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ABSTRACT

We use 73 h of stereoscopic data taken with the MAGIC telesstp investigate the very high-energy (VHE) gamma-ray simisof the Crab
pulsar. Our data show a highly significant pulsed signal eéhergy range from 50 to 400 GeV in both the main pulse (P1l}@ihterpulse
(P2) phase regions. We provide the widest spectra to dateedfHE components of both peaks, and these spectra extehd tmergy range
of satellite-borne observatories. The good resolution lzaekground rejection of the stereoscopic MAGIC systemaadlas to cross-check the
correctness of each spectral point of the pulsar by conganisth the corresponding (strong and well-known) Crab teflux. The spectra of
both P1 and P2 are compatible with power laws with photoncesliof 40 + 0.8 (P1) and 312 + 0.26 (P2), respectively, and the ratio/P2
between the photon counts of the two pulses.%@ 0.12. The VHE emission can be understood as an additional coempgroduced by the
inverse Compton scattering of secondary and tergamyairs on IR-UV photons.

arxiv:1109.6124v4 [astro-ph.HE] 1 Mar 2012
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1. Introduction gest that gamma-ray pulsars have high-altitude emissioeszo
that avoid a super-exponential spectral ¢ijtvhich would be
The Crab pulsar is a young neutron star that is the central recaused by magnetic pair production. Consequently, theréavo

nant of the supernova SN 1054 (Mitlon 1978). It is one of the femodels to explain the production of gamma rays to at leasta fe

pulsars that have been detected in almost all energiesingangseV are those in which fan-like beams of high-energy elestro

from radio (e.g., Lyne et al. 1993) to VHE gamma rays. In thecan over a large fraction of the outer magnetosphere,reithe
highest-energy regime, it was detected up to a few tens of Gedfry close to the light cylinder (outer gap model, Cheng et al
by Fermi-LAT (Abdo et al. 2010a), between approximately-25/1986; Romani 1996) or all along the last open field lines (slot

100 GeV by MAGIC [(Aliu et al. 2008; Saito 20110; Aleksic et algap model, Arons 1983; Muslimov & Harding 2004).
2011) and above 100 GeV by VERITAS (Aliu et al. 2011). The
light curves and the spectra obtained by these observatiags
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For other rotation-powered gamma-ray pulsars beside t P2 oFF P1 P2
Crab pulsar, Fermi-LAT observations have shown that th@ir € ;o Erties 114234
ergy spectra exhibit exponential ci®at around a few GeV 0 2 12058 (460)
[2010b). This mild cufbhas been widely accepted ,zs0 ximdi= 1701950 070
as aresult of the curvature processsymigrating along curved 20 Mo 211751116 Sig= 1049
paths. In this scenario, the ctitenergy corresponds to the high-Z2aw

est characteristic curvature-radiation energy of theiglagtac- 2200

celerated in the magnetosphere ( 1996). Howe 2100

the spectrum of the Crab pulsar strongly disfavors an exptiade ~ *°® Enies 59106
cutoff (Aleksic etal. 2011} Aliu et al 1), making this pul- *° 2500 (450)
sar a counterexample of the general property. Thus, to ogve ,, *° = 80,95 (4
pulsar emission theories beyond the widely accepted aumeat g sso S

radiation models, it is essential to examine the detaileasph 2 s
resolved spectrum of this youngest pulsar in the HE to VH 0

regimes. 700
Tops = 4366.8 min
. . 1700 72%,=85.07 (6.20)
2. Data set and analysis techniques 1650 | HTest=5630 (5.70)
£1600 X?ndf = 116.80/50 (5.10)
§ N,, = 759+-93_Sig =830

The two MAGIC telescopes (Aleksic eflal. 2012; Zanin ét a&'™®

2011) situated on the island of La Palma (2808 17.8 W, 1

2220masl.), use the imaging atmospheric Cherenkov tecl 40
H H 1350

nique to detect gamma rays above a few tens of[[E&ihce S —— III——

summer 2009, when the system started operating in stengiosct Phase

mode, its background suppression was substantially ingakov . :
and a sensitiviélof 0.8 % Crab nebula units above 250 GeV ha%%ll; a'\r/llggilrcl: g(s)i?rﬁgt gghéncéjrg/; z: (; ;2? t\C,ZvLats) e%tgrsaatrefg{ﬂ?- ubrm
beel?] ?ﬁglzﬁzl sis presented helri).we used 73 h of good e shaded areas are the on-phase regiogs P2 (see

ysIS p ’ 9 a4y t), the light shaded area is thé&-oegion [052 — 0.87]. The

ity stereoscopic data from the winter seasons in 22080 and .2
20102011, Of these data, 43 h were taken in the wobble Obsga}shed line is the constant background level calculated fhat

vation model(Fomin et 4. 1994), and another 30 h in on-source 9™
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 ana§/6_ 138 GeV and 138 416 GeV (Fid.1). The median true ener-

