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Goals: 
• Search for Galactic “PeVatrons” 

• Astrophysics of the most extreme non-thermal 
environments in the Galaxy 
(supernova remnants, pulsar wind nebulae, starforming regions, gamma-ray 
binaries, pulsars, molecular clouds, ….)
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Search for the most powerful Galactic 
accelerators

1 PeV protons = 100 TeV gamma-rays
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Non-thermal radiation mechanisms
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The Imaging Atmospheric Cherenkov technique

• Energy coverage: 
30 GeV - 100 TeV 

• Angular resolution: 
up to 4’ 

• Effective area: 
>105 m2 

• Field of view: 
3.5º - 5.0º 

• Sensitivity: 
10% crab flux with 5σ in 25 
hours
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The current generation of IACTs
H.E.S.S. II

MAGIC II
VERITAS
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The Zoo of supernova remnants detected in 
gamma-rays

• Young shell-type SNRs 
particle acceleration in expanding shockwave  
gamma-rays from IC scattering of electrons OR 
protons interacting with the ISM 

• Middle-aged interacting SNRs 
particle escape and diffusion into dense molecular clouds 
primarily hadronic scenarios 

• Pulsar wind nebulae 
relativistic particle nebulae powered by a pulsars’ spin-down 
primarily leptonic scenarios 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Pulsar wind nebulae
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Pulsar wind nebulae

The Astrophysical Journal, 764:38 (9pp), 2013 February 10 Aliu et al.

Figure 8. Pulsar spin-down luminosity vs. age, from Kargaltsev & Pavlov (2010), with CTA 1 point indicated. Filled circles: X-ray (red) and TeV (blue) luminosities
of PWNe or PWN candidates. Larger circle sizes correspond to higher luminosities in the corresponding waveband. The small black dots denote ATNF catalog pulsars
(http://www.atnf.csiro.au/research/pulsar/psrcat; Manchester et al. 2005).
(A color version of this figure is available in the online journal.)

Figure 9. Plot of the ratio of TeV to X-ray luminosity vs. pulsar spin-down age, from Kargaltsev & Pavlov (2010), with CTA 1 shown by the red triangle. The thick
and thin error bars correspond to firm and tentative (or questionable) PWN associations, with selected objects labeled (see Kargaltsev & Pavlov for further details).
(A color version of this figure is available in the online journal.)

produced by IC scattering of photons from the CMB, integrated
starlight, and infrared emission from local dust, following the
approximate prescription given by Strong et al. (2000). The
model produces reasonable agreement with the radio, X-ray,
and TeV data with a solution that gives approximately the
correct pulsar spin-down power and characteristic age at the
current epoch. However, the model is a poor fit to the reported
Fermi-LAT spectrum. We have considered additional photon
fields to produce enhanced IC emission at GeV energies, but
have been unable to reproduce the published spectral index.
We note that the reported unpulsed GeV emission is quite faint

and it is in the presence of bright pulsed emission from PSR
J0007+7303. It will be of considerable interest to carry out
further investigations of this unpulsed emission as more Fermi-
LAT data are accumulated.

5.2. Comparison with Other Relic PWNe

Figures 8 and 9 show the comparisons of the properties
of CTA 1 with other PWNe and PWNe candidates detected
at TeV energies. At the distance of 1.4 kpc, the >1 TeV
luminosity of the PWN in CTA 1 is 9.4 × 1032 erg s−1. Figure 8
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Pulsar wind nebulae: MGRO J2019+37

VERITAS

Aliu et al. (2014)

• Follow-up on original Milagro detection 
• Decomposition into two distinct sources 

• VER J2016+371  
• VER J2019+368
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Pulsar wind nebulae: MGRO J2019+37

VERITAS
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Figure 3. Differential energy spectrum of VER J2016+371/CTB 87 and VER
J2019+368 as measured by VERITAS. The event excess in each bin have a
statistical significance of at least 2σ .
(A color version of this figure is available in the online journal.)

reduced χ2 values, mainly due to limited statistics. Either a
larger data set or more sensitive reconstruction techniques, or
both, are necessary to determine the morphology better.

The energy spectrum for VER J2019+368 is estimated from
a circular region of 0.◦5 radius centered on the best fit position.
The resulting spectrum, shown in Figure 3, extends from 1 to
30 TeV and is well fit by a PL model (χ2/dof = 5.79/6)
with a hard photon index of Γ = 1.75 ± 0.08stat ± 0.2sys
and a differential flux at 5 TeV of (8.1 ± 0.7stat ± 1.6sys) ×
10−14 TeV−1 cm−2 s−1. Assuming these parameters from the
fit, the 1–10 TeV integrated energy flux is estimated to be
(6.7 ± 0.5stat ± 1.2sys)×10−12 erg cm−2 s−1. We also attempted
to fit alternative, spectral models (such as a curved PL and cut-off
PL model) but they did not provide better fits. The study of the
energy dependent morphology of the emission in two separate
energy bands, below 1 TeV, and above 1 TeV, supports the lack
of any statistically significant spectral points below 1 TeV. The
excess maps for each energy band show evidence for different
centroid positions, see Figure 4. Above 1 TeV, a strong emission
(at the level of 9σ ) with a best fit location statistically compatible
with that of VER J2019+368 is observed. Below 1 TeV, there
are indications (at the level of 3σ ) of emission offset by about
0.5 degrees in the direction of the unidentified gamma-ray source
2FGL J2018.0+3626.

4. MULTIWAVELENGTH PROPERTIES,
INTERPRETATION, AND DISCUSSION

Both VHE-emitting regions coincide with non-thermal emis-
sion detected in radio, X-rays, and HE gamma-rays. In the
following sections, we examine in detail the locations, mor-
phologies, and spectral properties of these low energy counter-
parts in order to be able to establish the connection with the
VHE emission and its origin.

4.1. VER J2016+371, the SNR CTB 87, and their Surroundings

In Figure 5 we present a false color image of the radio and
X-ray emission in the region around VER J2016+371 obtained
with the Giant Metrewave Radio Telescope (GMRT; Paredes
et al. 2009) at 610 MHz and Chandra between 2 and 10 keV,
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Figure 4. VHE gamma-ray excess maps of the MGRO J2019+37 region as
observed with VERITAS in two different energy bands. The high energy band
is above 1 TeV (red) while the low energy band is between 600 GeV and 1 TeV
(green). The number of excess events in the maps has been obtained using a
search radius of 0.◦23, which corresponds to the extended source search analysis
described in the text. The change between the red and black in the color scale
takes place at the 4σ level, while between green and black is at the 2σ level.
(A color version of this figure is available in the online journal.)

respectively. The VHE contours of VER J2016+371 are co-
located with the bright and extended low-energy emission from
the SNR CTB 87. At radio wavelengths, the strong polarization,
flat spectral index, center-filled morphology, and lack of a
continuum shell have been used to classify CTB 87 as a PWN
(Weiler & Shaver 1978; Wallace et al. 1997). The high angular
resolution of the GMRT image (∼30′′) shows a faint circular
structure in the southwestern portion of the nebula. Further
studies at multiple wavelengths will be needed to determine
if this structure is related to CTB 87 or perhaps a different
source. The smoothed archival X-ray image reveals a centrally-
peaked morphology which is offset toward the southeast of
the radio peak and has a slightly smaller extent than the
radio emission. The X-ray emission was recently studied in
more detail by Matheson et al. (2013). The superb angular
resolution of Chandra also allowed these authors to localize
the pulsar candidate, CXOU J201609.2+371110, located within
the compact PWN (to the southeast of the remnant center).

