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Goldreich-Julian (1969)	
•  Charge filled magnetosphere :  

 -- Charge particles are extracted from the NS surface 
•  Force-free and charge separated magnetosphere :	
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Some issues about GJ view :  
•  Charge loss from the star. 

   à Formation of the current loop (Jackson 1976). 

•  Positive charge region connecting to the negative 
charge region of the star. 
   à Formation of a vacuum gap around the null charge surface  
(Holloway 1975).	
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Jackson’s idea (1976 +) 
-- Electrons (primary current) are freely 
ejected from the polar cap region and can 
reach at a distant region. 

-- Polar cap accelerator produces electron/
positron pairs that can  reach to the PWN. 

-- Positive charges are ejected from the 
equator region and forms a torus.  
-- Star is positively charged up and creates 
a monopole electric field, which enable the 
primary electrons to cross the magnetic field 
lines and to return to the star. 	
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It might be noted that the three surfaces in Figure 2 all would degenerate into the light cylinder r sin 0 = c/Q if 
equation (1.1) were valid. The fact that (1.1) implies that the plasma flow outside the light cylinder cannot be along 
magnetic surfaces apparently has not been previously recognized (see below). 

The dynamics of particles in a field configuration where there is a transition from magnetic to electric dominance 
does not appear to have been studied in any detail. In brief (see Jackson 1976), the electron’s average accelerated 
is essentially along B in the MFR, and along E in the EFR, regardless of the relative orientation of E and B. 
Outside these regions both their magnitudes and orientation govern this average acceleration. On the surface 
\E\ = 12?I this average acceleration precisely bisects the angle between E and B, but it rapidly points along E ox B 
as one moves away from the surface IE*I = |.ßI. 

When the electrons move away from the star, they are initially in the MFR, and hence move along magnetic 
surfaces, (3.3). The change in the electrostatic potential (3.1), relative to its value at the stellar surface, along a 
magnetic surface (identified by 0O) is 

r, sin“1 ' sin 0ojj - HR> eo) = - j)[j2 + (1 - Molv - Fo + 1 - 3e], (3.8a) 

where 

l¿o = 2 sin2 0O and y = - = • 2 . ' r 3 sin2 0 

In this form it must be understood that > 3^/2 in order for r to be a point on the magnetic surface 0O. The 
variation in y then represents a variation along one magnetic surface 0O. Alternatively AO may be expressed as a 
function of (V, 0), or (y = R/r, /x = f sin2 0), by substituting /x0 = fxy in (3.8a). This yields the form 

A® = ®(r, 6) - (I>(r, sin“1 [(y)12 sin ^ “ j)b(l + jOO - ^) + 1 - 3e], (3.8b) 

which does not explicitly identify the magnetic surface. Except at nebular distances (r ä Rn) the approximation 
€ = ^ is sufficiently accurate in (3.8). 

Since AO is proportional to the particle’s kinetic energy, provided there is no radiation loss (small g), it will be 
reflected at the surface AO = 0 if it remains on a magnetic surface. Near the star this surface is sin 0 = (2/3)1/2, 
as shown in Figure 3. However, if the electron reaches the surface l^l = |2?|, (3.7a), before it arrives at the surface 
AO = 0, then it will start to deviate from that magnetic surface, and cross over to magnetic surfaces with larger 
values of 0O. This crossing will begin to become important only for those electrons which move part the surface 

I 2 3 4 5 
r/Rft 

Fig. 3.—A schematic diagram of the poloidal component of the primary current loop, Jp, which crosses magnetic surfaces 
primarily in the EFR. The inner (dp*) and outer (dp°) polar angles at the stellar surface are defined by the indicated magnetic sur- 
faces. If sufficiently few electron-positron pairs are produced, the resulting current, yep, can connect the star with the nebula as 
shown. All currents change direction if fí-2?0 < 0. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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stationary state of this atmosphere will involve a diffusive transport of plasma across the magnetic surfaces to 
larger 6 (smaller r, by [4.1]) and thereby back to the star. In addition to this plasma component there will also be 
streaming (“beam”) components both outward from and inward toward the star. Such a complicated plasma 
cannot be described by any simple hydrodynamic approximation, but will require either a kinetic theory description 
or a multiple (velocity) component hydrodynamic description. The possibility of developing a self-consistent theory 
involving all these aspects is not imminent, but will require extensive analysis. The present analysis will be con- 
cerned with the likely structure of the stationary component of this atmosphere. It will be shown that the structure 
arrived at by the present gedanken ordering is a stable configuration, and that the force-free atmosphere is 
unstable and also would probably tend toward the present configuration. 

For small Q, there is essentially no dissipative mechanism to trap electrons in the relative potential energy 
minimum (4.1). This is particularly true because, in the current loops of the previous section, an electron returns 
to the star along a magnetic surface with lower potential energy than its outflow surface, and hence will not be 
trapped even with a modest energy loss. The primary energy loss before collective effects occur (e.g., turbulence) 
is due to the curvature radiation loss (e.g., Jackson 1962) 

(4.2) 

where jRc is the radius of curvature of the trajectory. The (ßy)4 dependence makes this energy loss negligible except 
for large velocities. Since B0 is very large, the electrons will be in their magnetic ground state (Landau and Lifshitz 
1965) as regards their perpendicular motion, so there will be no cyclotron radiation. The curvature radiation (4.2) 
is due to their motion primarily along the magnetic field (3.3) (particularly in the MFR), so that Bc = 
r(3 cos 20 + l)3/2/[3 sin 0(1 + cos2 0)]. Such a jRc factor in (4.2) contributes most at large 0, whereas (ßy)4 is 
likely to become largest for small 0, where AO is the largest (as in the case [3.8]). Since no accurate estimate can 
be presently made for (AO)max, it is not possible to give an accurate estimate of (4.2), but it seems very likely that 
the maximum energy loss will occur along magnetic surfaces for which 0O is not too small. This suggests that the 
curvature radiation might be produced on a “ring” of magnetic surfaces which stands off from the polar axis 
(not dissimilar from patterns suggested on experimental grounds by Sturrock 1971). This dissipative ring would 
then serve as the principal source of electrons injected into the stationary component of the plasma atmosphere 
above the polar cap. Because of the shape of the vacuum surface E*B = 0, (4.1) (see Fig. 1), the atmosphere above 
the polar cap should be concentrated around a dome, with a low plasma density immediately above and at large 
distances from the polar region. The foot of the atmospheric dome is likely to be near the vacuum location, 
0 = cos-1 (e1/2). This is schematically illustrated in Figure 4. Further details of this plasma dome depend on the 
competition between the above radiative injection mechanism and the plasma diffusion across the magnetic 

Fig. 4.—A schematic diagram of the plasma atmosphere near the star consisting of (a) the higher density plasma dome over the 
polar regions, through which the electron current flows in both directions, (b) an equatorial toroidal region of essentially force- 
free ions, (c) an equatorial disk of slowly diffusing ions. All charge signs change in Û>B0 < 0. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

(if star and PWN are equipotential)	



Mestel et al. (1985+)　and Shibata (1988+)	
•  Particle inertia (no system charge).  
•  Electrons from the polar cap can be  

relativistic near the light cylinder.  
•  The energy loss due to the gamma-ray 

emissions, which causes a drift motion 
to cross the magnetic field line (FXB 
drift).  
à transition region from field-aligned flow to 
trans-field flow. 

