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driven by ejecta into
a low-density cavity

is currently undetected

Southeast:
•  Higher preshock density
  low vs

•  Short cooling time
•  Skin present /still forming
•  More [S II] in skin
•  More, younger R-T filaments
•  Synchrotron nebula confined
 within skin and thermal filaments

Northwest:
•  Lower preshock density
  high vs

•  Long cooling time
•  Skin absent /no longer forms
• Fewer, older R-T filaments
•  Synchrotron nebula appears to
 “break out” beyond filaments but is
  still confined by the shock.

Figure 7
A summary of the structure of the Crab Nebula. The visible Crab consists of the synchrotron nebula, which is confined by thermal
ejecta from the explosion. The pressure of the synchrotron nebula drives a shock into the surrounding freely expanding ejecta. This
shock is radiative around most of the SE portion of the Crab and can be seen as a thin skin of [O III] and especially [Ne V] emission.
The shock is nonradiative in the NW, where the synchrotron nebula extends beyond the boundary of the filaments. The SE-NW
asymmetry can be understood as a consequence of the off-center location of the pulsar due to the velocity kick received by the pulsar at
the time of the explosion. Rayleigh-Taylor (R-T) instabilities at the interface between the synchrotron nebula and the swept-up ejecta
concentrate ejecta into small finger-like structures. The overall scalloped structure of the nebula may result from a thin-shell instability.
The shock at the outer edge of the freely expanding ejecta has not been detected. (Features are not shown to scale.)

All core collapse supernovae that have been studied with techniques such as spectropolarimetry
have proven to be strongly aspherical and frequently bipolar (e.g., Wheeler, Maund & Shizuka
2007; Wheeler & Wang 2008, in this volume), so such asymmetries are to be expected in the
ejecta from SN1054. Further, the spin axes of neutron stars formed in these events need not be
aligned with the symmetry axis of the explosion itself. Misalignment between the spin axis and
kick velocity of the Crab pulsar provides direct evidence of such asymmetries. It is to be expected,
therefore, that the pulsar wind powering the Crab expanded outward through a bipolar pattern
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Magnetosphäre von Neutronensternen

172 KAPITEL 7. BESCHLEUNIGUNGSMECHANISMEN

Abbildung 7.8: Zur Berechnung des Goldreich-Julian-Modells.

die Drehachse und die Magnetfeldachse parallel sind (‘aligned rotator’). Wir wol-
len im Folgenden die Berechnung des Modells nachvollziehen und beziehen uns auf
die in Abb. 7.8 angegebenen Variablen. Es wird angenommen, dass das Magnetfeld
statisch und das eines punktförmigen Dipols ist:

~B(r, ✓) =
B0

2

✓
R

r

◆3

(2 cos ✓ ~er + sin ✓ ~e✓) (7.69)

Die entsprechende Darstellung des Rotationsvektors lautet:

~! = ! (cos ✓ ~er � sin ✓ ~e✓) (7.70)

Innerhalb des Sterns (r < R) bewegen sich die Teilchen durch das Feld mit der
Geschwindigkeit

~v = ~! ⇥ ~r = !r sin ✓ ~e� (~e� = ~er ⇥ ~e✓). (7.71)

Die Sternmaterie sei ein idealer Leiter, in dem sich ein Gleichgewicht zwischen
Lorentz-Kraft, die die Ladungen separiert, und dem dadurch induzierten Feld ein-
stellt:

~F = q ( ~Eind + ~v ⇥ ~B) = 0 (r  R) (7.72)

Das induzierte elektrische Feld ist also:

~Eind = �~v ⇥ ~B = �(~! ⇥ ~r)⇥ ~B (7.73)

innerhalb des Sterns. Mit (7.71) und (7.69) ergibt sich:

~Eind =
! B0

2

R3

r2
[sin2 ✓~er � 2 cos ✓ sin ✓~e✓] (7.74)

Wegen r⇥ ~Eind = 0 gibt es ein Potential �, mit dem man das elektrische Feld
erzeugen kann:

~Eind = �r� mit �(r  R, ✓) = �0
R

r
sin2 ✓, (7.75)
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Magnetosphäre und Raumladungen1.3. RADIATION PROCESSES 13

! B

Light Cylinder

! . B = 0

OUTER GAP

POLAR GAP

Figure 1.6: Illustration of geometry and location of the emitting regions in the pulsar magne-
tosphere, according to the Polar Cap and Outer Gap models. Note that the diameter of the
neutron star is much too large in relation to the light cylinder radius for usual pulsars (courtesy
of A. Harding).

⌃r =
e B

⇥ m
, ⇥ =

1⇧
1� �2

=
1⇧

1� v2/c2

Here, ⇥ denotes the particle’s Lorentz factor. This accelerated motion will lead to the emission
of synchrotron radiation (SR). The synchrotron spectrum, which consists of a single line at ⌃r

for non-relativistic particles, becomes quasi-continuous at relativistic particle energies as higher
harmonics enter the spectrum. The synchrotron power spectrum, i.e. energy emitted per unit
frequency interval by a single particle, is given by:

dISR

d⌃
=

⇧
3

8⇧2⌥0

e3 B⇥
mec

F (
⌃

⌃sr
) (1.6)

F (x) = x

⌅ �

x
K5/3(y) dy ⇥

⇤
2.1 x1/3, x⇤ 1

1.3
⇧

x exp(�x), x⌅ 1 (1.7)

Here, ⌃ = 2⇧ ⌅ denotes the angular frequency, B⇥ = B sin ⇤ is the magnetic field component
orthogonal to the particle’s momentum, and K5/3 is a modified Bessel function of the second
kind. Further, ⌃sr denotes the critical synchrotron frequency:

⌃sr =
3
2
⇥2 sin ⇤ ⌃r =

3e

2me
B⇥ ⇥2, (1.8)

which corresponds to a photon energy of:

Esr = ~ ⌃sr = 1.1 · 105 eV ⇥2

�
B⇥

108 T

⇥
(1.9)

For the magnetic fields near the neutron star, synchrotron emission is thus expected to peak in
the X-ray range.
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Teilchenbeschleunigung und Gamma-Strahlung

overall significance of 6.4 s with 8500 T 1330
signal events. Phase zero (f = 0) is defined as
the position of the main radio pulse (22). Our E >
25 GeV data show pronounced pulses at f = 0
(main pulse, P1) and at f = 0.3 to 0.4 (interpulse,
P2). These pulses are coincident with those mea-
sured by EGRET at E > 100 MeV and those
coming from our own optical measurement. P1
and P2 have similar amplitudes at E = 25 GeV, in
contrast to measurements at lower energies ofE >
100 MeV, at which P1 is dominant. The present
data show a small excess (3.4 s) above 60 GeV
for P2, which is consistent with our previous Crab
observation (19, 20).