HE gamma-ray emission is also detected in the vicinity of
VER J2016+371 with the Large Area Telescope on board the
Fermi spacecraft (Fermi-LAT; Abdo et al. 2009b). The 95%
error ellipse of the unidentified HE gamma-ray source 2FGL
J2015.6+3709 does not exclude a common origin between the
two sources. However, based on the variability index of the
Fermi-LAT source and its correlation with radio, Kara et al.
(2012) associate the HE gamma-ray emission with the nearby
blazar B2013+370, with unknown redshift, rather than with the
CTB 87. On the other hand, no VHE gamma-ray emission from
this extragalactic object is seen in the current data. Its location
lies 6.′7 away from the centroid of VER J2016+371, this being
much larger than the ∼1.′5 uncertainty of the VHE measurement.

4.1.1. A PWN scenario

The morphology of the extended X-ray PWN (Matheson
et al. 2013) suggests that it is affected by ram pressure due
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Figure 3. Differential energy spectrum of VER J2016+371/CTB 87 and VER
J2019+368 as measured by VERITAS. The event excess in each bin have a
statistical significance of at least 2σ .
(A color version of this figure is available in the online journal.)

reduced χ2 values, mainly due to limited statistics. Either a
larger data set or more sensitive reconstruction techniques, or
both, are necessary to determine the morphology better.

The energy spectrum for VER J2019+368 is estimated from
a circular region of 0.◦5 radius centered on the best fit position.
The resulting spectrum, shown in Figure 3, extends from 1 to
30 TeV and is well fit by a PL model (χ2/dof = 5.79/6)
with a hard photon index of Γ = 1.75 ± 0.08stat ± 0.2sys
and a differential flux at 5 TeV of (8.1 ± 0.7stat ± 1.6sys) ×
10−14 TeV−1 cm−2 s−1. Assuming these parameters from the
fit, the 1–10 TeV integrated energy flux is estimated to be
(6.7 ± 0.5stat ± 1.2sys)×10−12 erg cm−2 s−1. We also attempted
to fit alternative, spectral models (such as a curved PL and cut-off
PL model) but they did not provide better fits. The study of the
energy dependent morphology of the emission in two separate
energy bands, below 1 TeV, and above 1 TeV, supports the lack
of any statistically significant spectral points below 1 TeV. The
excess maps for each energy band show evidence for different
centroid positions, see Figure 4. Above 1 TeV, a strong emission
(at the level of 9σ ) with a best fit location statistically compatible
with that of VER J2019+368 is observed. Below 1 TeV, there
are indications (at the level of 3σ ) of emission offset by about
0.5 degrees in the direction of the unidentified gamma-ray source
2FGL J2018.0+3626.

4. MULTIWAVELENGTH PROPERTIES,
INTERPRETATION, AND DISCUSSION

Both VHE-emitting regions coincide with non-thermal emis-
sion detected in radio, X-rays, and HE gamma-rays. In the
following sections, we examine in detail the locations, mor-
phologies, and spectral properties of these low energy counter-
parts in order to be able to establish the connection with the
VHE emission and its origin.

4.1. VER J2016+371, the SNR CTB 87, and their Surroundings

In Figure 5 we present a false color image of the radio and
X-ray emission in the region around VER J2016+371 obtained
with the Giant Metrewave Radio Telescope (GMRT; Paredes
et al. 2009) at 610 MHz and Chandra between 2 and 10 keV,
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Figure 4. VHE gamma-ray excess maps of the MGRO J2019+37 region as
observed with VERITAS in two different energy bands. The high energy band
is above 1 TeV (red) while the low energy band is between 600 GeV and 1 TeV
(green). The number of excess events in the maps has been obtained using a
search radius of 0.◦23, which corresponds to the extended source search analysis
described in the text. The change between the red and black in the color scale
takes place at the 4σ level, while between green and black is at the 2σ level.
(A color version of this figure is available in the online journal.)

respectively. The VHE contours of VER J2016+371 are co-
located with the bright and extended low-energy emission from
the SNR CTB 87. At radio wavelengths, the strong polarization,
flat spectral index, center-filled morphology, and lack of a
continuum shell have been used to classify CTB 87 as a PWN
(Weiler & Shaver 1978; Wallace et al. 1997). The high angular
resolution of the GMRT image (∼30′′) shows a faint circular
structure in the southwestern portion of the nebula. Further
studies at multiple wavelengths will be needed to determine
if this structure is related to CTB 87 or perhaps a different
source. The smoothed archival X-ray image reveals a centrally-
peaked morphology which is offset toward the southeast of
the radio peak and has a slightly smaller extent than the
radio emission. The X-ray emission was recently studied in
more detail by Matheson et al. (2013). The superb angular
resolution of Chandra also allowed these authors to localize
the pulsar candidate, CXOU J201609.2+371110, located within
the compact PWN (to the southeast of the remnant center).

HE gamma-ray emission is also detected in the vicinity of
VER J2016+371 with the Large Area Telescope on board the
Fermi spacecraft (Fermi-LAT; Abdo et al. 2009b). The 95%
error ellipse of the unidentified HE gamma-ray source 2FGL
J2015.6+3709 does not exclude a common origin between the
two sources. However, based on the variability index of the
Fermi-LAT source and its correlation with radio, Kara et al.
(2012) associate the HE gamma-ray emission with the nearby
blazar B2013+370, with unknown redshift, rather than with the
CTB 87. On the other hand, no VHE gamma-ray emission from
this extragalactic object is seen in the current data. Its location
lies 6.′7 away from the centroid of VER J2016+371, this being
much larger than the ∼1.′5 uncertainty of the VHE measurement.

4.1.1. A PWN scenario

The morphology of the extended X-ray PWN (Matheson
et al. 2013) suggests that it is affected by ram pressure due
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Figure 5. 610 MHz GMRT image of the CTB 87 region with X-ray and VHE gamma-ray contours in the equatorial coordinate system. The grayscale image is smoothed
with a 2D Gaussian (σ = 30′′). Blue contours indicate the X-ray morphology of the 0.3–7.5 keV Chandra image with the position of the putative pulsar indicated in
magenta. The VERITAS emission with an integration radius of 0.◦089 is shown as overlaid white contours of significance 3, 4, and 5σ . The blazar B2013+370 and the
95% error ellipse of 2FGL J2015.6+3709, which are likely to be mutually associated, are also indicated.
(A color version of this figure is available in the online journal.)

to the proper motion of the pulsar which must then be moving
southeast. Since the radio emission is not coincident with the
compact X-ray emission from the pulsar, the diffuse radio
emission in the center of CTB 87 must be produced by an older
generation of pulsar wind particles which have lost too much
energy to emit X-rays via the synchrotron mechanism. A similar
situation is seen for PSR B1706–44 in the SNR G343.1–2.3 (see
Figure 2 of Romani et al. (2005)) which has been associated with
the VHE source HESS J1708–443 (Abramowski et al. 2011).
We note that the morphology of the compact X-ray PWN in CTB
87 (again, similar to PSR B1706–44 in G343.1–2.3) implies that
the pulsars direction of motion is at a fairly large angle (60◦–70◦)
with respect to the compact PWN symmetry axis (which is also
likely the pulsar spin axis).

