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(Abdo et al. 2010b). This mild cutoff has been widely accepted
as a result of the curvature process by e± migrating along curved
paths. In this scenario, the cutoff energy corresponds to the high-
est characteristic curvature-radiation energy of the particles ac-
celerated in the magnetosphere (e.g., Romani 1996). However,
the spectrum of the Crab pulsar strongly disfavors an expo-
nential cutoff (Aleksić et al. 2011; Aliu et al. 2011), making
this pulsar a counterexample of the general property. Thus, to
develop pulsar emission theories beyond the widely accepted
curvature-radiation models, it is essential to examine the detailed
phase-resolved spectrum of this youngest pulsar in the HE to
VHE regimes.

2. Data set and analysis techniques

The two MAGIC telescopes (Aleksić et al. 2012; Zanin et al.
2011) situated on the island of La Palma (28.8◦ N, 17.8◦ W,
2220 m a.s.l.), use the imaging atmospheric Cherenkov tech-
nique to detect gamma rays above a few tens of GeV1. Since
summer 2009, when the system started operating in stereoscopic
mode, its background suppression was substantially improved,
and a sensitivity2 of 0.8% Crab nebula units above 250 GeV has
been achieved (Aleksić et al. 2012).

In the analysis presented here, we used 73 h of good qual-
ity stereoscopic data from the winter seasons in 2009/2010 and
2010/2011. Of these data, 43 h were taken in the wobble obser-
vation mode (Fomin et al. 1994), and another 30 h in on-source
observation mode. The data were taken at zenith angles below
35◦ to ensure a low threshold.

For the data analysis, we used the standard MAGIC analy-
sis package MARS (Moralejo et al. 2009; Aleksić et al. 2012),
applying the so-called sum cleaning (Lombardi et al. 2011) to
achieve the lowest possible threshold. For the gamma/hadron
separation and gamma direction estimation we apply the ran-
dom forest (RF) technique (Albert et al. 2008). Because our
background is dominated by Crab nebula gamma rays instead of
hadrons already above ∼120 GeV, we opted for loose and con-
servative selection cuts. The phase of each event with respect to
the main radio pulse was calculated using the TEMPO2 pack-
age (Hobbs et al. 2006) and the monthly ephemerides publicly
provided by the Jodrell Bank Observatory3 (Lyne et al. 1993).

For the spectra, we applied the unfolding algorithms de-
scribed in Albert et al. (2007). This procedure corrects the mi-
grations and the energy biases expected in the threshold regime.
During unfolding iterations, the simulated events are reweighted
each time with the appropriate spectrum derived in the previous
iteration.

3. Results

3.1. Folded light curves

We obtained three folded light curves using all data with es-
timated energies between 46−416 GeV and for two sub-ranges
46−138 GeV and 138−416 GeV (Fig. 1). The median true ener-
gies of these samples were estimated from simulations to be ap-
proximately 100 GeV, 80 GeV and 180 GeV, respectively. The

1 The nominal threshold in standard trigger mode, defined as the peak
of the simulated energy distribution for a Crab-nebula-like spectrum
after all cuts and at low zenith angles, is 75−80 GeV.
2 Defined as the source strength needed to achieve Nex/

√
Nbkg = 5 in

50 h effective on-time.
3 http://www.jb.man.ac.uk/research/pulsar/crab.html
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Fig. 1. MAGIC folded light curves of the Crab pulsar for our total range
in estimated energy and for two separate sub-bins. The shaded areas are
the on-phase regions P1M and P2M (see text), the light shaded area is
the off-region [0.52−0.87]. The dashed line is the constant background
level calculated from that off-region.
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Fig. 2. Close-up display of the two fitted peaks P1 and P2 using a
finer binning and a smaller range. The blue solid curves represent the
Gaussian functions that we use to define the signal phase intervals. The
red dashed curves are the Lorentzian functions, which allow for wider
tails, and the green solid curve is an asymmetric Lorentzian function.
The latter did not converge for P1 (see text).

significance of the pulsation was tested with the Z2
10 test, the

H test (de Jager et al. 1989), and a simple χ2-test. None of these
tests makes an a priori assumption concerning the position and
the shape of the pulsed emission, and they yield significances of
8.6σ, 6.4σ and 7.7σ, respectively. The folded light curve clearly
shows two distinct peaks, the well-known P1 and P2.