For the Crab pulsar, EGRET measured a
power-law spectrum [F(E)º E–awith a spectral
index a = 2.022 T 0.014 and F is the flux] in the
energy range fromE= 0.1GeV to 5GeV (17). At
E = 25 GeV we measured a flux that was several
times lower than a straightforward extrapolation
of the EGRETspectrum, which would require a
spectral cutoff of somewhere between 5 and
25 GeV. Pulsar emission scenarios predict a gen-
eralized exponential shape for the cutoff that may
be described as F(E) =AE–aexp[–(E/E0)

b], where
A is a normalized constant, E0 is the cutoff energy,
and b measures the steepness of the cutoff. To deter-
mine the relevant parameters, we performed a joint
fit to the Imaging Compton Telescope (COMPTEL)
(≈1 to30MeV),EGRET(≈30MeV to10GeV), and
MAGIC (>25 GeV) data. For the conventional
cases of b = 1 (exponential) and b = 2 (super-
exponential), we found E0 = 17.7 T 2.8stat T 5.0syst
GeV (stat, statistical error; syst, systematic error)
and E0 = 23.2 T 2.9stat T 6.6syst GeV, respectively
(Fig. 3).When b is left as a free parameter, the best
fit yields E0 = 20.4 T 3.9stat T 7.4syst GeVand b =
1.2. The systematic error is dominated by a pos-
sible mismatch between the energy calibrations
of EGRET and MAGIC (SOM text).

From a theoretical point of view, the spectral
cutoff is explained as a combination of themaximum
energies that electrons (e) can reach (because of the
balance between acceleration and radiation losses)
and the absorption of the emitted g-rays in the mag-
netosphere. Absorption is controlled by two
mechanisms: (i) magnetic e+-e− pair production in
the extremely strongmagnetic field close to the pul-
sar surface and (ii) photon-photon e+-e− pair pro-
duction in dense photon fields. If, for a young pulsar
like theCrabwith amagnetic fieldB~1012 to 1013G,
emission occurs close to the NS surface [as in
classical polar-cap models (1–3)], then magnetic pair-
production attenuation provides a characteristic super-
exponential cutoff at relatively low energies; that is,
a few giga–electron volts at most (3). If, on the other
hand, emission occurs farther out in the magneto-
sphere, at several stellar radii or close to the light cyl-
inder [as in slot-gap (4–6) and outer-gap (7–9, 23)
models], then absorptionmainly arising from photon-
photon collisions sets in at higher energies and pro-
duces a shallower cutoff (roughly exponential in
shape). In either case, however, themeasuredE0 could
be intrinsic to the emitted spectrum and hence would
only provide anupper limit to the absorption strength.

Fig. 1. A sketch of the Crab pulsar’s mag-
netosphere. Electrons are trapped and accelerated
along the magnetic field lines of the pulsar and
emit electromagnetic radiation via the synchrotron-
curvature mechanism. Vacuum gaps or vacuum
regions occur at the polar cap (1–3) very close to
the neutron star surface in a thin layer extending
for several stellar radii along the boundary of the
closedmagnetosphere, the so-called slot gap (4–6),
and in the outer region (7–9) close to the light
cylinder (the outer gap). Vacuum gaps are filled
with plasma, but its density is lower than the critical
Goldreich-Julian density (24), in which the mag-
netically induced electric field is saturated, and
therefore electrons can be accelerated to very high
energies. Absorption of high-energy g-rays occurs
by interaction with the magnetic field (magnetic
pair production) as well as with the photon field
(photon-photon pair production). The former dom-
inates close to the surface of the neutron star
where the magnetic field is strongest; it leads to a
superexponential cutoff at relatively low energies
(few giga–electron volts). Photon-photon collisions
prevail farther out in the magnetosphere close to
the light cylinder, where the magnetic field is lower,
and lead to a roughly exponential cutoff at higher
(>10 GeV) energies.

Light cylinder

Rotation axis

Magnetic
  field

Closed
field lines

Open
field lines

Outer
gap
region

Polar
cap
region

Neutron
star

Slot gap 
region

Fig. 2. Pulsed emission in different
energy bands. The shaded areas
show the signal regions for P1 and
P2. (A) Evidence of an emission (3.4s)
greater than 60 GeV for P2, mea-
sured by MAGIC. (B) Emission ≥ 25
GeV, measured by MAGIC. (C)
Emission ≥1 GeV, measured by
EGRET (17). (D) Emission ≥ 100
MeV, measured by EGRET (25). (E)
Optical emission measured by
MAGIC with the central pixel (26)
of the camera. The optical signal has
been recorded simultaneously with
the g-rays. P1 and P2 are in phase
for all shown energies. The ratio of
P2/P1 increases with energy from
(B) to (D). In the search for a pulsed
emission, the arrival time of each
event, after correcting for the solar
system barycenter, was transformed
into the phase of the rotational
period of the neutron star. The sig-
nificance of the g-ray pulsation
greater than 25 GeV was evaluated
by a single-hypothesis test (SOM text),
in which the g-ray emission was
assumed to be coming from the two
fixed phase intervals (shaded regions):
P1 (phase 0.94 to 0.04) and P2
(phase 0.32 to 0.43), as defined
in (19, 20). The signal results in
8500 T 1330 signal events (6.4 s).
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now known in the limit of force-free (FF) MHD for axisymmet-
ric rotators (Contopoulos et al. 1999; Gruzinov 2005; Timokhin
2006; McKinney 2006), and, recently, for three-dimensional
oblique rotators as well (Spitkovsky 2006; Kalapotharakos &
Contopoulos 2009). The FF field clearly demonstrates the cur-
rent sheet structure, and its geometry differs substantially from
the vacuum field near the LC (see Spitkovsky (2008) for a re-
view). Hence, the more realistic FF field geometry can lead to
modifications of gamma-ray light curves (see Bai & Spitkovsky
2008 for preliminary results). On the other hand, the vacuum
field has been used over the years to obtain light curves that
compare very favorably to the existing data. It can be argued
that if the emission comes from the regions in the magneto-
sphere that are not too close to the LC, the field geometry there
may be well approximated by the vacuum field. This raises the
question of how reliable and robust are the vacuum field light
curves, and whether perturbations introduced by the presence of
plasma in the magnetosphere would strongly affect the result.

Although our ultimate goal is to study gamma-ray emission
using the FF field, in this paper we concentrate on the modeling
of light curves using vacuum magnetic field only. The results
with the FF field will be presented in the companion paper
(Bai & Spitkovsky 2010). We feel it is necessary to clarify a
number of points before moving forward. As we try to reproduce
the sky maps and light curves using vacuum field geometry,
we find that there are ambiguities in the literature on the use
of the aberration formula. Since the aberration effect is crucial
to the formation of caustics in any field geometry, in this paper
we clarify the applicability of aberration formulae and compare
their influences on the sky maps and light curves. In order to
investigate the potential effects of plasma on the formation
of light curves, we also study the sensitivity of the vacuum
light curves to variations in the shape of the polar cap. Even
if the field geometry in the bulk of the magnetosphere could
be approximated by the vacuum field, it is the behavior of the
field lines near the LC that determines the shape of the polar
cap and thus the location of the magnetospheric emission zones.
The plasma effects near the LC can then undermine light curve
modeling that uses the polar caps of the vacuum field. In this
paper, we show that the appearance of the sky map and light
curves is indeed very sensitive to both the field geometry and the
geometry of the emission zones, which suggests that revisiting
theoretical models with the more realistic FF field is essential.

