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ABSTRACT

The Crab Pulsar has been recently detected at very high energies (VHE) with its
pulsed VHE emission reaching up to 1.5 TeV. The VHE peaks appear synchronised
with the peaks at GeV energies and show VHE spectra following hard power-law
functions. These new findings have been interpreted as evidence for a gamma-ray
production that happens very close to the light cylinder. Motivated by these experi-
mental results we consider the efficiency of magnetocentrifugal particle acceleration in
the magnetosphere of the Crab Pulsar, reexamining and extending results obtained in
a previous work (Osman ieger [2009). It is shown that efficient magnetocentrifu-
gal acceleration close to the light cylinder could provide the required electron Lorentz
factors of 5 x 10° and that the resulting inverse Compton (IC) scattering off thermal
photons might explain the enigmatic TeV emission of the pulsar. We estimate the
corresponding VHE luminosity and provide a derivation of its spectral characteristics,
that appear remarkably close to the observational results to encourage further studies.

Key words: pulsars: individual: Crab Pulsar - radiation mechanisms: non-thermal -
gamma-rays: general - acceleration of particles - MHD

It is still not known which mechanism of acceleration
is responsible for that and where in the magnetosphere
this process may take place. In the framework of e.g. po-
lar cap models longitudinal electrostatic fields are presumed
to allow significant particle acceleration along open mag-
netic field lines close to the neutron star (e.g., m@,
m . However, the acceleration efficiency is usually
found to be too strongly limited by curvature and/or In—
verse Compton radiation processes
L%SZ, Dermer & Smrneﬂ LM) in order to account for the
production of TeV particles. To overcome these difficulties,
alternative (so-called outer gap) models might be invoked

1 INTRODUCTION

Rotating neutron stars are today known to be accom-
panied by pulsed non-thermal high- and very high en-
ergy (VHE) gamma-ray emission (e.g., [Abdo et all m,
Lemoine-Goumard M) While these observations point
to the presence of highly energetic charged particles in
the pulsar environment, the origin of these particles is
still an open question (see e.g., |Aharonian et all 20192;
Bednarek 12012; Hirotani 2014; i
12015; Mochol & Pétri[2015).

According to the standard theory of pulsars, primary
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particles are uprooted from the star’s surface by means of
strong longitudinal (along the magnetic field line) electro-
static fields (Ruderman & Sutherland M) and efficiently
accelerated in a region between the surface and the light
cylinder (LC) area (a hypothetical zone where the linear
velocity of rotation matches the speed of light). In order to
produce VHE emission up to TeV energies, as e.g. seen in the
case of the Crab Pulsar, electrons would need to achieve high
Lorentz factors of the order of ~ 10% — 107 (e.g.,
12011; [Ansoldi et al![2016).

* E-mail: z.osmanov@Qastro-ge.org
1 E-mail: frank.rieger@mpi-hd.mpg.de

l%, Cheng et all Mﬂ; Chiang & Romani M; Hirotani
), where particles are accelerated in the outer parts
of the magnetosphere. Yet the anticipated radiation reac-
tion forces along with the relatively short gap sizes still im-
pose severe constraints on maximum attainable particle en-
ergies. A number of different approaches have been consid-
ered to improve on these problems. [Usov & Shabad (1985)
for example, have examined the intermediate formation of an
electron-positron bound state that could possibly prevent an
early screening of the gap electric field. Muslimob & Tsygan

), on the other hand, have extended the pulsar’s elec-
trodynamics by taking into account general relativistic ef-
fects. Although these mechanisms allowed to slightly in-
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crease the gap size and thus led to more energetic particles,
the corresponding energies are still not high enough when
put in the context of recent VHE observations.

In general, the pulsar magnetosphere is characterized
by extremely strong magnetic fields, which in the case of the
Crab Pulsar are believed to be of the order of 4 x 10'2G close
to star’s surface. This in turn means that charged particles
very efficiently emit synchrotron radiation with an associ-
ated cooling timescale tsyn ~ fymocz/PSyn (where v, mo is
the electron’s Lorentz factor and mass, respectively, c is the
speed of light, Psyn =~ 26472B2/3m(2303 is the single parti-
cle synchrotron power and e is the electron’s charge) that
is by many orders of magnitude smaller than the kinematic
timescale P, where P is the rotation period, i.e. P ~ 0.0334
sec in the case of the Crab Pulsar (e.g., [Lyne et all [2015).
Hence, charged particles injected into the magnetosphere
will quickly transit to the ground Landau level and start
sliding along the magnetic field lines. As the field lines co-
rotate with the star, the particle dynamics is then expected
to be strongly influenced by the effects of centrifugal accel-
eration and the synchrotron losses do not impose constraints
on the maximum attainable energies of particles.

