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Atmospheric Cherenkov Telescopes

HESS-II

VERITAS

MAGIC-II
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MAGIC-IIMAGIC-I
85 m

17 m

The MAGIC Project
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•170 collaborators in 10 countries
‣12 Japanese member (as of Apr. 2014)

•Stereoscopic system of 2 telescopes with the size 
of 17 m diameter
•Location: La Palma in Spain (a.s.l 2231 m)



The MAGIC Telescopes
•Low energy threshold of 50 GeV.  Down to 25 GeV by Sum-trigger.
•Field of view: 3.5 deg diameter
•Angular resolution: <0.07 deg (>300 GeV)
•Sensitivity: ~0.6% Crab unit for 50 hours observation.

History of Upgrade
2009  Starting stereo observation
2011  Replacement of the readout
         electronics to DRS4
2012  Replacement of MAIC-I Camera
         Change of the trigger system
2013  Sum Trigger-II installation
2014  Mirror replacement (~90 m2)
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The MAGIC Performance

•Large improvement at low energies
‣Optimization to detect distant AGN 
which suffers from the absorption 
due to EBL.

•Also improved off-axis performance
‣Further study are ongoing.
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Figure 14: Angular resolution of the MAGIC telescopes after the upgrade as a function of the estimated energy obtained with the Crab Nebula data sample (points)
and MC simulations (solid lines). Left panel: 2D Gaussian fit, right panel: 68% containment radius. Red points: low zenith sample, blue points: medium zenith
sample. For comparison the low zenith pre-upgrade angular resolution is shown as gray points Aleksić et al. (2012a).
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Figure 15: θ2 distribution of excess events for the Crab Nebula (filled circles,
solid lines) and MC (empty squares, dashed lines) samples in the energy range
of 300 − 475GeV. The distributions are fitted with a single or a double two
dimensional Gaussian (black and blue lines respectively).

0.05Nbkg. The first condition assures that the Poissonian statis-
tics of the number of events can be approximated by a Gaussian
distribution. The second condition protects against small sys-
tematic discrepancies between the ON and OFF distributions,
which may mimic a statistically significant signal if the resid-
ual background rate is large.
The integral sensitivity of the different phases of the MAGIC

experiment for a source with a Crab Nebula-like spectrum are
shown in Fig. 16. The sensitivity values both in Crab Nebula
Units (C.U.) and in absolute units are summarized in Table 3 for
low zenith and in Table 4 for medium zenith angles. We used
here the Nexcess/

√

Nbkg = 5 definition, recomputing the original
MAGIC-I mono sensitivities to include also the Nexcess > 10
and Nexcess > 0.05Nbkg conditions 1.

1Note that one of the main disadvantages of the mono observations was
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Figure 16: Evolution of integral sensitivity of the MAGIC telescopes, i.e. the
integrated flux of a source above a given energy for which Nexcess/

√

Nbkg = 5
after 50 h of effective observation time, requiring Nexcess > 10 and Nexcess >
0.05Nbkg. Gray circles: sensitivity of the MAGIC-I single telescope with the
Siegen (light gray, long dashed, Albert et al. (2008b)) and MUX readouts (dark
gray, short dashed, Aleksić et al. (2012a)). Black triangles: stereo before the
upgrade (Aleksić et al., 2012a). Squares: stereo after the upgrade: zenith angle
below 30◦ (red, filled), 30 − 45◦ (blue, empty)

In order to find the optimal cut values in Hadronness and θ2
in an unbiased way, we used an independent training sample
of Crab Nebula data. The size of the training sample is similar
to the size of the test sample from which the final sensitivity
is computed. Different energy thresholds are achieved by vary-
ing a cut in the total number of photoelectrons of the images
(for points < 300GeV) or in the estimated energy of the events
(above 300GeV). For each energy threshold we perform a scan
of cuts on the training subsample, and apply the best cuts to

the very poor signal-to-background ratio at low energies, leading to dramatic
worsening of the sensitivity. Using optimized cuts one can recover some of the
sensitivity lost at the lowest energies for mono observations.
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H.E.S.S.
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!

!  H.E.S.S. phase I 
!  four 12m telescopes 
!  FoV 5 deg 
!  energy threshold 100 GeV 
!  angular resolution < 0.1 deg 

The H.E.S.S. experiment 

!  H.E.S.S. phase II 
!  four 12m telescopes  
!  one 28m telescope (FoV 3.5 deg) 
!  energy threshold O(30 GeV) 
!  angular resolution from 0.4 deg to 

less than 0.1 deg 

H.E.S.S. phase I                    H.E.S.S. phase II 
Christian Stegmann . H.E.S.S. Highlights . APP14/TeVPA . 23.6.2014 C. Stegmann’s talk at TeVPA2014

Replacement of the PMTs will 
be done by 2016.

■  1% Crab in 25 hours obs.
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VERITAS

The VERITAS Upgrade:  
Performance and Status 

Sean Griffin  -- McGill University 
(for the VERITAS Collaboration) 

 
2014 CAP Congress 

Laurentian University 
Sudbury, ON  

June 15th – 21st , 2014 
 

Comparable performance to HESS-I.
Upgrade was done in 2012.

•Energy Range:  > ~70 GeV
  ∵ High Q.E. PMTs are used.
•Sensitivity: 1% Crab in 26 hours
•Angular resolution: < 0.14 deg (>200 GeV)

Nepomuk Otte 9

VERITAS Performance
Sensitivity curve with time
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TeV Gamma-Ray Sources

151 sources have been detected.

Sources discovered over the past year.
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Recent Results



AGNs
(Mainly MAGIC Results)



IC310

ASTROPARTICLE PHYSICS 2014 E. CARMONA

Discovered at VHE on Fermi data (Neronov, 
A., Semikoz, D., & Vovk, I.2010, A&A, 519) 
and MAGIC (ApJ, 723 (2010) L207) 

Same field of view as the radiogalaxy 
NGC1275 (also discovered by MAGIC) 

IC 310 showed day to day variability in 
2011(A&A 563 (2014) A91)

IC 310

AMSTERDAM 2014-06-2416

STATUS AND RECENT RESULTS OF THE MAGIC CHERENKOV TELESCOPES
HIGHLIGHTS

NGC 1275 

IC 310 

During flare in 2012 variability was observed with a timescale of 9.5±1.9 min and large 
amplitude flickering where flux was doubling in timescales of ~1 min

MAGIC Collaboration 
Submitted

~10 min gaussian variability 

~1 min flickering 

preliminary 

1 crab 

5 crabs 

J. Aleksić et al.,(MAGIC Coll.), A&A. 541, 99 (2012)"J. Aleksić et al.,(MAGIC Coll.), A&A. 541, 99 (2012)
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STATUS AND RECENT RESULTS OF THE MAGIC CHERENKOV TELESCOPES
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NGC 1275 

IC 310 

During flare in 2012 variability was observed with a timescale of 9.5±1.9 min and large 
amplitude flickering where flux was doubling in timescales of ~1 min

MAGIC Collaboration 
Submitted

~10 min gaussian variability 

~1 min flickering 

preliminary 

1 crab 

5 crabs 

J. Aleksić et al.,(MAGIC Coll.), A&A. 541, 99 (2012)"

From Carmona’s talk at TeVpar 2014

First serendipitously detected by 
Fermi (Neronov+10) and MAGIC 
(Aleksic+10).

Showed day to day variability in 2011 
(Aleksic+11)

•During the flare in 2012, 10 min. 
variability was observed.
•Large amplitude flickering where 
flux was doubling in timescale of 
1 min.!

Radio Galaxy (HBL)

11



Interpretation of Short Term Variability

ASTROPARTICLE PHYSICS 2014 E. CARMONA

For a 2×108 M⊙ BH, 1 minute time corresponds to 
25% of the of the event horizon light-crossing-time 

Similar fast variability has been found in VHE Blazars 
like Mrk 501 or PKS2155-304 but Blazars have 
Doppler factors of ~10. IC 310 could have a Doppler 
factor of 3 – 4 with the jet at 10˚-20˚ from the line of 
sight. Intrinsic variability is much shorter in IC 310 

Emission seen by MAGIC hard to explain by models:

IC 310

AMSTERDAM 2014-06-2417

STATUS AND RECENT RESULTS OF THE MAGIC CHERENKOV TELESCOPES
HIGHLIGHTS

Shocks in the Jet? But difficult to explain the  
25% event horizon light-crossing-time measured 

Minijets in the Jet pointing towards the line of sight? But would make 
luminosity of IC 310 huge 

Jets crossing dense matter clouds or stars? But crossing and pp cooling 
times are typically longer)

Blazars  <~5˚ 
along the jet

Radiogalaxies  
IC 310: 10˚ — 20˚

Models are hard to explain the emission feature.
•Shocks in the jet → Difficult to explain the horizon light-crossing time.
•Minijets in the jet pointing towards the ling of sight → The luminosity of IC 
310 should be huge.
•Jets crossing dense matter clouds or stars → time scale of crossing and 
cooling time of p-p collision is longer.

•Assuming the mass black hole mass of 2×108 Mo, 
1 min. time corresponds to 25% of the light-
crossing-time for the event horizon.

•Mrk 501or PKS2155−304 has similar fast 
Variability but Doppler factors of Blazars are ~10. 
IC 310 could have the factor of 3-4.
→Intrinsic variability is much shorter in IC 310.
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Preliminary!

H1722+119

•BL Lac object
•Distance: z > 0.5 from the optical observation.
•Recorded the brightest R-band magnitude (14.5) in May 2013.
•MAGIC detected with 12 hours observation in ToO (ATel #5080).
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2013 ToO
2013年5月可視光観測(The Tuorla blazar monitoring program)で天体光度が観測開
始以来最大(14.65 mag. in R-band)となったことが報告された

MAGIC望遠鏡によるToO観測(5/17 - 5/22、計~12時間)を行い、天体からの超高
エネルギーガンマ線信号を発見(ATel #5080)

http://users.utu.fi/kani/1m 11.7 hr
Nex : 351, 5.6σ

MAGIC discovery

Eth ~ 80 GeV

Preliminary

Red: R-band of H1722+119
Green: Control star 13



Preliminary!

Multi-Wavelength Light Curve
MAGIC observation

•LAT flux was almost 
consistent with that in 
2FGL catalog.

•LAT spectrum had the 
index of 1.92+/-0.06.

•No large flux 
variability was seen in 
the radio band.
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Preliminary!

Preliminary!Preliminary!

MAGIC Result
Daily light curve Energy spectrum

No significant variability.
Luminosity: 2.2% C.U. (>140 GeV)

Γ = 3.6 +/- 0.3 (observed)
Γ = 2.6 +/- 0.6 (de-absorbed, z=0.5)
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Gamma SED & !max

MAGIC simultaneous(5/17-5/22)のみだとLATで
検出に至らない(TS ~ 10)ため1ヶ月分データ使用
LAT 2013May (1 month): Γ = -1.67+/-0.38
MAGIC observed
MAGIC de-absorbed (z=0.5) Georganopoulos+2010, Aleksić+2011, 

Abramowski+2013

LAT 1 month extrapolationをFintとした場合

⌧
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(E)� 1.64 ·�F (E)

�

Preliminary Preliminary

SED is well represented with SSC 
model by Takami+11.

