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ABSTRACT

Aims. We investigate the extension of the very high-energy spectral tail of the Crab Pulsar at energies above 400 GeV.

Methods. We analyzed ~320 h of good-quality Crab data obtained with the MAGIC telescope from February 2007 to April 2014.

Results. We report the most energetic pulsed emission ever detected from the Crab Pulsar reaching up to 1.5 TeV. The pulse profile shows two
narrow peaks synchronized with those measured in the GeV energy range. The spectra of the two peaks follow two different power-law functions
from 70 GeV up to 1.5 TeV and connect smoothly with the spectra measured above 10 GeV by the Large Area Telescope (LAT) on board the Fermi
satellite. When making a joint fit of the LAT and MAGIC data above 10 GeV the photon indices of the spectra differ by 0.5 + 0.1.

Conclusions. Using data from the MAGIC telescopes we measured the most energetic pulsed photons from a pulsar to date. Such TeV pulsed
photons require a parent population of electrons with a Lorentz factor of at least 5x 10°. These results strongly suggest IC scattering off low-energy
photons as the emission mechanism and a gamma-ray production region in the vicinity of the light cylinder.

Key words. gamma rays: stars — pulsars: individual: Crab pulsar — stars: neutron

1. Introduction up to 400 GeV (Aliu et al. 2011; Aleksic et al. 2012a) highlights

the exceptional qualities of this source.

The Crab Pulsar, PSR J0534+220, is a young neutron star (NS)
with a rotational period of 33 ms. It was created after the super-
nova explosion SN1054. The Crab is the most powerful pulsar
in our Galaxy, with a spin-down luminosity of 4.6 x 10° ergs~!.
It is one of the few pulsars that has been detected across the
electromagnetic spectrum from radio up to gamma rays, and is
one of the brightest at high energies (HE, 0.1 < E < 10GeV;
Fierro et al. 1998; Kuiper et al. 2001; Abdo et al. 2010; Aliu
et al. 2008). The recent discovery of pulsed emission at energies

Article published by EDP Sciences

The Crab Pulsar emission profile is characterized by three
components: two pulses separated by ~0.4 in phase observed
at all energies from centimeter radio (E ~ 107*eV) to very
high-energy gamma rays (VHE, E > 100GeV), and a third
component, the Bridge, which is defined as the pulse phase
between the main pulse and the second pulse. The main
pulse (P1) has the highest intensity at radio frequencies and de-
fines phase 0; the second pulse (P2), which is often referred to
as the interpulse, is weaker at radio frequencies. The amplitude
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of each pulse depends on the energy (Kuiper et al. 2001); in par-
ticular, in the gamma-ray regime, P2 becomes dominant above
25-50GeV, whereas the Bridge is only detected up to 150 GeV
(Aleksic et al. 2014).

The HE gamma-ray emission from pulsars is believed to
be produced via synchrotron-curvature radiation by electron-
positron pairs moving along curved paths inside the light cylin-
der. The maximum photon energy is limited by either magnetic
and gamma-gamma pair absorption or radiation losses, result-
ing in spectral cutoffs at around a few GeV (Cheng et al. 1986).
This theoretical scenario has been confirmed by the analysis of
about 150 pulsars detected by the Fermi-LAT gamma-ray tele-
scope (Abdo et al. 2013). The observed pulse profiles and spec-
tral shapes suggest that the gamma-ray beams have a fan-like ge-
ometry and that they are located at high-altitude zones inside the
magnetosphere towards the spin equator, either close to the light
cylinder (LC, outer gap models; Cheng et al. 1986; Romani &
Yadigaroglu 1995; Cheng et al. 2000; Takata et al. 2006) or along
the last open magnetic field lines (slot gap models; Arons 1983;
Muslimov & Harding 2004).