It is clear that these effects might be extremely effi-
cient close to the LC zone. In the context of the Crab,
the possible role of the centrifugal mechanism to generate
the pulsar’s emission has been examined by |Gold (1969).
In particular, he has argued that the co-rotation of plasma
particles in the pulsar’s magnetosphere could ”create” an
efficient energy transfer channel from the rotator into the
kinetic energy of plasma particles. Motivated by this, a sim-
plified model of centrifugal acceleration was developed by
Machabeli & Rogava (1994), who considered a rectilinear
rotating channel with a body, freely sliding inside it. In the
framework of special relativity they showed for the first time
that the incorporation of relativistic effects of rotation can
lead to radial deceleration, which is at first sight a rather
uncommon phenomenon, yet already known from general
relativity (Abramowicz & Prasanna [1990).

Since then, centrifugal particle acceleration has been
studied in a variety of contexts and used to e.g., predict the
location to frequency mapping in the case of multi-second
pulsars (Gangadhara|1996; Thomas & Gangadhara[2007) or
to analyse the origin of the variable high energy emission
from the rotating jet base in active galactic nuclei (AGN)
(e.g.,Gangadhara & Lesch 1997; Rieger & Mannheim 12000;
Xu 2002; [Osmanov et al! 2007; |Ghisellini et al! 2009). The
results illustrated amongst other the particular role of in-
verse Compton scattering on the efficiency of centrifugal ac-
celeration. In a direct application of centrifugal acceleration
to Crab-like pulsars we have shown that close to the LC
area electrons could achieve Lorentz factor up to v ~ 107
(Osmanov & Riegey 2009). The analysis of different radia-
tion processes suggested that inverse Compton scattering in
the Crab Pulsar’s magnetosphere could lead to detectable
pulsed VHE emission in the TeV band.

Based on the MHD approximation, a detailed investiga-
tion of magneto-centrifugal acceleration of plasma bulk mo-
tion close to the light cylinder has been recently presented by
Bogovalovl (2014), extending an earlier approach developed
in [Bogovalov (2001). The results are of particular interest
as they lead to very similar expectations in the case of the
Crab Pulsar. In that approach the dynamics of the parti-

cles has been investigated for different 3dim-configuration
of magnetic field lines and it was shown that close to the
LC area particles can achieve extremely high Lorentz factor
following a scaling as previously employed.

The aforementioned works are especially interesting in
the context of the latest results by the MAGIC Collabora-
tion reporting the detection of pulsed VHE emission up to
1.5 TeV from the Crab Pulsar, the highest ever detected
(Ansoldi et all 2016). The VHE pulse profiles revealed two
narrow peaks P1 (located at a phase close to 1) and P2 (lo-
cated at a phase close to 0.4) that appear synchronised with
those seen by Fermi-LAT in the GeV domain. Their detec-
tion significance (in ~ 320h of data) is different, though,
with only P2 being significantly detected (> 50) at energies
above 400 GeV. The phase-folded pulse spectra are compat-
ible with power-law functions over a range of ~ 70 GeV up
to 1.5 TeV, with photon indices a = 3.5 £ 0.1 (for P1) and
a =3.040.1 (for P2), and TeV flux levels E2dN/dEdAdt
S5 x 107" TeV em™2s™! (P1) and (9£3) x 107 TeV
em~?s™! (P2), respectively. It is worth noting that this is
the first clear detection of a pulsed emission component
from the Crab in the TeV regime. Unpulsed (steady) TeV
emission, attributed to its nebula, has been detected quite
some time ago (e.g., [Weekes et all [1989; |Aharonian et al.
2004) whereas early evidence for pulsed gamma-ray emis-
sion (above a few tens of GeV) has been related to an inverse
Compton (IC) origin in the pulsar wind zone some tens of
light cylinder radii away (Aharonian et all|2012).