Charge separated magnetosphere with a 
circuit current and a vacuum gap 
between the electron dome and ions 
domes was a standard picture in 
analytical study. 	
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407 Trans-field flow in the pulsar magnetosphere 

The questions arising here are: (i) how the plasma outside the transition layer moves in the 
closed magnetic field, and (ii) what electromagnetic field is consistent with the flow. Jackson 
(1976) and Rylov (1977, 1979) have predicted a circular flow of the charge-separated plasma. 
Shibata & Kaburaki (1985) and Shibata (1985) (from now on referred to as SK and S) have carried 
out a numerical simulation for the problem (though their model parameters are somewhat 
different from those of pulsars) to show that (i) a self-consistent solution with the plasma flowing 
across the closed magnetic field is possible, (ii) the obtained electromagnetic field is essentially 
the vacuum field (dipole magnetic field and quadrupole electric field), and (in) a closed current 
circuit is formed (see fig. 6 of SK). The necessity of the transition layer within the light cylinder is 
stressed by Mestel (1981) (the model is referred to as the modified Sussex proposal). Thus one 
may draw a picture like Fig. 1 as one of the most hopeful self-consistent models of the pulsar 
magnetosphere. Mestel et al. (1979) have shown that the circular flow should have dissipation. 
The dissipative process is thought to be y-ray radiation of the accelerated particles in the present 
model. 

Figure 1. Schematic picture of a model with the closed magnetic field (thin solid curves) and the circular flow (broken 
curve) (after Mestel et ai 1979 and Mestel 1981). Within the transition layer (thick solid curve) the charge-separated 
plasma flows along the magnetic field. The strong acceleration occurs in the transition layer beyond which the trans- 
field flow appears. Due to the dissipation via y-ray emission, the closed current circuit is formed. The electron- 
positron pair may be created. 

The high energy y-ray may convert into electron-positron pairs. If the Lorentz factor of the 
accelerated electrons is as large as the upper limit yR by the radiative reacting force (yR~108), then 
pair discharge similar to that in the polar-cap regions considered by Ruderman & Sutherland 
(1975) may also appear far from the star, i.e. the mean free path for the pair creation L may be 
much smaller than the dimension of the large-scale acceleration (see Section 4 for details). It must 
be noted that L is given by L=(106G/I5j.)exp(4/3%)cm (Erber 1966) and is therefore very 
sensitive to %, where Æj. is the component of the magnetic field perpendicular to the y-ray path. 
Furthermore %0Cy3B±/RR, where Rr is the radius of curvature for the accelerated particles, so 
that % has rather strong dependence on y and the location of the accelerating region. In the result 
L is extremely sensitive to y, and the location of the acceleration. For example, if P~0.1s, 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 



Particle simulation	
Krause-Polsorff & Michel (1985)	

-- Charged and magnetized rotating star. 

(i)  Starting from  vacuum state around star.  
à Electric field along the magnetic field line at 
the stellar surface 

(ii)  Emission of charges from the stellar surface 
àthey are moved along the magnetic field to 
zero electric potential. 

(iii)  Calculate new electric field with new charge. 

(iv)  Repeat until zero electric field parallel to the 
magnetic field line at the stellar surface. 



Krause-Polsorff & Michel (1985) 

-  Charge separated magnetosphere.  

-  Partially filled magnetosphere with a 
large vacuum between the electron 
dome and ion torus. 

-  No current (inactive magnetosphere) 

-  Super-rotating ion torus.  
    (light cylinder is located inside c/Ω) 
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Smith et al. 2001	

-	
-	
-	

+	+	

•  GJ distribution within r<Rc	
•  Negative dome  and positive torus expands  
    (~ GJ charge inside it) 
•  A vacuum gap develops around the null charge 

surface of GJ.	

A vacuum region is inherently nature.  

•  Pair-creation in the vacuum region, but no circuit current was 
observed.  à Aligned-rotator is inactive (no particle acceleration and 
no emission).	



Wada & Shibata  2007 + 	 Particle simulation of pulsar magnetosphere 1463

Figure 1. Top left-hand panel: the velocity fields (arrows) and the positions of the particles (dots) on the meridional plane. The red arrows and light red dots
are for positive particles, and the blue arrows and light blue dots are for negative particles. The geometrical scalelength is normalized by the stellar radius, and
the light cylinder corresponds to the axial distance of 5. The inclined line in the middle latitude indicates the null surface for the dipole field, on which the
Goldreich–Julian charge density vanishes. Top right-hand panel: the same, but for the outer magnetosphere. Bottom left-hand panel: the outer gap appears at
axial distance of ∼3 around the null surface, where the positive particles are ejected to the right, and the negative particles to the left. Only the particle positions
are shown. Bottom right panel: the strength of the field-aligned electric fields.

simulation. The potential gap appears for all latitudes and is, respec-
tively, negative and positive at high and low latitudes with magnitude
of ∼ 0.01BLRL. The potential drop is just an artefact due to the fact
that continuous surface charge on the stellar surface is represented
by a finite number of mirror charges. This effect is similar to that of
the work function on the stellar surface. However, gaps just above
the polar caps (θ ! 10◦) are an exception: the potential gap is three
times larger than the artefact level. This ‘polar gap’ might be related
to dynamics of the polar outflow, and should obviously be the future
interest.

Finally, we calculate the change in the magnetic field as a per-
turbation by the obtained electric current. Since our simulation is
performed for a low-density class, the change obtained is little to be
consistent with the assumption of a dipole field. However, we can
detect in the perturbed field that the field lines are pushed outwards
slightly, and that a small fraction of the polar field is opened. The

polar electrons would flow out through the open magnetic flux in
a self-consistent calculation with higher densities. In a subsequent
paper, we would like to treat such cases with higher pair densities
and a finite open magnetic flux by improving the numerical code.