← Intrinsic spectrum was assumed the 
extrapolation of Fermi one.
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Preliminary!

MAGIC J2001+435
•Fermi object w/ hard spectrum: 2FGL J2001.1+4352, ΓLAT=1.90+/-0.03
•Categorized as HBL object.
•First VHE gamma-ray detection by MAGIC (July - Sep. in 2010, 14 hours).
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Preliminary 

•Time variabilities were seen in multi-
wavelength.
•Strong variability in X-ray band.

•z=0.17+-/-0.1 from z-spectral index 
relation (Prandini=10).
•VHE flare, X-ray flare, quiescence state 
can be explained by one-zone SSC model.

•Red shift > 0.11 (Shaw+13)
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Other Interesting Objects

Red shift: 0.944+/-0.002!

Maybe observed the delayed 
component due to a 
gravitationally lensed component.

Detailed results are coming 
soon!

S3 0218+357

RBS0723 (ATel #5768)
•Extreme BL Lac
•Weak but variable

RX J1136.5+6737 (ATel 
#6062)
•Extreme BL Lac?

17



Galactic Sources



SNRs



SNR W44
•Middle-aged SNR (~2x104 yr)

•Surrounded by giant molecular (106 Mo) 
cloud and interacting with it

•Detected the pion-decay signature from 
p-p collision→evidence of CR acceleration 
(Ackerman+13)

•Bi-polar gamma-ray emission around the 
SNR (Uchiyama+12).

Good site for study of the 
CR diffusion process

- SRC-2

20



SNR W44
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2FGL J1857.6+0211

1

•Middle-aged SNR (~2x104 yr)

•Surrounded by giant molecular (106 Mo) 
cloud and interacting with it

•Detected the pion-decay signature from 
p-p collision→evidence of CR acceleration 
(Ackerman+13)

•Bi-polar gamma-ray emission around the 
SNR (Uchiyama+12).

The Astrophysical Journal Letters, 749:L35 (5pp), 2012 April 20 Uchiyama et al.

(a) (b)

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

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

The γ -ray emission in the vicinity of W44 can be ascribed
formally to possible imperfection of the maps of gas column
densities used in the model of the Galactic interstellar diffuse
emission or to a local enhancement of CR density. The former
implies that the mass in the γ -ray-emitting region around W44 is
underestimated by a large factor (!5), or it requires the presence
of unknown background clouds with a huge mass of !106 M#.
Therefore, an overabundance of CRs in the vicinity of W44
offers a more sensible explanation; we present a model in which
the GMC complex is illuminated by CRs that were produced
in SNR W44 and escaped from it. We first model the γ -ray
emission from W44 itself, and then proceed with modeling the
γ -ray emission from the surroundings.

We adopt the following parameters to describe SNR W44
(Uchiyama et al. 2010 and references therein): (1) d = 2.9 kpc
as the distance to W44 based on the firm association with the
surrounding GMCs (e.g., Seta et al. 1998), (2) R = 12.5 pc as
the radius (corresponding to the angular radius of θ = 14.8′),
(3) the kinetic energy released by the supernova ESN =
2 × 1051 erg, (4) the ejecta mass Mej = 2 M#, and (5) the
remnant age11 tage = 10,000 yr. Assuming evolution in the
uniform intercloud medium, these parameters imply that
the intercloud medium has hydrogen density of n ' 2 cm−3

and the Sedov–Taylor phase started around t = tST ' 129 yr
when the radius was rST ' 1.9 pc.

11 The SNR age is comparable to the spin-down age of the pulsar B1853 + 01
associated with SNR W44, τsd = 20,000 yr (Wolszczan et al. 1991).

-0.05      0         0.05     0.1       0.15     0.2       0.25     0.3       0.35     0.4

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

4.1. Gamma-Ray Production Inside SNR W44

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

The dense radio-emitting filaments are indeed the most
probable sites of the dominant γ -ray production in SNR W44,
given the estimated mass of Msh = 5 × 103 M# (Reach
et al. 2005), which is ∼9 times larger than the swept-up
intercloud mass. Assuming a pre-shock cloud density of n0 =
200 cm−3 (Reach et al. 2005) and a pre-shock magnetic field
of B0 = 30 µG, we can estimate the compressed gas density
and magnetic field in the filaments as nm ' 7 × 103 cm−3 and
Bm ' 0.8 mG following the prescription in Uchiyama et al.
(2010).

For simplicity we describe the energy distributions of CR
electrons and protons in the filaments as a cutoff power law
in momentum: ne,p(p) = ke,pp−1.74 exp(−p/pc), where the
index is chosen to match the radio spectral index of α ' 0.37
(Castelletti et al. 2007). The ratio of radio and γ -ray fluxes
yields ke/kp = 0.05. The spectral break in the LAT spectrum
is reproduced by pc = 10 GeV c−1. As shown in Figure 2,
the spectrum below a few GeV is dominated by the decays
of π0-mesons produced in the dense filaments,12 while the

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

3

Uchiyama+12

Good site for study of the 
CR diffusion process

- W44
- SRC-1

- SRC-2
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Observation with MAGIC
Observation of SRC-1 and SRC-2 for 100 hours (in total 200 hours) each was 
proposed as MAGIC KOP.

•W44 itself should be covered by the observations.

•Starting from SRC-1 because both sources have the same fluxes and 
spectral shapes.

•Observation of SRC-1 was completed in this summer.

Pointing positions Expected flux vs sensitivity

21



Preliminary!

Preliminary!

Sky Map

TS value map

•No significant emission around SRC-1 
and SNR W44 itself.
•HESS J1857+026 and HESS J1858+020 
(a few percent Crab) have been 
detected.

22

Surviving time of ~93 hours after the 
data selection.

Preliminary!



Preliminary!

Spectral Energy Distribution of SRC-1

Emission region was assumed the disk with the radius of 0.4 deg from Uchiyama+12.

23

The analysis of W44 itself is ongoing considering the effect of off-axis.



HESS J1640-465

An exceptionally luminous TeV γ -ray SNR 2831

Funk & Hinton 2007). In this setup, a minimum intensity in the
camera image of 160 p.e. is required, resulting in an energy thresh-
old of Eth = 600 GeV and a point spread function (PSF) with 68 per
cent containment radius of r68 = 0.◦09 for the morphology studies.
The fit of a symmetric two-dimensional Gaussian profile, convolved
with the HESS PSF with SHERPA (Freeman, Doe & Siemiginowska
2001) gives a best-fitting position of RA 16h40m41.s0 ± 1.s0stat ±
1.s3sys and Dec. −46◦32′31′′ ± 14′′

stat ± 20′′
sys (J2000), consis-

tent with the previously published value (Aharonian et al. 2006c).
The systematic error on the best-fitting position originates from
the pointing precision of the HESS array of about 20 arcsec.
The source is intrinsically extended with a Gaussian width of
σS = (4.3 ± 0.2) arcmin. This extension is 1.6 arcmin (∼2σ ) larger
than in the original publication, which can be understood as fainter
emission belonging to HESS J1640−465 that can now be revealed
with the increased data set. Fig. 1 shows the HESS best-fitting po-
sition and extension overlaid on the VHE γ -ray excess map. The
VHE γ -ray source encloses the northern part of the SNR shell
of G338.3−0.0, the candidate PWN XMMU J164045.4−463131
(Funk et al. 2007) and the Fermi-LAT source 2FGL 1640.5−4633
(Slane et al. 2010; Nolan et al. 2012). Fig. 1 also shows some
indication for an asymmetric extension of the emission along the
northern part of the shell and towards the newly discovered source
HESS J1641−463 (Oya et al. 2013). This extension is also seen as
residual VHE γ -ray emission when subtracting the source model
from the sky map, indicating that the symmetric Gaussian model
for HESS J1640−465 is an oversimplification. The residual emis-
sion could indicate some emission in between HESS J1640−465
and HESS J1641−463. This component is however not detected
with high significance, making a discussion of its origin difficult in
this context. Morphological fits in energy bands do not reveal any
significant change in best-fitting position and/or extension, which

Figure 1. HESS excess map smoothed with a 2D Gaussian with 0.◦017
variance and the best-fitting position (statistical errors only) and intrinsic
Gaussian width overlaid as blue solid and dashed lines. 610 MHz radio con-
tours are shown in black (Castelletti et al. 2011). The green circle indicates
the position of the candidate PWN XMMU J164045.4−463131, and in
grey, the best-fitting position of the Fermi source 2FGL 1640.5−4633 is
given. The white circle indicates the source HESS J1641−463 (Oya et al.
2013), and the region of high radio emission connecting HESS J1640−465
and HESS J1641−463 indicates the H II region G338.4+0.1. The progeni-
tor of G338.3−0.0 is potentially associated with the massive young stellar
cluster Mercer 81 (Davies et al. 2012).

Figure 2. VHE γ -ray spectrum of HESS J1640−465 (top) and flux resid-
uals (bottom) extracted within the 90 per cent containment radius (see the
text). Also shown is the best-fitting power law, plus exponential cut-off
model and 68 per cent error band. All spectral points have a minimum sig-
nificance of 2σ . The last point is the differential flux upper limit in this
energy band at 95 per cent confidence level.

would have indicated a change in source morphology with energy
(as e.g. seen in the PWNe HESS J1825−137 or HESS J1303−631;
Aharonian et al. 2006b; Abramowski et al. 2012b).

2.2 Spectrum

The VHE γ -ray spectrum is shown in Fig. 2 and has been extracted
using std cuts (60 p.e. minimum image intensity, Eth = 260 GeV),
using the reflected region background method (Berge et al. 2007)
and forward folding with a maximum likelihood optimization (Piron
et al. 2001) from the 90 per cent containment radius of the VHE
γ -ray emission of HESS J1640−465 of 0.◦18 around the best-fitting
position. The fit of a power law with exponential cut-off: dN/dE =
#0 × (E/1 TeV)−$e−E/Ec results in a photon index $ = 2.11 ±
0.09stat ± 0.10sys, a differential flux normalization at 1 TeV of #0 =
(3.3 ± 0.1stat ± 0.6sys) × 10−12 TeV−1 cm−2 s−1 and a cut-off energy
of Ec = 6.0+2.0

−1.2 TeV. The systematic errors on flux norm and index
for this data set are based on the difference seen between the main
and cross-check analysis and are a result of uncertainties in e.g.
atmospheric conditions, simulations, broken pixels, analysis cuts or
the run selection. The fit probability p for an exponential cut-off
power-law model is p ∼ 36 per cent, whereas the fit probability
for a pure power-law model is p ∼ 1 per cent. The luminosity of
HESS J1640−465 above 1 TeV at 10 kpc distance is L>1TeV &
4.6 × 1035(d/10 kpc)2 erg s−1, a factor of ∼2.8 higher than that of
the Crab nebula.