In this paper we reconsider the role of the magneto-
centrifugal acceleration for the Crab Pulsar in the light of
the latest VHE findings, applying and extending results pre-
viously obtained (Osmanov & Rieger 2009). We show that
the agreement with observations is successfully close to en-
courage further modelling. The paper is organized in the
following way. In section II, basic results of centrifugal ac-
celeration are recaptured and discussed. Section III then
presents an application to the Crab Pulsar, while conclu-
sions are summarised in section IV.

2 CENTRIFUGAL ACCELERATION
2.1 Energy-Position Dependence

In this section we consider the dynamics of centrifugally
accelerated particles close to the LC surface. As noted above,
synchrotron losses will ensure that a charge particle quickly
transits to the ground Landau level and starts to slide along
the field line. Under such conditions it can be shown that
the Lagrangian of a single relativistic massive particle (with
rest mass mo) moving along a co-rotating field line located
in the equatorial plane can be written as (Rieger |2011)

L=—mo (l—vz—vi)l/z7 (1)

where (¢ = 1), v, = 7 and vy = Qr + 7By/B, are re-
spectively the radial and tangential components of velocity,
Q = 27 /P is the pulsar’s angular velocity of rotation, and
B, and B, are the corresponding components of the mag-
netic field, respectively. Since the Lagrangian is not explic-
itly time-dependent, the related Hamiltonian H = 7P — L,
where P = QL/0r is the generalized momentum, is a con-
stant of motion (Noether’s theorem). Using Eq. () one finds



H = vymo (1 — Qruvg) = const, (2)

Accordingly, in the presence of a dominant radial field, the
radial behaviour of the Lorentz factor for a particle injected
at ro with initial Lorentz factor o becomes (Rieger 2011)

_ (A =r/ri)
7(7") =" (1 — rz/’r%)7 (3)

where 1, = ¢/ denotes the light cylinder radius. A charged
particle following the field will thus dramatically increase its
Lorentz factor upon approaching the light cylinder (r — 7).
Using eq. @) and the general definition of ~, the character-
istic acceleration timescale can be expressed as

1/2 27/,2\1/2

Y Yo (1—rg/ri) " rL

tacc == 1 4
o) =3 e < 1/y/7 4)

In principle, the Lorentz factor dependence, eq. ([3), can
also be obtained within the fluid dynamical framework of
the MHD approximation. As shown recently by [Bogovalov
(2014), the relativistic dynamics of particles following a ro-
tating field line with a general 3d-shape in a plasma satisfy-
ing the frozen-in condition obeys the equation

Up (U2COS'1/}+R(1 —R2) Bg);zp)
(1— R?) (ereg) (1—1v2)
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where R = r/rr is the dimensionless radial coordinate, v
is the total particle velocity, e, and ey are the unit vectors
along the radial coordinate and along the direction of the
magnetic field line, respectively, ¥ is the angle between e,
and ey, ey is the unit tangential vector, vq4 = E x B/B? is
the drift velocity and E and B are the electric and magnetic
field vectors, respectively. As discussed by Bogovalov (2014),
on approaching the LC (R = 1) the second term of the
right-hand side of Eq. (B]) remains finite, while the first term
diverges. Therefore, the aforementioned equation reduces to

10y 2R
;@_1_}227 (6)

which no longer depends on the concrete shape of the field
line (as long as it is positively twisted) and has the solution
expressed in eq. ([B)). Identifying possible sites in numerical
simulations and adopting parameters characteristic for the
Crab Pulsar, [ Bogovalovl (2014) found that Lorentz factor up
to ~ 5 x 107 (at the Alfvénic surface) could be achieved by
magnetocentrifugal acceleration.

2.2 Trajectories - the Archimedean spiral as
attractor

On crossing the light cylinder, magnetic field lines frozen
into the plasma are generally expected to approach an
Archimedean spiral shape with the plasma flowing in it at
constant Lorentz factor, i.e. the Archimedean spiral becomes
an attractor (Bogovalovi2014). This compares well with the
analysis of [Rogava et all (2003) who, in an extension of the
work by IMachabeli & Rogava (1994), examined curved ro-
tating channels in the equatorial plane and studied the rela-
tivistic dynamics of a particle sliding inside this channel. As
seen by a laboratory observer, the effective angular velocity
of a particle can be written as (Rogava et all [2003)