The first year of Fermi-LAT observations of the Crab Pulsar
spectrum validates the consensus view of a spectral cutoff at
(5.8 £ 0.54a = 1.24y5) GeV (Abdo et al. 2010). However, the
gamma-ray emission later discovered at VHE (Aliu et al. 2011;
Aleksi¢ et al. 2011, 2012a) is not compatible (at more than
a 60 confidence level) with flux predictions based on synchro-
curvature emission. This new and unexpected spectral compo-
nent, described by a steep power-law function (with a photon in-
dex of approximately 3.5) between 25 and 400 GeV required an
ad hoc explanation (Aliu et al. 2011; Aleksi¢ et al. 2011, 2012a).
Some of the advocated models include the same synchro-
curvature mechanism responsible for the sub-TeV emission, al-
though under extreme conditions (Bednarek 2012; Vigano &
Torres 2015), whereas others proposed that a new mechanism
is at work, namely inverse Compton (IC) scattering on seed pho-
ton fields (from infrared to X-rays). In the case of IC radia-
tion, different VHE gamma-ray production regions have been
considered from the acceleration gap in the pulsar magneto-
sphere (Aleksic et al. 2011; Hirotani 2011; Lyutikov et al. 2012;
Harding & Kalapotharakos 2015) to the ultra-relativistic cold
wind that extends from the light cylinder to the wind shock
(Aharonian et al. 2012; Bogovalov & Aharonian 2000; Mochol
& Pétri 2015).

The goal of this work is to investigate the maximum energy
reached in the Crab Pulsar spectrum. For this purpose, we re-
analyzed more than 300 h of excellent-quality data of the Crab
recorded by MAGIC from 2007 to 2014 in stand-alone and in
stereoscopic mode.

2. Observations and analysis

MAGIC is an array of two imaging atmospheric Cherenkov tele-
scopes (IACTs) designed for the detection of gamma rays in the
energy band between few tens of GeV and few tens of TeV. It
is located in the Canary Islands (Spain) on La Palma at 2250 m
above sea level. The two telescopes have a reflective surface that
is 17 m in diameter and fine pixelated cameras with a 3.5° field
of view.

MAGIC started its operations in stand-alone mode with
the first MAGIC telescope, MAGIC-I, in autumn 2004. In
February 2007, its readout system was upgraded to an ultra-
fast FADC of 2 GHz sampling rate (Goebel et al. 2008), which
allowed a better reconstruction of the timing characteristics of
the recorded images and a factor of two background reduction.
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The upgraded MAGIC-I could detect sources with fluxes as low
as 1.6% of the Crab Nebula flux above 280 GeV in 50 h of obser-
vation (Aliu et al. 2009). It had an energy resolution of 20% at
around 1 TeV. Observations carried out during this initial phase
will be referred to in the following as “mono” observations.
In 2009, MAGIC became a stereoscopic system leading to an
improvement in sensitivity of a factor of 2 (Aleksic et al. 2012b).
To equalize the performance and hardware of the two telescopes,
a major upgrade was carried out during the summers of 2011
and 2012. First, the readout systems of both telescopes were
upgraded with the domino ring sampler version 4 chip; in the
following year, the MAGIC-I camera was replaced by a uni-
formly pixelated one, a clone of the second telescope camera
(Aleksic et al. 2016a). Currently the array has an energy thresh-
old as low as ~70 GeV for low zenith angle observations and an
integral sensitivity above 300 GeV of 0.6% of the Crab Nebula
flux in 50 h of observation (Aleksi¢ et al. 2016b). The energy
resolution is 15-17% at ~1 TeV.