The photon index as reconstructed with the new HESS data at
TeV energies is compatible with the photon index as reconstructed in
the GeV domain (Slane et al. 2010; Nolan et al. 2012; Ackermann
et al. 2013). A simultaneous exponential cut-off power-law fit to
the GeV data points as derived by Slane et al. (2010) and new TeV
data between 200 MeV and 90 TeV (shown in Fig. 3) has been
performed. The result of this fit is summarized in Table 1 and shows
that the flux at 1 TeV, the photon index as well as the cut-off energy
are consistent with the fit to the HESS-only data. The fit has a χ2

of 21 for 24 degrees of freedom (d.o.f.) with a probability of 63 per
cent2 and implies that no break in the γ -ray spectrum between the

2 The fit has been performed on the binned H.E.S.S spectrum shown in
Fig. 2 and on the GeV spectrum from Slane et al. (2010) taking into account
statistical errors only.

MNRAS 439, 2828–2836 (2014)

 at U
niversity of Tokyo Library on Septem

ber 26, 2014
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

•Discovered by HESS GPS (2005)
•Coincident with the northern shell 
of SNR G338.3−0.0 at 10 kpc.
•Detected by Fermi (Slane+2010)

Excess map (Abramowski+2014)

Green: PWN XMMU J16045.4-463131
Grey: 2FGL 1640.5-4633
White: HESS J1641-463
Contour: Radio 610 MHz

2832 HESS Collaboration, A. Abramowski et al.

Figure 3. Comparison of the HE and VHE γ -ray spectra of HESS
J1640−465 (filled circles) and RX J1713.7−3946 (open squares). Data
for RX J1713.7−3946 are from Abdo et al. (2011) and Aharonian et al.
(2011), GeV data of HESS J1640−465 are from Slane et al. (2010). Also
shown is the best-fitting exponential cut-off power-law model to the full
γ -ray spectrum (Table 1).

Fermi and HESS energy range is required in order to describe the
data.

3 XMM–Newton DATA A NA LY S I S

Funk et al. (2007) reported the detection of the candidate PWN
XMMU J164045.4−463131 with XMM–Newton and introduced it
as a potential counterpart of HESS J1640−465. As becomes clear
from Fig. 1, the VHE γ -ray emission region also overlaps with the
northern part of the shell of SNR G338.3−0.0. To investigate the
γ -ray emission scenarios related to the SNR, the XMM–Newton
data (ObsID: 0302560201) were re-analysed to derive an upper
limit for diffuse X-ray emission originating from the northern part
of the shell. For the analysis, the Science Analysis System (SAS)
version 12.0.1 was used, supported by tools from the FTOOLS package
and XSPEC version 12.5.0 (Arnaud 1996) for spectral modelling.
The data are affected by long periods of strong background flaring
activity resulting in net exposures of only 5.9 ks (PN) and 13.5 ks
(MOS), following the suggested standard criteria for good-time-
interval filtering. To detect and remove point-like X-ray sources, the
standard XMM–Newton SAS maximum likelihood source detection
algorithm was used in four energy bands [(0.5–1.0), (1.0–2.0), (2.0–
4.5) and (4.5–10.0) keV]. Events around all sources detected in any
of these bands were removed from a region corresponding to the
95 per cent containment radius of the XMM–Newton PSF at the
respective source position in the detector. The total flux upper limit
was derived assuming that the remaining count rate from a polygon
region enclosing the northern part of the shell is due to background.
A power-law model with photon index "X = −2 was applied to
constrain non-thermal leptonic emission. Two different absorption
column densities as found in the literature, NH, 1 = 6.1×1022 cm−2

(Funk et al. 2007) and NH,2 = 1.4×1023 cm−2 (Lemiere et al. 2009),
have been considered. No diffuse X-ray emission coincident with
the SNR shell was detected with this data set. The resulting 99 per
cent confidence upper limits for the unabsorbed flux [(2–10) keV]
are F99(NH,1) = 4.4 × 10−13 erg cm−2 s−1 and F99(NH,2) = 8.3 ×
10−13 erg cm−2 s−1. These values have been scaled up by 11 per cent
to account for the missing area due to excluded point-like sources.

4 D ISCUSSION

The HESS source encloses the PWN candidate XMMU
J164045.4−463131 as well as the northwestern (NW) half of the
incomplete shell of G338.3−0.0. The comprehensive multiwave-
length data available together with the new HESS and XMM–
Newton results allow for a much more detailed investigation of
the SED and hence the underlying non-thermal processes to be car-
ried out. As the evolutionary state of G338.3−0.0 is essential for the
discussion, the age of the SNR is estimated, and the environment
in which it likely expanded is investigated. These estimates will
form the basis for the discussion of the origin of the non-thermal
emission in a PWN and SNR scenario.

4.1 Age and environment of G338.3−0.0

The age and environment of the SNR have a large influence on
the interpretation and modelling of the emission scenario and thus
deserve discussion in this context. Previous estimates put the age of
the SNR in the range of (5–8) kyr (Slane et al. 2010); however, as
becomes evident from the discussion below, it may be significantly
younger than that.

If the X-ray PWN is indeed related to the SNR, then G338.3−0.0
originated from a core-collapse supernova (SN) explosion of a mas-
sive star. Such stars usually modify the surrounding medium through
strong stellar winds, creating a cavity of relatively low density sur-
rounded by a high-density shell of swept-up material. (see Weaver
et al. 1977; Chevalier 1999). Such a wind-blown bubble scenario
has never been considered for this object, but needs to be explored
for a detailed discussion of the γ -ray emission mechanisms possi-
bly at work in HESS J1640−465. These cavities have significant
impact on the evolution of the subsequent SN shock front, and such
scenarios have been evoked to explain the properties of other SNRs
like the Cygnus Loop (e.g. Levenson et al. 1998), RCW 86 (Vink,
Kaastra & Bleeker 1997) and RX J1713.7−3946 (Fukui et al. 2003),
all of which have physical diameters similar to G338.3−0.0. Cheva-
lier (1999) estimated the size of wind-blown cavities by requiring
a pressure equilibrium between the inside of the bubble, which has
been pressurized by the total energy of the wind: 1/2Ṁv2

wτ , and
the surrounding medium. Here, Ṁ is the mean mass-loss rate, vw

is the wind speed and τ is the lifetime of the star. With a dis-
tance of 10 kpc, the radius of the observed shell of G338.3−0.0
is 10 pc, which is assumed here to be comparable to the size of
the wind-blown bubble. Such sizes can be achieved by a typical
∼20 M$ O-type star with τ % 7 Myr, Ṁ % 10−7 M$ yr−1 and
vw % 2600 km s−1, evolving in an H II region with temperature 10 kK
(Osterbrock 1989) and average density of n ∼ 150 cm−3 (see below;
Kudritzki & Puls 2000; Muijres et al. 2012). This corresponds to a
total mass-loss in the main-sequence phase of 0.7 M$. An extreme
case that may provide a lower limit to the age of the SNR can be de-
rived by the assumption that the remaining material inside the cavity
solely originates from the stellar wind. The mean number density
then is n0 ∼ 0.01 cm−3 with a total mass swept up by the SNR shock
of 0.7 M$. This means that the SNR shock would evolve freely
expanding up to the radius of the wind-blown bubble. Assuming
average shock velocities between (5000–10 000) km s−1, the age of
the SNR would be (1–2) kyr, which is considerably younger than
the estimate of (5–8) kyr by Slane et al. (2010), owing to the lower
density.

In addition to the SNR age, also the density of the ISM in the
immediate vicinity of the shock region has major impact on the
interpretation of the emission scenario. The density in the shell
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•Well fitted with exponential cut-off 
power-law model.
•Index = 2.15 +/- 0.1
•Ecut = 7.3 +/- 2.0 TeV 24



Extremely Bright SNR?

An exceptionally luminous TeV γ -ray SNR 2835

Figure 4. Spitzer MIPS 24 µm image in units of MJy sr−1 with overlaid
contours from the smoothed HESS excess map (white) and contours of the
NW part of the SNR shell from the 610 MHz image, convolved with the
HESS PSF (magenta, cf. Fig. 1).

contours are overplotted on the Spitzer image in Fig. 4 and show a
good agreement with the VHE γ -ray excess contours from HESS

Fig. 5 shows the measured SED of G338.3−0.0 along with the
new HESS data and XMM–Newton limits. Also shown is a single-
zone time-dependent model for the continuous injection of elec-
trons and protons over an assumed age of G338.3−0.0 of 2.5 kyr
(e.g. Funk et al. 2007). HE electrons produce synchrotron and IC
γ -ray emission in interactions with magnetic and radiation fields,
respectively. HE protons produce π0-decay γ -ray emission in inter-
actions with material in the SNR shell. The broad-band SED can be
explained in this scenario with a reasonable choice of input param-
eters. The leptonic component can be constrained by the observed
synchrotron spectrum from radio to X-rays. In this model calcula-

Figure 5. HE and VHE γ -ray spectrum of HESS J1640−465 as given in
Slane et al. (2010) and shown in Fig. 2, respectively. The X-ray limit has
been derived in the northern part of the radio shell and assuming the higher
column density as derived by Lemiere et al. (2009) (see Fig. 1 and the text),
and the radio data are from Castelletti et al. (2011), scaled by a factor of
0.5, assuming that half of the radio emission comes from the northern part
of the shell. The long dashed blue and red dash–dotted curves represent
synchrotron and IC emission from non-thermal electrons, respectively. The
green dashed curve represents the bremsstrahlung component and the solid
black curve represents the hadronic π0-decay γ -ray emission.

tion, a magnetic field of B = 35 µG, maximum electron energy of
Ec,e = 10 TeV and electron spectral index of #e = 2.0 are required
to reproduce the radio spectrum and to not violate the X-ray limit.
The target radiation fields have been chosen based on Lemiere et al.
(2009), with a dust component that has been increased to account
for the five times higher radiation field energy density in the north-
ern part of the shell. It is clear from Fig. 5 that the predicted IC
emission is at least two orders of magnitude below the observed γ -
ray emission for an assumed electron-to-proton (e/p) ratio of 10−2.
Furthermore, the smooth connection of the HE and VHE γ -ray
spectrum cannot be explained. A considerably higher e/p ratio of
"0.1 (and lower magnetic field of B " 10 µG) is required to reach
the TeV flux. Even in this case, the IC spectral shape and max-
imum energy are not supported by the VHE γ -ray spectrum. In
dense environments, bremsstrahlung can significantly contribute to
the non-thermal emission. Densities as high as 500 cm−3 and e/p
ratios of 0.1 are, however, required to reach the flux observed by
HESS

In a hadronic scenario, a total energy transferred into protons
of Wp = 2.5 × 1050 erg, maximum proton energy Ec,p = 50 TeV
and spectral index of #p = 2.2 as well as an average ambient
density n̄H = 150 cm−3 are required to reproduce the GeV–TeV
spectrum. The measured TeV flux coupled with the large esti-
mated distance of ∼10 kpc would imply that HESS J1640−465
is the most luminous Galactic VHE γ -ray SNR detected so far
[L>1 TeV " 4.6 × 1035(d/10 kpc)2 erg s−1] . The TeV luminosity
is therefore about one order of magnitude higher than that of the
W51C SNR (Aleksić et al. 2012). Due to the harder γ -ray spectral
index, HESS J1640−465 has a total γ -ray luminosity comparable to
W51C. The product of total energy in interacting protons and mean
ambient density of Wpn̄H " 4 × 1052(d/10 kpc)2 erg cm−3 requires
a considerable amount of SN kinetic energy that is transferred to
HE protons and/or a high average density of the target material as
motivated before. With the gas densities estimated above, a very
large energy in protons is needed to reach the measured GeV and
TeV flux. This implies that either the SN explosion was as energetic
as ESN " 4 × 1051(d/10 kpc)2 erg (assuming that a canonical 10
per cent of SN explosion energy is channelled into cosmic rays)
and/or that the fraction of ESN transferred into relativistic protons
is significantly larger than the canonical 10 per cent, i.e. up to
∼40 (d/10 kpc)2 per cent for a typical ESN = 1051 erg. Note that
this estimate can be even higher, as only the northern half of the
SNR shell seems to be illuminated by cosmic rays.