This paper is structured as follows. We begin with the vacuum
magnetic field formulae for pulsar magnetosphere in Section 2,
and then discuss the effect of aberration in Section 3. In
Section 4, we construct the shape of the polar caps. We present
comparisons of sky maps and light curves between different
aberration formulae as well as different polar cap shapes for
the TPC and the OG models in Section 5. In Section 6, we
summarize our results.

2. VACUUM MAGNETIC FIELD FORMULAE

We will use the vacuum field as an approximation to the
magnetic field of the plasma-filled magnetosphere, where E·B =
0 and the magnetospheric structure is stationary in the corotating
frame (CF). Therefore, in the lab frame (LF), for any specified
magnetic field B, there exists an electric field E such that

E = −Ω × r
c

× B , (1)

where Ω is the angular velocity of the NS, and r is the position
vector. Equation (1) is of fundamental importance for discussing

α

ζ
obs

µ

Ω

ρ
GJ

=0

Last closed field line 

The light cylinder 

NS

Figure 1. Schematic illustration of magnetospheric geometry. α is the inclination
angle of the magnetic axis, ζobs is the observer’s viewing angle, and ρGJ = 0
marks the surface of zero charge density [ρGJ # −Ω · B/(2πc)].

the aberration effect (Section 3), and is assumed throughout this
paper. It does not apply, however, in the gaps where the high-
energy emission is thought to originate. We address this issue in
Appendix B and show that the conclusions of this paper remain
unchanged even in the presence of gaps.

We will consider two commonly used formulae for the
vacuum magnetic field, namely, the static dipole and the retarded
dipole. For the static dipole, the field geometry is assumed to
be the same as in a non-rotating dipole field, which is rigidly
attached to the rotating pulsar. The field expression is

B = 1
r3

[3( $µ · r̂)r̂ − µ] , (2)

where $µ is the magnetic dipole moment vector and r̂ is the radial
unit vector. For a pulsar rotating along the ẑ-axis with angular
velocity Ω and magnetic inclination angle α, the time evolution
of the magnetic moment vector is

$µ(t) = µ(sin α cos Ωt x̂ + sin α sin Ωt ŷ + cos αẑ) . (3)

The static dipole is not a full solution of the field of the rotating
dipole in vacuum. As such, it can be interpreted as known either
in the CF or the LF. As an approximation, we assume that the
magnetic field of the static dipole is valid in the LF. The field
geometry is sketched in Figure 1.

The full solution of the electromagnetic field of a rotating
magnetic dipole is known as the retarded dipole formula (e.g.,
Jackson 1975):

B = −
[ $µ(t)

r3
+

$̇µ(t)
cr2

+
$̈µ(t)
c2r

]
+rr·

[
3

$µ(t)
r3

+3
$̇µ(t)
cr2

+
$̈µ(t)
c2r

]
. (4)

When r is small, the retarded dipole field configuration is
almost the same as that of the static dipole. The deviation
increases as the radius approaches the LC. One can find the

1278 BAI & SPITKOVSKY Vol. 715

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 7. Atlas of sky maps and light curves for the TPC model for representative pulsar inclination angles (constant for each row) and for different observer viewing
angles (arranged in columns). Panels (a), (c), (e), and (g) show results from treating the retarded field in the LF, while (b), (d), (f), and (h) treat the field in the ICF.
(A color version of this figure is available in the online journal.)

model using a retarded dipole field, we find that instead of having
two strong caustics in the sky map, the corrected aberration
formula weakens the caustics, leaving two wide and weak humps
in the sky map. As a result, the conventional TPC model with
retarded dipole field has difficulty in producing sharp peaks in
the light curve. For the OG model using a retarded dipole field
and the corrected aberration formula, the caustic responsible
for the first peak in the light curve is less extended, and there
is weaker “bridge” emission between the two peaks. Recent

developments in the OG model with the corrected aberration
formula are still able to produce reasonable light curves (Takata
& Chang 2007; Takata et al. 2007).

We study the uncertainties in the models of pulsar gamma-
ray light curves by (1) comparing the sky maps and light
curves using different shapes of the polar cap, namely, the
polar cap obtained by tracing LOFLs and the circular polar
cap; (2) comparing the sky maps and light curves using the
same polar cap shape (circular), but with different magnetic

(Bai & Spitkovsky, ApJ 715 (2010) 1270)
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now known in the limit of force-free (FF) MHD for axisymmet-
ric rotators (Contopoulos et al. 1999; Gruzinov 2005; Timokhin
2006; McKinney 2006), and, recently, for three-dimensional
oblique rotators as well (Spitkovsky 2006; Kalapotharakos &
Contopoulos 2009). The FF field clearly demonstrates the cur-
rent sheet structure, and its geometry differs substantially from
the vacuum field near the LC (see Spitkovsky (2008) for a re-
view). Hence, the more realistic FF field geometry can lead to
modifications of gamma-ray light curves (see Bai & Spitkovsky
2008 for preliminary results). On the other hand, the vacuum
field has been used over the years to obtain light curves that
compare very favorably to the existing data. It can be argued
that if the emission comes from the regions in the magneto-
sphere that are not too close to the LC, the field geometry there
may be well approximated by the vacuum field. This raises the
question of how reliable and robust are the vacuum field light
curves, and whether perturbations introduced by the presence of
plasma in the magnetosphere would strongly affect the result.

Although our ultimate goal is to study gamma-ray emission
using the FF field, in this paper we concentrate on the modeling
of light curves using vacuum magnetic field only. The results
with the FF field will be presented in the companion paper
(Bai & Spitkovsky 2010). We feel it is necessary to clarify a
number of points before moving forward. As we try to reproduce
the sky maps and light curves using vacuum field geometry,
we find that there are ambiguities in the literature on the use
of the aberration formula. Since the aberration effect is crucial
to the formation of caustics in any field geometry, in this paper
we clarify the applicability of aberration formulae and compare
their influences on the sky maps and light curves. In order to
investigate the potential effects of plasma on the formation
of light curves, we also study the sensitivity of the vacuum
light curves to variations in the shape of the polar cap. Even
if the field geometry in the bulk of the magnetosphere could
be approximated by the vacuum field, it is the behavior of the
field lines near the LC that determines the shape of the polar
cap and thus the location of the magnetospheric emission zones.
The plasma effects near the LC can then undermine light curve
modeling that uses the polar caps of the vacuum field. In this
paper, we show that the appearance of the sky map and light
curves is indeed very sensitive to both the field geometry and the
geometry of the emission zones, which suggests that revisiting
theoretical models with the more realistic FF field is essential.