Qey = Q+¢'(r)vr, (7)
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where the shape of the channel is given in polar coordinates
in terms of ¢. On the other hand, since we observe plasma
particles escaping the inner magnetosphere, the particle dy-
namics is expected to tend to the force-free regime. As a con-
sequence the effective angular velocity has to vanish eventu-
ally and the particle’s radial velocity should saturate. This
in turn means that the physically interesting ”trajectories”
are those with ¢(r) = ar, where a is a constant. Together
with €2 this explicitly defines the asymptotic velocity as
Q

Vas = —E (8)
Obviously, if the initial velocity of the particle coincides with
Ugs, its dynamics will be force-free from the very beginning.
It seems interesting to study what happens if the initial
velocities are different. For this purpose one can consider the
metric tensor on the Archimedean field lines (Rogava et al.
2003)

d82 = goodt2 + ng1dtdr + g11dr27 (9)
where

— (1 — 927"2) , aldr
Gap = ( aQr, 1+ a2r2 ) (10)

with indices a, 8 = 0,1 and using ¢ = 1. Then, by introduc-
ing the Lagrangian of a particle (e.g., |Shapiro & Teukolsky
2004)
/2
dz® dz?\ '
Li=— 0 ——— —— , 11
A mo (g P ar Tar > (11)

one can see that t is a cyclic parameter for which the associ-

ated conjugate momentum is conserved. Therefore, one can

show that the proper energy of the particle (per unit rest

mass) given by

Ea=— goo + go1vUr 7 (12)
(—goo — 2go1vr — gr1v2)"/?

is a conserved quantity. Here we have employed the fact that

based on the normalisation of the 4-velocity, the Lorentz

factor of the particle in terms of the radial velocity is given
—1/2 .

by ~(r) = (—900 — 2go1vr — guvf) 2 Equation (I2)) then

leads to the following relation for the radial velocity

v/ goo + E%

92, + E%gn
X {—901 vV goo + E4 £ Eav/g2, — 900911} . (13)

In Fig. [l the characteristic behaviour of v(r) is shown
for different initial conditions. For illustration and in order
to facilitate a comparison with [Bogovalov (2014), a small
(asymptotic) Lorentz factor v.s = 7 has been employed for
the Archimedean spiral. As can be seen, even if the particles
are initially not in the force-free regime, they asymptotically
tend to it. A similar investigation but for 3-dim geometry
has been recently performed by |Gudavadze et all (2015).

In [Bogovalov (2014) it has been argued that efficient
magnetocentrifugal acceleration occurs close to the Alfvénic
region (an area where the Alfvénic velocity equals that of
plasma particles). By estimating the corresponding distance
in the case of the Crab Pulsar and using eq. B) a maxi-
mum attainable value for the Lorentz factor, Vmaez ~ 5 X 107

T
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Figure 1. Characteristic dependence of the Lorentz factor on
the radial coordinate for different initial Lorentz factors ~p. For
illustration the calculations are done for an Archimedean spiral
with small (asymptotic) Lorentz factor vqs = 7. All particles are
launched from rg = 0. As it is evident from the plot, the curve
¥ = vas ’attracts” all other curves.

has been inferred. As discussed in|Osmanov & Rieger (2009)
and considered in more detail in the following, the aforemen-
tioned value could in principle be slightly reduced by means
of energy losses.

3 EMISSION CHARACTERISTICS

In the envisaged scenario, centrifugal particle acceleration
can occur as long as the inertia of the plasma particles
does not counteract efficient co-rotation with the magnetic
field. This is satisfied if the magnetic field energy density
B2/87r exceeds the plasma energy density, yng, Mmoc?,
where n,, = QB cos o/(2mec) is the Goldreich-Julian num-
ber density (Goldreich & Julian [1969) close to the star, i.e.
the number density of primary particles, M ~ 7/vo is the
multiplicity factor (Osmanov & Rieger|2009) and « is the in-
clination angle between the axis of rotation and the magnetic
dipole. For the Crab Pulsar one has P = 27/Q = 0.033 sec,
a nominal light cylinder scale rz = c¢P/27 = 1.58 x 10® cm,
an effective radial distance r; = r1/sin @ and a surface mag-
netic field By ~ 4x10'2 G. For a dipolar field approximation,
the magnetic field then scales as B(r;) ~ 1.5 x 10°sin®* a G
in the LC area. For these parameters, the requirement of
efficient co-rotation leads to a constraint on the maximum
Lorentz factor of

or 12 (sinda\"/?
cor 2% 107 (ﬁ) 7 14
Y 104 Cos o (14)

where the initial injection Lorentz factor has been normal-
ized on 10* (e.g., Melrosd [1998).