5 C O N C L U S I O N S A N D O U T L O O K

The detailed HESS results presented in this work show that the VHE
γ -ray emission from HESS J1640−465 significantly overlaps with
the NW part of the SNR shell of G338.3−0.0. Moreover, the VHE
γ -ray spectrum smoothly connects with the Fermi spectrum and has
a HE cut-off that implies that particles with tens of TeV energies are
present in the acceleration region. The TeV morphology, new radio
measurements and the overall γ -ray spectrum are hard to explain in
a scenario where most of the non-thermal emission is coming from
the PWN. The broad-band SED and morphology of the non-thermal
emission from HESS J1640−465 can be better explained in a sce-
nario where protons are accelerated in the shell of G338.3−0.0 and
interact with dense gas associated with the G338.4+0.1 H II com-
plex. In this case, the product of total energy in interacting protons
and mean ambient density Wpn̄H ∼ 4 × 1052(d/10 kpc)2 erg cm−3

required to explain the flux measured by Fermi and HESS is
comparable to the γ -ray-emitting SNR W51C, although the TeV
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•The GeV and TeV gamma rays 
overlap with the gaseous.
•Hadronic model can naturally explain 
the gamma-ray emission.
•B=25μG, Ec,e=10 TeV, Γ=2.2
•WpnH=4x1052 (d/10 kpc)2 erg cm-3

PWN scenario 

"  Pros 
"  quite common source of very-high-energy γ-rays 
"  spatial coincidence of GeV and TeV source with PWN candidate in X-rays, 

but... 
 
 "  Cons 
"  smooth γ-ray spectrum (not 

seen in any other PWN) 
" TeV source more extended 

than SNR (not seen in any 
other PWN) 

"  no radio emission seen from 
PWN, upper limit factor ∼5 
below models 

→ GeV very hard to explain as 
from PWN 
→ fine-tuning required to 
match GeV and TeV 

"  Spectrum looks like other prominent 
GeV and TeV-detected SNRs 
 

full SED 

Preliminary 

Lemiere 

Slane 

c.f. Wp of Fermi SNR ~1049 erg

•Smooth gamma-ray power-law 
spectrum which are not seen in other 
PWNe.
•TeV emission more extended than 
SNR (smaller extension at higher 
energy in PWNe).
•Observed upper limit in radio 
conflict with the model spectrum.

SNR (hadronic model)

PWN (leptonic model)
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G349.7+0.2

6ICRC 2013     C. Trichard      July 2013

New H.E.S.S. discovery

 Point like emission detected:  > 5 σ post-trial

 γ-ray excess coincident with radio shell

Furthest Galactic SNR                                                       

detected at VHE

 Spectral analysis:    

– Φ (> 1 TeV) ~ 0.4% Crab Nebula flux 

– ~ 50% Crab luminosity (~22 kpc) 

radio shell

TeVCat Galactic sources 

G349.7+0.2

Sun

PRELIMINARY

Smoothed excess map

PRELIMINARY

From the talk of C. Trichard at ICRC2013

•Middle-aged 2800 yr
•Interacting with molecular cloud
•Distance:22.4 kpc?
•Detected by Fermi
‣Spectral index of 2.2+/-0.1

Detected by HESS at >5σ (post-trial) 
after more than 100 h obs.

6ICRC 2013     C. Trichard      July 2013

New H.E.S.S. discovery

 Point like emission detected:  > 5 σ post-trial

 γ-ray excess coincident with radio shell

Furthest Galactic SNR                                                       

detected at VHE

 Spectral analysis:    

– Φ (> 1 TeV) ~ 0.4% Crab Nebula flux 

– ~ 50% Crab luminosity (~22 kpc) 

radio shell

TeVCat Galactic sources 

G349.7+0.2

Sun

PRELIMINARY

Smoothed excess map

PRELIMINARY

•Distance was corrected to 11.5 kpc by 
Tian+14.
→Explosion energy is estimated to be 
2.5×1050 erg (typical 1051 erg)
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Pulsars and PWNe



3C58

•PSR J0205+6449 is centered in 3C58.
‣High spin-down luminosity Edot=2.7×1037 
erg/s (5% Crab)

•Jet-torus morphology similar to Crab.
•Distance of 3 kpc (Kothes+13).
•Age of 2.5 kyr? Related to SN1181?
•Pulsar and off-pulse component detected by 
Fermi (Ackermann+13)
•Power-law spectrum with an index of -1.6 
up to 100 GeV.

Rubén López-Coto - International school of cosmic ray astrophysics - Erice - 06/07/14

Observations trigger
Fermi publishes its 2nd pulsar catalog (19/05/13) ➜ They detected non-pulsed high energy 
gamma rays from 3C58

The spectrum reported is a power-law with -1.6 slope that extends up to energies >100 GeV

Fermi SED

Abdo+13

Rubén López-Coto - International school of cosmic ray astrophysics - Erice - 06/07/14

Morphology at different 
wavelengths

torus

jet

2 arcmin

20 arcsec

(a)

(c)

(b)

(d)
MidïInfrared (Spitzer)

Xïray (Chandra)

Radio (NRAO)
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Detection of 3C58 by MAGIC

Aleksić et al.: Discovery of VHE �-ray emission from 3C 58 by MAGIC
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Fig. 1: Distribution of squared angular distance, ✓2, between the
reconstructed arrival directions of gamma-ray candidate events
and the position of PSR 0205+6449 (red points). The distri-
bution of ✓2 for the OFF positions is also shown (gray filled

histogram). The vertical dashed line defines the signal region
(✓2cut=0.01 deg2), Non is the number of events in the source re-
gion, No↵ is the number of background events, estimated from
the background regions and Nex=Non-No↵ is the number of ex-
cess events.

Fig. 2: Relative flux (excess/background) map for MAGIC
observations. The cyan circle indicates the position of PSR
J0205+6449 and the black cross shows the fitted centroid of the
MAGIC image with its statistical uncertainty. In green we plot
the contour levels for the TS starting at 4 and increasing in steps
of 1. The magenta contours represent the VLA flux at 1.4 GHz
(Condon et al. 1998), starting at 0.25 Jy and increasing in steps
of 0.25 Jy.

of the smeared map at the corresponding energies, which is the
result of the sum in quadrature of the instrumental angular reso-
lution and the applied smearing (4.70 radius, at the analysis en-
ergy threshold). The extension of the VHE source is compatible
with the instrument PSF. The VLA contours are coincident with
the detected �-ray excess.

Figure 3 shows the energy spectrum for the MAGIC data,
together with published predictions for the gamma-ray emission
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1 kyr for 3C58 SED Fig. 2 in Tanaka & Takahara (2013)
Systematic uncertainty

Fig. 3: 3C 58 spectral energy distribution in the range between
0.1 GeV and 20 TeV. Red circles are the VHE points reported in
this work. The best-fit function is drawn in red and the sys-
tematic uncertainty is represented by the yellow shaded area.
Black squares and black arrows are taken from the Fermi-LAT
second pulsar-catalog results (Abdo et al. 2013). Blue squares
are taken from the Fermi high-energy LAT catalog (Ackermann
et al. 2013). The magenta line is the SED prediction for 3C
58 taken from Figure 10 of Bednarek & Bartosik (2003). The
clear green dashed-dotted line is the SED predicted by Tanaka &
Takahara (2013), assuming an age of 1 kyr, and the dark green
dotted line is the prediction from the same paper, assuming an
age of 2.5 kyr. The blue dashed line represents the SED pre-
dicted by Torres et al. (2013) assuming that the Galactic FIR
background is high enough to reach a flux detectable by the
MAGIC sensitivity in 50h.

from several authors, and two spectra obtained with three years
of Fermi-LAT data, which were retrieved from the Fermi-LAT
second pulsar-catalog (2PC, Abdo et al. 2013) and the Fermi

high-energy LAT catalog (1FHL, Ackermann et al. 2013). The
1FHL catalog used events from the Pass 7 Clean class, which
provides a substantial reduction of residual cosmic-ray back-
ground above 10 GeV, at the expense of a slightly smaller col-
lection area, compared with the Pass 7 Source class that was
adopted for 2PC (Ackermann et al. 2012). The two �-ray spectra
from 3C58 reported in the 2PC and 1FHL catalogs agree within
statistical uncertainties. The di↵erential energy spectrum of the
source is well fit by a single power-law function d�/dE= f0(E/1
TeV)�� with f0 = (2.0 ± 0.4stat ± 0.6sys) ⇥ 10�13cm�2s�1TeV�1,
� = 2.4 ± 0.2stat ± 0.2sys and �2=0.04/2. The systematic errors
were estimated from the MAGIC performance paper (Aleksić
et al. 2012) including the upgraded telescope performances. The
integral flux above 1 TeV is F

E>1 TeV = 1.4⇥10�13cm�2s�1. Tak-
ing into account a distance of 2 kpc, the luminosity of the source
above 1 TeV is L�,E>1 TeV = (3.0± 1.1)⇥1032

d

2
2 erg s�1, where d2

is the distance normalized to 2 kpc.