This paper is structured as follows. We begin with the vacuum
magnetic field formulae for pulsar magnetosphere in Section 2,
and then discuss the effect of aberration in Section 3. In
Section 4, we construct the shape of the polar caps. We present
comparisons of sky maps and light curves between different
aberration formulae as well as different polar cap shapes for
the TPC and the OG models in Section 5. In Section 6, we
summarize our results.

2. VACUUM MAGNETIC FIELD FORMULAE

We will use the vacuum field as an approximation to the
magnetic field of the plasma-filled magnetosphere, where E·B =
0 and the magnetospheric structure is stationary in the corotating
frame (CF). Therefore, in the lab frame (LF), for any specified
magnetic field B, there exists an electric field E such that

E = −Ω × r
c

× B , (1)

where Ω is the angular velocity of the NS, and r is the position
vector. Equation (1) is of fundamental importance for discussing

α

ζ
obs

µ

Ω

ρ
GJ

=0

Last closed field line 

The light cylinder 

NS

Figure 1. Schematic illustration of magnetospheric geometry. α is the inclination
angle of the magnetic axis, ζobs is the observer’s viewing angle, and ρGJ = 0
marks the surface of zero charge density [ρGJ # −Ω · B/(2πc)].

the aberration effect (Section 3), and is assumed throughout this
paper. It does not apply, however, in the gaps where the high-
energy emission is thought to originate. We address this issue in
Appendix B and show that the conclusions of this paper remain
unchanged even in the presence of gaps.

We will consider two commonly used formulae for the
vacuum magnetic field, namely, the static dipole and the retarded
dipole. For the static dipole, the field geometry is assumed to
be the same as in a non-rotating dipole field, which is rigidly
attached to the rotating pulsar. The field expression is

B = 1
r3

[3( $µ · r̂)r̂ − µ] , (2)

where $µ is the magnetic dipole moment vector and r̂ is the radial
unit vector. For a pulsar rotating along the ẑ-axis with angular
velocity Ω and magnetic inclination angle α, the time evolution
of the magnetic moment vector is

$µ(t) = µ(sin α cos Ωt x̂ + sin α sin Ωt ŷ + cos αẑ) . (3)

The static dipole is not a full solution of the field of the rotating
dipole in vacuum. As such, it can be interpreted as known either
in the CF or the LF. As an approximation, we assume that the
magnetic field of the static dipole is valid in the LF. The field
geometry is sketched in Figure 1.

The full solution of the electromagnetic field of a rotating
magnetic dipole is known as the retarded dipole formula (e.g.,
Jackson 1975):

B = −
[ $µ(t)

r3
+

$̇µ(t)
cr2

+
$̈µ(t)
c2r

]
+rr·

[
3

$µ(t)
r3

+3
$̇µ(t)
cr2

+
$̈µ(t)
c2r

]
. (4)

When r is small, the retarded dipole field configuration is
almost the same as that of the static dipole. The deviation
increases as the radius approaches the LC. One can find the

(Bai & Spitkovsky, ApJ 715 (2010) 1270)
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Figure 8. Atlas of sky maps and light curves for the OG model for representative pulsar inclination angles (constant for each row) and for different observer viewing
angles (arranged in columns). Panels (a), (c), (e), and (g) show results from treating the retarded field in the LF, while (b), (d), (f), and (h) treat the field in the ICF.
(A color version of this figure is available in the online journal.)

field configurations (static versus retarded dipole). We choose a
circular polar cap as another possibility because the polar cap
of the FF magnetosphere is more circular (Bai & Spitkovsky
2010). Our results show that the overall appearance of the sky
map is very sensitive to both factors. We find that for the TPC
model, whose emission zone is centered on the LOFLs, the sky
maps and light curves depend sensitively on the changes in the
shape of the polar cap. Up to four peaks can be present when a
circular polar cap is used. This suggests that the reproduction of
the Vela’s light curve in Dyks & Rudak (2003), and Dyks et al.

(2004) is not robust. For the OG model, whose emission zone is
in the open field line region, we find that the sky maps and the
light curves are not very sensitive to changes in the polar cap
shapes. However, the vacuum field near the LC is unreliable,
and the predictions from the OG model are still questionable.
A detailed atlas of gamma-ray light curves for two models is
presented in Appendix C.

In all, we conclude that it is essential to revisit the existing
theoretical models using a more realistic magnetospheric struc-
ture, i.e, the FF field from numerical simulations (Spitkovsky
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Figure 2. Light curves at different wavelengths. Two cycles are shown. References: (a) from the Nançay radio telescope; (b) Oosterbroek et al. 2008; (c) Rots et al.
2004; (d) Mineo et al. 2006; (e) Kuiper et al. 2001; (f) EGRET, Kuiper et al. 2001; (g) This paper; (h) Aliu et al. 2008.

Table 1
Detailed Parameters of the Crab Pulsar Light Curve

Energy Interval φ1 HW1
a HW1

b φ2 HW2
a HW2

b P1/P2 Ratio
(GeV) (×10−2) (×10−2) (×10−2) (×10−2) (×10−2) (×10−2)

0.1–300 99.2 ± 0.1c 4.5 ± 0.2c 2.3 ± 0.1c 38.9 ± 0.2c 11.5 ± 1.5c 4.5 ± 0.7c 1.60 ± 0.06
0.1–0.3 99.2 ± 0.1 6.0 ± 0.4 2.3 ± 0.2 38.3 ± 0.8 8.4 ± 2.2 8.1 ± 3.7 1.73 ± 0.12
0.3–1.0 99.1 ± 0.1 4.3 ± 0.2 2.7 ± 0.2 39.3 ± 0.3 13.6 ± 1.7 3.6 ± 0.9 1.60 ± 0.08
1.0–3.0 99.2 ± 0.1 3.5 ± 0.3 2.3 ± 0.3 38.2 ± 0.5 8.5 ± 2.8 6.0 ± 1.9 1.49 ± 0.12
3.0–10.0 99.5 ± 0.2 2.6 ± 0.5 1.6 ± 0.6 38.9 ± 0.6 5.3 ± 1.9 2.0 ± 1.4 0.95 ± 0.20

Notes.
a,b These half-width (HW) parameters were obtained considering two half-Lorentzian distributions, for the rising and falling
edges of the peaks, respectively.
c These parameters were derived from a light curve binned to 0.002 of pulsar phase.

We define the off-pulse window as the 0.52–0.87 phase range,
due to the bright emission of the pulsar in the rest of the phase.
In the light curve above 10 GeV, we can notice an enhancement
indicating a potential third peak at phase ∼ 0.74, coincident with
the radio peak observed between 4.7 and 8.4 GHz and referred to
as High Frequency Component 2 (HFC2) by Moffett & Hankins
(1996). The excess above the background level (estimated at

2.10 counts per bin, with a bin width of 0.02 in phase) is 13.8
photons in the off-pulse interval. The statistical significance of
this third peak, 2.3σ , is therefore too low to claim a definite
detection and a third peak will not be considered separately in
the analysis of the Crab Nebula.