Observationally, the principal activities of the pulsar magneto-
sphere are the pulsar wind and the gamma-ray pulses. The pulsar
powered nebulae observed in X-ray strongly suggest that the pulsar
wind is a relativistic outflow of pair plasmas. On the other hand, it
is known that the outer gap well explains the pulsed high-energy
radiation (Romani & Yadigaroglu 1995; Dyks & Rudak 2003). Our
simulation shows that the pulsar wind and the outer gap coexist in
a self-consistent manner. Recently, the force-free solutions for the
axisymmetric magnetosphere are investigated by several authors
(Uzdensky 2003; Komissarov 2006; McKinney 2006) with the as-
sumption of copious pair supply. One of the controversial topics is
dissipation in the magnetic neutral sheets in the equatorial plane and

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 376, 1460–1464

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/376/4/1460/1013907 by guest on 12 February 2019

(i) Solving the equation of motion 
and radiation drag force. 
(ii) Pair-creation at the vacuum region 
between the dome and torus.  

c/⌦

•  Current circuit :  
  Polar cap rimà  Vacuum region à light cylinderà 
Trans-filed current  (E>B)à Polar cap core. 
•  Pulsar wind supplied by the pair-

creation at the vacuum region.    

620 T. Wada and S. Shibata

Figure 7. Left-hand panel: typical trajectories of the particles and E∥ intensity map; the curves are colour-coded with blue (for the negatively charged particles),
red (for the positively charged particles), and the colour map indicates electric field intensity normalized by Bl. The thick solid curve indicates an isosurface
with E = B, and the green solid curve denotes the equipotential surface with φ = 0. Right-hand panel: Lorentz factor of the particles, which are colour-coded
with the Lorentz factor normalized by γ d. In both panels, the light cylinder is located at ϖ = 5 and the line in the middle latitude is the null surface.

In the left-hand panel of Fig. 7, the typical trajectories of particles
on the meridional plane are drawn with red and blue curves and the
EDR and MDR are bounded by thick curves. The EDR appears
around the equatorial plane in a wedge-like shape beyond ϖ ∼
4.5 = 0.9Rl with an opening angle of about 50◦ from the equatorial
plane. Although the EDR appears due to the monopole electric field
in the quiet model (Jackson 1976; Rylov 1977), our present model
has almost no net charge. The EDR seemed to have been formed
by the global structure of the charged cloud, and in particular it
would be due to the growing equatorial positively charged disc. An
EDR of a similar shape has been discussed by Uzdensky (2003)
for the force-free model around the Y-point. The angle between
the EDR and the equatorial plane in our result is just wider than
their EDR. It is interesting that the structure of the EDR is very
similar although our results preclude the force-free approximation
and assume the magnetic field to be dipole elsewhere. In the right-
hand panel of Fig. 7, the luminous colour-coded particles have
Lorentz factor comparable with γ d, i.e. the radiation drag force
for the particles is comparable to the Lorentz force qBl. They are
mainly in the vicinity of the light cylinder. The positively charged
particles near the equatorial plane just inside the light cylinder have
Lorentz factor γ d. At the same time, the negatively charged particles
in the vicinity of the light cylinder have height above 10R. The dark
colour-coded dots in the right-hand panel of Fig. 7 indicate the non-
accelerated particles, i.e. they are corotating with the equatorial disc
and the conically shaped polar domes. The background colour of
the left-hand panel of Fig. 7 indicates the intensity of E∥, which
is colour-coded orange (E∥ > 0), pale blue (E∥ < 0) and white

(E∥ = 0). On both sides of the outer gap, E∥ is shielded and there
are corotating charged clouds.

In the left-hand panel of Fig. 7, the flow of positive particles
generated in the outer gap goes into the EDR, and it easily goes
out beyond the light cylinder (a0 → a1). The plasma at the outer
edge of the disc at b0 has a fast azimuthal velocity, and therefore
they are slipped out by f rad × B drift (b0 → b1). Meanwhile the
flow of negative particles generated in the outer gaps moves back
to the star (c0 → c1) with colatitude 24◦ < θ < 34◦ on the stellar
surface, and they are re-emitted from the polar region. The polar
flow is separated by the magnetic surface anchored on the stellar
surface with a colatitude of 10◦, where the equipotential surface of
φ = 0 connects up to the star. For the lower colatitude region, it is
outflow denoted by d0 → d1. For the other region, it is circulation
on the meridional plane, which starts from the polar annulus with
colatitude 10◦ < θ < 12◦, and returns to the annulus with colatitude
18◦ < θ < 24◦ (e0 → e1 → e2 → e3 → e4). On the way through
e0 → e1, the flow with fast azimuthal velocity migrates to the inner
magnetic surface because of the f rad × B drift. Once it moves into
the EDR, it is accelerated and passes over the equatorial plane.
Because of the symmetry about the equatorial plane, the flow with
the same trajectory in the opposite hemisphere returns from e2, then
it moves into the MDR (e2 → e3). Thus, it returns along a magnetic
field line just outside the pair-creating region in the middle latitude
(e3 → e4).

The overhead view of the steady solution is shown in Fig. 8. The
intensity ratio of the dipole magnetic field and the magnetic field
made of the magnetospheric current in the steady state are drawn

C⃝ 2011 The Authors, MNRAS 418, 612–624
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

Downloaded from https://academic.oup.com/mnras/article-abstract/418/1/612/967906 by guest on 12 February 2019

Very similar picture  to previous analytical 
models. 	



Ideal force-free magnetosphere	

•  Contopolous et al. (1999),  Spitkovsky (2000) ….  
 - A quasi-neutral plasma with  	n+ ⇠ n� >> nGJ

•  Y-shaped current sheet along 
interference between open and close field 
lines. 

-- It carries most of return current. 
-- Charge density is much larger than GJ value.  

 
•  Current sheet beyond the light cylinder is 

main particle acceleration  and emission 
regions.  

12 Benôıt Cerutti, Andrei M. Beloborodov

Polar
cap

θpc

z

R
LC

Open field lines

lines

Closed field

Current sheet R

Y−point

Separatrix

R
ot

at
io

n 
an

d 
m

ag
ne

tic
 a

xi
s

Corotating

Magnetosphere
Wind Zone

NS

Fig. 4 Sketch of the ideal force-free magnetosphere of the aligned pulsar. The main elements
are: (i) The closed field line region (grey, and black field lines) lying between the star surface
and the light cylinder. This zone is dead and does not participate to the pulsar activity. (ii)
The open field line region (red and blue field lines) extending beyond the light cylinder.
The open field-line bundle carries the outflowing electric current, Poynting flux and the
relativistic pulsar wind. (iii) The equatorial current sheet (green) between the opposite
magnetic fluxes in the wind zone. It splits at the light cylinder into two separatrix current
sheets that go around the closed zone, between the last open and the first closed field lines.