. : - = les of these samples were estimated from simulations tpbe a
sis package MARS (Moralejo etal. 2009; Aleksic etal. 2012 roximately 100 GeV, 80 GeV and 180 GeV, respectively. The

applying the so-calledum cleaning [(Lombardiet al. 2011) to_; - :
achieve_ the lowest poss_ible _thresh_old. For the gafhataon ts;g;?ﬂcance of thelpulgs:g)o na\évgztifr;;e\t’g;‘ El\fl%:]e:tc’)ft?ﬁege
fsepara(tgng)and ﬁa_mma direction estlmegg))n Vé'e apply thm’%ndctlgsts makes an a priori assumption concerning the positidn a
orest technique_(Albert etldl. 2008). Because our ba mp ) (€ Posit
oSt by s e g ey e O, 120 1 PUSed eyl st
adrons already above eV, we opted for loose and con®!' 97 © Lo, '
servative selection cuts. The phase of each event with cetpe clea:/r\})e/ ?i?t%vt\jlsamzssftilr?gbﬁ)ﬁr?:g,glll-eevr:l::;;nf?)\llgég}igr?tdcif\-/e
the main radio pulse \évas cc?lchulated uhsllng tr]e TEI\QPOZ pb?Ck_ ximizing a Poissonian likelihood function that include® ’
(Hobbs et al. 200 t t i i h _ .
S?oevided by the Jodrell Eggk Ot?scr;rsgﬁ = eme3p)>u I@gussmns or Lorentzians over a constant background. Tée fit
For th lied th foldi laorith ' g&aussian (Lorentzian) positions of P1 and P2 a@@®+ 0.003
seribag | egs”pEe:cItEraI ’dl‘_"’e(zoamp%!eThits%riggdu'ggcgr?ggsnﬂz 0.005+ 0.002) and 3996+ 0.0014 (03993+ 0.0015), respec-
grations and the energy biases expected in the threshatdeeg gv(%% ‘g'ég corgeosgsondlr:jg (ngse (‘)’V(')‘gzs O((I): ;’gH'\g)ogz@_?ﬁ
During unfolding iterations, the simulated events are igited 0-007 (0025 0.008) an + 0.004 ( + 0.004). The

each time with the appropriate spectrum derived in the preyi s_ignal in P2 is strong _enough to also be fitted with an asymmet-
ric Lorentzian, which involves more parameters. The resadé

fteration. displayed in Fig[R. All fits to our data yield very similar &ik-
hoods, which neither supports nor excludes the presendeof t

3. Results tails implied by a Lorentzian function. Furthermore, thgras
metric fit does not yield a significantftiérence in the leading and

3.1. Folded light curves the trailing wings of P2. Hence, we conclude that the corsserv

{ive approach of using a Gaussian parameterizationfiecEnt

0 describe our peaks.

Notably, there is a positive excess throughout the regien be
1 The nominal threshold in standard trigger mode, definedesahk tWeen the two peaks. Most prominently, the trailing wing TW1

of the simulated energy distribution for a Crab-nebulalgpectrum = [0.04-0.14]has an excess corresponding #dain the lower-

We obtained three folded light curves using all data with-es
mated energies between 46416 GeV and for two sub-ranges

after all cuts and at low zenith angles, is780 GeV. energy bin (46-138 GeV), which may allow for a significant de-

2 Defined as the source strength needed to achgye,/Ny, = 5in  tection once more data is collected. A bridge emission betwe
50 h dfective on-time. the peaks in our lowest-energy light curve is also expedimad