If the pulsar was born at the apparent center of CTB 87 (i.e.,
∼2′ away from the CXOU J201609.1+371110 position), the
offset between the radio emission and the pulsar implies a trans-
verse (projected onto the sky) velocity of ≃70d6.1τ

−1
50 km s−1

where d6.1 = d/6.1 kpc is the distance of the SNR, derived
from H, I, and CO observations (Kothes et al. 2003), and
τ50 = τ/50 kyr an age scaled to an order of magnitude esti-
mate based on the ages of known ram pressure confined PWNe
resolved in X-ray at the distances > 2 kpc (see pulsars marked
by asterisks in Table 1 of Kargaltsev et al. (2013). Based on the
fairly large X-ray luminosity, the pulsar could be younger than
the reference age of 50 kyr (see also Matheson et al. 2013). In
this case the pulsar velocity would become supersonic compared
to the sound velocity of heated ejecta (∼100 km s−1), or highly
supersonic if the pulsar has completely escaped the unseen SNR
into the warm ISM, where the sound velocity is ∼10 km s−1

(see, e.g., Gaensler et al. 2004).
Alternatively, the offset between the radio emission and the

X-ray nebula may largely be due to an asymmetric reverse shock

that pushed the relic radio emitting PWN away from the pulsar’s
current position. In both scenarios, the PWN needs to be old
enough for the reverse shock to have passed, making an age
younger than 5–10 kyr unlikely.

In a commonly considered relic PWN scenario, where the
X-rays are attributed to synchrotron emission from pulsar
wind and the VHE gamma-rays are interpreted as the cosmic
microwave background photons up-scattered by pulsar wind
electrons via the IC mechanism (see, e.g., Aharonian & Atoyan
1995), the average magnetic field within the PWN can be
estimated following arguments given in Aliu et al. (2013) for a
PWN in the CTA 1 SNR. These estimates lead to a somewhat
high BPWN ∼ 20–40 µG, if diffusion is neglected for the pulsar
wind particles, and to a more reasonable BPWN ∼ 5 µG,
if diffusion is the dominant transport mechanism (see Aliu
et al. 2013 for details). The multiwavelength properties of
VER J2016+371 are in line with those of other VHE PWNe
(Kargaltsev et al. 2013); therefore, VER J2016+371 is another
example of a PWN which is seen in both X-rays and VHE
gamma-rays.

4.2. VER J2019+368, the Main Contributor
of MGRO J2019+37

VER J2019+368 is an extended source that is about four times
brighter than VER J2016+371 at 1 TeV. The centroid of the
VER J2019+368 emission is separated from VER J2016+371
by ∼0.◦8, and coincides well with the center region of MGRO
J2019+37, as shown in Figure 1. The extension of VER
J2019+368 is ∼0.◦35 along the major axis, which is 50%
smaller than the extension of 0.◦7 for MGRO J2019+37, as
reported by Abdo et al. (2012). Figure 6 shows the spectral
energy distribution of the MGRO J2019+37 region measured
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Figure 7. False color image of the radio diffuse emission of the VER J2019+368 region obtained with CGPS 408 MHz (green) and GB6 6 cm (red). To produce this
image, we have taken the CGPS and GB6 radio images of the region and convolved them with the same beam size. The VERITAS significance contours at 3, 4, 5,
6, and 7σ obtained with the large integration radius (0.◦23) are overlaid. Possible counterparts to MGRO J2019+37 within the literature are marked and labeled in
magenta if they fall inside the 3σ contours of VER J2019+368, and white otherwise.
(A color version of this figure is available in the online journal.)

Figure 8. False color image of the infrared, radio, and X-ray emission in the
vicinity of PSR J2021+3651 obtained with MSX 8.3 µm (red), VLA 20 cm
(green), and XMM 1–8 keV (blue), respectively. The VERITAS significance
contours at 3, 4, 5, 6, and 7σ obtained with the large integration radius (0.◦23)
are also shown. Overlaid dashed line highlights the PWN morphology in radio,
and an ellipse marks the closest birthsite suggested by this morphology. An
arrow indicates the direction of the birthsite if it happened further away.
(A color version of this figure is available in the online journal.)

magnitude of the polarization rotation measure seem to imply
a minimum distance of ∼5 kpc (Abdo et al. 2009b). Assuming
a distance of 5 kpc, the implied transverse velocity of the
pulsar is v = 840 d5τ

−1
17 km s−1, where τ17 = τ/17000 yr and

d5 = d/5 kpc. This velocity is 3–4 times higher than the average
for pulsar proper velocities, but would not be record breaking
(Chatterjee et al. 2005). Since the true age is very unlikely to
be greater than twice the characteristic age (Kaspi et al. 2001),
the pulsar most likely could not have been born much farther
west than the extent of the radio tail (Figure 8) unless its actual
distance from Earth is much smaller than ∼5 kpc. In particular,
it is unlikely that the pulsar was born near the west edge of

the VHE emission, which is an additional ∼30′ further west
and makes it less likely to be responsible for the entire VHE
emission.

X-ray measurements of PSR J2021+3651 reveal that its
properties are similar to those of the nearby young pulsar Vela-
X. Both pulsars have high spin-down luminosities (the spin-
down luminosity of Vela-X is twice that of PSR J2021+3651)
and possess compact inner toruses (Roberts et al. 2002; Van
Etten et al. 2008). Also, the remarkably hard spectrum of
VER J2019+368 is similar to the hard TeV emission that was
observed in Vela-X (Abramowski et al. 2012). Although a single
VHE PWN scenario may not be plausible to explain the entire
VHE emission, based on the distance and velocity estimation,
emission from the PWN is likely responsible for a significant
portion of the emission.

4.2.3. IGR J20188+3647

The location of the hard X-ray transient IGR J20188+3647
lies near the maximum of the VHE emission. This transient was
reported in 2004 July, and its flaring behavior consisted of a fast
rise (∼10 minutes) followed by a slower decay (∼50 minutes)
(Sguera 2008). Following a flare detected by AGILE in the
region, a ∼21 ks XMM-Newton observation took place in 2007
November around IGR J20188+3647 (Zabalza et al. 2010). In
that observation, five X-ray candidate sources appear inside
the error box of the INTEGRAL source of 3.′4. Four of them
are associated with late stellar types, while the fifth one, which
appears to be a highly absorbed hard X-ray source, is considered
to be either an active galactic nucleus or a pulsar. We carried out
observations with the Swift X-ray telescope (Swift-XRT) spread
over three months (2011 June, July, and August 16th, PI: Aliu),
aiming at finding some brightening of these X-ray sources to
identify a potential counterpart for this transient, but no likely
counterparts were found.
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• PWN from powerful pulsar 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Interpretation: 
• PWN evolving into gas cavity 