(Cerutii and Beloborodov 2017) 	



Charge separated magnetosphere (with vacuum region) 
          or  
Ideal MHD magnetosphere (with current sheet )? 

 
   	

Particle simulation of pulsar magnetosphere 1463

Figure 1. Top left-hand panel: the velocity fields (arrows) and the positions of the particles (dots) on the meridional plane. The red arrows and light red dots
are for positive particles, and the blue arrows and light blue dots are for negative particles. The geometrical scalelength is normalized by the stellar radius, and
the light cylinder corresponds to the axial distance of 5. The inclined line in the middle latitude indicates the null surface for the dipole field, on which the
Goldreich–Julian charge density vanishes. Top right-hand panel: the same, but for the outer magnetosphere. Bottom left-hand panel: the outer gap appears at
axial distance of ∼3 around the null surface, where the positive particles are ejected to the right, and the negative particles to the left. Only the particle positions
are shown. Bottom right panel: the strength of the field-aligned electric fields.

simulation. The potential gap appears for all latitudes and is, respec-
tively, negative and positive at high and low latitudes with magnitude
of ∼ 0.01BLRL. The potential drop is just an artefact due to the fact
that continuous surface charge on the stellar surface is represented
by a finite number of mirror charges. This effect is similar to that of
the work function on the stellar surface. However, gaps just above
the polar caps (θ ! 10◦) are an exception: the potential gap is three
times larger than the artefact level. This ‘polar gap’ might be related
to dynamics of the polar outflow, and should obviously be the future
interest.

Finally, we calculate the change in the magnetic field as a per-
turbation by the obtained electric current. Since our simulation is
performed for a low-density class, the change obtained is little to be
consistent with the assumption of a dipole field. However, we can
detect in the perturbed field that the field lines are pushed outwards
slightly, and that a small fraction of the polar field is opened. The

polar electrons would flow out through the open magnetic flux in
a self-consistent calculation with higher densities. In a subsequent
paper, we would like to treat such cases with higher pair densities
and a finite open magnetic flux by improving the numerical code.

Observationally, the principal activities of the pulsar magneto-
sphere are the pulsar wind and the gamma-ray pulses. The pulsar
powered nebulae observed in X-ray strongly suggest that the pulsar
wind is a relativistic outflow of pair plasmas. On the other hand, it
is known that the outer gap well explains the pulsed high-energy
radiation (Romani & Yadigaroglu 1995; Dyks & Rudak 2003). Our
simulation shows that the pulsar wind and the outer gap coexist in
a self-consistent manner. Recently, the force-free solutions for the
axisymmetric magnetosphere are investigated by several authors
(Uzdensky 2003; Komissarov 2006; McKinney 2006) with the as-
sumption of copious pair supply. One of the controversial topics is
dissipation in the magnetic neutral sheets in the equatorial plane and

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 376, 1460–1464
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(Wada and Shibata 2007+)	
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Fig. 8 Electron (left) and positron (right) densities in a 3D PIC simulation of the oblique
rotator with � = 60o (from Philippov et al. 2015a). The magnetosphere is viewed in the
⌦�µ plane; solid curves show the magnetic field lines. Particle acceleration and e± creation
occurs in part of the polar cap as well as in the current sheet.

Plasma outflows along the equatorial plane outside R

LC

and the Y-point re-
sembles a nozzle formed by the open magnetic fluxes of opposite polarity. Two
plasma streams come to the Y-point along the boundary of the closed zone
and exchange their opposite ✓-momenta. Their collimation outside the light
cylinder is achieved through gyration in the (predominantly toroidal) magnetic
field, which communicates the ✓-momentum from one stream to the other.

The 3D simulations of inclined rotators (Philippov et al. 2015a) show a
similar mechanism of sustaining the wobbling current sheet predicted by the
3D force-free simulations of Spitkovsky (2006). A snapshot of the inclined
rotator with � = 60o is shown in Figure 8.

The pulsar spindown reported by PIC simulations is in agreement with
the ideal MHD expectations in the limit where abundant plasma is present in
the magnetosphere (Figure 6). However, all PIC studies also show significant
dissipation of the spindown power L? inside and around the light cylinder. Fig-
ure 9 (top panel) shows the fraction of L? that is dissipated within a sphere
of radius r = 2R

LC

found in the literature, as a function of the pulsar inclina-
tion. The aligned rotator has the maximum dissipated fraction of about 20%.
The dissipation rate then decreases monotonically with increasing inclination
to about 2.5% for � = 90o (Philippov et al. 2015a). The dissipated Poynting
flux is not lost numerically, but instead it is self-consistently channelled into
particle kinetic energy and non-thermal radiation.

The scatter in L/L? at � = 0o in Figure 9 is most likely due to di↵erent
prescriptions for particle injection. Cerutti et al. (2015) did not implement
e

± creation in the magnetosphere and instead injected a mildly relativistic

(Philippov et al.2015) 	

Injection rate of the pairs	small	 large	



Charge separated magnetosphere (with vacuum region) 
          or  
Ideal MHD magnetosphere (with current sheet )? 

 
   	

Particle simulation of pulsar magnetosphere 1463

Figure 1. Top left-hand panel: the velocity fields (arrows) and the positions of the particles (dots) on the meridional plane. The red arrows and light red dots
are for positive particles, and the blue arrows and light blue dots are for negative particles. The geometrical scalelength is normalized by the stellar radius, and
the light cylinder corresponds to the axial distance of 5. The inclined line in the middle latitude indicates the null surface for the dipole field, on which the
Goldreich–Julian charge density vanishes. Top right-hand panel: the same, but for the outer magnetosphere. Bottom left-hand panel: the outer gap appears at
axial distance of ∼3 around the null surface, where the positive particles are ejected to the right, and the negative particles to the left. Only the particle positions
are shown. Bottom right panel: the strength of the field-aligned electric fields.

simulation. The potential gap appears for all latitudes and is, respec-
tively, negative and positive at high and low latitudes with magnitude
of ∼ 0.01BLRL. The potential drop is just an artefact due to the fact
that continuous surface charge on the stellar surface is represented
by a finite number of mirror charges. This effect is similar to that of
the work function on the stellar surface. However, gaps just above
the polar caps (θ ! 10◦) are an exception: the potential gap is three
times larger than the artefact level. This ‘polar gap’ might be related
to dynamics of the polar outflow, and should obviously be the future
interest.