3 httpy/www.jb.man.ac.ukesearctpulsaycrab.htm| considers that in the Fermi-LAT data presentema al.
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MAGIC, P1, 46 GeV < B, < 416 GeV Crab Pulsar, Pulse extension and phase definitions
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Fig.2. Close-up display of the two fitted peaks P1 and P2 us-

ing a finer binning and a smaller range. The blue solid curves FOr the emission ratio between the two peaks, we found
represent the Gaussian functions that we use to define thal si§-24+ 0.12 for P3/P2y and 046 + 0.13 for PX/P2:. We also

phase intervals. The red dashed curves are the Lorentzien f/00ked for the diferencesin the pulse shape parameters between
tions, which allow for wider tails, and the green solid cuivan  the two energy intervals of Figl 1, but we found no significant

asymmetric Lorentzian function. The latter did not conesigy  changes in the pulse width, the position, or the relativerisity
Ply(see text). (for either phase range definition). This invariance mightdé-

lated to the fact that although our energy range is almost@ero
of magnitude, the mean energies of the two energy bins (80 vs.
180 GeV) are comparably close to each other; thus, the lexer a

(20108a), the bridge emission is evident up to at least 10 @a¥, is small compared to the energy-dependent trend irFig. 3.

it is denoted as being spectrally harder than the peak emissi

However, our current significance in the bridge region isltwo

for a spectral analysis and will not be considered in moraitlet 3.2. Energy spectra
The peaks we found are significantly narrower than those,i

the GeV regime, and along with MAGIC-Mono and VERITASVOG. calculated the energy spectra fqr M)V" Ply and P, .

data, a consistent trend from GeV to beyond 100 GeV can WQ'Ch are shown as the red squares |n[E|g._4, and for COMPRIISO

established (Figll) Consequently, the excess we found i(E/e also calculated the spectra for the unbiased EGRET gilterv

much more concentrated than the wide peak ranges define She above),wh_ich are shown_as the ye]low pircles. The dre
Fierro et al.[(1998) (Rd= [0.94—0.04] and P2 = [0.32—0.43] e compared directly to previous studies, including the oron

where E stands for EGRET. in contrast to tHd AGIC and scopic MAGIC observations. Given that the EGRET intervals

VERITAS definitions below). Because with too-large phase i over 21% of the whale phase, they cause a higher background

tervals one integrates an unnecessarily large number gen joise than the MAG'.C phase ranges, which cover only 8.8 %.
events, we deciged to investigate the siénal%oth in the EGR h(_a VERITAS phase intervals cover 6.8 % of _th_e_ whole phase,
intervals and in narrower, a posteriori defined phase iaterus- Which is thr_ee times less than the EGRET def|n|t|on_s. AIFm.)UQ
ing the Gaussian peak position8 o, as was done in Aliu et al. most of their narrow pulse may mdeed be cc_)ntalned In thE.”m
(2017). We obtained Ril= [0 983—6026] and Pg = [0.377— val, one may expect a certain discrepancy in flux relatediso th

. - difference in selection.
?i%zsi]’éhqe i);cesséseoal:l\évg I-I(-:gﬁg r{)es_?ﬁg?m]ife)igregrﬁ?&%aa The spectra we obtain for the EGRET intervals are com-

— e patible with the monoscopic measurements from Aleksid.et a
Z}ﬁgﬁ'gf‘gr;c;zIﬁfrifgn@zs”gfrﬁi'?g’ﬁé?ihg?ﬁff'St'ng of the (2011), considering that the statistical deviations armast~

It is important to note that the two phase interval defin'ﬁ;ionzo- and many of the systematic errors of the two measurements

are equally valid. The dierence between them is mainly thaf' < independ.enf[. Our stereoscopic measurements, hosaper,
the wide intervals lead to a higher noise contribution batfege port the possibility that the gamma-ray energy of MAGIC-raon

of any possible selection bias, whereas the narrow intehate data may have been over-estimated, as already discussaitiin S

much lower noise, but ardgfacted by a minor selection bias. The(zom)'

VERITAS results shown in Aliu et al. (2011) were calculatsd u _. The EGRET and MAGIC phase definitions do not result_ In
ing P4, = [0.987— 0.009] and Pg = [0.375— 0.421], which is significantly diferent P1 and P2 spectra, although the points
sti?l abit_nar.rowertﬁan ourdefiniti)ns. ’ ' of the latter are systematically somewhat below the former.

This is self-consistent, because the EGRET intervals sedlwe

4 A correction to the absolute phase values [in_Abdo et AMAGIC intervals and shows that the selection bias tHecis
(20108) was announced on the Fermi-LAT website€ latter is probably very small.