The analysis was performed with the standard MAGIC soft-
ware, MARS (Moralejo et al. 2010). The gamma/hadron sepa-
ration and the estimation of the gamma-ray direction make use
of random forest (RF) algorithms (Albert et al. 2008; Aleksic¢
et al. 2010). The energy estimation can be performed either by
means of the RF technique or with Monte Carlo (MC) look-
up tables (LUTs), which are the standard procedures for mono
and stereo data analysis, respectively. In the case of the Crab
Pulsar above ~100 GeV the background is no longer dominated
by hadrons, but gamma rays from the Crab Nebula. Therefore,
we applied background rejection cuts specifically optimized for
a gamma-dominated background and specified that at least 90%
of our MC gamma rays survive those cuts. The cut optimization
is based on the maximization of the modified formula (17) by Li
& Ma (1983) which considers as background the hadronic and
nebula events derived from the nebula excess and the power-law
spectrum for the pulsar found in Aleksi¢ et al. (2012a). For the
differential energy spectra, we applied an unfolding procedure
correcting for the energy bias and the detector finite energy res-
olution. We tested the five unfolding methods described in Albert
et al. (2007) and verified their consistency within statistical er-
rors. The upper limits (ULs) to the differential flux were obtained
by following the Rolke et al. (2005) method under the assump-
tion of a Gaussian background and 20% systematic uncertainty
in the flux level. Hereafter, the ULs will be given at 95% confi-
dence level (CL). The pulsar rotational phase of each event was
defined by using the TEMPO?2 package (Hobbs et al. 2006, and
cross-checked by our own code, Moya 2006) and the monthly
ephemeris publicly provided by the Jodrell Bank Observatory'
(Lyne et al. 1993).

In this work we used all the data taken in stereoscopic
mode, until April 2014, when pointing at the Crab. The se-
lected sample includes observations performed at zenith angles
up to 70°. To increase the statistics we also reanalyzed Crab
mono data recorded after the upgrade of the readout system (be-
tween 2007 and April 2009) at zenith angles smaller than 30°.
Both mono and stereo data samples were taken partially in
the “on” position and partially in false-source tracking mode
(Fomin et al. 1994), the latter pointing at two symmetric po-
sitions 0.4° from the source. Data affected by hardware prob-
lems and bad atmospheric conditions or showing unusual hadron
rates were removed from the analyzed data sample resulting
in 97 h and 221 h of effective time for the mono and the stereo
samples, respectively. Given that the considered data sample

I http://www.jb.man.ac.uk/research/pulsar/crab.html
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Fig. 1. Effective area after background rejection cuts of four representa-
tive data subsamples.

spans seven years with different instrument performance, we cre-
ated nine analysis periods each with its corresponding MC sim-
ulation. The whole data sample was then further subdivided into
three zenith angle ranges to better account for the corresponding
dependence of the image shower parameters at the cut optimiza-
tion stage. This resulted in 19 data subsamples, each period with
at least some low zenith angle data used to monitor the instru-
ment performance; the RF matrices and energy LUTs were pro-
duced separately. Figure 1 shows the effective area of four rep-
resentative datasets: mono, and stereo in the three zenith angle
ranges. The differential energy spectra obtained for each inde-
pendent analysis were combined later on, after weighting with
the exposure and when applying the unfolding procedure.

3. Results
3.1. Light curve

In the search for pulsation above 400 GeV the Crab Pulsar we de-
fined the phase ranges of the two peaks according to the results
obtained in our previous studies (Aleksi¢ et al. 2012a, 2014):
the main peak P1 € (-0.017-0.026) and the interpulse P2 e
(0.377-0.422). The interval (0.52—-0.87) was considered an off-
pulse region (Fierro et al. 1998) where we estimated the back-
ground to be subtracted from the histograms.