Finally, we calculate the change in the magnetic field as a per-
turbation by the obtained electric current. Since our simulation is
performed for a low-density class, the change obtained is little to be
consistent with the assumption of a dipole field. However, we can
detect in the perturbed field that the field lines are pushed outwards
slightly, and that a small fraction of the polar field is opened. The

polar electrons would flow out through the open magnetic flux in
a self-consistent calculation with higher densities. In a subsequent
paper, we would like to treat such cases with higher pair densities
and a finite open magnetic flux by improving the numerical code.

Observationally, the principal activities of the pulsar magneto-
sphere are the pulsar wind and the gamma-ray pulses. The pulsar
powered nebulae observed in X-ray strongly suggest that the pulsar
wind is a relativistic outflow of pair plasmas. On the other hand, it
is known that the outer gap well explains the pulsed high-energy
radiation (Romani & Yadigaroglu 1995; Dyks & Rudak 2003). Our
simulation shows that the pulsar wind and the outer gap coexist in
a self-consistent manner. Recently, the force-free solutions for the
axisymmetric magnetosphere are investigated by several authors
(Uzdensky 2003; Komissarov 2006; McKinney 2006) with the as-
sumption of copious pair supply. One of the controversial topics is
dissipation in the magnetic neutral sheets in the equatorial plane and
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Fig. 8 Electron (left) and positron (right) densities in a 3D PIC simulation of the oblique
rotator with � = 60o (from Philippov et al. 2015a). The magnetosphere is viewed in the
⌦�µ plane; solid curves show the magnetic field lines. Particle acceleration and e± creation
occurs in part of the polar cap as well as in the current sheet.

Plasma outflows along the equatorial plane outside R

LC

and the Y-point re-
sembles a nozzle formed by the open magnetic fluxes of opposite polarity. Two
plasma streams come to the Y-point along the boundary of the closed zone
and exchange their opposite ✓-momenta. Their collimation outside the light
cylinder is achieved through gyration in the (predominantly toroidal) magnetic
field, which communicates the ✓-momentum from one stream to the other.

The 3D simulations of inclined rotators (Philippov et al. 2015a) show a
similar mechanism of sustaining the wobbling current sheet predicted by the
3D force-free simulations of Spitkovsky (2006). A snapshot of the inclined
rotator with � = 60o is shown in Figure 8.

The pulsar spindown reported by PIC simulations is in agreement with
the ideal MHD expectations in the limit where abundant plasma is present in
the magnetosphere (Figure 6). However, all PIC studies also show significant
dissipation of the spindown power L? inside and around the light cylinder. Fig-
ure 9 (top panel) shows the fraction of L? that is dissipated within a sphere
of radius r = 2R

LC

found in the literature, as a function of the pulsar inclina-
tion. The aligned rotator has the maximum dissipated fraction of about 20%.
The dissipation rate then decreases monotonically with increasing inclination
to about 2.5% for � = 90o (Philippov et al. 2015a). The dissipated Poynting
flux is not lost numerically, but instead it is self-consistently channelled into
particle kinetic energy and non-thermal radiation.

The scatter in L/L? at � = 0o in Figure 9 is most likely due to di↵erent
prescriptions for particle injection. Cerutti et al. (2015) did not implement
e

± creation in the magnetosphere and instead injected a mildly relativistic

(Philippov et al.2015) 	

Injection rate of the pairs	small	 large	

Where is the region to supply the pairs to form/
sustain the current sheet?  Polar cap or outer vacuum 
region?	
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2004; Cerutti et al. 2014; Guo et al. 2014; Sironi & Spitkovsky 2014;
Werner et al. 2014). However, there are important differences be-
tween these local simulations and the global structure of the current
sheet in pulsars (e.g. geometrical effects, gradients, strong electric
field induced by the rotation of the star, absorption/creation of parti-
cles), so the results might not be directly applicable. The first kinetic
simulations of the aligned pulsar show that the current layers are in-
deed involved in particle acceleration (Chen & Beloborodov 2014;
Philippov & Spitkovsky 2014), but the details of the acceleration
mechanism remain unclear.

In this paper, we present a comprehensive analysis of particle
acceleration in the aligned pulsar magnetosphere using large, high-
resolution two-dimensional (2D) axisymmetric PIC simulations. In
addition, this work explores the effect of the plasma supply and
magnetization on the global structure of the magnetosphere, and on
the pulsar spin-down power. This article is organized as follows.
In Section 2 we describe the implementation of the 2D spherical
axisymmetric grid in the ZELTRON code. Most of the technical details
are given in the appendices (Appendix A and B). We describe how
the simulation is set up, with a particular emphasis on the boundary
conditions. In Section 3 we present the main results of this study,
which are summarized in Section 4.

2 N U M E R I C A L TO O L S A N D S E T-U P

2.1 The ZELTRON code in spherical coordinates

In this study, we use the explicit, massively parallel, electromagnetic
PIC code ZELTRON, initially developed for relativistic reconnection
studies (Cerutti et al. 2013, 2014). The code employs the standard
second-order accurate Yee algorithm (Yee 1966) to advance the
electromagnetic field in time, and the second-order accurate Boris
(Birdsall & Langdon 1991) or Vay (2008) algorithms to solve the
equation of motion of the particles. ZELTRON does not follow a strictly
charge-conserving scheme, instead small errors accumulated in the
electric field are corrected periodically by solving Poisson’s equa-
tion (Pritchett 2003). To perform simulations of the aligned pulsar,
we implemented a 2D axisymmetric spherical grid in ZELTRON (see
also the recent developments by Chen & Beloborodov 2014 and
Belyaev 2015). Maxwell’s equations are discretized and solved on
the spherical Yee mesh, using the formulae given in Appendix A,
while the particles’ equations of motion are solved in Cartesian
coordinates. The positions and velocities of the particles are then
remapped on to the spherical grid where their charges and currents
are deposited using the volume weighting technique (bilinear inter-
polation in r3 and cos θ ) given in Appendix B. As discussed below,
using spherical coordinates greatly simplifies the formulation of the
boundary conditions.