(httpy/fermi.gsfc.nasa.ggssgdatdaccessat/ephemg) and is in- To determine the spectral parameters ghdalues, we ap-

corporated in this plot. plied a forward unfolding (Albert et &l. 2007), which is thest
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(b) Crab Pulsar, P1

-10 [
10 L

robust method to parameterize the data. The spectra codle-be
scribed by power laws as shown in Table 1. It should be noted
that they? values that we found are not optimal, especially for
the spectrum of RL. However, the significance of this incon-
sistency (6o pre-trial) is too low to claim a feature with the
data we present here, especially if the systematic uno&gsi
are considered.

The ratio of the normalization constants between P1 and
P2 at 100 GeV is @ + 0.2, which is consistent with the val-
ues directly derived from the light curves. We cross-chddke
(P2+P2), spectrum by comparing the 2009 data to 20141
data, on- to wobble-mode data, two zenith angle ranges, two
quality cut levels and four unfolding algorithms, and fouhdt
the spectrum was stable within the errors.

To ensure a good understanding of all possible systematic ef
fects, we furthermore determined the Crab nebula spectram f
the data taken in wobble mode, analyzing the same energg rang
with the same energy binning. The nebula spectrum that we ob-
tained with our cuts (see Figl. 4) agrees with both the receat C
nebula analysis in_Zanin etlal. (2011) and the Fermi-LAT data
inlAbdo et al. |(2010a), which confirms the good performance of
our spectral analysis down to 46 GeV. Notably, also the Crab
nebula flux of the lowest-energy point, which is at approsxtiha

55 GeV, agrees within errors with the function derived with a
combined Fermi-LATMAGIC fit in Zanin et al. (2011). This fit
function is basically independent of the lowest-energy MBG
point because it is determined by the statistically muchemor
precise points at higher and lower energies. From thesé#sesu
+ T & we find no indication that the total systematic flux uncettais

'*‘ beyond the standard low-energy numbers given in Aleksit! et
(2012f. These systematic uncertainties are 17 % on the energy
scale and 19 % on the flux normalization, which is displayed in
the upper panel of Fi§ll 4. Assuming a photon index of 3.6, the
total flux uncertaintyincluding a possible energy bias is there-
fore ~ 44 % at low energies. The uncertainty of the spectral in-
dex of such a soft spectrum is approximatel@.All MAGIC
spectra shown in Figl] 4 are unfolded; thus, the statisticare
are correlated by 2060 %, reflecting our energy resolution and
bias, which vary from 15- 40 %, depending on the energy (see
Aleksic et all 2012).

Figurd4 also shows the Fermi-LAT spectrain the EGRET in-
tervals as determined in_Aleksic et al. (2011). They exitaie
consistently to the monoscopic and stereoscopic specthénwi
'*' systematic and statistical uncertainties. To estimatemiFeAT
spectrum for the MAGIC phase range definition, we summed up
the matching phase-resolved fit functions provided in Abddle
(2010a). Because their flux constants angedéential in phase,

%"lle emission from the partly covered phase intervals colsldl a

E;%;IE%P ?(I)I?ttlﬁ 2 (t)\fvt:eersnﬁggit éﬁl r;;;kssurgr gg(tjs gszsAgg%%%approximated. We find that our narrower intervals leadbo s
(b, c) and for both peaks together (a). The VERITAS spectrutipntially lower GeV equivalent flux spectra.

is only available (and shown) for R2P2, (light blue squares  |n general, when comparing our energy spectra to those ex-

and solid line). For comparison, the Crab nebula measuresmetiacted from Fermi-LAT, VERITAS or MAGIC-Mono data, it is

of MAGIC and Fermi-LAT (excluding the pulsed componentymportant to bear in mind that in addition to thefdrent phase

are also shown (green solid circles and diamonds, resgntsPointerval definitions, all of these experimentsfsu different and

of similar color refer to the same phase intervals (dark md fenergy-dependent systematic uncertainties that may ¢edis

MAGIC, yeIIow for EGRET, blue forVERITAS intervals, and Crepancies on the order of 3080 % in energy.

green points for the nebula spectrum, see also text). Threadbiu

solid line in the upper plotis the model discussed in $éatddia

is above the points because it includes the bridge emisSio.

displayed systematic error of the MAGIC-Stereo measurémers Thjs argument may be regarded as a calibration of the pueatra

corresponds to a shift af17 % in E andt19 % in flux. on the nebula spectrum, a method that is not applicable onehela
spectrum itself, but holds for any other source.