Figure 2 shows the folded pulse profile that we obtained be-
tween 100 and 400 GeV and above 400GeV with 318 h of
observation. In the 100-400GeV energy range P1 is detected
with a significance level of 2.80°, whereas P2 at 5.60 after Li
& Ma (1983, Eq. (17)). The statistical significance of the detec-
tion of P1 and P2 with this analysis is smaller than that reported
in Aleksi¢ et al. (2014) with less than half of the observation
time; the analysis presented in this work combines many periods
with different sensitivities and energy thresholds, and these fac-
tors contribute to decreasing the signal-to-noise ratio at the low-
est energies, hence worsening the overall signal significance. If
we consider only stereo data for zenith angles below 35°, which
identify the data subsample with the lowest energy threshold
and best gamma/hadron separation at the lowest energies, we
end up with 152 h of observation time, yielding a signal signif-
icance of 6.60 and 8.80 for P1 and P2, respectively, in the en-
ergy range between 100 and 400 GeV. This is in agreement with
the results reported in Aleksié et al. (2014) for the 50-400 GeV
energy range. Beyond 400 GeV (above the energy threshold of
the 19 analyses used here) the gamma/hadron separation is ef-
ficient for all the analyses and we have a clear gain in the sig-
nal significance for the combined sample due to the increase in

P1 P2 P1 P2

100 < E < 400 GeV

Excess Counts/(Bin Width/0.007)

E > 400 GeV

Excess Counts/(Bin Width/0.007)

2
Phase

Fig. 2. Pulse profile of the Crab Pulsar between 100 and 400 GeV (upper
panel) and above 400 GeV (bottom panel). The pulse profile, shown
twice for clarity, is background subtracted. The bin width around the
two peaks is 4 times smaller (0.007) than the rest (0.027) in order to
highlight the sharpness of the peaks. Yellow dashed areas identify the
phase intervals of the two peaks, whereas the gray areas show the off-
pulse region.

Table 1. Number of excess events and corresponding significance of P1
and P2 for different energy ranges in ~320 h of data.

Energy range P1 P2

[GeV] Nex Significance Nex Significance
100400 1252 + 442 2.80 2537 + 454 5.60
>400 188 + 88 220 544 + 92 6.00
>680 130 = 66 2.00 293 + 69 430
>950 119 + 54 220 190 + 56 3.50

photon statistics. For energies above 400 GeV, only P2 is signif-
icantly detected. The total number of excess events are 544 + 92
and 188 + 88 for P2 and P1, respectively, corresponding to 60
and 2.20 for each peak. With a higher energy cut at 500 GeV,
meant to exclude the lower energy events from the light curve
where no spillover correction is applied, P2 is still detected at So-
while P1 shows a 20 signal with 418 + 104 and 152 + 108 excess
events, respectively. Table 1 summarizes the number of excess
events with their corresponding significance for different inte-
gral energy ranges.

The significance of the pulsation was also tested with the
H-test (de Jager et al. 1989), which does not make any a priori
assumptions on the position and the shape of the pulsed emis-
sion, resulting in a 3.5 (2.8)0 significance above 400 (500) GeV.

We fitted the pulse profile above 400 GeV to a more finely
binned distribution with two symmetric Gaussian functions (as
in Aleksié et al. 2012a). The available statistics does not allow
us to consider more complicated functions. P1 and P2 are lo-
cated at the phases 0.9968 = 0.00204, + 0.0055y5 — 0.0048y4
and 0.4046 + 0.00354, + 0.0047 sy — 0.0074y, respectively,
in agreement with the positions found at lower energies be-
tween 50 and 400 GeV (Aleksic et al. 2012a). The full width at
half maximum (FWHM) for P1 is 0.010 + 0.003¢¢ + 0.003y —
0.0104y5 and for P2 is 0.040 £ 0.009, + 0.0055y5 — 0.008ys.
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Fig. 3. Phase-folded SED of the Crab P1 (black circles) and P2 (blue
circles) measured by MAGIC between ~70 GeV and 1.5 TeV. The but-
terfly identifies the systematic uncertainty on the flux normalization and
spectral index, whereas the arrow on the bottom right corner corre-
sponds to an energy shift of 17%. The Crab Nebula spectrum (open
squares) is also shown for comparison. The differential flux upper lim-
its at 95% CL are computed under the assumption of the power-law
spectrum measured in this work.