2.2 The grid

The computational domain extends in radius from the surface of
the star, i.e. r = r⋆, up to r = rmax = 6.67RLC, and from θ = 0◦ to
180◦ (see Fig. 1). The light-cylinder radius is set at RLC = 3r⋆. The
spin axis of the star is aligned along θ = 0◦. The grid points are
uniformly spaced in log10r and θ . The log-spherical grid presents
three advantages here: (1) the regions close to the star where the
fields are most intense have the highest resolution, (2) the box can
be radially extended to large distances at reduced computational
costs, and (3) it preserves the cells’ aspect ratio. We found that the
parallelization of the code for this problem is most optimized if

Figure 1. Numerical set-up and boundary conditions adopted in this study.
The initial configuration is composed of a dipole in vacuum anchored on
a perfectly conducting star, whose surface coincides with the inner radius
of the domain (r = r⋆), rotating at the angular velocity #. Cold pairs are
injected in the first row of cells (between r and r +$r) along the field lines. A
damping layer between rabs and rmax absorbs the outgoing electromagnetic
waves and plasma. The grid cells are uniformly spaced in log10r and θ .

the domain is decomposed along the θ -direction, because the vast
majority of particles drift along quasi-radial field lines.

2.3 The fields

The simulations start in vacuum with a magnetic dipole frozen into
the surface of a perfectly conducting neutron star, and aligned along
the rotation axis (θ = 0◦; Fig. 1), such that ! · B > 0, where # is
the angular velocity of the star. Hence, the three components of the
magnetic field are

Br = B⋆r
3
⋆ cos θ

r3
(1)

Bθ = B⋆r
3
⋆ sin θ

2r3
(2)

Bφ = 0. (3)

At t = 0, the star is instantly spun up to its angular velocity #

by imposing, on the surface of the star, the poloidal electric field
induced by the rotation of the field lines

Eθ (r⋆, θ ) = − (! × R) × Br

c

= − r⋆ sin θ

RLC
Br(r⋆, θ )eθ , (4)

where R = r sin θ is the cylindrical radius, and where eθ is the unit
vector in the θ -directions. The toroidal electric field at the surface
of the star is set to Eφ(r⋆, θ ) = 0 at all times.
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Figure 3. Structure of the aligned pulsar magnetosphere, for finj = 1 at t = 4P (left) and finj = 0.2 at t = 3P (right). The top panels show the toroidal magnetic
field, normalized by the surface magnetic field at the poles, B⋆, and multiplied by r. The middle panels present the radial current density, normalized by the
Goldreich–Julian current density at the pole J ⋆

GJ, and multiplied by r2. The bottom panels show the relativistic invariant E · B normalized by B2, and the
contour where E2 = B2 (red solid line) is indicated by the black arrows. In all panels, the black solid lines represent the poloidal magnetic field lines, which
are given by the isocontours of the magnetic flux function. The vertical dashed line indicates the light-cylinder radius. The grey semidisc represents the neutron
star.

the sheet. When the plasma supply in the magnetosphere decreases,
the dissipation rate increases to about 40 per cent for finj = 0.2, and
to about 50 per cent for finj = 0.1. Interestingly, we notice that the
finj = 0.2 solution gives the same dissipation rate and spin-down

power (≈ 0.82L0) as found by Contopoulos et al. (2014). It is also
close to the spin-down power reported by Chen & Beloborodov
(2014) if copious pair creation occurs in the current sheet (their
‘type I’ solution).

MNRAS 448, 606–619 (2015)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/448/1/606/1752769 by guest on 13 February 2019

Cerutti et al. (2015)+	 GJ rate	 0.2 GJ rate	

~FF solution	 Charge separated 	

current	

E・B	

-- pair injection from the surface	



 Is the pair-creation process around  
the light cylinder essential? 	

•  PIC simulations by Chen and Beloborodov (2014) : Polar cap is inactive for a 
smaller oblique rotator : sub-GJ flow (Shibata 1997) 
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Figure 5. Type II magnetosphere at t = 280. (a) Parallel electric field E∥.
(b) Charge density ρ.
(A color version of this figure is available in the online journal.)

pair creation is possible. Then the discharge should reignite and
prevent the inward expansion of the gap. The duration of our
simulation is too short to see this late evolution; however, it is
sufficiently long to show that type II rotators have a low level of
activity most of the time.

Breaking the axisymmetry should initiate the diocotron in-
stability (Philippov & Spitkovsky 2014); however, it is unlikely
to prevent the inner zone from filling with plasma and shutting
down pair creation. Our simulations suggest that type II rotators
cannot relax to the GJ state—it is unstable even with suppressed
azimuthal perturbations; allowing the diocotron instability can-
not make the GJ state an attractor for the system.

5. DISCUSSION

Our first conclusion is that significant activity of the axisym-
metric pulsar requires pair creation enabled at r ∼ RLC (called
type I in this Letter); this requires a sufficient optical depth to
photon–photon collisions. If pair creation is limited to r ≪ RLC
(type II), the return current is choked and the axisymmetric
magnetosphere relaxes to the dome+torus state with suppressed
electric currents and pair creation. Many observed pulsars are
only capable of pair creation at r ≪ RLC; we conclude that their
activity and spindown should be a result of the misalignment
of ! and µ. This conclusion supports the arguments of Michel
(2004) and disagrees with the models of Goldreich & Julian
(1969), Ruderman & Sutherland (1975), and Gruzinov (2013).

Type I axisymmetric rotators are active, as long as discharge
voltage Φthr < Φ0 = µΩ2/c2. Their spindown power is
Lsd ≈ µ2Ω4/c3 and their magnetic configuration is similar
to the FF solution. Our numerical experiment shows, for the
first time, how particle acceleration and e± discharge self-
organize to maintain this configuration. The result is quite
different from the previously discussed “trio” of gaps: polar-cap
gap, slot gap, and outer gap. Neither aligned nor anti-aligned
rotators sustain pair creation in the polar-cap outflow. Strong
particle acceleration and pair creation occur in (and around) the
return current sheet stretched along the boundary of the closed
zone. The acceleration mechanism is different from the slot-
gap models, which were developed for the opposite, polar-cap
current. It is also different from the outer-gap model where the
null surface ρGJ = 0 plays a key role. We find that the current

sheet has |ρ| ≫ |ρGJ|, and its E∥ is not controlled by the local
value of ρGJ.

Our numerical experiment confirms the phenomenological
description of the gamma-ray source as an accelerator stretched
along the boundary of the closed zone, which explains the
observed pulse profiles of GeV emission (Dyks & Rudak
2003). The angular distribution of gamma-ray luminosity is
determined by how E∥ and e± discharge self-organize to sustain
the magnetospheric configuration; the geometry by itself does
not determine this distribution.

Besides producing copious e± pairs, type I rotators eject
a significant flux of ions, Ṅi . The anti-aligned rotator ejects
Ṅi ≈ IGJ/e from the polar cap, with low energies. The aligned
rotator in our simulation ejects Ṅi ∼ 0.1IGJ/e along the current
sheet, with much higher energies, which carries ∼5% of the
spindown power.