101} KA
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Table 1. Results of the spectral fits. pair-produced* at lower altitudes< 0.6 R _¢). This screens the
original E; and hence reduces the curvature-radiation compo-
Phase Sy  fiooge’  Phot.index x?/ndfc prob? nentin the primary spectrum. This reduction makes our néw ca
(P1+P2), 104 130+16 357+027  103/4 004 culation more compatible with the Fermi-LAT data at GeV en-
Ply 55 39x17  40x08 9.3/2 001  ergies but does not significantlffect the secondary and tertiary

F’sz ?'? 1858; 12'% 3§§i 8"216 gé/i 8’32 components at energies beyond a few tens of GeV. Hence, we
(P};L]Z k 39 65 fzb 3'3f 10 3'8§2 015 conclude that our revised model can reproduce the totabguls
P2 80 112419 37404 7.2/5 021 Spectrum between 1 and 400 GeV well (see also Lyutikovlet al.
@ Detection significance after Li & Ma (1983, Eq. 17) (2011) for an analytlga! argument of this process). L
® Flux at 100 GeV in units of 10 cm-2s-1 Tev- However, a remaining caveat of our new calculation is that

© Number of degrees of freedom taken from the distribution df Still includes the bridge emission that is not containedrie
estimated energies, which may deviate from the number oflded Spectra of only PP2. Therefore, it is still above the Fermi-LAT

points in Fig[2. flux points in Fig[4. A phase-resolved modeling is ongoind an
@ The fit probabilities calculated from the® values do not include will be presented in the future. In general, it is howeveficlilt
systematic ffects. to compute the spectral shape above 100 GeV with high preci-

sion in the present OG model for the Crab pulsar. This is bezau

the photon-photon cross section, and therefore the garagna-r
4. Discussion and conclusions absorption, depends on the square of the collision anglehwh

is typically a few degrees. Hence a small variation in thengeo
We found a pulsed VHE gamma-ray signal from the Crab pudtry can have a large impact on the flux that escapes the pulsar
sar that allows us to present spectra with an unprecedgntetthus, our model should not be interpreted as a hard quantata-
broad energy range and phase resolution. For completenésst#ve prediction; instead, it is meant to show that the hamijgo-
comparison, we provide analyses for both the previouslyl usgent we see in the experiment can quantitatively be met mithi
phase intervals in_Fierro etial. (1998), and the narrowekpeahe present understanding of the OG model. Similarly, tiggas|

that we find in our folded light curves. The range of our spgectmodulations of the power law component are not to be inter-
is about one order of magnitude, and, along with the MAGIGreted as a significantly predicted feature.

Mono (Aleksic et al. 2011) and the Fermi-LAT data (Abdo etal  Other possible Ansatze to explain the VHE emission in-
2010a), comprise the first gamma-ray spectrum of the Crafude the production of inverse Compton radiation in the un-
pulsar from 100 MeV to 400 GeV without any gap. On thehocked pulsar wind outside the light cylinder by pulsectphs
high-energy end, this result agrees with the recently pbbli (Aharonian et al. 2012; Aharonian & Bogovalov 2003), a stdp
VERITAS spectrum of PP2 above 100 GeV, including alsopulsar wind [(Pétri 2011), or the annular gap model preskinte
the positions and the remarkably narrow widths of the twpu et al. (2012). The two crucial spectral features to et
pulses. test these models are the expected spectral upward-kirtiein t
To interpret the observed pulsed spectrum in the contexttedinsition region between the curvature and the hard coamton
the outer-gap (OG) model, we follow the same method as dend the detection or exclusion of a terminal ¢t a few hun-
scribed in Sect. 8.2 of Aleksic etlal. (2011). In this franoeky dred GeV.
the VHE compontent of the spectrum is the inverse Compton Another topic that we will be able to address with a3
radiation of secondary and tertiary electron pairs on memgnetimes larger dataset is the energy dependence of the pulpe sh
spheric IR-UV photons. To derive the expected gamma-ray flparameters. The narrowness of the pulses and its evolutton w
of this scenario, we solve the set of Poisson equations #®r tnergy are a stringent requirement that the theoreticaletnod
non-corotational potential (Eq. [9] in Aleksi€ et al. (2)1with ing must fulfill because the folded light curve is almost sta-
the Boltzmann equations for the created electrons andrposit ble against systematic uncertainties. Moreover, the atitio of
and the radiative transfer equation of the emitted photons.  pulsed emission in the trailing wing of P1 may indicate that a
We present our theoretical calculation of the total pulse¢HE signal between the two peaks might be within reach for
spectrum as a violet solid curve in the upper plot of Eig. 4. llew-threshold IACT systems. The MAGIC telescopes, whiah ar
this calculation, the angle between the rotational and thg-m being upgraded in 20112, can address these topics in the com-
netic axes is assumed to be= 65°, and the observer’s viewing ing years when more data will improve the statistical plieais
angle is¢ = 106°. of the measurements.