4. Discussion

Several models have been proposed that predict the VHE �-ray
emission of PWN 3C 58. Bucciantini et al. (2011) presented a
one zone model of the spectral evolution of PWNe and applied
it to 3C 58 using a distance of 3.2 kpc. The VHE emission from
this model consists of inverse Compton (IC) scattering of CMB
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with the instrument PSF. The VLA contours are coincident with
the detected �-ray excess.
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together with published predictions for the gamma-ray emission
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Fig. 3: 3C 58 spectral energy distribution in the range between
0.1 GeV and 20 TeV. Red circles are the VHE points reported in
this work. The best-fit function is drawn in red and the sys-
tematic uncertainty is represented by the yellow shaded area.
Black squares and black arrows are taken from the Fermi-LAT
second pulsar-catalog results (Abdo et al. 2013). Blue squares
are taken from the Fermi high-energy LAT catalog (Ackermann
et al. 2013). The magenta line is the SED prediction for 3C
58 taken from Figure 10 of Bednarek & Bartosik (2003). The
clear green dashed-dotted line is the SED predicted by Tanaka &
Takahara (2013), assuming an age of 1 kyr, and the dark green
dotted line is the prediction from the same paper, assuming an
age of 2.5 kyr. The blue dashed line represents the SED pre-
dicted by Torres et al. (2013) assuming that the Galactic FIR
background is high enough to reach a flux detectable by the
MAGIC sensitivity in 50h.

from several authors, and two spectra obtained with three years
of Fermi-LAT data, which were retrieved from the Fermi-LAT
second pulsar-catalog (2PC, Abdo et al. 2013) and the Fermi

high-energy LAT catalog (1FHL, Ackermann et al. 2013). The
1FHL catalog used events from the Pass 7 Clean class, which
provides a substantial reduction of residual cosmic-ray back-
ground above 10 GeV, at the expense of a slightly smaller col-
lection area, compared with the Pass 7 Source class that was
adopted for 2PC (Ackermann et al. 2012). The two �-ray spectra
from 3C58 reported in the 2PC and 1FHL catalogs agree within
statistical uncertainties. The di↵erential energy spectrum of the
source is well fit by a single power-law function d�/dE= f0(E/1
TeV)�� with f0 = (2.0 ± 0.4stat ± 0.6sys) ⇥ 10�13cm�2s�1TeV�1,
� = 2.4 ± 0.2stat ± 0.2sys and �2=0.04/2. The systematic errors
were estimated from the MAGIC performance paper (Aleksić
et al. 2012) including the upgraded telescope performances. The
integral flux above 1 TeV is F

E>1 TeV = 1.4⇥10�13cm�2s�1. Tak-
ing into account a distance of 2 kpc, the luminosity of the source
above 1 TeV is L�,E>1 TeV = (3.0± 1.1)⇥1032

d

2
2 erg s�1, where d2

is the distance normalized to 2 kpc.

4. Discussion

Several models have been proposed that predict the VHE �-ray
emission of PWN 3C 58. Bucciantini et al. (2011) presented a
one zone model of the spectral evolution of PWNe and applied
it to 3C 58 using a distance of 3.2 kpc. The VHE emission from
this model consists of inverse Compton (IC) scattering of CMB
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θ2 distribution Skymap
Detected at 5.7σ with 81 h data of MAGIC!

Consistent with point source.
Integral flux: 0.65% C.U. (weakest PWN detected at TeV)
Spectral index: 2.4 +/- 0.2stat +/- 0.2sys
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Aleksić et al.: Discovery of VHE �-ray emission from 3C 58 by MAGIC
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Fig. 2: Relative flux (excess/background) map for MAGIC
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J0205+6449 and the black cross shows the fitted centroid of the
MAGIC image with its statistical uncertainty. In green we plot
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of 1. The magenta contours represent the VLA flux at 1.4 GHz
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of the smeared map at the corresponding energies, which is the
result of the sum in quadrature of the instrumental angular reso-
lution and the applied smearing (4.70 radius, at the analysis en-
ergy threshold). The extension of the VHE source is compatible
with the instrument PSF. The VLA contours are coincident with
the detected �-ray excess.

Figure 3 shows the energy spectrum for the MAGIC data,
together with published predictions for the gamma-ray emission
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Black squares and black arrows are taken from the Fermi-LAT
second pulsar-catalog results (Abdo et al. 2013). Blue squares
are taken from the Fermi high-energy LAT catalog (Ackermann
et al. 2013). The magenta line is the SED prediction for 3C
58 taken from Figure 10 of Bednarek & Bartosik (2003). The
clear green dashed-dotted line is the SED predicted by Tanaka &
Takahara (2013), assuming an age of 1 kyr, and the dark green
dotted line is the prediction from the same paper, assuming an
age of 2.5 kyr. The blue dashed line represents the SED pre-
dicted by Torres et al. (2013) assuming that the Galactic FIR
background is high enough to reach a flux detectable by the
MAGIC sensitivity in 50h.

from several authors, and two spectra obtained with three years
of Fermi-LAT data, which were retrieved from the Fermi-LAT
second pulsar-catalog (2PC, Abdo et al. 2013) and the Fermi

high-energy LAT catalog (1FHL, Ackermann et al. 2013). The
1FHL catalog used events from the Pass 7 Clean class, which
provides a substantial reduction of residual cosmic-ray back-
ground above 10 GeV, at the expense of a slightly smaller col-
lection area, compared with the Pass 7 Source class that was
adopted for 2PC (Ackermann et al. 2012). The two �-ray spectra
from 3C58 reported in the 2PC and 1FHL catalogs agree within
statistical uncertainties. The di↵erential energy spectrum of the
source is well fit by a single power-law function d�/dE= f0(E/1
TeV)�� with f0 = (2.0 ± 0.4stat ± 0.6sys) ⇥ 10�13cm�2s�1TeV�1,
� = 2.4 ± 0.2stat ± 0.2sys and �2=0.04/2. The systematic errors
were estimated from the MAGIC performance paper (Aleksić
et al. 2012) including the upgraded telescope performances. The
integral flux above 1 TeV is F

E>1 TeV = 1.4⇥10�13cm�2s�1. Tak-
ing into account a distance of 2 kpc, the luminosity of the source
above 1 TeV is L�,E>1 TeV = (3.0± 1.1)⇥1032

d

2
2 erg s�1, where d2

is the distance normalized to 2 kpc.

4. Discussion

Several models have been proposed that predict the VHE �-ray
emission of PWN 3C 58. Bucciantini et al. (2011) presented a
one zone model of the spectral evolution of PWNe and applied
it to 3C 58 using a distance of 3.2 kpc. The VHE emission from
this model consists of inverse Compton (IC) scattering of CMB
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•Considering the evolution of the PWN by solving diffusion-loss equation 
(Tanaka&Takahara13), the spectrum can be reproduced.
•Magnetic field strength is obtained to be ~<35μG.

Very low for young PWN (c.f. Crab ~100μG), suggesting far from 
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Crab
Crab is the most studied Pulsar/PWN but always gives us surprises.

VERITAS
>120 GeV

MAGIC 
Stereo

>50 GeV

•2008 MAGIC mono discovered pulsed 
emission  at >  25GeV (Aliu+08) 

•2011-2012
VERITA reported pulsed emission at > 100 
GeV (Aliu+11).

MAGIC stereo detected the pulsed component 
in 50 < E < 400 GeV (Aleksic+12).

Nebula (MAGIC)

Pulsar (Fermi)

Nebula (Fermi)
MGIC Stereo
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Bridge Emission
J. Aleksić et al.: Detection of bridge emission above 50 GeV from the Crab pulsar with the MAGIC telescopes
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 GeV to 100 GeV (top), from 100 GeV to 400 GeV (middle), and for the full
analyzed energy range (bottom). The bin widths around the peaks are 4 times smaller (0.005) than the rest (0.02) in order to highlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV, and 100 − 300 MeV gamma rays
(from top to bottom). The light curve at 50 − 400 GeV is overlaid on
each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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each plot for comparison. The optical light curve was obtained with the
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2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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gion. We estimate the overall systematic uncertainty uncertainty
on the spectral slope to be 0.3.

4. Discussion
In summary, the Crab pulsar above 50 GeV exhibits a light curve
with a significant bridge emission between two sharp peaks
(Fig. 1). The flux ratios P2M/P1M and BridgeE/P1M increase
with increasing photon energy between 100 MeV and 400 GeV
(Figs. 2 and 3). Between 30 GeV and 400 GeV, the fluence in
the bridge phase is comparable to that in the P1 phase (Fig. 4).
The SEDs in the 50−400 GeV range could be fit with power-law
functions for the three phases.

Detection of pulsed VHE emissions favors emission sites in
the outer part of the magnetosphere because a strong source at-
tenuation is expected at lower altitudes at these energies. The
outer-gap (OG) and the slot-gap models are the most prob-
able explanation of these pulsed γ-rays (Harding et al. 2008;
Watters & Romani 2011; Venter et al. 2012). Using an ad hoc
extension of the two dimensional meridional OG model to three
dimension, Tang et al. (2008) and Takata et al. (2008) repro-
duced the bridge emission. However, a fully three-dimensional
electrodynamical structure is required to model the phase re-
solved SEDs (Hirotani 2011, 2013).

Alternatively, if a very strong magnetic-field-aligned elec-
tric field arises near the light cylinder (LC), pulsed VHE pho-

tons might be also emitted there (Bednarek 2012). Emission
from beyond the LC can also explain the double-peaked light
curves. Arka & Dubus (2013) demonstrated that a sufficient lu-
minosity and a hard spectrum extending to 100 GeV can be
obtained for P1 and P2 via the synchrotron emission by a hot
plasma from the current sheet slightly outside the LC, but in this
scenario the bridge emission should disappear above 10 GeV.
Chkheidze et al. (2013) proposed that synchrotron radiation gen-
erated near the LC during the quasi-linear stage of the cyclotron
instability can produce the phase-aligned pulsation between ra-
dio and γ-rays. However, the formation of a bridge component
is not explained in this model.

Although synchrotron luminosity declines sharply beyond
the LC, the inverse-Compton process may still be effective there.
Aharonian et al. (2012) demonstrated that the observed pulsed
flux of the Crab pulsar between 70 GeV and 400 GeV can be
explained by up-scattered photons by a particle-dominated wind
whose Lorentz factors exceed 5 × 105 at 20 − 50 LC radii. Al-
though a phase-resolved spectrum is not provided in their pa-
per, the observed P2/P1 ratio in VHE could be reproduced if
one considers an anisotropic wind. The bridge emission is also
predicted, but a special density profile is required to explain
both the bridge and the narrow peak emissions at the same time
(Khangulyan et al. 2012).

In closing, none of the current models can consistently ac-
count for the properties of the pulsed and bridge emission from
the Crab pulsar.
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Aleksić, J., Alvarez, E. A., Antonelli, L. A., et al. 2012a, A&A, 540, A69
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 GeV to 100 GeV (top), from 100 GeV to 400 GeV (middle), and for the full
analyzed energy range (bottom). The bin widths around the peaks are 4 times smaller (0.005) than the rest (0.02) in order to highlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV, and 100 − 300 MeV gamma rays
(from top to bottom). The light curve at 50 − 400 GeV is overlaid on
each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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data. All light curves are zero-suppressed by estimating the background
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estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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data. All light curves are zero-suppressed by estimating the background
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estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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gion. We estimate the overall systematic uncertainty uncertainty
on the spectral slope to be 0.3.

4. Discussion
In summary, the Crab pulsar above 50 GeV exhibits a light curve
with a significant bridge emission between two sharp peaks
(Fig. 1). The flux ratios P2M/P1M and BridgeE/P1M increase
with increasing photon energy between 100 MeV and 400 GeV
(Figs. 2 and 3). Between 30 GeV and 400 GeV, the fluence in
the bridge phase is comparable to that in the P1 phase (Fig. 4).
The SEDs in the 50−400 GeV range could be fit with power-law
functions for the three phases.

Detection of pulsed VHE emissions favors emission sites in
the outer part of the magnetosphere because a strong source at-
tenuation is expected at lower altitudes at these energies. The
outer-gap (OG) and the slot-gap models are the most prob-
able explanation of these pulsed γ-rays (Harding et al. 2008;
Watters & Romani 2011; Venter et al. 2012). Using an ad hoc
extension of the two dimensional meridional OG model to three
dimension, Tang et al. (2008) and Takata et al. (2008) repro-
duced the bridge emission. However, a fully three-dimensional
electrodynamical structure is required to model the phase re-
solved SEDs (Hirotani 2011, 2013).

