
IC 443 from MAGIC (29) and VERITAS (30). The curvature evident in the proton distribution
at ∼ 2 GeV is a consequence of the display in energy space (rather than momentum space).
Gamma-ray spectra from the protons were computed using the energy-dependent cross section
parameterized by (32). We took into account accelerated nuclei (heavier than protons) as well
as nuclei in the target gas by applying an enhancement factor of 1.85 (33). Note that models
of the gamma-ray production via pp interactions have some uncertainty. Relative to the model
adopted here, an alternative model of (6) predicts∼ 30% less photon flux near 70 MeV; the two
models agree with each other to better than 15% above 200 MeV. The proton spectra assume
average gas densities of n = 20 cm−3 (IC 443) and n = 100 cm−3 (W44) and distances of 1.5
kpc (IC 443) and 2.9 kpc (W44).