In/Aleksic et al. (2011), the calculations of bagh(the elec- . ieeve We would like to thank the Instituto de Astrofisica de
t_”C f'eU component prOJected along the chal magnetic fie narias for the excellent working conditions at the Olaterio del Roque
line, which accelerates®) and the resultant primary gamma-raye los Muchachos in La Palma. The support of the German BMBFMRG,
emissions (curvaturdC) were carried out within 0 R_c from the ltalian INFN, the Swiss 'Natiorllal Funld SNF, and (t‘hs wﬁ;‘f"i‘”w'”N is

i i is the radius of the liaht cvlinder. In 9ratefully acknowledged. This work was also supporte rie Curle_ pro-
the rOtatlonI aXllst,. V\:}h?rﬁthk nt the stron 9 I’imyal’ Iqsemgramme, the CPAN CSD2007-00042 and MultiDark CSD2009-80@®jects
O.ur new caiculatio ’ 0 lake accou e_s ong p y of the Spanish Consolider-Ingenio 2010 programme, gran0D863 of the
sion that be_comes_ important near the light cylinder, werektegyigarian NSF, grant 127740 of the Academy of Finland, th® i the
the calculation region up to.9R, ¢ for E; and up to I5R ¢ for  Helmholtz Gemeinschaft, the DFG Cluster of Excellence §riand Structure
primary gamma-ray emissions, after confirming that the emig‘FggeY;Jgévetrﬁe”bttlw_ehD'\I;S_Scwaboratti\%B RssEeSaécpA Acég%slaggmdat?\d

H H i H , the Polis 152 gran - - an e
sion above BR.c is negllgl_ble. Here, QR'-.C is a safe gpper Formosa Program between the National Science Council iwaraiand the
boundary for theE calculation, becausk is anyway dimin-  consejo Superior de Investigaciones Cientificas in Spainiristered through
ished at ®R_¢c owing to the curving-up field-line geometry to-the grant number NSC100-2923-M-007-001-MY3.
wards the rotation axis near the light cylinder.

A remarkable consequence of this extended calculation is gferences
increased inward flux of primary gamma rays originating fro

the upper side of the gap, which leads to a higher abundancesrdo, A. A., Ackermann, M., Ajello, M., et al. 2010a, ApJ, 70254



Aleksit et al.: Phase-resolved Crab pulsar spectra wittGNA

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010b, ApJS, 7,860

Aharonian, F. A. & Bogovalov, S. V. 2003, New Astronomy, 8, 85

Aharonian, F. A., Bogovalov, S. V., & Khangulyan, D. 2012,ti\@ (advanced
online publication: http{dx.doi.org10.1038nature1079)

Albert, J., Aliu, E., Anderhub, H., et al. 2007, NIM, 494

Albert, J., Aliu, E., Anderhub, H., et al. 2008, NIM, 424

Aleksic, J., Alvarez, E. A., Antonelli, L. A., et al. 2011p4, 742, 43

Aleksic, J., Alvarez, E. A., Antonelli, L. A., et al. 2012 s&opart. Phys., 35, 435