The systematic uncertainty on the estimation of the peak posi-
tions reflects the precision of the pulsar ephemerides used for
this analysis, taking into account the RMS of the timing noise,
the uncertainty on the arrival time of the first pulse taken as ref-
erence, and the error introduced by the barycentric corrections.
It also includes the effect of the histogram binning. The width
of the peaks beyond this energy is compatible within the errors
with the value measured below 400 GeV. We note that the results
reported above 400 GeV for P1 are obtained for a ~20 signal
and should be taken with caution. For comparison, the best-fit
P1 and P2 positions in the 100 MeV to 10GeV energy range
are 0.9915 + 0.0005 and 0.3894 + 0.0022 (Abdo et al. 2010).

3.2. Energy spectra

Figure 3 shows the phase-folded spectral energy distributions
(SED) of P1 and P2 from ~70GeV up to 1.5TeV, obtained
by using the Bertero unfolding method (Bertero 1989). Both
the differential energy spectra are described well by power-
law functions with a photon index a of 3.2 £ 0.4y, + 0.354
and 2.9 £ 0.24, * 0.34 for P1 and P2, respectively. The re-
sults of the fits, shown in Table2 for a normalization energy
at 150 GeV (the decorrelation energy is 120 GeV and 190 GeV
for P1 and P2, respectively), are in agreement with our earlier
results (Aleksic et al. 2012a, 2014). In the case of P2, the power-
law spectrum extends up to 1.5 TeV, whereas P1 cannot be mea-
sured beyond 600 GeV. At energies above the last obtained spec-
tral point, we computed ULSs to the differential flux at 95% CL
under the assumption of the power-law spectrum found in this
work. However, a 20% change in the photon index yields a vari-
ation of less than 15% in the UL. These ULs do not constrain
any possible cutoff given the current sensitivity of the instru-
ment. The spectral points and ULs are listed in Table 3.

The extrapolation of the MAGIC energy spectra to lower
energies agrees within the statistical errors with the spec-
tra measured with Fermi-LAT above 10 GeV, which were al-
ready showing a deviation from the expected exponential cutoft
(Aleksié et al. 2014). A joint correlated-y>-fit> of MAGIC and

2 The fit takes into account the correlation between the MAGIC spec-
tral points due to the unfolding procedure.
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Fig. 4. Phase-folded SED of the Crab P1 (black circles) and P2 (blue
circles) at HE and VHE (open and filled circles). The results of
the power law with exponential cutoft fits to the Fermi-LAT points are
shown by dashed lines (Aleksic et al. 2014), whereas the joint Fermi-
LAT/MAGIC fits to power-law functions above 10 GeV are shown by
solid lines. The upper limits to the differential flux at 95% CL are com-
puted under the assumption of the power-law spectrum found in this
work, as represented by the slope of the arrows.

Table 2. Results of the spectral fit to a power-law function. Errors indi-
cate 1o statistical uncertainties. E, indicates the normalization energy.

E, SE, a xd.of.
[GeV]| [TeV ' em™2s7']
MAGIC P1| 150 [(1.1 £03)x107'1|32+04]| 0.3/3
P2| 150 |(20+£0.3)x107'"|2.9+0.2| 5.4/5
Fermi-LAT |P1| 50 |(5.3+0.8)x1071°(3.5+0.1| 1.5/6
& MAGIC [P2| 50 |(5.7+0.6)x107'9|3.0+0.1| 8.4/9

Table 3. Spectral points of the MAGIC measurements shown in Fig. 3.