It remains to be seen which features of the axisymmetric
magnetosphere will hold for inclined rotators. FF models
provide guidance as they show where the current should flow. In
contrast to the axisymmetric case, inclined rotators have α < 0
and α > 1 in the central region of the polar cap, which is
required to activate e± discharge (Beloborodov 2008; Chen &
Beloborodov 2013; Timokhin & Arons 2013). A current sheet
with |α| ≫ 1 is expected to form along the boundary of the
closed zone and produce gamma-rays similar to the mechanism
seen in our simulations.

Our results show that key puzzles in pulsar physics can be
solved using first-principle calculations, opening exciting op-
portunities for future modeling. This includes the global mag-
netic configuration, particle acceleration, pair multiplicity, and
broad-band radiation, from curvature gamma-rays to coherent
radio waves.

This work was supported by NASA grant NNX 13AI34G.
We thank Benoı̂t Cerutti, Andrei Gruzinov, Kyle Parfrey, and
Anatoly Spitkovsky for helpful discussions.
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  Pair-creation limited at PC 	

•  Charge separated 
magnetosphere without  
circuit current	

Particle simulation of pulsar magnetosphere 1463

Figure 1. Top left-hand panel: the velocity fields (arrows) and the positions of the particles (dots) on the meridional plane. The red arrows and light red dots
are for positive particles, and the blue arrows and light blue dots are for negative particles. The geometrical scalelength is normalized by the stellar radius, and
the light cylinder corresponds to the axial distance of 5. The inclined line in the middle latitude indicates the null surface for the dipole field, on which the
Goldreich–Julian charge density vanishes. Top right-hand panel: the same, but for the outer magnetosphere. Bottom left-hand panel: the outer gap appears at
axial distance of ∼3 around the null surface, where the positive particles are ejected to the right, and the negative particles to the left. Only the particle positions
are shown. Bottom right panel: the strength of the field-aligned electric fields.

simulation. The potential gap appears for all latitudes and is, respec-
tively, negative and positive at high and low latitudes with magnitude
of ∼ 0.01BLRL. The potential drop is just an artefact due to the fact
that continuous surface charge on the stellar surface is represented
by a finite number of mirror charges. This effect is similar to that of
the work function on the stellar surface. However, gaps just above
the polar caps (θ ! 10◦) are an exception: the potential gap is three
times larger than the artefact level. This ‘polar gap’ might be related
to dynamics of the polar outflow, and should obviously be the future
interest.

Finally, we calculate the change in the magnetic field as a per-
turbation by the obtained electric current. Since our simulation is
performed for a low-density class, the change obtained is little to be
consistent with the assumption of a dipole field. However, we can
detect in the perturbed field that the field lines are pushed outwards
slightly, and that a small fraction of the polar field is opened. The

polar electrons would flow out through the open magnetic flux in
a self-consistent calculation with higher densities. In a subsequent
paper, we would like to treat such cases with higher pair densities
and a finite open magnetic flux by improving the numerical code.

Observationally, the principal activities of the pulsar magneto-
sphere are the pulsar wind and the gamma-ray pulses. The pulsar
powered nebulae observed in X-ray strongly suggest that the pulsar
wind is a relativistic outflow of pair plasmas. On the other hand, it
is known that the outer gap well explains the pulsed high-energy
radiation (Romani & Yadigaroglu 1995; Dyks & Rudak 2003). Our
simulation shows that the pulsar wind and the outer gap coexist in
a self-consistent manner. Recently, the force-free solutions for the
axisymmetric magnetosphere are investigated by several authors
(Uzdensky 2003; Komissarov 2006; McKinney 2006) with the as-
sumption of copious pair supply. One of the controversial topics is
dissipation in the magnetic neutral sheets in the equatorial plane and
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  Pair-creation limited at OG 
(Wada and Shibata 2007+) 	

•  Charge separated magnetosphere 
with circuit current	
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Figure 1. Magnetosphere of type I aligned rotator (poloidal cross section) at t = 100. Vertical dashed line shows the light cylinder. Green curves show the magnetic
flux surfaces. (a) Radial component of electric current density Jr . (b) Net charge density ρ. (c) Toroidal component of the magnetic field Bφ .
(A color version of this figure is available in the online journal.)
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Figure 2. Charge densities of (a) positrons, (b) electrons, and (c) ions.
(A color version of this figure is available in the online journal.)

The opposite current (the current sheet) is sustained by e±

discharge at r < RLC. It cannot be conducted by particles lifted
from the star as its sign is opposite to that of the charge density
demanded by the magnetosphere. Note also that |ρ| ≫ |ρGJ|
in the current sheet, so ρGJ is not important. The accelerating
potential drop is Φ∥ ∼ 2πρδ2 ∼ −(δ/r)Φ0 where δ is the
sheet thickness and we used 2πrδ|ρ|c ∼ IGJ = cΦ0. Pair
creation is biased to the outer side of the sheet (a result of
its curvature and the finite free path of photons), therefore
the unscreened Φ∥ is largest on the inner side. The sheet
thickness δ is set by the Larmor radius of particles near the
Y-point.

Plasma outflows along the equatorial plane outside RLC and
the Y-point resembles a nozzle formed by the open magnetic
fluxes of opposite polarity. Two plasma streams come to the
Y-point along the boundary of the closed zone and exchange
their opposite θ -momenta. Their collimation is achieved through
gyration in the (predominantly toroidal) magnetic field, which
communicates the θ -momentum from one stream to the other.

As a result the streams flow out in the direction of their net
momentum, which is radial (see also Shibata 1985).

About 10% of current is carried by the ions extracted from
the star at the footpoints of the current sheet. Ions experience
no radiative losses and tap the full Φ∥ (Figure 3(a)). They
have the largest Larmor radius rL, so the ion streams show
large oscillations around the equatorial plane (Figure 2(c)). The
streams with smaller oscillations are formed by accelerated
positrons with γ limited by radiation reaction. Secondary
particles have even smaller energies; they outflow almost exactly
in the equatorial plane. The streams with different rL contribute
to the thickening of the equatorial current sheet as seen in
Figures 1–3.

Since ions do not create pairs, the discharge in the current
sheet relies on the accelerated e±. This requires continual
recycling of created particles as seeds for new rounds of pair
creation, which leads to voltage oscillations. The oscillations
occur on the timescale ∼ RLC/c = Ω−1 and make the
magnetosphere “breath” around RLC.
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Very high injection rate 
with 	 `p < Rlc

•  Ideal FF solution	

Optical depth around the LC.	Small	 Large	



inclination	

Pair-creation	

Magnetosphere	
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magnetosphere  	
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Beloborodov (2014)	 aligned	
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Philippov et al. 
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Charge 
separated	
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large  	 active	 ✖ or low rate	 ??	