It is generally assumed that the high energy emission
is generated by particles sliding along open field lines. In
the framework of the present model, these field lines are
almost straight in a sense that their curvature radius ex-
ceeds the nominal light cylinder radius. Yet, in the labora-

closed
fleld lines

Figure 2. Sketch of the magnetospheric-centrifugal Pulsar
model. Charged particles following co-rotating magnetic field lines
will be radially decelerated while moving outwards but attain a
large azimuthal velocity component close to light cylinder (LC)
surface. A suitably aligned observer will see a strong (beamed)
high-energy emission pulse for a short fraction of the period.

tory frame of reference particles will almost rigidly rotate on
the LC surface (Gold [1969). Therefore, curvature emission
(e.g.,lOchelkov & Usov11980) could be of significance in lim-
iting the maximum attainable energies. For Lorentz factor
of the order of v ~ 107 the characteristic peak frequency,
Veur = 3ny3/(471'}?¢)7 with R. ~ rr, in the case of the Crab
Pulsar becomes

3
Veur 2 5 x 102 x (1%) Hz, (15)
which corresponds to photon energies of the order of
0.2 (’)//107)3 GeV. Hence curvature emission could in prin-
ciple lead to a detectable, pulsed GeV contribution. Note
that in principle some mild variation in curvature radii
R. may occur that could be determined within a more
detailed approach (e.g., [Thomas & Gangadhara 12007). We
may estimate achievable energies in the presence of curva-
ture losses by equating the associated cooling time scale
tewr = YMC? ) Peyr, where Pey, = 2e?cy*/(3r}) is the sin-
gle particle curvature energy loss rate, i.e.

teur ~ 4.5 % 10" x % sec, (16)

with the acceleration timescale (i.e., eq. ] with rr, replaced
by r;) as applied to the Crab Pulsar,

_ 1/2

2.6 x 1073

tace & X— X <E> sec, (17)
sin o vy

yielding maximum attainable Lorentz factor

AT~ 5 x 107 sin?® a, (18)



where we have employed 0 ~ 10%. Since ~%°7, < o .

the relevant constraint is thus essentially imposed by the
requirement of co-rotation and not by curvature losses. In
the approach described here, efficient particle acceleration is
thus taking place in the LC zone, the energisation being me-
diated by centrifugal effects and not magnetic field-aligned
electric fields (cf. also [Hirotani 2014).

In the considered framework, the high energy radiation
is generated in a thin shell of thickness

dN’yo”l'L/’y (19)

close to the LC surface (Osmanov & Rieger 2009). For a
quasi-monoenergetic particle distribution the total luminos-
ity could be approximated by LGV ~ 2ng, MAV Peyr,
where AV ~ x (61)?d is the corresponding volume, x < 1
is a dimensionless factor depending on the topology of mag-
netic field lines, 0l ~ r0 is the azimuthal length scale in-
volved in this process, 8 ~ QP/10 is the corresponding angle,
where P/10 is an approximate value for the pulse duration
inferred from the light curve observed (Ansoldi et all[2016),
and where we have taken into account that the pulsar emits
in two channels. Combining the noted values, the pulsed
luminosity generated due to curvature emission at energy
hVeyr in the GeV band would be of the order of

LG ~2x10% (%)4 xcosa sin® a erg/sec. (20)
The specific amount and the spectral shape will depend
on the real (space-energy) distribution of particles and the
range of curvature radii involved, and will need detailed
modelling. Given the magnitude of eq. ([20) and the fact that
the emission is expected to be significantly focused (beamed;
see also below), curvature radiation is likely to be of prime
relevance for understanding the origin of the ~-ray emis-
sion as seen by Fermi-LAT (Abdo et al!|2010; |Ansoldi et al.
2016).