• Cavity created by 
• expanding SNR shock 
• strong stellar winds of  

massive stars 

• Pulsar detected by Fermi / LAT
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Figure 3. Map of radio continuum intensity at 1420 MHz in the region near MGRO J1908+06. The color scale shows the brightness temperature in K. Data are
from the VGPS (Stil et al. 2006). The red contours show VHE gamma-ray excess counts and are the same as in Figure 4. The white ellipse shows the extent of SNR
G40.5–0.5. The white “×” shows the location of PSR J1907+0602.
(A color version of this figure is available in the online journal.)
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Figure 4. VERITAS map with CO emission contours overlaid. The black contours show the CO emission and are truncated at the boundaries of the available CO map.
The color scale shows the excess counts and the red contours are at levels of 35, 50, and 65 counts. These approximately correspond to significance levels of 3σ , 4σ ,
and 5σ . The white ellipse shows the extent of SNR G40.5–0.5. The white “×” shows the location of PSR J1907+0602.
(A color version of this figure is available in the online journal.)
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• TeV peak coincident with  
powerful pulsar  

Aliu et al. (2014)

TeV (VERITAS)
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Figure 4. VERITAS map with CO emission contours overlaid. The black contours show the CO emission and are truncated at the boundaries of the available CO map.
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PWN + SNR? : MGRO 1908+06

The Astrophysical Journal, 787:166 (7pp), 2014 June 1 Aliu et al.
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powerful pulsar  

• No change in spectrum for  
larger distances 

• absence of cooling? 
• 2nd source? 
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• Interpretation: 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—> more energetic  
       seed photons for IC  
—> harder IC-spectrumAliu et al. (2014)
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A new composite SNR: HESS J1818-154

HESS Collaboration (2014)
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• Exposure: 115 hours 

• Nearly point-like source 

• Coincident with center of 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A closer look at HESS J1857+026 with MAGIC

MAGIC Collaboration: MAGIC reveals a complex morphology within the unidentified gamma-ray source HESS J1857+026
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Fig. 1. Spectral energy distributions of HESS J1857+026 measured by MAGIC (this work), H.E.S.S (Aharonian et al. 2008) and Fermi-LAT
(Neronov & Semikoz 2010; Paneque et al. 2011; Rousseau et al. 2012). The MAGIC data are unfolded to correct for migration and energy
biasing e↵ects (Albert et al. 2007), therefore the errors are not independent.
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Fig. 2. MAGIC gamma-ray flux map in arbitrary units (a.u.) for events with estimated energy 300 GeV < Eest < 1 TeV (left) and Eest > 1 TeV
(right). The median energies of these maps are estimated to be around 480 GeV and 1.7 TeV, respectively. The gamma-ray flux in arbitrary units
is calculated as the number of smeared excess events in units of the background flux within 0.1�. Overlaid are test statistic (TS) value contours in
steps of 1, starting at 3. They roughly correspond to Gaussian significances. Also shown in the bottom-left corner is the instrumental point spread
function (PSF) after the applied smearing. The Fermi-LAT source position is that determined by Rousseau et al. (2012). The markers labeled
HESS J1857+026 and HESS J1858+020 are centroid positions determined by Aharonian et al. (2008).

(1983). The spectrum measured by MAGIC was fitted through
forward folding and is well described (�2/d.o.f. = 9.0/11) by
a single power law of the form dN/dE = N0(E/1TeV)�� with
index � = 2.16 ± 0.07stat ± 0.15sys and di↵erential flux at 1 TeV
of N0 = (5.37 ± 0.44stat ± 1.5sys) ⇥ 10�12(TeV�1cm�2 s�1). The
MAGIC spectrum is shown in Figure 1 together with Fermi-LAT
(Neronov & Semikoz 2010; Paneque et al. 2011; Rousseau et al.
2012) and H.E.S.S. (Aharonian et al. 2008) results. Our spectral

points have been unfolded to correct for migration and energy
biasing e↵ects (Albert et al. 2007), therefore the errors are not
independent. The measurement made by MAGIC connects those
by H.E.S.S. and Fermi-LAT, providing a continuous coverage of
the spectral turnover close to 100 GeV.

The gamma-ray flux sky maps in Figure 2 show the energy-
dependent morphology of HESS J1857+026. Based on MC
gamma rays weighted using a spectral index of 2.3, the median
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MAGIC Collaboration: MAGIC reveals a complex morphology within the unidentified gamma-ray source HESS J1857+026
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steps of 1, starting at 3. They roughly correspond to Gaussian significances. Also shown in the bottom-left corner is the instrumental point spread
function (PSF) after the applied smearing. The Fermi-LAT source position is that determined by Rousseau et al. (2012). The markers labeled
HESS J1857+026 and HESS J1858+020 are centroid positions determined by Aharonian et al. (2008).

(1983). The spectrum measured by MAGIC was fitted through
forward folding and is well described (�2/d.o.f. = 9.0/11) by
a single power law of the form dN/dE = N0(E/1TeV)�� with
index � = 2.16 ± 0.07stat ± 0.15sys and di↵erential flux at 1 TeV
of N0 = (5.37 ± 0.44stat ± 1.5sys) ⇥ 10�12(TeV�1cm�2 s�1). The
MAGIC spectrum is shown in Figure 1 together with Fermi-LAT
(Neronov & Semikoz 2010; Paneque et al. 2011; Rousseau et al.
2012) and H.E.S.S. (Aharonian et al. 2008) results. Our spectral

points have been unfolded to correct for migration and energy
biasing e↵ects (Albert et al. 2007), therefore the errors are not
independent. The measurement made by MAGIC connects those
by H.E.S.S. and Fermi-LAT, providing a continuous coverage of
the spectral turnover close to 100 GeV.

The gamma-ray flux sky maps in Figure 2 show the energy-
dependent morphology of HESS J1857+026. Based on MC
gamma rays weighted using a spectral index of 2.3, the median
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Source1: MAGIC J1857.2+0263 
• PWN interpretationMAGIC Collaboration: MAGIC reveals a complex morphology within the unidentified gamma-ray source HESS J1857+026
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Fig. 1. Spectral energy distributions of HESS J1857+026 measured by MAGIC (this work), H.E.S.S (Aharonian et al. 2008) and Fermi-LAT
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Fig. 2. MAGIC gamma-ray flux map in arbitrary units (a.u.) for events with estimated energy 300 GeV < Eest < 1 TeV (left) and Eest > 1 TeV
(right). The median energies of these maps are estimated to be around 480 GeV and 1.7 TeV, respectively. The gamma-ray flux in arbitrary units
is calculated as the number of smeared excess events in units of the background flux within 0.1�. Overlaid are test statistic (TS) value contours in
steps of 1, starting at 3. They roughly correspond to Gaussian significances. Also shown in the bottom-left corner is the instrumental point spread
function (PSF) after the applied smearing. The Fermi-LAT source position is that determined by Rousseau et al. (2012). The markers labeled
HESS J1857+026 and HESS J1858+020 are centroid positions determined by Aharonian et al. (2008).