Figure 4 shows the counts maps of pulsed and nebular
emission in a 15◦ × 15◦ region centered on the pulsar radio

overall significance of 6.4 s with 8500 T 1330
signal events. Phase zero (f = 0) is defined as
the position of the main radio pulse (22). Our E >
25 GeV data show pronounced pulses at f = 0
(main pulse, P1) and at f = 0.3 to 0.4 (interpulse,
P2). These pulses are coincident with those mea-
sured by EGRET at E > 100 MeV and those
coming from our own optical measurement. P1
and P2 have similar amplitudes at E = 25 GeV, in
contrast to measurements at lower energies ofE >
100 MeV, at which P1 is dominant. The present
data show a small excess (3.4 s) above 60 GeV
for P2, which is consistent with our previous Crab
observation (19, 20).

For the Crab pulsar, EGRET measured a
power-law spectrum [F(E)º E–awith a spectral
index a = 2.022 T 0.014 and F is the flux] in the
energy range fromE= 0.1GeV to 5GeV (17). At
E = 25 GeV we measured a flux that was several
times lower than a straightforward extrapolation
of the EGRETspectrum, which would require a
spectral cutoff of somewhere between 5 and
25 GeV. Pulsar emission scenarios predict a gen-
eralized exponential shape for the cutoff that may
be described as F(E) =AE–aexp[–(E/E0)

b], where
A is a normalized constant, E0 is the cutoff energy,
and b measures the steepness of the cutoff. To deter-
mine the relevant parameters, we performed a joint
fit to the Imaging Compton Telescope (COMPTEL)
(≈1 to30MeV),EGRET(≈30MeV to10GeV), and
MAGIC (>25 GeV) data. For the conventional
cases of b = 1 (exponential) and b = 2 (super-
exponential), we found E0 = 17.7 T 2.8stat T 5.0syst
GeV (stat, statistical error; syst, systematic error)
and E0 = 23.2 T 2.9stat T 6.6syst GeV, respectively
(Fig. 3).When b is left as a free parameter, the best
fit yields E0 = 20.4 T 3.9stat T 7.4syst GeVand b =
1.2. The systematic error is dominated by a pos-
sible mismatch between the energy calibrations
of EGRET and MAGIC (SOM text).

From a theoretical point of view, the spectral
cutoff is explained as a combination of themaximum
energies that electrons (e) can reach (because of the
balance between acceleration and radiation losses)
and the absorption of the emitted g-rays in the mag-
netosphere. Absorption is controlled by two
mechanisms: (i) magnetic e+-e− pair production in
the extremely strongmagnetic field close to the pul-
sar surface and (ii) photon-photon e+-e− pair pro-
duction in dense photon fields. If, for a young pulsar
like theCrabwith amagnetic fieldB~1012 to 1013G,
emission occurs close to the NS surface [as in
classical polar-cap models (1–3)], then magnetic pair-
production attenuation provides a characteristic super-
exponential cutoff at relatively low energies; that is,
a few giga–electron volts at most (3). If, on the other
hand, emission occurs farther out in the magneto-
sphere, at several stellar radii or close to the light cyl-
inder [as in slot-gap (4–6) and outer-gap (7–9, 23)
models], then absorptionmainly arising from photon-
photon collisions sets in at higher energies and pro-
duces a shallower cutoff (roughly exponential in
shape). In either case, however, themeasuredE0 could
be intrinsic to the emitted spectrum and hence would
only provide anupper limit to the absorption strength.

Fig. 1. A sketch of the Crab pulsar’s mag-
netosphere. Electrons are trapped and accelerated
along the magnetic field lines of the pulsar and
emit electromagnetic radiation via the synchrotron-
curvature mechanism. Vacuum gaps or vacuum
regions occur at the polar cap (1–3) very close to
the neutron star surface in a thin layer extending
for several stellar radii along the boundary of the
closedmagnetosphere, the so-called slot gap (4–6),
and in the outer region (7–9) close to the light
cylinder (the outer gap). Vacuum gaps are filled
with plasma, but its density is lower than the critical
Goldreich-Julian density (24), in which the mag-
netically induced electric field is saturated, and
therefore electrons can be accelerated to very high
energies. Absorption of high-energy g-rays occurs
by interaction with the magnetic field (magnetic
pair production) as well as with the photon field
(photon-photon pair production). The former dom-
inates close to the surface of the neutron star
where the magnetic field is strongest; it leads to a
superexponential cutoff at relatively low energies
(few giga–electron volts). Photon-photon collisions
prevail farther out in the magnetosphere close to
the light cylinder, where the magnetic field is lower,
and lead to a roughly exponential cutoff at higher
(>10 GeV) energies.

Light cylinder

Rotation axis

Magnetic
  field

Closed
field lines

Open
field lines

Outer
gap
region

Polar
cap
region

Neutron
star

Slot gap 
region

Fig. 2. Pulsed emission in different
energy bands. The shaded areas
show the signal regions for P1 and
P2. (A) Evidence of an emission (3.4s)
greater than 60 GeV for P2, mea-
sured by MAGIC. (B) Emission ≥ 25
GeV, measured by MAGIC. (C)
Emission ≥1 GeV, measured by
EGRET (17). (D) Emission ≥ 100
MeV, measured by EGRET (25). (E)
Optical emission measured by
MAGIC with the central pixel (26)
of the camera. The optical signal has
been recorded simultaneously with
the g-rays. P1 and P2 are in phase
for all shown energies. The ratio of
P2/P1 increases with energy from
(B) to (D). In the search for a pulsed
emission, the arrival time of each
event, after correcting for the solar
system barycenter, was transformed
into the phase of the rotational
period of the neutron star. The sig-
nificance of the g-ray pulsation
greater than 25 GeV was evaluated
by a single-hypothesis test (SOM text),
in which the g-ray emission was
assumed to be coming from the two
fixed phase intervals (shaded regions):
P1 (phase 0.94 to 0.04) and P2
(phase 0.32 to 0.43), as defined
in (19, 20). The signal results in
8500 T 1330 signal events (6.4 s).
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Equation 1 of (3) (a largelymodel-independent
relation derived from simulations of g-ray absorp-
tion bymagnetic-pair production in rotatingmag-
netic dipoles) relates the pair-creation cutoff energy,
Emax, with the location of the emission region r/R0
(R0 is the NS radius; r is the distance of the

emission region from the center of the NS) for a
NS with surface magnetic field B0 and period P:

Emax ≈ 0:4
ffiffiffiffiffiffiffiffiffi

P
r
R0

r

max 1,
0:1Bcrit

B0

r
R0

" #3
( )

GeV

ð1Þ

The appropriate values for the Crab pulsar are
B0 = 8 × 1012 G (8), natural constant Bcrit = 4.4 ×
1013 G (3), andP= 0.033 s (Bcrit = 4.4 E + 13G is
the critical field that marks the onset of quantum
effects in a magnetized plasma). Using for Emax
the superexponential cutoff energy E0 = 23.2 T
2.9stat T 6.6syst GeV, derived above for b = 2 as
appropriate for the polar-cap scenario, one ob-
tains r/R0 > 6.2 T 0.2stat T 0.4syst; that is, the emitting
region is located well above the NS surface. This
result, however, contradicts the basic tenet of the
polar-cap scenario (1–3) that particle acceleration
and radiation emission do occur very close to the
pulsar surface. This inconsistency rules out the
polar-cap scenario for the Crab pulsar.