Given the generic constraints for curvature emis-
sion (e.g.,, eq. [MA]), it is wusually believed that in-
verse Compton (IC) scattering is responsible for the
VHE emission in millisecond pulsars (e.g., ILyutikowv [2013;
Harding & Kalapotharakos 2015; |Ansoldi et all [2016). To
this, in principle a variety of soft photons fields could
contribute, e.g. the thermal emission of the neutron
star or secondary synchrotron emission. As shown in
Osmanov & Rieger (2009), in the centrifugal-type approach
following IGold (1969), the contribution of the star’s thermal
photon field to the IC process becomes of relevance as the
particle-soft photon interaction angle is not negligible but
of order ~ 7/2. For the Crab pulsar, the surface tempera-
ture is of the order of T~ 1.2 x 10° K (e.g., Weisskopf et all
2011)), corresponding to photon energies of 2.8kT" ~ 0.3 keV.
IC up-scattering of thermal photons to the VHE regime will
thus occur in the Klein-Nishina regime. One could verify
that the associated electron inverse Compton losses will not
impose further restrictions on the maximum attainable en-
ergies by recourse to the single particle emission power (e.g.,
Blumenthal & Gould [1970)

_ or (mckT)® ( KT ) (r_)2
Proy = = (In - —1081) (=) (21)

where or =~ 6.65 x 1072°cm? is the Thomson cross sec-
tion, & ~ 1.05 x 10727 erg-sec is the Planck constant,
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k = 1.38 x 1076 erg/deg(K) is the Boltzmann constant
and rs ~ 11.5 km is the neutron star’s radius (Lattime
2012). To first order the corresponding cooling timescale
Lo = fymcz /Pr n thus increases and becomes less constrain-
ing with Lorentz factor -y, whereas in contrast the accel-
eration timescale, eq. (@), decreases as 1/fy1/ 2. The noted
IC scattering is thus not expected to impose constraints on
the acceleration efficiency. Up-scattering of thermal photons
could, however, lead to pulsed v-ray emission in the VHE
domain as pointed out in |Osmanov & Riegey (2009). The
scattered photons could well reach energies of the order of
e~ yme? ~ 5 (fy/107) TeV. The MAGIC experiment has
recently reported pulsed VHE emission with an energy flux
level for the higher peak P2 of F = (943) x 10~ TeV
cm™ 257! in the interval [965,1497] GeV (Ansoldi et al.
2016), corresponding to an isotropic equivalent (spectral)
luminosity of Lrey =~ (5 — 10) x 103! erg/s at a distance of
d ~ 2 kpc. In the considered framework, this emission would
be generated by relativistic particles with Lorentz factors
~ (2 — 3) x 10°. We may again roughly estimate the pos-
sible order of magnitude for the spectral IC luminosity at
~ 1 TeV expected in the centrifugal model by multiplying
the single particle power Pxn, eq. (1), with the relevant
particle number N ~ 2ng;MAV (two channels) to obtain

. B T
LTeY ~ 1.4 x 10% ( ) (
re 105G/ \1.2 x 10°K

2 .2 erg
xcosasm o — .
S

(22)

One could use this expression to evaluate the degree of focus-
ing and estimate a fiducial solid angle for the corresponding
IC emission cone of AQ ~ LTEY /(d*F) ~ 2.6x sin? a cos a
sr if a dipolar field scaling B(r;) o sin® « close to the LC
surface is employed. In Fig.[2]a sketch of the magnetospheric-
centrifugal Pulsar model is shown. Following the approach
developed by |Gold (1969) centrifugally accelerated particles
in the LC zone have large azimuthal velocities and thus ap-
proximately emit along a tangent to the LC surface. It seems
evident that in this approach the peaks in the light curves
are in phase for all energy regimes that are rotationally pro-
duced sufficiently close to the LC area.

A priori, the radiating particle distribution is not expected
to be mono-energetic, but instead to have some distribu-
tion in energy. This is a complicated issue and, amongst
others, likely to be sensitive on the magnetic field topology,
the injection spectrum and radiation reaction effects. Nev-
ertheless, one can still evaluate some simple characteristics:
Suppose electrons are injected (by inner gap-type processes)
into the magnetosphere at a rate (Q with some Lorentz fac-
tor 7o and centrifugally accelerated along a magnetic field
line until co-rotation breaks down and they escape further
acceleration by crossing the LC surface. Then to first or-
der, the differential particle density distribution n(y) along
a field line in the steady state can be approximated by
(Rieger & Aharonian 12008)