Alternatively, if a very strong magnetic-field-aligned elec-
tric field arises near the light cylinder (LC), pulsed VHE pho-

tons might be also emitted there (Bednarek 2012). Emission
from beyond the LC can also explain the double-peaked light
curves. Arka & Dubus (2013) demonstrated that a sufficient lu-
minosity and a hard spectrum extending to 100 GeV can be
obtained for P1 and P2 via the synchrotron emission by a hot
plasma from the current sheet slightly outside the LC, but in this
scenario the bridge emission should disappear above 10 GeV.
Chkheidze et al. (2013) proposed that synchrotron radiation gen-
erated near the LC during the quasi-linear stage of the cyclotron
instability can produce the phase-aligned pulsation between ra-
dio and γ-rays. However, the formation of a bridge component
is not explained in this model.

Although synchrotron luminosity declines sharply beyond
the LC, the inverse-Compton process may still be effective there.
Aharonian et al. (2012) demonstrated that the observed pulsed
flux of the Crab pulsar between 70 GeV and 400 GeV can be
explained by up-scattered photons by a particle-dominated wind
whose Lorentz factors exceed 5 × 105 at 20 − 50 LC radii. Al-
though a phase-resolved spectrum is not provided in their pa-
per, the observed P2/P1 ratio in VHE could be reproduced if
one considers an anisotropic wind. The bridge emission is also
predicted, but a special density profile is required to explain
both the bridge and the narrow peak emissions at the same time
(Khangulyan et al. 2012).

In closing, none of the current models can consistently ac-
count for the properties of the pulsed and bridge emission from
the Crab pulsar.
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J. Aleksić et al.: Detection of bridge emission above 50 GeV from the Crab pulsar with the MAGIC telescopes

PhaseEx
ce

ss
 C

ou
nt

s/
(B

in
 W

id
th

/0
.0

05
)

0

50

100

150

200

250

50 - 100 GeV

P1 P2

0

50

100

150

200

250

100 - 400 GeV

Phase-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

0

100

200

300

400

500

50 - 400 GeV

Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 GeV to 100 GeV (top), from 100 GeV to 400 GeV (middle), and for the full
analyzed energy range (bottom). The bin widths around the peaks are 4 times smaller (0.005) than the rest (0.02) in order to highlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV, and 100 − 300 MeV gamma rays
(from top to bottom). The light curve at 50 − 400 GeV is overlaid on
each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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analyzed energy range (bottom). The bin widths around the peaks are 4 times smaller (0.005) than the rest (0.02) in order to highlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV, and 100 − 300 MeV gamma rays
(from top to bottom). The light curve at 50 − 400 GeV is overlaid on
each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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gion. We estimate the overall systematic uncertainty uncertainty
on the spectral slope to be 0.3.

4. Discussion
In summary, the Crab pulsar above 50 GeV exhibits a light curve
with a significant bridge emission between two sharp peaks
(Fig. 1). The flux ratios P2M/P1M and BridgeE/P1M increase
with increasing photon energy between 100 MeV and 400 GeV
(Figs. 2 and 3). Between 30 GeV and 400 GeV, the fluence in
the bridge phase is comparable to that in the P1 phase (Fig. 4).
The SEDs in the 50−400 GeV range could be fit with power-law
functions for the three phases.

Detection of pulsed VHE emissions favors emission sites in
the outer part of the magnetosphere because a strong source at-
tenuation is expected at lower altitudes at these energies. The
outer-gap (OG) and the slot-gap models are the most prob-
able explanation of these pulsed γ-rays (Harding et al. 2008;
Watters & Romani 2011; Venter et al. 2012). Using an ad hoc
extension of the two dimensional meridional OG model to three
dimension, Tang et al. (2008) and Takata et al. (2008) repro-
duced the bridge emission. However, a fully three-dimensional
electrodynamical structure is required to model the phase re-
solved SEDs (Hirotani 2011, 2013).

Alternatively, if a very strong magnetic-field-aligned elec-
tric field arises near the light cylinder (LC), pulsed VHE pho-

tons might be also emitted there (Bednarek 2012). Emission
from beyond the LC can also explain the double-peaked light
curves. Arka & Dubus (2013) demonstrated that a sufficient lu-
minosity and a hard spectrum extending to 100 GeV can be
obtained for P1 and P2 via the synchrotron emission by a hot
plasma from the current sheet slightly outside the LC, but in this
scenario the bridge emission should disappear above 10 GeV.
Chkheidze et al. (2013) proposed that synchrotron radiation gen-
erated near the LC during the quasi-linear stage of the cyclotron
instability can produce the phase-aligned pulsation between ra-
dio and γ-rays. However, the formation of a bridge component
is not explained in this model.

Although synchrotron luminosity declines sharply beyond
the LC, the inverse-Compton process may still be effective there.
Aharonian et al. (2012) demonstrated that the observed pulsed
flux of the Crab pulsar between 70 GeV and 400 GeV can be
explained by up-scattered photons by a particle-dominated wind
whose Lorentz factors exceed 5 × 105 at 20 − 50 LC radii. Al-
though a phase-resolved spectrum is not provided in their pa-
per, the observed P2/P1 ratio in VHE could be reproduced if
one considers an anisotropic wind. The bridge emission is also
predicted, but a special density profile is required to explain
both the bridge and the narrow peak emissions at the same time
(Khangulyan et al. 2012).

In closing, none of the current models can consistently ac-
count for the properties of the pulsed and bridge emission from
the Crab pulsar.
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J. Aleksić et al.: Detection of bridge emission above 50 GeV from the Crab pulsar with the MAGIC telescopes
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 GeV to 100 GeV (top), from 100 GeV to 400 GeV (middle), and for the full
analyzed energy range (bottom). The bin widths around the peaks are 4 times smaller (0.005) than the rest (0.02) in order to highlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV, and 100 − 300 MeV gamma rays
(from top to bottom). The light curve at 50 − 400 GeV is overlaid on
each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 GeV to 100 GeV (top), from 100 GeV to 400 GeV (middle), and for the full
analyzed energy range (bottom). The bin widths around the peaks are 4 times smaller (0.005) than the rest (0.02) in order to highlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV, and 100 − 300 MeV gamma rays
(from top to bottom). The light curve at 50 − 400 GeV is overlaid on
each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 GeV to 100 GeV (top), from 100 GeV to 400 GeV (middle), and for the full
analyzed energy range (bottom). The bin widths around the peaks are 4 times smaller (0.005) than the rest (0.02) in order to highlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV, and 100 − 300 MeV gamma rays
(from top to bottom). The light curve at 50 − 400 GeV is overlaid on
each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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gion. We estimate the overall systematic uncertainty uncertainty
on the spectral slope to be 0.3.

4. Discussion
In summary, the Crab pulsar above 50 GeV exhibits a light curve
with a significant bridge emission between two sharp peaks
(Fig. 1). The flux ratios P2M/P1M and BridgeE/P1M increase
with increasing photon energy between 100 MeV and 400 GeV
(Figs. 2 and 3). Between 30 GeV and 400 GeV, the fluence in
the bridge phase is comparable to that in the P1 phase (Fig. 4).
The SEDs in the 50−400 GeV range could be fit with power-law
functions for the three phases.

Detection of pulsed VHE emissions favors emission sites in
the outer part of the magnetosphere because a strong source at-
tenuation is expected at lower altitudes at these energies. The
outer-gap (OG) and the slot-gap models are the most prob-
able explanation of these pulsed γ-rays (Harding et al. 2008;
Watters & Romani 2011; Venter et al. 2012). Using an ad hoc
extension of the two dimensional meridional OG model to three
dimension, Tang et al. (2008) and Takata et al. (2008) repro-
duced the bridge emission. However, a fully three-dimensional
electrodynamical structure is required to model the phase re-
solved SEDs (Hirotani 2011, 2013).

Alternatively, if a very strong magnetic-field-aligned elec-
tric field arises near the light cylinder (LC), pulsed VHE pho-

tons might be also emitted there (Bednarek 2012). Emission
from beyond the LC can also explain the double-peaked light
curves. Arka & Dubus (2013) demonstrated that a sufficient lu-
minosity and a hard spectrum extending to 100 GeV can be
obtained for P1 and P2 via the synchrotron emission by a hot
plasma from the current sheet slightly outside the LC, but in this
scenario the bridge emission should disappear above 10 GeV.
Chkheidze et al. (2013) proposed that synchrotron radiation gen-
erated near the LC during the quasi-linear stage of the cyclotron
instability can produce the phase-aligned pulsation between ra-
dio and γ-rays. However, the formation of a bridge component
is not explained in this model.

Although synchrotron luminosity declines sharply beyond
the LC, the inverse-Compton process may still be effective there.
Aharonian et al. (2012) demonstrated that the observed pulsed
flux of the Crab pulsar between 70 GeV and 400 GeV can be
explained by up-scattered photons by a particle-dominated wind
whose Lorentz factors exceed 5 × 105 at 20 − 50 LC radii. Al-
though a phase-resolved spectrum is not provided in their pa-
per, the observed P2/P1 ratio in VHE could be reproduced if
one considers an anisotropic wind. The bridge emission is also
predicted, but a special density profile is required to explain
both the bridge and the narrow peak emissions at the same time
(Khangulyan et al. 2012).

In closing, none of the current models can consistently ac-
count for the properties of the pulsed and bridge emission from
the Crab pulsar.
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 GeV to 100 GeV (top), from 100 GeV to 400 GeV (middle), and for the full
analyzed energy range (bottom). The bin widths around the peaks are 4 times smaller (0.005) than the rest (0.02) in order to highlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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Fig. 2. Light curve of the Crab pulsar at optical wavelength, 2.4 −
10 keV X-rays, 0.75 − 10 MeV, and 100 − 300 MeV gamma rays
(from top to bottom). The light curve at 50 − 400 GeV is overlaid on
each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
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It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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bridge emission varies considerably with energy. It is very weak
at optical wavelengths and in the 100 − 300 MeV range, while
there is an appreciable difference at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharper
and a prominent bridge emission appears.

It is known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peak and
the bridge (see, e.g., Kuiper et al. 2001). Fig. 3 shows the flux
ratio between P2M and P1M and that between BridgeE and P1M
as a function of energy from optical (∼ 2 eV) to 400 GeV. Steady
emission was subtracted before the ratios were computed. The
ratios P2M/P1M and BridgeE/P1M behave similarly. These ratios
increase with energy up to 1 MeV, decrease up to 100 MeV, and
increase again from that energy on. At 50 − 400 GeV, the ratios
basically follow the trend seen at lower energies.