Our results therefore favor an outer-gap or
slot-gap scenario for the Crab pulsar. For exam-
ple, using in Eq. 1 the value of E0 that corre-
sponds to b = 1 (approximately consistent with
the outer-gap picture), a high-altitude emitting re-
gion is inferred, which is fully consistent with the
assumed scenario. Specific recent outer-gap (8, 9)
and slot-gap (6) predictions are compared with
our data in Fig. 4. Although the former can pro-
vide emission of photons of energies as high as
25 GeV and hence explain our g-ray data, the
latter cannot. Thus, current outer-gapmodels seem
preferred in explaining our measurement.

Lastly, our present measurements reveal a
trend of P2/P1 increasing with energy: It is <0.5
at 100 MeV, ≈1 at 25 GeV, and >1 at 60 GeV
(Fig. 2). This trend provides valuable information
for theoretical studies that will further constrain
the location of the emission region in the Crab
pulsar’s magnetosphere [for example, (9)].
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Fig. 3. Model fits to the
signal-event distribution.
Shown is the measured
distributionof excess events
in bins of SIZE integrated
over P1 and P2. SIZE is a
main image parameter
that measures the total
intensity of theCherenkov
flash in the camera in
units of photoelectrons
(phe). In this analysis, it
was used as a rough es-
timate of the g-ray ener-
gy. To determine the cutoff
energy,we folded the pow-
er law function with the
generalized exponential
shape function F(E) =
AE1aexp[–(E/E0)b] with the MAGIC telescope’s effective area to calculate the expected signal in each SIZE bin
(forward unfolding). The expected signal was compared with the measured excess events by calculating a c2 test.
We obtained the best fit by minimizing the joint c2 between real data (from COMPTEL, EGRET, and MAGIC) and
the generalized function F(E) = AE1aexp[–(E/E0)b]. In the conventional cases of b = 1 (exponential) and b = 2
(superexponential), we found E0 = 17.7 T 2.8stat T 5.0syst GeV and E0 = 23.2 T 2.9stat T 6.6syst GeV, respectively. If
instead we leave b as a free parameter, the best fit yields E0 = 20.4 T 3.9stat T 7.4syst GeV and b = 1.2.
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Figure 3: Radio (lower panels) and gamma-ray (upper panels) pulse profiles for three of the nine millisecond pulsars
detected so far with the Fermi LAT. Two rotations are shown for clarity. Additional details on the construction of
these light curves can be found in [4].

to normal gamma-ray pulsars detected with the LAT,
J0030+0451 lies in the error box of EGR J0028+0457,
listed in the revised EGRET catalog of gamma-ray
sources [23]. After nine months of observation, the
LAT detected pulsations from eight galactic MSPs,
including the confirmation of PSR J0218+4232 as a
gamma-ray pulsar [4, 31]. Figure 3 shows radio and
gamma-ray light curves for a selection of the eight de-
tected MSPs. The light curves seen so far for MSPs
resemble those of normal pulsars, as illustrated in Fig-
ure 3: PSR J0030+0451 has two peaks in gamma rays,
separated by ∼ 0.45 and its first gamma-ray peak
lags the main radio peak by ∼ 0.15, making its pul-
sar shape comparable to that of Vela or J2021+3651.
PSR J0437−4715 shows one broad gamma ray peak,
lagging the radio peak by ∼ 0.4, similar to what is
observed for the normal pulsar J2229+6114. PSR
J2124−3358 seems to exhibit a more complex light
curve, as does the radio emission, with a main broad
peak and possible secondary features. More data will
help determine the peak multiplicity as is also the
case for the normal pulsar J1420−6048 [14]. Sim-
ilarly, their spectral properties do not differ funda-
mentally from that of normal pulsars (see Table 1 of
[4]); although super-exponentially cutoffs could not be
tested, because of the limited size of the gamma-ray
sample. As the LAT continues to accumulate pho-
tons, this newly revealed population of gamma-ray
MSPs grows. For instance, the LAT recently discov-
ered faint pulsed emission from the binary MSP PSR
J0034−0534 [15].

2.2. Detections of new pulsars

The other approach is to search the gamma-ray data
for yet unknown pulsars. The gamma rays are rare

though: the LAT typically gets a few hundred pho-
tons for several months of data taking on a particular
source. Because of these long integration times, di-
rect Fourier transforms of the signal are computation-
ally intensive. One can however search for gamma-
ray pulsations in differences between photon arrival
times. This so-called “time-differencing” technique
dramatically reduces the needed computational power
[19, 45]. Although this technique did not foster new
detections of gamma-ray pulsars in the EGRET data,
it has been extremely efficient with Fermi data: 16
slowly-rotating pulsars were found after five months
of gamma-ray observation, including a pulsar in the
young supernova remnant CTA1, another pulsar coin-
cident with the isolated neutron star RX J1836+5925,
and other objects likely associated with supernova
remnants or pulsar wind nebulae [1, 2]. In total, 13
of these 16 LAT-detected pulsars lie in the error box
of third EGRET catalogue unidentified sources. Fig-
ure 4 shows a sample of the observed gamma-ray light
curves for these 16 pulsars. As expected, these light
curves resemble those of other gamma-ray pulsars:
they are generally two-peaked, with a few showing one
broad peak. Their spectral properties are also consis-
tent with that of the gamma-ray population (see Ta-
ble 5 of [14]). More recently, a search for pulsars in 10
months of data using ∼650 LAT source positions unas-
sociated with possible active galactic nuclei yielded
the detection of eight new objects [18], expanding the
number of LAT detected pulsars to 24 objects. Among
these eight new pulsars, only one might be associated
with an EGRET unidentified source, indicating that
the Fermi LAT is perhaps finishing the identification
of unknown pulsars hidden behind EGRET sources,
after one year of observation.