(1983). The spectrum measured by MAGIC was fitted through
forward folding and is well described (�2/d.o.f. = 9.0/11) by
a single power law of the form dN/dE = N0(E/1TeV)�� with
index � = 2.16 ± 0.07stat ± 0.15sys and di↵erential flux at 1 TeV
of N0 = (5.37 ± 0.44stat ± 1.5sys) ⇥ 10�12(TeV�1cm�2 s�1). The
MAGIC spectrum is shown in Figure 1 together with Fermi-LAT
(Neronov & Semikoz 2010; Paneque et al. 2011; Rousseau et al.
2012) and H.E.S.S. (Aharonian et al. 2008) results. Our spectral

points have been unfolded to correct for migration and energy
biasing e↵ects (Albert et al. 2007), therefore the errors are not
independent. The measurement made by MAGIC connects those
by H.E.S.S. and Fermi-LAT, providing a continuous coverage of
the spectral turnover close to 100 GeV.

The gamma-ray flux sky maps in Figure 2 show the energy-
dependent morphology of HESS J1857+026. Based on MC
gamma rays weighted using a spectral index of 2.3, the median
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Fig. 2. MAGIC gamma-ray flux map in arbitrary units (a.u.) for events with estimated energy 300 GeV < Eest < 1 TeV (left) and Eest > 1 TeV
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is calculated as the number of smeared excess events in units of the background flux within 0.1�. Overlaid are test statistic (TS) value contours in
steps of 1, starting at 3. They roughly correspond to Gaussian significances. Also shown in the bottom-left corner is the instrumental point spread
function (PSF) after the applied smearing. The Fermi-LAT source position is that determined by Rousseau et al. (2012). The markers labeled
HESS J1857+026 and HESS J1858+020 are centroid positions determined by Aharonian et al. (2008).

(1983). The spectrum measured by MAGIC was fitted through
forward folding and is well described (�2/d.o.f. = 9.0/11) by
a single power law of the form dN/dE = N0(E/1TeV)�� with
index � = 2.16 ± 0.07stat ± 0.15sys and di↵erential flux at 1 TeV
of N0 = (5.37 ± 0.44stat ± 1.5sys) ⇥ 10�12(TeV�1cm�2 s�1). The
MAGIC spectrum is shown in Figure 1 together with Fermi-LAT
(Neronov & Semikoz 2010; Paneque et al. 2011; Rousseau et al.
2012) and H.E.S.S. (Aharonian et al. 2008) results. Our spectral

points have been unfolded to correct for migration and energy
biasing e↵ects (Albert et al. 2007), therefore the errors are not
independent. The measurement made by MAGIC connects those
by H.E.S.S. and Fermi-LAT, providing a continuous coverage of
the spectral turnover close to 100 GeV.

The gamma-ray flux sky maps in Figure 2 show the energy-
dependent morphology of HESS J1857+026. Based on MC
gamma rays weighted using a spectral index of 2.3, the median
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• Within a molecular gas cavity 

• Hadronic or leptonic scenarios 
possible, depending on source 
geometry
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The complex source: HESS J1834-087

H.E.S.S. Collaboration: HESS J1834–087 studied with H.E.S.S. and Fermi LAT 3

Figure 1: H.E.S.S. image of the VHE γ-ray excess in the direc-
tion of SNR W41 after standard cuts analysis. The image was
smoothed with a Gaussian kernel of 0.068◦ corresponding to the
instrument’s point-spread function for this data set, which is
shown in the inset. Green contours represent the GRS 13CO data
around W41 integrated in the velocity range 74 km s−1 to 82
km s−1 and smoothed with the same kernel. White contours of
the VLA radio data at 20 cm show the shell-type SNR. The po-
sition of CXOU J183434.9−084443 and the brightest OH (1720
MHz) maser are indicated with a triangle and a cross, respec-
tively. The linear color scale is in units of counts per smoothing
Gaussian width.

and right ascension with respect to the nominal target po-
sition. After standard quality selection (Aharonian et al.
2006a) to remove data affected by unstable weather condi-
tions or hardware-related problems, the total live-time of
the data set, including data presented in the discovery pa-
per (Aharonian et al. 2006b), is 61 hours. The zenith angle
of the observations ranges from 10◦ to 45◦, with a median
value of 20◦.

The data were analyzed with the Model Analysis
method, implemented in the ParisAnalysis software (ver-
sion 0-8-22), which compares the raw atmospheric shower
images in the Cherenkov camera with the prediction of a
semi-analytical model (de Naurois & Rolland 2009). Two
different event selection cuts have been applied. Standard
cuts, which require a minimum shower image intensity of 60
photo-electrons (p.e.) in each camera, were used to compute
energy spectra and sky maps. To improve the angular res-
olution and obtain better background rejection, hard cuts
(higher minimum intensity of 120 p.e.) were used for mor-
phological studies. The energy thresholds for standard and
hard cuts are 177 GeV and 217 GeV, respectively. A second
analysis (HAP, Aharonian et al. 2006a), which includes in-
dependent calibration of pixel amplitude and event recon-
structions and discrimination based on Hillas moments of
the cleaned shower image, has been used for cross-checks
and provides compatible results.

Figure 2: H.E.S.S. radial profile of the uncorrelated excess map
centered at the position of the putative pulsar. The solid dark
blue line shows the result of the best-fit model (labelled (C)
in Table 1) estimated in Section 2.1. The dark blue and light
blue dashed lines represent the point-like and Gaussian compo-
nents of this model. The profile from the single Gaussian model
(labelled (B) in Table 1) is plotted in orange.

2.1. Morphological analysis

Figure 1 presents the H.E.S.S. excess map obtained af-
ter the analysis with standard cuts and smoothed with a
Gaussian kernel of 0.068◦ which corresponds to the mean
point-spread function (PSF) for this data set. Cloud den-
sity traced by 13CO from the Galactic Ring Survey (GRS;
Jackson et al. 2006) smoothed with the same Gaussian ker-
nel, radio 20 cm contours (White et al. 2005) from W41,
and the position of the CCO CXOU J183434.9−084443 are
shown as well.
The detection of the TeV source is clear, with a significance
of ≃ 27 σ within an integration radius of 0.3◦ centered
on the candidate pulsar position. The following morpho-
logical results have been obtained with the tools included
in ParisAnalysis software. The best-fit position assuming a
point-like model (model (A) in Table 1) can be considered
compatible with the pulsar position (0.01◦ away from it).
Using a symmetrical Gaussian model (model (B) in Table
1) significantly improves the likelihood of the fit with re-
spect to the previous model. The best-fit position moves
0.04◦ away from the putative pulsar but is still compatible
with it. The sum of a point-like and a symmetrical Gaussian
convolved with the PSF (model (C) in Table 1) again im-
proves (5 σ) the fit with respect to the single Gaussian
model. No significant extension of the central component
has been found. As can be seen in Figure 2, the radial pro-
files of the unsmoothed best-fit model (model (C)) and the
excess map centered at the position of the putative pulsar
are in good agreement. For comparison, the radial profile of
the single Gaussian model (model (B)) has been displayed.
Table 1 summarizes the tested models and Figure 4 repre-
sents the best-fit morphology.

The large energy range covered by H.E.S.S. allows a
morphological study in two energy bands: we have used
data below and above 1 TeV to get equivalent statistics
in each band. Slices perpendicular to the Galactic plane do
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and right ascension with respect to the nominal target po-
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2006a) to remove data affected by unstable weather condi-
tions or hardware-related problems, the total live-time of
the data set, including data presented in the discovery pa-
per (Aharonian et al. 2006b), is 61 hours. The zenith angle
of the observations ranges from 10◦ to 45◦, with a median
value of 20◦.