Aliu, E., Anderhub, H., Antonelli, L. A., et al. 2008, Scien322, 1221

Aliu, E., Arlen, T., Aune, T., et al. 2011, Science, 334, 69

Arons, J. 1983, ApJ, 266, 215

Cheng, K. S., Ho, C., & Ruderman, M. 1986, ApJ, 300, 500

de Jager, O. C., Raubenheimer, B. C., & Swanepoel, J. W. H,108A, 221,
180

Du, Y., Qiao, G., & Wang, W. 2012, ApJ, in press, ArXiv e-psri202.1096

Fierro, J. M., Michelson, P. F., Nolan, P. L., & Thompson, D1998, ApJ, 494,
734

Fomin, V. P, Stepanian, A. A., Lamb, R. C., et al. 1994, Asarb. Phys., 2, 137

Hobbs, G. B., Edwards, R. T., & Manchester, R. N. 2006, MNR2&®, 655

Li, T.-P. & Ma, Y.-Q. 1983, ApJ, 272, 317

Lombardi, S., Berger, K., Colin, P., et al. 2011, in Proc. {CRO11, ArXiv e-
prints 1109.6195

Lyne, A. G., Pritchard, R. S., & Graham-Smith, F. 1993, MNRA85, 1003

Lyutikov, M., Otte, N., & McCann, A. 2011, ArXiv e-prints 1803824

Mitton, S. 1978, The Crab Nebula

Moralejo, A., Gaug, M., Carmona, E., et al. 2009, in Proc. GCCR09, ArXiv
e-prints 0907.0943

Muslimov, A. G. & Harding, A. K. 2004, ApJ, 606, 1143

Pétri, J. 2011, MNRAS, 412, 1870

Romani, R. W. 1996, ApJ, 470, 469

Saito, T. 2010, PhD thesis, Ludwig-Maximilians-UnivaitstMiinchen, ArXiv
e-prints 1105.3400

Zanin, R., Mazin, D., Carmona, E., et al. 2011, in Proc. ICRQL ArXiv e-
prints 1110.2987

N~ o o b~ w N P

12
13
14
15
16
17

18
19

20
21
22
23
24
25
26

27
28

29

30

IFAE, Edifici Cn., Campus UAB, E-08193 Bellaterra, Spain
Universidad Complutense, E-28040 Madrid, Spain

INAF National Institute for Astrophysics, 1-00136 Romealit
Universita di Siena, and INFN Pisa, 1-53100 Siena, Italy
Technische Universitat Dortmund, D-44221 Dortmund, Gamyn
Universita di Padova and INFN, I-35131 Padova, Italy

Inst. de Astrofisica de Canarias, E-38200 La Laguna, Tener
Spain

Depto. de Astrofisica, Universidad de La Laguna, E-382@6 L
Laguna, Spain

University of £6dz, PL-90236 Lodz, Poland

Tuorla Observatory, University of Turku, FI-21500 PiikkiFinland
Deutsches Elektronen-Synchrotron (DESY), D-15738 Zeuthe
Germany

ETH Zurich, CH-8093 Zurich, Switzerland

Max-Planck-Institut fur Physik, D-80805 Miinchen, Genya
Universitat Wirzburg, D-97074 Wirzburg, Germany

Universitat de Barcelona (IGEEEC), E-08028 Barcelona, Spain
Universita di Udine, and INFN Trieste, 1-33100 Udine, ytal

Institut de Ciéncies de I'Espai (IEEC-CSIC), E-08193 Btdlra,
Spain

Inst. de Astrofisica de Andalucia (CSIC), E-18080 Gran&bain
Croatian MAGIC Consortium, Rudjer Boskovic Institute,
University of Rijeka and University of Split, HR-10000 Zad;
Croatia

Universitat Autonoma de Barcelona, E-08193 Bellaterpais

Inst. for Nucl. Research and Nucl. Energy, BG-1784 SofiagBui&
INAF/Osservatorio Astronomico and INFN, 1-34143 Trieste, Italy
Universita dell'lnsubria, Como, 1-22100 Como, Italy

Universita di Pisa, and INFN Pisa, I-56126 Pisa, Italy

ICREA, E-08010 Barcelona, Spain

now at Ecole polytechnique fédérale de Lausanne (EPFL),
Lausanne, Switzerland

supported by INFN Padova

now at: Centro de Investigaciones Energéticas, Medioambies y
Tecnologicas (CIEMAT), Madrid, Spain

now at: Finnish Centre for Astronomy with ESO (FINCA),
University of Turku, Finland

ASIAA/National Tsing Hua University-TIARA, P.O. Box 23-141,
Taipei, Taiwan



	1 Introduction
	2 Data set and analysis techniques
	3 Results
	3.1 Folded light curves
	3.2 Energy spectra

	4 Discussion and conclusions