Pl P2
Energy Bin Center | E?dN/dEdAd: | E*dN/dEdAd:
[GeV] [GeV] [TeVem™2s7!] | [TeVem2s7!]
x10713 x10713

69-108 87 50+1.9 8.7+1.8
108-167 135 32+14 6.5+1.2
167-259 210 1.6 £ 0.9 3.7+0.8
259-402 325 09+04 1.9+0.3
402-623 504 0.6 +£0.3 1.6 £ 0.3
623-965 781 <0.3 1.4+ 0.3
965-1497 1211 <0.5 09+03
1497-2321 1879 <0.6 <0.6
2321-3598 2914 <0.8 <0.8

Fermi-LAT spectral points above 10 GeV shows that the new
spectral components are described well (y?/n.d.f. = 1.5/6 and
y*/n.d.f. = 8.5/9 for P1 and P2, respectively) by simple power-
law functions (see Table 2), where the normalization energy is
set to 50 GeV. The photon indices of the two power-law func-
tions are @ = 3.5 £ 0.1 and @ = 3.0 + 0.1 for P1 and P2, respec-
tively. The difference in the spectral slopes by Aa = 0.5 = 0.1
is significant by more than 3o, indicating that the intensity of
P1 drops more rapidly with energy than that of P2. At X-ray en-
ergies (3—10keV) NuSTAR detected a similar spectral behavior
with P2 harder than P1 and the corresponding photon indices
of 1.66+0.02 and 1.80+0.01, respectively (Madsen et al. 2015).
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A fit to a power-law function plus exponential cutoff allows us
to impose a lower limit on the spectral cutoff of 700 GeV at 95%
CL. The measured spectral difference at VHE could be natu-
rally explained either by two distinct production locations for
each peak or by the difference in the phase-resolved spectrum of
X-rays which act as targets for IC scattering.

We cross-checked the P2 energy spectrum by comparing the
mono data to the stereo data and found that the results were sta-
ble within statistical errors for all the considered unfolding meth-
ods. We also computed the Crab Nebula SED, as shown in Fig. 3
(open squares), using the subsample of the data taken in wobble
mode. The nebula spectral measurement was obtained by analyz-
ing the same energy range as the pulsar analysis, using the same
energy binning and gamma selection cuts. The resulting spec-
tral points are consistent with the results presented in Aleksié
et al. (2012b, 2015). Therefore, we assumed that no extra sys-
tematic uncertainty on the total flux is needed for this specific
analysis. These systematic uncertainties are 17% on the energy
scale, 19% on the flux normalization, and 0.3 on the photon in-
dex. The last error is the only one not in agreement with Aleksié
et al. (2012b) and mainly arises from the larger uncertainty of
the unfolding given the low statistics of the result.

4. Discussion and conclusions

The new results presented here probe the Crab Pulsar as the most
compact TeV accelerator known to date. The remarkable detec-
tion of pulsed emission up to 1.5 TeV revealed by MAGIC im-
poses severe constraints on where and how the underlying elec-
tron population produces gamma rays at these energies. The
electron population responsible for the VHE emission should
have Lorentz factors greater than 5 x 10°, which can be responsi-
ble for the VHE emission only when accelerated near or beyond
the light cylinder (Bogovalov 2014). The TeV pulsed emission
cannot be produced with synchro-curvature radiation, even in the
extreme case in which the magnetic-field-aligned electric field
approaches the strength of the magnetic field. In this scenario,
the curvature radius would have to be one order of magnitude
larger than the typical one, which is believed to be between 0.3
and 2 times the light cylinder radius (Vigano et al. 2015) (for fur-
ther discussions on this issue we refer to Kalapotharakos et al.
2014; Harding & Kalapotharakos 2015, and references therein).
Therefore, the unprecedented measurement of pulsed emission
extending up to TeV energies performed with the MAGIC tele-
scopes implies that the IC process is at work in the Crab Pulsar,
and that it dominates the emission of gamma rays above 50 GeV.
This partially solves the puzzle posed by the previous pub-
lished results, but also opens new challenges. We note that al-
though other processes (e.g. synchro-curvature radiation) could
account for the production of 100—400GeV photons, the sim-
ple power-law function obtained by a joint fit of Fermi-LAT
and MAGIC data from ~10 GeV up to 1.5 TeV suggests a single
mechanism for both P1 and P2, and that this must be Compton
up-scattering of soft photons off high-energy electrons.
Concerning IC scattering, two scenarios which were previ-
ously proposed to explain the VHE emission below 400 GeV can
be considered: the magnetospheric synchrotron-self-Compton
model (Aleksi¢ et al. 2011) and the IC in the pulsar wind re-
gion model (Aharonian et al. 2012). The former assumes that
there are acceleration gaps in the outer magnetosphere (Cheng
et al. 1986, 2000; Romani & Yadigaroglu 1995; Takata et al.
2006; Arons 1983; Muslimov & Harding 2004) where primary
positrons propagate outwards and escape, and are then illumi-
nated by a strong magnetospheric infrared (IR) photon field