The data were analyzed with the Model Analysis
method, implemented in the ParisAnalysis software (ver-
sion 0-8-22), which compares the raw atmospheric shower
images in the Cherenkov camera with the prediction of a
semi-analytical model (de Naurois & Rolland 2009). Two
different event selection cuts have been applied. Standard
cuts, which require a minimum shower image intensity of 60
photo-electrons (p.e.) in each camera, were used to compute
energy spectra and sky maps. To improve the angular res-
olution and obtain better background rejection, hard cuts
(higher minimum intensity of 120 p.e.) were used for mor-
phological studies. The energy thresholds for standard and
hard cuts are 177 GeV and 217 GeV, respectively. A second
analysis (HAP, Aharonian et al. 2006a), which includes in-
dependent calibration of pixel amplitude and event recon-
structions and discrimination based on Hillas moments of
the cleaned shower image, has been used for cross-checks
and provides compatible results.

Figure 2: H.E.S.S. radial profile of the uncorrelated excess map
centered at the position of the putative pulsar. The solid dark
blue line shows the result of the best-fit model (labelled (C)
in Table 1) estimated in Section 2.1. The dark blue and light
blue dashed lines represent the point-like and Gaussian compo-
nents of this model. The profile from the single Gaussian model
(labelled (B) in Table 1) is plotted in orange.

2.1. Morphological analysis

Figure 1 presents the H.E.S.S. excess map obtained af-
ter the analysis with standard cuts and smoothed with a
Gaussian kernel of 0.068◦ which corresponds to the mean
point-spread function (PSF) for this data set. Cloud den-
sity traced by 13CO from the Galactic Ring Survey (GRS;
Jackson et al. 2006) smoothed with the same Gaussian ker-
nel, radio 20 cm contours (White et al. 2005) from W41,
and the position of the CCO CXOU J183434.9−084443 are
shown as well.
The detection of the TeV source is clear, with a significance
of ≃ 27 σ within an integration radius of 0.3◦ centered
on the candidate pulsar position. The following morpho-
logical results have been obtained with the tools included
in ParisAnalysis software. The best-fit position assuming a
point-like model (model (A) in Table 1) can be considered
compatible with the pulsar position (0.01◦ away from it).
Using a symmetrical Gaussian model (model (B) in Table
1) significantly improves the likelihood of the fit with re-
spect to the previous model. The best-fit position moves
0.04◦ away from the putative pulsar but is still compatible
with it. The sum of a point-like and a symmetrical Gaussian
convolved with the PSF (model (C) in Table 1) again im-
proves (5 σ) the fit with respect to the single Gaussian
model. No significant extension of the central component
has been found. As can be seen in Figure 2, the radial pro-
files of the unsmoothed best-fit model (model (C)) and the
excess map centered at the position of the putative pulsar
are in good agreement. For comparison, the radial profile of
the single Gaussian model (model (B)) has been displayed.
Table 1 summarizes the tested models and Figure 4 repre-
sents the best-fit morphology.

The large energy range covered by H.E.S.S. allows a
morphological study in two energy bands: we have used
data below and above 1 TeV to get equivalent statistics
in each band. Slices perpendicular to the Galactic plane do
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The complex source: HESS J1834-087
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Figure 7: Spectral energy distribution (SED) for three different
assumptions about the nature of the source. Solid line: The as-
sociation between a single TeV source (violet diamonds) and
the GeV source (green squares) has been assumed. A leptonic
scenario has been tested where a low-energy Maxwellian distri-
bution replaces the low-energy part of the electron spectrum.
The fitted parameters of this model can be found in Table 3.
Dashed line: A simple leptonic model has been tested assum-
ing the TeV point-like source (blue points) is associated with
a hypothetical GeV point-like source superimposed on the ex-
tended one (yellow upper limits). The blue TeV spectral points
have been obtained after normalization of those computed in
the central extracted region (see Section 2.2 for details). Dash-
dotted line: The hadronic model studied by Li & Chen (2012)
has been superimposed to the new data points obtained in this
work. The brown X-ray spectral point and black radio upper
limits have been derived respectively from the XMM-Newton
spectrum given by Mukherjee et al. (2009), and from VLA 20
cm (Helfand et al. 2006) and Bolocam 1.1 mm (Aguirre et al.
2011) images.

pulsar, this energy corresponds to ∼ 700% or ∼ 70% of the
total energy injected by the pulsar for a spin-down power of
1036 erg s−1 or 1037 erg s−1, respectively. In this context, if
the whole GeV and TeV emissions correspond to the same
PWN, the spin-down power of the pulsar must be close to
(or even higher than) ∼ 1037 erg s−1 currently assuming
a constant energy loss rate or was much higher than 1036

erg s−1 in the past and decreased with time. A precise mod-
eling of the evolution of the spin-down power and magnetic
field with time is out of the scope of this paper, since most
parameters for such a model are poorly constrained.

4.1.2. Only the TeV point-like component is powered by the
putative pulsar

In an alternative PWN scenario, we assume that only the
TeV point-like component (spatially coincident with the X-
ray point-like source) is produced by the PWN powered by
the putative pulsar. Under this assumption, the γ-ray effi-
ciency is estimated to be LTeV/Ė ∈ [0.1%, 1%]. This is con-
sistent with the range of efficiencies (0.01% – 10%) found
for several VHE PWNe candidates (Gallant et al. 2008).

A simple one-zone leptonic model has been considered
and displayed in Figure 7 (dashed line). The TeV data have
been computed from the normalization of those found in the
central extraction region and displayed in Figure 5. The

calculation of the normalization is detailed in Section 2.2.
Despite the large spectral uncertainties, a SED modeling
has been performed to estimate the physical parameters
involved. The model assumes a distribution of accelerated
electrons cooling radiatively by means of synchrotron radia-
tion and inverse-Compton scattering, a distance of 4.2 kpc,
and an age of 104 yr for the pulsar. This age is lower than
that estimated for W41, but still in the estimated range for
τc. A good representation of the radio upper limits and X-
ray data together with the GeV point-like source upper lim-
its and TeV central component is obtained for an injection
spectral index Γinj = −2.0, a magnetic field of B ≃ 15 µG.
The total energy injected to leptons (We ≃ 3.0× 1047 erg)
represents ∼ 10% (or 100%) of the rotational energy that
can be injected by the pulsar over its entire lifetime as-
suming a constant rotational power of 1037 erg s−1 (or
1036 erg s−1, respectively), favoring once again a spin-down
power higher than 1036 erg s−1 for the powering pulsar.

In this scenario, the TeV point-like source is assumed
to be unrelated to the TeV extended component. Thus, the
extended structure seen by Fermi LAT and H.E.S.S. may
have two possible origins. Electrons accelerated in the past
and affected by radiative losses could create a relic nebula
emitting in γ-rays. This ancient PWN would be too faint
to be detected in X-rays. An energy-dependent morphology
of the γ-ray emission from 1.8 GeV up to 100 TeV might
suggest the electron cooling in the PWN. However, without
any significant variation of the intrinsic sizes of the γ-ray
source in this energy range or variation of the spectral slope
at VHE energy, this scenario tends to be disfavored. The
other possibility suggests that the emission from the inter-
action of the SNR with the MC is in the line of sight of
the PWN γ-ray emission. But the chance probability of de-
tecting two TeV sources in spatial coincidence in the part
of the Galactic plane covered by H.E.S.S. (140◦ × 6◦) has
been estimated as p ≃ 9.4×10−4 from the formula in Akujor
(1987). Nevertheless, this configuration may happen as in
the case of W51C where the TeV source seems to be pow-
ered by a PWN and a SNR/MC interaction (Aleksić et al.
2012; Feinstein et al. 2009).

