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ABSTRACT

Context. The Crab pulsar is the only astronomical pulsed source detected at very high energy (VHIBP@eV) gamma rays. The
emission mechanism of VHE pulsation is not yet fully understood, although several theoretical models have been proposed.

Aims. In order to test new models, we measured the light curve and the spectra of the Crab pulsar with high precision by means of
deep observations.

Methods. We analyzed 135 hours of selected MAGIC data taken between 2009 and 2013 in stereoscopic mode. In order to discuss
the spectral shape in connection with lower energies, 5.5 ye&s wf-LAT data were also analyzed.

Results. The known two pulses per period were detected with a significancédef &nd 126 o. In addition, significant emission

was found between the two pulses wit 6.

Conclusions. We discovered the bridge emission above 50 GeV between the two main pulses. This emission can not be explained
with the existing theories. These data can be used for testing new theoretical models.
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1. Introduction the Crab pulsar is that it is visible at all wavelengths, from radio
0% eV) to VHE gamma raysx 10* eV). To date, this pul-

. 1
The Crab pulsar and the surrounding Crab nebula are the refliz js the only one for which pulsed emission has been detected
nant of the supernova of AD 1054. It is one of the youngest pulp e 100 GeV.

sars known and its spin down luminosity§4« 10 erg's) is the

highest among Galactic neutron stars. A remarkable featureh%GSg]err?ak'rr]%zv?]u:ﬁggnt;rgT;ggscfrﬁ)bmplgzaégg tggsce-‘rev\;tions

* Corresponding authors: T Y. saito e-mail:(Nolanetal.[ 1993). In 2008, pulsations were found by the
tysaito@cr.scphys.kyoto-u.ac. jp, R. Zanin  e-mail: MAGIC telescope at energies above 25 GeV (Aliu et al. 2008).
rzanin@am.ub.es, S. Bonnefoy e-mail: simon@gae.ucm.es This result suggested that the emission originates in the outer
and K. Hirotani e-mailhirotani@tiara.sinica.edu.tw magnetosphere. The simplest curvature radiation scenario in
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the outer magnetosphere predicts an exponentialfcitdhe andthe P7TREP_SOURCE_V15 IRF. From the downloaded data
energy spectrum at GeV energies (e.g., Muslimov & Hardimge have discarded events taken at zenith angles abovetd 00
2004;| Takata et al. 2006; Tang et lal. 200Bgrmi-LAT obser- reduce the contamination of albedo gamma rays coming from
vations from 100 MeV to a few tens of GeV, which started ithe Earth’s limb. To compute the pulse phase, we used the same
August 2008, showed a clear break in the spectrum @iGeV spin parameters as for the MAGIC analysis. The obtaineddluxe
(Abdo et al. 2010) supporting this scenario. A few yearsr]atavere computed by maximizing the likelihood of a given source
however, MAGIC and VERITAS| (Aleksiet al.[ 2011] 2012a; model using the gtlike tools. The binned likelihood method
Aliu et al/[2011) found that the energy spectrum of the Crdb puvas adopted and a 4&quare area with 022bin width was
sar extends up to 400 GeV following a power law. The emissiased for the likelihood maximization. Apart from the Galact
above 100 GeV is dicult to explain only with the curvature (gal_iem_vO05.fits) and extragalacticifo_source v05.txt) dif-
radiation, and additional or fierent emission mechanisms aréuse emission, we considered as background sources fokéhe |
required. Several new models were recently proposed t@iexplihood fits all sources listed in the second LAT source caaéo
the energy spectrum of the Crab pulsar (¢.9., Aleksiall 2011; (Nolan et all 2012). The data taken during the periods when th
Aharonian et al. 2012). Crab nebula was flaring were not excluded from the analysis.
Here we present new results from the continuing monitorifghese flares should not have any impact on the pulsed emission
of the Crab pulsar with the MAGIC telescopes that will helpesults because it is known that the pulsation componerntatid
to constrain any model for the emission. In order to disches tchange during the flares (Buehler etial. 2012), and the agerag
Crab pulsar spectra at energies lower than those accessibleebula flux including flare periods was subtracted when tte pu
MAGIC, Fermi-LAT data were also analyzed. sar signal was determined. Regarding the reported Fermi-LA
spectrum from the Crab nebula, the six Crab flares that lasted
few days might be responsible for a few percent of the photons
2. Instruments, data sets, and analysis methods below 1 GeV in the overall 5.5 year dataset. Given that the ef-
fect is expected to be small, and that this paper focusseseon t
2.1. The MAGIC Telescopes emission from the pulsar, we did not correct for thigeet.