As discussed above, the ratio of radio-loud to radio-

eConf C091122
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423 13.8 Pulsar glitches

Fig. 13.22 Illustrating the phenomenon of glitches. The pulse period increases smoothly as the rotation rate of the neutron star
decreases but there are sudden discontinuities in the pulse period, following which the steady increase in period
continues. The variation of the pulse period with time during the glitches provides information about the internal
structure of the neutron star (Shapiro and Teukolsky, 1983).

with time,

!(t) = !0(t) + "!0
[
Qe−t/τc + 1 − Q

]
, (13.46)

where Q is a healing parameter which describes the degree to which the angular frequency
returns to its extrapolated value !0(t) = !0 − αt/I , the pulsar angular frequency in the
absence of the glitch where !0 is a constant. The significance of these quantities is illustrated
in Fig. 13.22. The expression (13.46) is called the glitch function and can give a good
description of the behaviour of the angular frequency of the neutron star following a glitch.
The values of τc are related to the physical processes of coupling between the superfluid
and normal components of the neutron star. For the Vela pulsar, τc is of the order of months
while for the Crab pulsar, it is of the order of weeks. These are very long time-scales and
indicate that a considerable fraction of the neutron fluid must be in the superfluid state. The
two-component model can provide a good explanation of the glitches observed in the Crab
and Vela pulsars. Of particular interest is the fact that the values of τc and Q for different
glitches in the same pulsar seem to be more or less the same, as required by the model.

One mechanism by which the moment of inertia of the neutron star can change is as
a result of a starquake, by analogy with the deformations of the Earth’s crust which take
place during an earthquake. The crust takes up an equilibrium configuration in which the
gravitational, centrifugal and the solid state forces in the crust are in balance. As the pulsar
slows down, the centrifugal forces weaken and the crust then attempts to establish a new
equilibrium figure with a lower moment of inertia. In a starquake, the crust establishes its
new shape by cracking the surface. Since the moment of inertia decreases, this results in a
speed-up of the normal component, that is, the crust, the normal component, the charged
particles and the magnetic field. As these components are weakly coupled to the neutron
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Shock driven by
pressure of combined
Synchrotron nebula

Torus

Jet

Explosion center

Shock velocity
relative to freely
expanding ejecta

vs = vobserved – vfree.expansion

Synchrotron nebula
interior

Prominent
“classical filaments”

in cusps of bubble-like
shock structures,

possibly formed by
thin-sheet instabilities

Pulsar

Pulsar
proper
motion

R-T fingers

Cooled post-
shock gas

([O III],
[Ne V]”skin”)

The outer shock
driven by ejecta into
a low-density cavity

is currently undetected

Southeast:
•  Higher preshock density
  low vs

•  Short cooling time
•  Skin present /still forming
•  More [S II] in skin
•  More, younger R-T filaments
•  Synchrotron nebula confined
 within skin and thermal filaments

Northwest:
•  Lower preshock density
  high vs

•  Long cooling time
•  Skin absent /no longer forms
• Fewer, older R-T filaments
•  Synchrotron nebula appears to
 “break out” beyond filaments but is
  still confined by the shock.

Figure 7
A summary of the structure of the Crab Nebula. The visible Crab consists of the synchrotron nebula, which is confined by thermal
ejecta from the explosion. The pressure of the synchrotron nebula drives a shock into the surrounding freely expanding ejecta. This
shock is radiative around most of the SE portion of the Crab and can be seen as a thin skin of [O III] and especially [Ne V] emission.
The shock is nonradiative in the NW, where the synchrotron nebula extends beyond the boundary of the filaments. The SE-NW
asymmetry can be understood as a consequence of the off-center location of the pulsar due to the velocity kick received by the pulsar at
the time of the explosion. Rayleigh-Taylor (R-T) instabilities at the interface between the synchrotron nebula and the swept-up ejecta
concentrate ejecta into small finger-like structures. The overall scalloped structure of the nebula may result from a thin-shell instability.
The shock at the outer edge of the freely expanding ejecta has not been detected. (Features are not shown to scale.)

All core collapse supernovae that have been studied with techniques such as spectropolarimetry
have proven to be strongly aspherical and frequently bipolar (e.g., Wheeler, Maund & Shizuka
2007; Wheeler & Wang 2008, in this volume), so such asymmetries are to be expected in the
ejecta from SN1054. Further, the spin axes of neutron stars formed in these events need not be
aligned with the symmetry axis of the explosion itself. Misalignment between the spin axis and
kick velocity of the Crab pulsar provides direct evidence of such asymmetries. It is to be expected,
therefore, that the pulsar wind powering the Crab expanded outward through a bipolar pattern
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P1: SFN Trim: 246mm × 189mm Top: 10.193 mm Gutter: 18.98 mm

CUUK1326-13 CUUK1326-Longair 978 0 521 75618 1 August 13, 2010 1:3

411 13.5 The discovery of neutron stars

Fig. 13.16 A plot of
.

P versus P for pulsars, known as the P–
.

P diagram (Manchester, 2005, from data described in Manchester
et al., 2005). The di!erent symbols refer to di!erent large pulsar surveys. The symbols enclosed in circles represent
pulsars which are members of binary systems. Lines of constant age derived from the formula τ = P/2

.
P are shown.

The magnetic "ux densities are derived from (13.43), assuming the deceleration of the pulsar is due to magnetic
braking. The upper limit to the spin-up periods for dead pulsars according to the models of van den Heuvel is also
shown (van den Heuvel, 1987).

to X-ray astronomy and carried out the first systematic survey of the whole sky. Observations
of the source Centaurus X-3 (Cen X-3) were first made in January 1971 and showed a clear
periodicity with a pulse period of about 5 s, longer than that of any known radio pulsar. The
pulsation period was not stable but seemed to vary with time (Giacconi et al., 1971). The
source was reobserved in May 1971 and it was found that the period of the X-ray pulsations
varied sinusoidally with a period of 2.1 days. This suggested that the X-ray source was a
member of a binary system, the change in period of the pulses being due to the Doppler
shift of the X-ray pulses in the binary orbit. Then, on 6 May, the source disappeared, only to
reappear half a day later. This pattern repeated roughly every two days – the X-ray source
was being occulted by the primary star in the binary system (Schreier et al., 1972). With
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Photonspektrum vom Krebsnebel
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Figure 2
The integrated
spectrum of the Crab
synchrotron nebula,
from Atoyan &
Aharonian (1996),
assembled from
sources cited in that
paper. The electron
energies shown
correspond to peak
synchrotron emission
assuming a magnetic
field of 300 µG. Most
of the emission from
the Crab is emitted
between the optical
and X-ray bands. The
highest energy γ-rays
are due to inverse
Compton radiation.

pulsar (∼1.8×1049ergs) still resident within the synchrotron nebula. Averaged over the volume of
the synchrotron nebula, this energy density corresponds to a pressure of ∼7.2 × 10−9 dyne cm−2,
very close to the canonical value assuming equipartition and B ∼ 300 µG (Trimble 1968).

The overall spectrum of the Crab Nebula peaks in the range between 1014–1018 Hz in the
optical through the X-ray part of the spectrum (see Figure 2, from Atoyan & Aharonian 1996).
Assuming a magnetic field of 300 µG, this radiation is associated with emission from electrons with
energies between a few hundred GeV and a few tens of TeV. The very highest energy emission
from the Crab above frequencies of ∼1023 Hz is thought to be due to inverse Compton radiation
(Atoyan & Aharonian 1996). The bump around 1013 Hz in the far infrared part of the spectrum is
the result of thermal emission from dust in the nebula. This dust, which condensed from material
ejected in the explosion, is heated to a temperature of about 80 K (Marsden et al. 1984).