We fitted a very fine-binned all-energy folded light curve,
maximizing a Poissonian likelihood function that includes two
Gaussians or Lorentzians over a constant background. The fitted
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70 h, 2009-2011	 

Exponential cutoffからのずれ 
400 GeVまでベキ関数的にのびている	 
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統計増やして、より精密に	 

n  Crab NebulaはCalibrationソース。（さまざまなコンディショ
ンで）しょっちゅう観測される 

n  Moonデータや、High 天頂角まで含めると、300時間を超える
観測が行われた(2009年以降の　Stereo観測のみ） 

n  Crab Nebula観測　= Crab Pulsar観測 

n  Low energy 解析のため、天頂角35度、低夜光データのみを採
用すると、135時間 

n  2011 - 2012年のカメラのアップグレードで、Low energy の感
度は向上 
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Discovery of bridge emission!	 

P1	 P2	 Bridge	 
Phase	 0.983- 1.026	 0.377-0.422	 0.026-0.377	 

Excess	 932+-118	 1511+-124	 2722+-439	 

Significance	 8.0σ	 12.6σ	 6.2σ	 
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他波長との比較	 
Optical	 

0.1-2.4 keV	 

2.4 – 10 keV	 

20 – 100 keV	 

315 – 745 keV	 

0.7 – 10 MeV	 

10 – 30 MeV	 

>30 MeV	 

100 - 300 MeV	 

0.3 – 1 GeV	 

1 – 3 GeV	 

3 – 10 GeV	 

10 – 30 GeV	 

MAGICのエネルギーで 
パルスがとにかく細い 
 
でもBridge放射がある 
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Parametrization – Lorentizan Fitting	 
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Half Width vs Energy	 

Left Half of P1	 Right Half of P1	 

Left Half of P2	 Right Half of P2	 

Sudden drop 
In inner edges!! 
(yet, bridge exist!?)	 

Gradual drop 
In outer edges	 
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P2/P1 ratio Bridge/P1 ratio	 

フラックスは、謎の関係式をみたしている	 

MAGIC	 
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Spectra	 
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なにがわかったのか？	 

 
Wind scattering model (Aharonian et 
al.,Nature 482, 2012)によれば、X線とお
なじか、より“太い”波形にはず。どう
説明するのか？？	 

Magnetospheric Cascade model 
(K. Hirotani)によれば、Light Cylinder 
付近の磁場のToroidal成分が強いことを 
示している	 
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Crab 以外のパルサーは見えないのか？	 
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Fermi-LAT 2nd pulsar catalogue	 

Spectrum 
reliable	 

Spectrum 
unreliable	 

All	 

Canonical	 67	 10	 77	 

Milisecond	 34	 6	 40	 

All	 101	 16	 117	 
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Fermi-LAT 2nd pulsar catalogue	 

Crab: J0534+2200 
Geminga: J0633+1746 
Vela:  J08835-4510	 

MAGIC で天頂角<30度で観測可能な赤緯:  -2° ~ 58° 
10 GeVでCrabより明るいパルサーはGemingaだけ	 
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結論	 

n  Crabの精密測定で、Bridge放射を検出 

n その物理的結論は、非常に難しい 

n  Fermi Catalogのスペクトラムパラメータから判断すると
GemingaがCrabの次に有力なパルサー。それでもMAGICで検
出できない 

n パラメータでなく、10GeV以上の検出光子数で調べる必要が
ある。 

n  (MAGICではCrab以外見えないかもしれない） 

n  (LSTに期待） 