The MAGIC telescopes are two Imaging Atmospheric
Cherenkov Telescopes located on the island of La Palma
(Spain) at 2200 m above sea level. Both telescopes consist & Results
17 m diameter reflector and a fast imaging camera with a fiejd;
of view of 3.5°. The trigger threshold for regular observations
at zenith angles below 3%s around 50 GeV and the sensitivityFigure[1 shows the light curves of the Crab pulsar measured by
above 290 GeV (in 50 h) is 0.8% of the Crab nebula flux witfMAGIC. Two peaks are clearly visible. Following our previou
an angular resolution better than 0:Q(Aleksic et al. 2012b). study (Alekst et all 2012a), we define phase ranges for the two
The first telescope started operation in 2004, while therstcqpeaks as R1 (phase-0.017 to 0026) and Py, (0.377 to 0.422).
one became operational in 2009. The background level (hadrons and continuum gamma rays) is

For this study we used 135 hours of data taken at zenith a&stimated using the phase range between 0.52 and 0.87 and it
gles below 35 during optimal technical and weather conditionis then subtracted from the histogrdimhe number of excess
between September 2009 and April 2013. Standard MAGHEYents in Pj between 50 GeV and 400 GeV is 98020 (80 o)
analysis, as described.in Moralejo et al. (2009).and Afeksal. and in P2 is 1510+ 120 (126 o).
(2012b), was applied to the data. The conversion from event In addition to the two main peaks, significant emission be-
arrival times to pulsar rotational phases uskginpo2 soft- tween them is also visible. The region between the peaks is
ware (Hobbs et al. 2006) and a dedicated package inside MAGSherally called the Bridge. Defining the Bridge region as th
(Lépez 2006). The spin parameters of the Crab pulsar weeatagap between R1 and Pz, namely, between 0.026 and 0.377
from the monthly reports of the Jodrell Bank Radio telesfopéhereafter Bridgg), we obtain an excess of 2720440 (6.207)
(Lyne et all 1993). events in this region. Adopting the definition used at lower e

ergies for the Bridge as the regiorl@— 0.25 from/Fierro et al.
. (1998) (hereafter Bridgg, then the number of excess events is

2.2. Fermi-LAT 880+ 200 (4.40). This excess increases to 194370 (5.20)

The Large Area Telescope (LAT) is a pair conversion gamméwe extend Bridge with the so-called trailing wing of P1 and
ray detector on board theermi satellite (Atwood et dl. 2009). the leading wing of P2, namely to the interval 0§8-0.32 (see
It can detect high_energy gamma rays from 20 MeV to moﬁ‘lerrq etall 1998) It Sh0u|d be noted that this d_etecthﬁlc_[ms
than 300 GeV. It has been operational since August 2008 andtB¢_hint of bridge emission already reported lin_(Aleksi al.
the collected data are publicly available. In this work, vewd 20128).

used 5.5 years of Pass 7 reprocessedddatan 2008 August
4 to 2014 January 31. The region of interest was chosen to
30° around the Crab pulsar.

Along with the public data, the LAT team provides the corFigure[2 shows the light curves at optical, X-ray, and gamma-
responding analysis software and instrument responséidmsc ray energies obtained with various instruments, togethér w
(IRF) designed for the analysis of that particular datagég. the 50— 400 GeV light curve from the bottom panel of Hg. 1.
have used the version v9r32p5 of thermi-LAT ScienceTool8 The background was subtracted in the same way as the MAGIC
light curves (see Se¢f.3.1). The intensity and morpholdglye

. Light curve above 50 GeV

é??. Comparison with lower energies

1 httpy/www.jb.man.ac.ukpulsaycrab.html
2 httpy/fermi.gsfc.nasa.ggssg¢dataanalysigdocumentation 4 An estimation of the background using th&-peak interval from
Pass7REP_usage.html the LAT Second Pulsar Catalog, namely the phase range hetvég
3 httpy/fermi.gsfc.nasa.ggssg¢dataanalysigscitoolgoverview.html and 0.89, lead to very similar results.
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Fig. 1. Light curves of the Crab pulsar obtained by MAGIC from 50 Ge\M.00 GeV (top), from 100 GeV to 400 GeV (middle), and for thié fu
analyzed energy range (bottom). The bin widths around thkpare 4 times smaller (0.005) than the rest (0.02) in oocdeighlight the sharpness
of the peaks.

bridge emission varies considerably with energy. It is weeak

at optical wavelengths and in the 16800 MeV range, while
there is an appreciableftérence at X-rays and soft gamma rays.
At the energies covered by MAGIC, the peaks get much sharpg
and a prominent bridge emission appears.