3.3. Spectral energy distribution

The spectral energy distributions (SEDs) of the P1M, P2M,
BridgeM, and BridgeE between 100 MeV and 400 GeV are
shown in Fig. 4, together with the Crab nebula SED obtained
with a subset of the data used for the pulsar analysis. The SEDs
were calculated using Fermi-LAT data below 50 GeV (below
200 GeV for the nebula), and MAGIC data above 50 GeV. The
nebula SED is connected smoothly between the two instruments.
The Fermi-LAT data were fit with a power law with an exponen-
tial cutoff, while the MAGIC data were fit with a simple power-
law function. The obtained fit parameters are summarized in Ta-
ble 1. The power-law indices between 50 GeV and 400 GeV
are about 3 and no significant difference is seen between differ-
ent pulse phases. The uncertainty in the absolute energy scale is
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each plot for comparison. The optical light curve was obtained with the
MAGIC telescope using the central pixel of the camera (Lucarelli et al.
2008). The keV and MeV light curves are from Kuiper et al. (2001).
The 100 − 300 MeV light curve was produced using the Fermi-LAT
data. All light curves are zero-suppressed by estimating the background
using the events in the phase range from 0.52 to 0.87.

estimated as 17%, whereas the systematic error of the flux nor-
malization is estimated to be 18%. The difference between this
number and the one given in Aleksić et al. (2012b) is mainly due
to a more precise background estimation from the off-peak re-
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gion. We estimate the overall systematic uncertainty uncertainty
on the spectral slope to be 0.3.

4. Discussion
In summary, the Crab pulsar above 50 GeV exhibits a light curve
with a significant bridge emission between two sharp peaks
(Fig. 1). The flux ratios P2M/P1M and BridgeE/P1M increase
with increasing photon energy between 100 MeV and 400 GeV
(Figs. 2 and 3). Between 30 GeV and 400 GeV, the fluence in
the bridge phase is comparable to that in the P1 phase (Fig. 4).
The SEDs in the 50−400 GeV range could be fit with power-law
functions for the three phases.

Detection of pulsed VHE emissions favors emission sites in
the outer part of the magnetosphere because a strong source at-
tenuation is expected at lower altitudes at these energies. The
outer-gap (OG) and the slot-gap models are the most prob-
able explanation of these pulsed γ-rays (Harding et al. 2008;
Watters & Romani 2011; Venter et al. 2012). Using an ad hoc
extension of the two dimensional meridional OG model to three
dimension, Tang et al. (2008) and Takata et al. (2008) repro-
duced the bridge emission. However, a fully three-dimensional
electrodynamical structure is required to model the phase re-
solved SEDs (Hirotani 2011, 2013).

Alternatively, if a very strong magnetic-field-aligned elec-
tric field arises near the light cylinder (LC), pulsed VHE pho-

tons might be also emitted there (Bednarek 2012). Emission
from beyond the LC can also explain the double-peaked light
curves. Arka & Dubus (2013) demonstrated that a sufficient lu-
minosity and a hard spectrum extending to 100 GeV can be
obtained for P1 and P2 via the synchrotron emission by a hot
plasma from the current sheet slightly outside the LC, but in this
scenario the bridge emission should disappear above 10 GeV.
Chkheidze et al. (2013) proposed that synchrotron radiation gen-
erated near the LC during the quasi-linear stage of the cyclotron
instability can produce the phase-aligned pulsation between ra-
dio and γ-rays. However, the formation of a bridge component
is not explained in this model.

Although synchrotron luminosity declines sharply beyond
the LC, the inverse-Compton process may still be effective there.
Aharonian et al. (2012) demonstrated that the observed pulsed
flux of the Crab pulsar between 70 GeV and 400 GeV can be
explained by up-scattered photons by a particle-dominated wind
whose Lorentz factors exceed 5 × 105 at 20 − 50 LC radii. Al-
though a phase-resolved spectrum is not provided in their pa-
per, the observed P2/P1 ratio in VHE could be reproduced if
one considers an anisotropic wind. The bridge emission is also
predicted, but a special density profile is required to explain
both the bridge and the narrow peak emissions at the same time
(Khangulyan et al. 2012).

In closing, none of the current models can consistently ac-
count for the properties of the pulsed and bridge emission from
the Crab pulsar.
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No current model can explain the pulsed and bridge emission!
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Layer 1 Layer 2 Layer 3

•Pixels are divided into 55 macro cells.
•Trigger is issued by summation of the 
analog signals in a macro cel.

•Can trigger the even which we miss with 
normal trigger logic.
→Energy threshold is expected to go 
down to ~25 GeV.

LST will employ the same 
trigger logic.
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Sum-Trigger

×19 

Camera

Receiver

Std.
Trigger

DAQ

Sum 
Trigger

counting 
house

Installation was completed Nov. in 2013!!

Validation and performance check are ongoing.
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Case of H.E.S.S.
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Windhoek 

The H.E.S.S. collaboration 

Christian Stegmann . H.E.S.S. Highlights . APP14/TeVPA . 23.6.2014 

28 m diameter telescope
FoV 3.5 deg
Energy threshold ~30 GeV
Angular resolution 0.2-0.4 deg

16 
!

!  a priori significance = 8 σ (data sample 2 – data sample 1 (10h)) 
!  Nexcess = 6059 ± 640 

The Vela pulsar seen with CT5 
data sample 2 

Christian Stegmann . H.E.S.S. Highlights . APP14/TeVPA . 23.6.2014 

Vela pulsar was detected with 8σ.

17 
!

!  Pulsar physics (not only Vela) 
!  what is the spectrum above 20 GeV? 
!  constraining the cut-off? 

The Vela pulsar seen with CT5 
Energy distribution 

<E> = 40 GeV 

Christian Stegmann . H.E.S.S. Highlights . APP14/TeVPA . 23.6.2014 
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Figure 7. Phase-averaged spectrum for E > 0.1–100 GeV.

energies are greatly improved, so that the shape of the spectral
cutoff can be scrutinized more accurately. In addition, it is
now possible to measure the parameters of the phase-resolved
spectrum by performing fits of a power law with exponential
cutoff in small phase intervals.

3.2.1. Phase-averaged Spectrum

A binned maximum likelihood fit was performed to study
the phase-averaged pulsar spectrum using the spectral fitting
tool gtlike, version v9r15p2 of the LAT Science Tools and the
P6_V3 instrument response functions. The analysis was done
on a 20◦ × 20◦ region (a square region that inscribed a circle of
radius 10◦) centered on the radio position of the pulsar with 10
bins per decade in energy. All point sources within 15◦ of the
pulsar, found above the background with a significance !5σ ,
were included in the model in addition to a uniform disk with
extension 0.◦88 for the Vela X remnant. Spectral parameters
for point sources >10◦ from the pulsar were kept fixed to the
values found in a preliminary version of the year one LAT
catalog (Abdo et al. 2010b). The Galactic diffuse background
was modeled using the gll_iem_v02 map cube available from
the FSSC. The extragalactic diffuse and residual instrument
backgrounds were modeled jointly using the isotropic_iem_v02
template, also available from the FSSC. An off-pulse region,
defined as φ ∈ [0.8, 1.0], was selected and a fit was done
without the pulsar. The source model was then adjusted to the
exposure-corrected, off-pulse values for a phase-averaged fit in
which the spectral parameters for all sources "10◦ of the pulsar
were kept free. The pulsar was fit assuming a power law plus
hyper-exponential cutoff spectral model of the form

dN (E)
dE

= AE−Γ exp[−(E/Ec)b] (2)

and allowing the parameter b to vary in the fit. We find that the
spectrum is best fit with a value of b < 1, as found by Abdo et al.
(2009a). The Vela phase-averaged spectrum thus appears to be
cutting off more slowly than a simple exponential. The spectral
energy distribution with the best-fit parameters is shown in
Figure 7, along with points derived from gtlike fits to individual
energy intervals in which the pulsar was fit with a power-law
spectral model. The best-fit parameters for the phase-averaged
spectrum are A = (3.63±0.25±1.01)×10−9 cm−2 s−1 MeV−1,
Γ = 1.38 ± 0.02++0.07

−0.03, Ec = 1.36 ± 0.15++1.0
−0.5 GeV, and

b = 0.69 ± 0.02++0.18
−0.10, where the first errors are statistical and

the second are systematic. As will be discussed in Section 3.2.2,
the preference for b < 1 in the phase-averaged spectral fit
is expected from the large variation in Ec with phase of the
phase-resolved spectra. To derive the systematic errors on
the fit parameters, we used bracketing instrument response
functions (IRFs) that propagate the effective area uncertainty
to uncertainties in the parameters.63 Since there is significant
degeneracy between the Γ, Ec, and b parameters in the fit,
the derived systematic errors are asymmetric. Comparing the
log(likelihood) values from this fit with the same fit holding b
fixed to 1, we can exclude a simple exponential fit at about the
11σ level. We also tried fitting the spectrum with a power law
with simple exponential cutoff plus an additional power law at
high energy, but this form gave a fit with lower significance. The
phase-averaged integral photon flux in the range 0.1–100 GeV
is found to be F (0.1–100 GeV) = (1.070 ± 0.008 ± 0.030) ×
10−5 ph cm−2 s−1. The energy flux in this spectral range is
H (0.1–100 GeV) = (8.86 ± 0.05 ± 0.18) × 10−9 erg cm−2 s−1.
COMPTEL measured the spectrum of Vela at energies of
1–30 MeV (Schönfelder et al. 2000) and OSSE at energies
between 0.07 and 10 MeV (Strickman et al. 1996). Although
we have not derived the LAT spectrum for energies below
0.1 GeV, we have compared an extrapolation of the best-
fit LAT model spectrum for energies >0.1 GeV with the
COMPTEL and OSSE data points. Taking into account only
statistical errors, we find that the extrapolated LAT model falls
below the COMPTEL points but is consistent with the OSSE
points.

Abdo et al. (2009a) presented the Fermi phase-averaged
spectrum of Vela using 2 and 1/2 months of data. Comparing
their spectral points with those in Figure 7, the two are consistent
within the errors. The points in Figure 7 are systematically
higher for energies below 1 GeV, but this is expected since
the more recent IRF gives an increased flux at low energy.
Their spectral parameters for a fit with b fixed to 1.0 are
A = (2.08 ± 0.04 ± 0.13) × 10−9 cm2 s−1 MeV−1, Γ =
1.51 ± 0.01 ± 0.07, Ec = 2.857 ± 0.089 ± 0.17 GeV, and
H (0.1–10 GeV) = (7.87 ± 0.33 ± 1.57) × 10−9 erg cm−2 s−1.
In order to compare directly with these parameters, we have
fit our 11 month data set assuming b fixed to 1.0 and obtain
A = (2.20 ± 0.02) × 10−9 cm2 s−1 MeV−1, Γ = 1.57 ± 0.01,
and Ec = 3.15 ± 0.05 GeV, which are consistent within errors.
The integrated photon flux quoted above is 14% larger than the
photon flux derived from the fit reported in Abdo et al. (2009a),
which is in agreement with a ∼25% increase expected from
the differences in the IRFs, partly offset by the different source
models and diffuse backgrounds used in the two analyses. The
analysis in Abdo et al. (2009a) was based on pre-launch P6_V1
IRFs. The P6_V3 IRFs (Rando et al. 2010) used here are updated
to account for pile-up effects observed in flight data. Owing to
the consequent decreased efficiency for event reconstruction,
the effective area is reduced in P6_V3, especially at lower
energies.