which is then up-scattered by positrons to TeV-scale energies.
These primary TeV photons are then efficiently absorbed by the
same IR field and materialize as secondary e* pairs with GeV
to several TeV energies. These secondary pairs are created at
a greater distance where there is a lower photon-field density
near and outside the LC, and can up-scatter the IR-UV photons
into 10 GeV-5 TeV photons (via synchrotron self-Compton pro-
cess, Hirotani 2013). Some of them escape from the magneto-
sphere and are observable from Earth. However the synchroniza-
tion of the pulse profile in the GeV and TeV regimes limits this
interpretation, suggesting a similar region of generation where
absorption of TeV photons is unavoidable. The measured time
delay between the best-fit peak positions in the MeV-GeV and
the TeV regime is 178 + 69 us and 512 + 139 us for P1 and P2,
respectively, which — when considering the relatively large sys-
tematics in the determination of the peak positions — are com-
patible with the hypothesis of no separation between the bulk of
the radiation region where all these photons are generated (ne-
glecting more complicated geometrical effects and assuming the
simple case of stationary emission regions).

The pulsar wind scenario considers the IC scattering off
the synchrotron, pulsed IR, and X-ray photons by the particles
(electron/positron) of the cold relativistic wind. It is commonly
accepted that the pulsar wind is magnetically dominated near
the LC. Thus, in the wind model, the wind becomes abruptly
particle-kinetic-energy dominated over a short distance (com-
pared to the dimension of the wind region). Based on previ-
ous results by Cherenkov telescopes on the Crab Pulsar (Aliu
et al. 2011; Aleksi¢ et al. 2012a), this distance was estimated
to be 20-50 LC radii (Aharonian et al. 2012). In this narrow
cylindrical zone, electrons and positrons are rapidly acceler-
ated up to Lorentz factors of 5 x 10°. The bulk Lorentz fac-
tor is assumed to display a power-law dependence on the dis-

tance, I'(R) = Ty + (I'y — Ip) ( ((Ilé__];%)))a, where I’y and Iy, are
the initial and the maximum wind Lorentz factors, Ry the dis-
tance at which the acceleration starts, Ry the distance at which
I'y is reached, and the power-law index o ~ 1, 3, 10 (Aharonian
et al. 2012). To obtain a I'y, compatible with the value derived
from the detection of TeV photons (~5 x 10%), the region in
which particles are accelerated has to extend to a much larger
radius than the one considered in Aharonian et al. (2012). In this
case however, the model fails to reproduce the spectral shape
below 100 GeV (Aharonian et al. 2012, figure SM1). Instead, a
slower and continuous acceleration (e.g., due to magnetic recon-
nection) or a more complex radial dependence could be at play.
Other approaches in the context of the pulsar wind emission re-
gion and/or pulsar magnetosphere are currently being investi-
gated to try to give a satisfactory explanation to the TeV pulsed
emission (Mochol & Pétri 2015; Harding & Kalapotharakos
2015). So far, all the existing models have failed to reproduce
the narrow peaks (Aleksi¢ et al. 2011; Aharonian et al. 2012)
observed in the Crab Pulsar light curve above 400 GeV, keeping
the coherence along four decades in energy. The MAGIC results
require a revision of the state-of-the-art models proposed to ex-
plain how and where gamma-ray pulsed emission from 100 MeV
to 1.5 TeV are produced.
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