Itis known that the flux ratio between the two peaks strongly
depends on energy, as does the ratio between the first peaka
the bridge (see, e.d., Kuiper et al. 2001). Fig. 3 shows the flu 0
ratio between Rg and P1, and that between Bridgeand P,
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as a function of energy from opticat 2 eV) to 400 GeV. Steady o ore oy
emission was subtracted before the ratios were computesl. Tt oe A .

ratios P2,/P1y and Bridge/Ply behave similarly. These ratios O o Gt i PO
increase with energy up to 1 MeV, decrease up to 100 MeV, an oo 100. 300 Moy
increase again from that energy on. At-5@00 GeV, the ratios 0.04
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basically follow the trend seen at lower energies.
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3.3. Spectral energy distribution Fig. 2. Light curve of the Crab pulsar at optical wavelengttd 2
10 keV X-rays, 075 — 10 MeV, and 100- 300 MeV gamma rays
The spectral energy distributions (SEDs) of theyPP2,, (from top to bottom). The light curve at 50400 GeV is overlaid on
Bridgey, and Bridge between 100 MeV and 400 GeV areeach plot for comparison. The optical light curve was oletdiwith the
shown in Fig[#, together with the Crab nebula SED obtain®f\GIC telescope using the central pixel of the camera (Leitiet al.
with a subset of the data used for the pulsar analysis. ThesS[%’i%??bghesggvMaery I:\g;lﬁt\/ct?\r/]é (\:/bja:\sfe[; géﬁ;é%mug%p%;ﬁ&?o
were calculated usingermi-LAT data below 50 GeV (below data. All light curves are zero-suppressed by estimatiadptitkground
200 GeV for.the nebula), and MAGIC data above 5(_) GeV. Trﬂfs‘ing the events in the phase range from 0.52 to 0.87.
nebula SED is connected smoothly between the two instrusnent
TheFermi-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 summarizedin Bstimated as 17%, whereas the systematic error of the flux nor
ble[d. The power-law indices between 50 GeV and 400 GeWalization is estimated to be 18%. Théfdience between this
are about 3 and no significantfi@irence is seen betweerftdr- number and the one givenlin Alekset al. (2012b) is mainly due
ent pulse phases. The uncertainty in the absolute enertgyiscato a more precise background estimation from tffepeak re-
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tons might be also emitted there (Bednarek 2012). Emission

f; from beyond the LC can also explain the double-peaked light
N B N $ curves| Arka & Dubus| (2013) demonstrated that fiickent lu-
B —— i L F minosity and a hard spectrum extending to 100 GeV can be
- o aalRSRE obtained for P1 and P2 via the synchrotron emission by a hot
10,1; R - plasma from the current sheet slightly outside the LC, bthiis
2 ——mE L e scenario the bridge emission should disappear above 10 GeV.
i e gﬁg’g”j;m VAGIO) Chkheidze et all ( 2013)_ proposed tha_t synchrotron radiagm-
102 v X e W N erated_ near the LC during the quaS|-_I|near stage .of the trpeio
10° 10° 10 10° 10% 10* 1 10 100 10° 10' 10° 10° instability can produce the phase-aligned pulsation betwa-

Eneray ev] dio andy-rays. However, the formation of a bridge component

Fig. 3. P2y/Ply ratio (black markers) and Bridgé1ly ratio (red is not explained in this model.
markers) as a function of energy. At optical energies (a f&), e  Although synchrotron luminosity declines sharply beyond
the ratios are obtained using the central pixel of the MAGH#Inera the LC, the inverse-Compton process may still ieative there.
(Lucarelli et al. 2008). From 100 eV to 100 MeV, ratios are poted [Aharonjan et dl.[(2012) demonstrated that the observedguls
based on the Ilght curves showrl in Kuiper €tlal. (2001). FrotMeV flux of the Crab bulsar between 70 GeV and 400 GeV can be
to 30 GeV,Fermi-LAT data were used. . . .

explained by up-scattered photons by a particle-dominaied
whose Lorentz factors exceed<s10° at 20— 50 LC radii. Al-
though a phase-resolved spectrum is not provided in their pa

o i per, the observed 21 ratio in VHE could be reproduced if
s SR PRLRAR S one considers an anisotropic wind. The bridge emissiorsis al
%: [o-o-o-Beo-ororgigio h i e predicted, but a special density profile is required to drpla
g0 oo B ol 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 emissiom fr
the Crab pulsar.
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(0) Spectral parameters obtained by fitting a functi) = F100(E/100GeV) 2 to MAGIC data between 50 GeV and 400 GeV
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