Figure 3 shows a color composite image of the Crab synchrotron nebula. An X-ray image
of the Crab obtained with Chandra is shown in blue. An optical continuum image is shown in
green. Red shows a radio image of the Crab obtained with the VLA. The first thing that is
immediately apparent in these images is the difference in spatial extent of the Crab synchrotron
nebula when viewed at different wavelengths. The nebula is smallest in size when viewed at
high energies, and grows progressively larger when viewed at lower energies. This basic trend is
relatively easy to understand. High-energy particles injected into the nebula at the wind shock
experience both synchrotron burn off and energy loss owing to adiabatic expansion as they move
outward through the nebula. Even so, faint X rays are still seen close to the boundary of the nebula
(Hester et al. 1995; Seward, Tucker & Fesen 2006), indicating that the real situation is more
complex.

The synchrotron nebula shows a wealth of fine-scale structure that can be extraordinarily
dynamic, varying appreciably on timescales of days. The standard nomenclature for these features
comes from Scargle (1969), who identified a number of arcuate features or wisps located along and
generally perpendicular to a line going from the SE to the NW through the pulsar. (By convention,
features in the Crab synchrotron nebula are referred to as wisps, while the term filament is reserved
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Figure 9. Spectral energy distribution of the Crab Nebula from soft to very high energy γ -rays. The Whipple spectrum above 500 GeV (Hillas et al. 1998) is also
consistent with these measurements. The fit of the synchrotron component, using COMPTEL and LAT data (blue dashed line), is overlaid. The predicted IC spectra
from Atoyan & Aharonian (1996) are overlaid for three different values of the mean magnetic field: 100 µG (solid red line), 200 µG (dashed green line), and the
canonical equipartition field of the Crab Nebula 300 µG (dotted blue line). References: CGRO COMPTEL and EGRET, Kuiper et al. 2001; MAGIC, Albert et al.
2008; HESS, Aharonian et al. 2006; CANGAROO, Tanimori et al. 1998; VERITAS, Celik 2007; HEGRA, Aharonian et al. 2004; CELESTE, Smith et al. 2006.

No cut-off energy can be estimated for the synchrotron
component using the LAT data only. The IC rising edge
studied in the LAT energy range extends nicely up to
the energy domain covered by Cherenkov experiments.
No significant cut-off at high energy is observed with the
current statistics in the LAT energy range. No significant
variation in either the synchrotron or Compton components
is seen with the current statistics on timescales of 1, 2,
or 4 months.

3. The phase-averaged γ -ray spectrum of the Crab Pulsar can
be represented by a power law with an exponential cut-
off at Ec = (5.8 ± 0.5 ± 1.2) GeV. The hyper-exponential
cut-off index b = (0.89 ± 0.12 ± 0.28) is not significantly
favored with respect to the simple exponential b = 1. If
only statistical errors are included, b = 2 is rejected at
4.9σ level. Using the observed cut-off energy to estimate
the minimum emission height r of the emission region, one
obtains r > 3.4 R∗, which precludes emission near the
stellar surface.

4. The pulsar emission is hardest in the phase interval between
the peaks, usually called the “bridge,” while the softest
components is the falling edge of the second peak. Both
peaks present similar spectral indices, while the cut-off of
P1 is lower than P2, consistent with the energy dependence
of the pulse profiles and of the ratio P1/P2.

5. Knowing the Earth viewing angle ζ ∼ 63◦ and the value of
the inclination angle α comprised between 55◦ and 60◦ for
SG models and ∼ 70◦ for the OG, one can estimate a pulsed
high-energy γ -ray efficiency of ∼ 0.1% for the conversion
of the spin-down energy to γ -ray emission.
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Figure 12. Spectral energy distribution of the Crab nebula from the radio to very high energy � rays (from [172]). Also shown are
the detected flares above 100 MeV, from [173].

reconnection layer where B ⇠ 0 [176]. The current sheet (see Section 5) that separates field lines of opposite
polarity in the pulsar wind is a likely site for reconnection [17].

Synchrotron self-Compton models [177,178] provide a very good description of the quiescent emission of the
Crab nebula. Fits to the observed data indicate that the emission from radio to around 100 MeV is synchrotron
radiation from a broad spectrum of electrons (and positrons) and the emission at higher energies is inverse Compton
scattering of the synchrotron photons by these same electrons. The traditional model for particle acceleration in
the Crab nebula centers on the pulsar wind termination shock [29], where balance between the wind pressure and
the nebular energy density confined by the (unseen) supernova shell locates the shock at a distance of ⇠ 3⇥1015 m
[179]. The acceleration mechanism near pulsar wind termination shocks is not understood, but is known to be
highly e�cient since the bolometric luminosity of the Crab nebula is about 20% of the pulsar spin-down luminosity
and the inferred maximum particle energy, ⇠ 1016 eV, is at least 10% of the available voltage across open field
lines [175].

First-order Fermi acceleration of the particles at the termination shock is expected to be ine�cient because of
the relativistic speed of the shock (few particles can cross back upstream of the shock) and because of the nearly
toroidal geometry of the magnetic field in the spin equatorial plane: the field lines being parallel to the shock
hamper particle di↵usion across the shock. The di↵usive first-order Fermi mechanism becomes problematic unless
most of the magnetic energy is converted to particle energy upstream of the shock [180]. Since the ratio of magnetic
energy to particle energy, � � 1 at the pulsar light cylinder, an unsolved mystery known as the “� problem” is
how � ⌧ 1 occurs before the wind reaches the termination shock to enable e�cient particle acceleration there. A
suggested alternative to Fermi acceleration, resonant absorption of ion cyclotron waves [181], has the problematic
requirement that most of the pulsar spin-down energy be in ions upstream of the shock. Reconnection in the
current sheet of the striped wind has been suggested as a mechanism for transferring energy from the magnetic
field to particles, but the rate of reconnection is likely to be too low to produce � ⌧ 1 upstream of the termination
shock [182] unless compression by the shock can drive faster reconnection [183,184].

Since traditional models of acceleration at the termination shock can only give the maximum synchrotron
photon energy of 160 MeV, alternative models for the Crab flares have been suggested. Reconnection [185,186] in
a thin layer where B ! 0 can avoid the classical synchrotron loss limits and allow electrons to accelerate up to
energies of a few PeV before di↵using out of the reconnection layer and radiating synchrotron radiation up to 0.5
- 1 GeV as observed in the April 2011 flare. Doppler boosted synchrotron emission from the termination shock
was proposed to increase the synchrotron photon energy to 0.5 GeV and to produce the variability in the flares
[187,188]. However, one would then also expect variability at all wavelengths which has not been observed. MHD
simulations [189] have shown that the termination shock has an arch-like shape and comes much closer to the
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Entdeckung: 1908, Fath & Slipher
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