4.2. SNR-MC interaction

Using high-resolution CO observations, Tian et al. (2007)
suggested that a MC is located close to the SNR W41
and could even be interacting with the SNR, as proposed
by Albert et al. (2006). The γ-ray emission detected by
H.E.S.S. (as seen in Figure 1) is spatially coincident with
the 13CO high-density region extracted from GRS data
(Jackson et al. 2006), as observed for other interacting
SNRs at TeV energy. Direct evidence that the shock wave
of W41 is interacting with a MC has been discovered re-
cently. Frail et al. (2013) found two regions with OH maser
emission close to the center of the remnant. Only the bright-
est maser at l, b = (23.26◦,−0.31◦) has been displayed in
Figures 1, 4 and 6.

Fermi LAT observations have already led to the de-
tection of γ-ray emission from several SNRs. Interestingly,
SNRs interacting with MCs constitute the dominant class
of γ-ray luminous SNRs, and several evolved interacting
remnants (i.e. W51C, W44, IC443 and W28) are asso-
ciated with extended GeV emission (Abdo et al. 2009b,
2010b,c,d). For W41, the estimated luminosity L(0.1 −

Scenario 1: 
• all TeV emission from PWN 
• extreme spin-down pulsar required: 
Ė > 1037 erg s-1 

• complex injection spectrum
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Figure 7: Spectral energy distribution (SED) for three different
assumptions about the nature of the source. Solid line: The as-
sociation between a single TeV source (violet diamonds) and
the GeV source (green squares) has been assumed. A leptonic
scenario has been tested where a low-energy Maxwellian distri-
bution replaces the low-energy part of the electron spectrum.
The fitted parameters of this model can be found in Table 3.
Dashed line: A simple leptonic model has been tested assum-
ing the TeV point-like source (blue points) is associated with
a hypothetical GeV point-like source superimposed on the ex-
tended one (yellow upper limits). The blue TeV spectral points
have been obtained after normalization of those computed in
the central extracted region (see Section 2.2 for details). Dash-
dotted line: The hadronic model studied by Li & Chen (2012)
has been superimposed to the new data points obtained in this
work. The brown X-ray spectral point and black radio upper
limits have been derived respectively from the XMM-Newton
spectrum given by Mukherjee et al. (2009), and from VLA 20
cm (Helfand et al. 2006) and Bolocam 1.1 mm (Aguirre et al.
2011) images.

pulsar, this energy corresponds to ∼ 700% or ∼ 70% of the
total energy injected by the pulsar for a spin-down power of
1036 erg s−1 or 1037 erg s−1, respectively. In this context, if
the whole GeV and TeV emissions correspond to the same
PWN, the spin-down power of the pulsar must be close to
(or even higher than) ∼ 1037 erg s−1 currently assuming
a constant energy loss rate or was much higher than 1036

erg s−1 in the past and decreased with time. A precise mod-
eling of the evolution of the spin-down power and magnetic
field with time is out of the scope of this paper, since most
parameters for such a model are poorly constrained.

4.1.2. Only the TeV point-like component is powered by the
putative pulsar

In an alternative PWN scenario, we assume that only the
TeV point-like component (spatially coincident with the X-
ray point-like source) is produced by the PWN powered by
the putative pulsar. Under this assumption, the γ-ray effi-
ciency is estimated to be LTeV/Ė ∈ [0.1%, 1%]. This is con-
sistent with the range of efficiencies (0.01% – 10%) found
for several VHE PWNe candidates (Gallant et al. 2008).

A simple one-zone leptonic model has been considered
and displayed in Figure 7 (dashed line). The TeV data have
been computed from the normalization of those found in the
central extraction region and displayed in Figure 5. The

calculation of the normalization is detailed in Section 2.2.
Despite the large spectral uncertainties, a SED modeling
has been performed to estimate the physical parameters
involved. The model assumes a distribution of accelerated
electrons cooling radiatively by means of synchrotron radia-
tion and inverse-Compton scattering, a distance of 4.2 kpc,
and an age of 104 yr for the pulsar. This age is lower than
that estimated for W41, but still in the estimated range for
τc. A good representation of the radio upper limits and X-
ray data together with the GeV point-like source upper lim-
its and TeV central component is obtained for an injection
spectral index Γinj = −2.0, a magnetic field of B ≃ 15 µG.
The total energy injected to leptons (We ≃ 3.0× 1047 erg)
represents ∼ 10% (or 100%) of the rotational energy that
can be injected by the pulsar over its entire lifetime as-
suming a constant rotational power of 1037 erg s−1 (or
1036 erg s−1, respectively), favoring once again a spin-down
power higher than 1036 erg s−1 for the powering pulsar.

In this scenario, the TeV point-like source is assumed
to be unrelated to the TeV extended component. Thus, the
extended structure seen by Fermi LAT and H.E.S.S. may
have two possible origins. Electrons accelerated in the past
and affected by radiative losses could create a relic nebula
emitting in γ-rays. This ancient PWN would be too faint
to be detected in X-rays. An energy-dependent morphology
of the γ-ray emission from 1.8 GeV up to 100 TeV might
suggest the electron cooling in the PWN. However, without
any significant variation of the intrinsic sizes of the γ-ray
source in this energy range or variation of the spectral slope
at VHE energy, this scenario tends to be disfavored. The
other possibility suggests that the emission from the inter-
action of the SNR with the MC is in the line of sight of
the PWN γ-ray emission. But the chance probability of de-
tecting two TeV sources in spatial coincidence in the part
of the Galactic plane covered by H.E.S.S. (140◦ × 6◦) has
been estimated as p ≃ 9.4×10−4 from the formula in Akujor
(1987). Nevertheless, this configuration may happen as in
the case of W51C where the TeV source seems to be pow-
ered by a PWN and a SNR/MC interaction (Aleksić et al.
2012; Feinstein et al. 2009).

4.2. SNR-MC interaction

Using high-resolution CO observations, Tian et al. (2007)
suggested that a MC is located close to the SNR W41
and could even be interacting with the SNR, as proposed
by Albert et al. (2006). The γ-ray emission detected by
H.E.S.S. (as seen in Figure 1) is spatially coincident with
the 13CO high-density region extracted from GRS data
(Jackson et al. 2006), as observed for other interacting
SNRs at TeV energy. Direct evidence that the shock wave
of W41 is interacting with a MC has been discovered re-
cently. Frail et al. (2013) found two regions with OH maser
emission close to the center of the remnant. Only the bright-
est maser at l, b = (23.26◦,−0.31◦) has been displayed in
Figures 1, 4 and 6.