n(y) = Lhece gy ) oy (23)

using that tgcc x ,y71/27 eq. ([@). Particles with higher ~ are
located closer to the LC surface and occupy a thinner shell
of width d « 70/v, eq. ([9), compared to those at lower
energies. An observer will thus see the integrated emission
produced by an effective particle number N = f N(v)dy =
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Figure 3. Illustration of the spectral VHE characteristics ex-
pected in the magneto-centrifugal Pulsar model as a result of in-
verse Compton scattering of thermal photons in the KN regime.
The spectral points are the MAGIC (phase-folded) VHE measure-
ments for the main pulse P1 and the interpulse P2, respectively
(Ansoldi et alll2016).

fn(fy)dfde = fn(’y)AVdfy7 i.e., by an effective differen-
tial number of electrons dN. = Nc(vy)dy with a power-law
distribution

Ne(y) = n(7)AV v /2, (24)

noting that AV o« d o« 1/7. Up-scattering of a thermal
black body distribution by a power law electron distribution
with power index p in the KN limit will produce a photon
spectrum (Blumenthal & Gould [1970)

% x e P (ln % +1+ C(p)) (25)
for photon energies ¢ < Ymazmec?, where C(p = 2.5) ~
—2.4. The corresponding spectral characteristics resulting
from the power law electron distribution p = 2.5 of eq. (24)
turns out to be surprisingly close to the VHE measurements
by MAGIC, reporting photon indices a = 3.5 £ 0.1 (for P1)
and o = 3.0 £ 0.1 (for P2). This is illustrated in Fig. Bl It is
likely that modifications in, for example, the magnetic field
topology and a detailed treatment of the particle particle
injection and transport, aberration and travel time effects
will lead to some index variation around this main spectral
value but full modelling would be required to infer its plau-
sible range.

4 CONCLUSIONS

The recent detection of pulsed VHE emission from the Crab
Pulsar (Ansoldi et alll2016) has opened new avenues in pul-
sar research. The apparent synchronisation of the pulse pro-
file at GeV and TeV energies suggests a common property
such as a very similar location of production, the trans-
parency for y-ray photons hints to an outer magnetospheric
region, while the expected IC origin points to the presence
of very energetic particles with Lorentz factors of at least
v ~ 5 x 10°. Such characteristics are challenging to accom-
modate in traditional emission models. In the present paper

we have argued that magneto-centrifugal particle accelera-
tion may offer an interesting means to account for the noted
characteristics. In this framework, efficient particle acceler-
ation takes place in the vicinity of the light cylinder, with
the high-energy ~-ray emission related to curvature radia-
tion and the VHE emission (above some tens of GeV) gen-
erated by inverse Compton (IC) upscattering in the Klein-
Nishina regime. The model assumes the occurrence of pair
cascades as conventionally treated to provide the seed parti-
cles for injection. A simple analysis of the anticipated VHE
spectral characteristics suggests a power-law index remark-
ably close to that actually observed. In the present model
the slight spectral difference reported for the pulses P1 and
P2 in the VHE regime could be related to two different
magnetospheric locations with varying field topology along
with possible variations in the injection spectrum. A full
treatment of the corresponding particle transport and ra-
diation properties, aberration and travel time effects seems
required, however, to elucidate its most plausible range and
to eventually help us understand particle acceleration pro-
cesses in pulsar magnetospheres. Given the promising po-
tential of magneto-centrifugal particle acceleration for un-
derstanding the origin of the observed VHE emission, this
seems a program worth doing. The current MAGIC results
rely on an analysis that combined many periods (~ 320h,
spread from 2007 to 2014) with different sensitivities and
energy thresholds, in which the pulse P1 is detected with
a moderate significance level of < 2.80. Updated VERITAS
results (based on ~ 200h of data) find a phase-averaged dif-
ferential spectrum for the Crab Pulsar compatible with the
MAGIC results, but did not yet manage to establish pulsed
emission above 400 GeV (Nguyen et all 2015). Further ob-
servations with current and future (CTA) instruments (e.g.,
de Ona-Wilhelmi et all [2013), establishing a homogeneous
data set, and refined analysis will thus be important to bet-
ter characterise its spectral evolution and extension, and
thereby eventually help us to understand the origin of the
high-energy emission in young pulsars.
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