63 The systematic uncertainties were estimated by applying the same fitting
procedures described above and comparing results using bracketing IRFs
which assume a systematic uncertainty in the effective area of ±10% at
0.1 GeV, ±5% near 0.5 GeV, and ±20% at 10 GeV with linear extrapolations,
in log space, between. To further address the specific systematics associated
with an exponentially cutoff spectrum, these systematics were multiplied by a
fractional uncertainty of ±1 at 0.1 GeV, ∓1 near 3 GeV and ±1 for energies
above 10 GeV with linear extrapolations, in log space, between. The resulting
correction factor is used to perturb the effective area from that defined in the
P6_V3 IRFs.

Abdo+10
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Galactic Diffuse Emission
Diffuse Gamma-Ray Emission in the H.E.S.S. Galactic Plane Survey

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Fig. 1: The region in Galactic longitude and latitude used for the measurement of diffuse γ-ray emission. Red denotes
exclusion from the analysis because of the presence of significant γ-ray sources, white is in the following denoted “diffuse
analysis region”.

of part of the signal together with the background. There-
fore, special care needs to be taken in the treatment of the
background and the interpretation of signals obtained after
background subtraction.
For the current analysis a dataset of 1926 hours of dead-
time corrected observations are used, covering a region
of −75◦ < l < 60◦ in longitude and −2◦ < b < 2◦ in la-
titude. The data were analysed using the Model analysis
technique [10] with standard cuts for event reconstruction
and background reduction. The remaining backgroundwas
measured in regions that do not meet any of the following
exclusion criteria:

1. Any region is excluded that contains a γ-ray signal
with significance of > 4σ in the chosen analysis
bin and a significance in one neighbouring bin of
> 4.5σ or lies within 0.2◦ of such a signal (in order
to include also tails in the point spread function used
to describe γ-ray sources). Significances are consi-
dered for standard and hard cuts [10] and regions
are determined iteratively. The resulting regions are
visualized in Fig. 1.

2. Galactic longitudes within a latitude range of |b| <
1.2◦ are excluded in order to study a diffuse signal
close to the Galactic Plane.

The first criterion is a very conservative approach assuring
a minimum of γ-ray-source contaminations. The choice of
the latitude range in the second criterion is a compromise
between a desired large excluded region in order to avoid a
contamination of the background estimate on the one hand
and the need for statistics and reduction of systematics in
the background measurement on the other hand. It is fur-
ther motivated by the scale height in the distribution of in-
terstellar gas, which is expected to correlate to a certain lev-
el with p-p interaction induced γ-ray emission. An adaptive
ring background subtraction method has been chosen [7]
for an optimal treatment of these constraints in the choice
of background regions.
It is worth noting here that a subtraction of the background
measured at regions with |b| > 1.2◦ also means a subtrac-
tion of any large-scale diffuse signal that extends signif-
cantly beyond |b| > 1.2◦. Therefore, any signal measured
at |b|< 1.2◦ is a signal with respect to the baseline of a po-
tential flux outside the region.
After background subtraction the γ-ray excess events are
folded with the exposure to obtain a 2-dimensional repre-
sentation of flux in the Galactic Plane [7].

2.2 Discrete γ-ray sources
As the flux in the Galactic Plane is completely dominated
by many,mostly extended γ-ray sources, a measurement of
diffuse γ-ray emission needs to exclude these sources from
the analysis. Due to their spatial extension and the limita-
tions in properly characterizing their flux distributions, a
modelling of the sources turns out to be presently not feasi-
ble. Therefore, source locations are identified and excluded
from the analysis by applying a cut in the observed detec-
tion significance. The same criterion (1) as for the choice
of the background regions is applied. The remaining re-
gions in the sky are denoted as “diffuse analysis region” in
the following. Results are stable with respect to the details
in the choice of the analysis region.
The procedure of spatially excluding any significant signal
results by definition in fluxes (as function of position) that
are individually not significant. However, by investigating
profiles of the flux distribution, the cummulative projected
signal results in a notable flux excess.

3 The diffuse γ-ray signal
The latitude flux profile of the Galactic Plane for a longi-
tude range of −75◦ < l < 60◦ is shown in Fig. 2 for both,
fluxes including γ-ray sources and fluxes of the diffuse
analysis region only. Errors are 1σ statistical errors and do
not account for systematics.
Both distributions are characterized by a clear excess in the
proximity of the Galactic Plane. Notebly, also the excess of
the diffuse analysis region is significant. It peaks not exact-
ly at b = 0◦ but slightly offset at around b = −0.25◦ with
a peak value of around 2.5× 10−9 cm−2 s−1 TeV−1 sr−1.
The signal accumulates over the considered longitude
range and consists of larger contributions from longitude
values of the Galactic centre region and smaller ones from
the outskirts of the observed region.

The observed diffuse emission can be interpreted as a com-
bination of contributions from

• unresolved γ-ray sources

• γ-rays resulting from cosmic-ray interactions with
the interstellar medium (π0 decay)

• γ-rays resulting from cosmic-ray interactions with
radiation fields (inverse Compton scattering).

The estimation of the individual contributions to the ob-
served signal is non-trivial and further complicated by the
relatively small signal. A large part of the signal can be ex-

HESS detected the TeV gamma-ray from the diffuse emission (Egberts+14, 
arXiv1308.0161) ←More than 2000 h GPS data are used.

Red is the excluded region from the analysis.

Diffuse Gamma-Ray Emission in the H.E.S.S. Galactic Plane Survey
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

pected to stem from faint sources that are unresolved be-
cause of their low fluxes (avoiding significant detection) or
very large extension not properly handled in the standard
analysis.
A minimum level of cosmic-ray induced contribution can
be estimated from p-p interactions with interstellar matter.
The γ-ray flux can be calculated following [11]

dNγ
dAdEγdtdΩ

=
∫
dld

∫ dσp−→γ

dEp
n(l,b, ld)J(Ep)dEp (1)

with ld being the line-of-sight, Ep the proton energy, J(Ep)
the cosmic-ray spectrum, dσp−→γ

dEp the interaction cross sec-
tion for the γ-ray producing interaction, and n(l,b, ld) be-
ing the column density of the gas of the interstellar medi-
um. The cosmic-ray spectrum used for the calculation is
the one measured locally at Earth, taken from [12]. The in-
teraction cross section is a parametrization of the SIBYLL
interaction code following [13]. The interstellar matter that
constitutes the target material are HI and H2. HI data
are measurements from the Leiden/Argentine/Bonn survey
(LAB [14]) assuming a spin temperature of T = 125 K,
the H2 column density is obtained using NANTEN CO da-
ta [15] as tracer of H2. A conversion factor of XCO = 2×
1020 cm−2 K−1 km−1 s [16] has been used to convert the
velocity-integrated NANTEN data to H2 column density.
The results of these calculations can be seen in the model
curves of Fig. 2. In order to assure comparability, the same
regions in the sky have been used for the calculation of the
expected γ-ray signal and the analysis, i.e. positions of γ-
ray sources have been excluded from the model calculation
for the diffuse analysis region as well. Note that due to the
poor angular resolution of the HI data sources are exclud-
ed on scales smaller than the HI bin size, which is justi-
fied only by the apparent lack of correlation between γ-ray
sources and HI densities.
The calculated γ-ray emission from p-p interactions has to
be treated as aminimal or guaranteed level of the anticipat-
ed diffuse emission signal. The calculation uses the locally
measured cosmic-ray spectrum, while the flux is expected
to vary throughout the Galaxy. The flux observed at Earth,
in no immediate proximity of any cosmic-ray accelerator
is assumed to be the minimum level of cosmic rays in the
Galaxy (“sea of cosmic rays”), while close to accelerators
the level can be significantly enhanced.
Further simplifying assumptions that are invoked (most of
them reducing the estimated contribution) include a con-
stant XCO (as opposed to some functional dependence on
Galactocentric distance), the limitation to hydrogen contri-
butions and usage of p-p cross section also for heavier cos-
mic rays.
As the contribution of neutral-pion-decay γ-rays is neat-
ly localized along the Galactic Plane, a comparison of
the contribution can be made with the H.E.S.S. data in a
first approximation without considering the issue of back-
ground subtraction and the corresponding reduction of the
signal. In the region of |b| < 1◦ in the diffuse analysis re-
gion the integrated contribution of the calculated γ-ray sig-
nal originating from π0 decay is ∼25% of the H.E.S.S.
measurement (as seen in Fig. 2 bottom panel), thereby lim-
iting the contribution of unresolved sources (also expect-
ed to concentrate close to the Plane) to less than 75%. In
comparison, the calculated contribution from neutral-pion-
decay γ-rays to the total flux including γ-ray sources is for
the region |b|< 1◦ less than 10% (as in Fig. 2 top panel).

Fig. 2: The latitude profile of γ-ray flux (shown is the dif-
ferential flux at an energy of 1 TeV), covering a longitude
range of −75◦ < l < 60◦, for the total flux including γ-ray
sources (top panel) and for the diffuse analysis region on-
ly as defined in Fig. 1 (bottom panel). H.E.S.S. measure-
ments (black data points) are compared with the calculated
level of γ-ray emission due to p-p interaction of the locally
measured cosmic-ray spectrum with HI and H2 (solid red
line, the individual components are blue dotted for H2 and
green dot-dashed for HI interactions).

The second cosmic-ray interaction component is inverse
Compton scattering. Cosmic-ray electrons upscatter pho-
tons of optical starlight, infrared dust emission and the
cosmic microwave background. The cosmic-ray electrons
that are responsible for the inverse Compton emission at
TeV energies have, depending on the radiation field they
are interacting with, energies between a few and a few
hundred TeV. At these energies, energy losses are severe
and their lifetimes and propagation distances are limited.
Therefore, the electrons are found close to their production
sites, which are either homogeneously distributed in case
of secondary production of electrons via hadronic cosmic-
ray interactions, or highly inhomogeneously localized as
for primary cosmic-ray electrons [17]. This makes an es-
timation of a contribution to the diffuse γ-ray emission at
TeV energies challenging and dependent on source model
assumptions.
Since the radiation fields as target for inverse Compton
scattering extend to higher latitudes than the bulk of the
gas distribution, the inverse Compton component to be con-
tained in the diffuse γ-ray signal will be subject to back-
ground subtraction and only gradients will be measurable
in the observed signal.

4 Conclusion
We present the first ever investigation of large-scale dif-
fuse emission with imaging atmospheric Cherenkov tele-
scopes. Imaging atmospheric Cherenkov telescopes have
the advantage of a rather precise direction reconstruction,
which puts them into advantage compared to other instru-
ments that measure at TeV energies in the identification

Red: Gamma-ray emission due to p-p collision 
assuming the CR spectrum at the Earth.

The intensity of the gamma-ray is 
fairly higher than predicted one 
assuming CR spectrum at the Earth.

Contamination from unresolved 
sources? or due to nonlinear 
acceleration in SNR shocks? 37



Summary

• All three Cherenkov telescopes have been upgraded and 
realized very good performances.

• Improvement at lower energies.

• Sources with the parameters deviated from the ordinary 
ones have been also detected.

‣ Detailed studies of unique sources is becoming 
possible in addition to the systematic studies.

• We can do good science even before starting the 
operation of CTA.
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