Fermi LAT observations have already led to the de-
tection of γ-ray emission from several SNRs. Interestingly,
SNRs interacting with MCs constitute the dominant class
of γ-ray luminous SNRs, and several evolved interacting
remnants (i.e. W51C, W44, IC443 and W28) are asso-
ciated with extended GeV emission (Abdo et al. 2009b,
2010b,c,d). For W41, the estimated luminosity L(0.1 −

Scenario 1: 
• all TeV emission from PWN 
• extreme spin-down pulsar required: 
Ė > 1037 erg s-1 

• complex injection spectrum

Scenario 2: 
• Point-like TeV source from PWN 
• extended TeV component  +  

Fermi-LAT spectrum: 
• from SNR/MC  

interaction 
• OR from relic PWN
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Supernova remnants
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Young vs. interacting SNRs

HESS Collaboration (2014)
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Shell-type SNRs: Tycho’s SNR

Composite image:  
IR (red), optical (green), X-rays (blue)

• Young Type 1a SNR (441 years) 

• Expansion into clean environment: 
i.e. no dense gas 

• No interaction with molecular clouds
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Shell-type SNRs: Tycho’s SNR

Evidence for hadronic CR acceleration 
• Thin X-ray filaments 

—> high local B-field 
—>  CR-driven instabilities? 

• Thin Balmer filaments 
—> CR-driven shock precursor

Eriksen et al. (2011)

X-rays (Chandra)

(e.g. Lee et al., 2010)
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Shell-type SNRs: Tycho’s SNR

TeV (VERITAS)

Park et al. (2013) • 103 h of observation 
• very hard spectrum: Γ = 1.9 ± 0.6 
• hadronic scenarios preferred
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PWN or SNR: HESS J1640-465

TeV (H.E.S.S.)

HESS Coll. (2014)

• Distance > 10 kpc 

• Most luminous Galactic 
TeV source!
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PWN or SNR: HESS J1640-465

TeV (H.E.S.S.)

HESS Coll. (2014)

Infrared (Spitzer 24 µm)
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PWN or SNR: HESS J1640-465

Recent NuStar detection of powerful pulsar

Gotthelf et al. (2014)
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PWN or SNR: HESS J1640-465

• The usual PWN models unable to reproduce the GeV-TeV spectrum 
• Hadronic models preferred? (due to overlap with SNR shell) 
• Updated Fermi-Paper on the horizon —> surprises?
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A new treasure in the same region  
HESS J1641-463
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Fig. 1.— Map of excess events with energies E> 4TeV for the region around J1641−463

smoothed with a Gaussian of width 0.085◦, corresponding to the 68% containment radius of

instrument PSF. The white contours indicate the significance of the emission at the 5, 6, 7

and 8σ level. The black cross indicates the value and uncertainty of the best fit position of

the source, the green dashed circles show the positions and approximate extensions of the two

nearby SNRs, the black diamond the position of PSR J1640−4631, the dash-dotted black

ellipse the 95% confidence error position of 1FHL J1640.54634, and the red box indicates the

area for the extraction of the profiles shown in Fig. 2. The color scale is in units of counts

per smoothing Gaussian width. The H.E.S.S. PSF is shown inside the white box. The

upper left inset shows a map of the distribution of the column density of molecular hydrogen

in units of cm−2, estimated from the NANTEN CO(1−0) data, together with the H.E.S.S.

significance contours.
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Fig. 2.— Distribution of VHE γ-ray excess profiles and Gaussian fits (convolved with the

instrument PSF) for the red rectangular slice shown in Fig. 1. Vertical lines show the position

of the SNR 338.3−0.0 and G338.5+0.1. Fits using a single and a double Gaussian function

are shown in dashed and solid lines respectively. Note that the energy dependence of the

PSF is taken into account in the fits.

HESS Coll, submitted to ApJL  (2014)
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Fig. 4.— Differential γ-ray spectrum of J1641−463 together with the expected emission

from p-p collisions (left) and IC off CMB photons (right). The pink area represents the

1σ confidence region for the fit to a power law model, the black data points the H.E.S.S.

measured photon flux (1σ uncertainties), the arrows the 95% CL upper limits on the flux

level, and the black curves the expected emission from the models, assuming different particle

energy cutoff values. For comparison, the gray data points and curve represent the archival

spectrum and the corresponding best fit model, respectively, of SNR RX J1713.7−3946

(Aharonian et al. 2007).

One of the hardest spectra ever measured with H.E.S.S.

• Flux: 1.8% Crab  

• Γ = 2.07 ± 0.2  

• no evidence for cutoff 
up to 20 TeV

HESS Coll, submitted to ApJL  (2014)

A new treasure in the same region  
HESS J1641-463
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Fig. 1.— Map of excess events with energies E> 4TeV for the region around J1641−463

smoothed with a Gaussian of width 0.085◦, corresponding to the 68% containment radius of

instrument PSF. The white contours indicate the significance of the emission at the 5, 6, 7

and 8σ level. The black cross indicates the value and uncertainty of the best fit position of

the source, the green dashed circles show the positions and approximate extensions of the two

nearby SNRs, the black diamond the position of PSR J1640−4631, the dash-dotted black

ellipse the 95% confidence error position of 1FHL J1640.54634, and the red box indicates the

area for the extraction of the profiles shown in Fig. 2. The color scale is in units of counts

per smoothing Gaussian width. The H.E.S.S. PSF is shown inside the white box. The

upper left inset shows a map of the distribution of the column density of molecular hydrogen

in units of cm−2, estimated from the NANTEN CO(1−0) data, together with the H.E.S.S.

significance contours.

Scenario 1: 
• hadronic: SNR G338.5+0.1 
• only if the SNR is young ~1000 yr 
• hardest proton spectrum  

ever inferred

HESS Coll, submitted to ApJL  (2014)

A new treasure in the same region  
HESS J1641-463
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Fig. 1.— Map of excess events with energies E> 4TeV for the region around J1641−463

smoothed with a Gaussian of width 0.085◦, corresponding to the 68% containment radius of

instrument PSF. The white contours indicate the significance of the emission at the 5, 6, 7

and 8σ level. The black cross indicates the value and uncertainty of the best fit position of

the source, the green dashed circles show the positions and approximate extensions of the two

nearby SNRs, the black diamond the position of PSR J1640−4631, the dash-dotted black

ellipse the 95% confidence error position of 1FHL J1640.54634, and the red box indicates the

area for the extraction of the profiles shown in Fig. 2. The color scale is in units of counts

per smoothing Gaussian width. The H.E.S.S. PSF is shown inside the white box. The

upper left inset shows a map of the distribution of the column density of molecular hydrogen

in units of cm−2, estimated from the NANTEN CO(1−0) data, together with the H.E.S.S.

significance contours.

Scenario 1: 
• hadronic: SNR G338.5+0.1 
• only if the SNR is young ~1000 yr 
• hardest proton spectrum  

ever inferred

Scenario 2: 
• hadronic: SNR G338.3-0.0 
• old SNR + dense MC interaction 
• proton escape and diffusion

HESS Coll, submitted to ApJL  (2014)

A new treasure in the same region  
HESS J1641-463



Peter Eger, September 4th , 2014, ECRS 2014, Kiel

Final thoughts

• TeV-emitting SNRs / PWNe are a rich and diverse 
population of extreme astrophysical objects 

• They might be the key to understand the origin of Galactic 
cosmic rays 

• Research with IACTs evolves rapidly; but still some 
fundamental questions without final answer