•  Recent global simulations have revealed that the pair-creation 
process is essential for the magnetosphere structure.  

•  However, the current simulations have not  treated a realistic pair-
creation cascade such as 

   (i) Pair created in the acceleration region can be easily discharged : 
   

àit could affect to the current flow pattern.    
 
  (ii) Photon-photon mean free path around the light cylinder ~1000Rlc,    
        (current simulation assumes  <Rlc) 
    à  it could affect to the size of the acceleration (vacuum) region. 
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Figure 1. The pair creation cascade model in the meridional plane. The
γ -rays are radiated by the curvature process and are beamed in the direction
of local magnetic field. The radiated γ -rays may convert into pairs by the
pair creation process. The χ l, χ up, ζ in and ζ out present the lower, upper,
inner and outer boundaries of the gap, respectively.

In this paper, we take the blackbody radiation from the star as the
X-ray field. At a distance r, the photon number density is given by
the Planck law,

dNX

dϵX
= 1

4π

(
2πmec2

ch

)3 (
As

4πr 2

)
ϵ2

X

exp
(

mec2ϵX/kTs

)
− 1

, (19)

where As is the emitting area, and kTs refers to the surface tem-
perature. For the values of As and Ts, observed ones may be used.

2.3 Pair creation model

We calculate S(r ) by simulating the pair creation process with Monte
Carlo method.

Fig. 1 shows the pair creation cascade model schematically. Ac-
celerated particles emit γ -rays tangentially to the local field lines
by the curvature process. The γ -rays deviate from the field line on
which they are emitted. A small fraction of the emitted γ -rays may
collide with the X-ray photons to materialize as electron–positron
pairs. For example, G0 photons emitted at position X0 in Fig. 1 ma-
terialize as δN 1, δN 2, . . ., (≪ G 0) pairs at positions X1, X2, . . . ,
respectively. The newly created electron–positron pairs such as the
pairs depicted at position X1 and X2, will be separated immediately
by the field-aligned electric field after their creation. The separated
pairs also radiate the γ -rays, which become new seeds of a sequence
of pair creations. The separated pairs carry a current, and provide a
space charge to screen out the electric field.

On the other hand, as would be expected near the upper boundary
of the gap, if the potential drop along the field lines is too small
to separate a pair, then the pair would go out of the gap together,
such as the pair depicted at position X3. These kinds of pairs do not
affect the electrodynamics in the gap, in spite of the fact that they
are produced in the gap. The pairs produced outside the gap do not
affect the dynamics either, because they do not directly come into
the gap.

To obtain the source term S(r ) at each position, we calculate the
annihilated photon number δN at position r. In terms of the mean free
path of a γ -ray with energy ϵγ , lp(r , ϵγ ) = c/η p(r , ϵγ ), the number
of annihilated γ -rays (produced pairs) between the distances s and
s + ds from the emission point (s = 0) is

δN = G0

l p
exp

(
−

∫ s

0

1
l p

ds ′
)

ds. (20)

For the typical pulsar parameters, the mean free path lp is found
to be much longer than the light radius, lp ≫ ϖ lc, so that we can
approximate equation (20) as δN ∼ (G 0/lp) ds. We assume that
lp does not depend on the position, taking the value at r = 0.5ϖ lc

with the collision angle π/2 (µc = 0). This assumption is probably
a coarse treatment because the X-ray number density (19) decreases
with the distance from the centre of the star. In the present model,
the pair creation position is given by a uniform random number for
the given element of the γ -ray flux. It is notable that the γ -rays are
beamed in the direction of motion of the local particle v= v∥ + vco

eφ , so that an angle between the direction of the propagation and
the meridional plane is θγ = cos−1[

√
1 − (*ϖ/ϖlc)2 ]. Hence,

the displacement in the meridional plane is reduced to be s cos θ γ ,
where s is the three-dimensional path-length of the γ -rays.

Using the above pair creation model, the source term S(r ) is ob-
tained by the following procedure (see also Fig. 1). (1) We calculate
the number G0 of the emitted photons per unit time per unit volume
at position X0. (2) We calculate the number of photons converted into
pairs in a distance s 0(∼ϖ lc) by δG = G0[1 − exp(−

∫ s0

0
1/l p ds ′)].

(3) We divide the δG photons into n flux elements, and pick up n
points on the three-dimensional path-length (si < s 0, i = 1, . . . , n)
randomly. The pair creation points X i in the meridional plane are
deduced from |X i − X0| = si cos θ γ . (4) We calculate the produced
pairs per unit time per unit volume as the source term S(X i ). If the
potential drop between a pair creation point and the boundaries is
small (eδ+nco < 103mec2 in this paper), we do not count the pair
as the source. The emitting points of the γ -rays are scanned along
the field line (from the inner to the outer boundary) and across the
magnetic field lines (from the lower to the upper boundary). This
direction of scanning across the field lines has an advantage because
the γ -rays always propagate in the convex side of the field lines. The
number density of the particle along the magnetic field line follows
equation (13). For the simplest treatment, all the curvature photons
are assumed to be emitted at the critical energy,

Ec = 3
4π

hc,3

Rc
= 0.1

(
*

100 s−1

)(
,

107

)3 (
Rc

ϖlc

)−1

GeV (21)

with the rate,

P = 8π

9
e2,

h Rc
= 3.2 × 106

(
*

100 s−1

)(
,

107

)(
Rc

ϖlc

)−1

s−1. (22)

We introduce the conventional dimensionless variables;

r̃ = ωp

c
r , ωp =

√
4πe2

me

*Blc

2πce
, (23)

+̃nco = e
mec2

+nco, Ẽ = −∇̃+̃nco, (24)

j± = ev||± N±

*B/2π
, B̃ = B/Blc (25)

and

β = v

c
, (26)

where Blc is the strength of the magnetic field at the point on which
the last open field line is tangential to the light cylinder. By using
the dimensionless charge density,

ρ̃ = ρ

*Blc/2πc
= B̃

β∥
( j+ − j−), ρ̃GJ = −B̃z, (27)
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  Polar cap accelerator	  Vacuum region (OG) 
accelerator	-  Magnetic pair-creation 

-  Cascade outside accelerator	 -  Photon-photon pair-creation 
-  Cascade inside accelerator	

(Timokhin & Harding 2019)	 (Takata et al. 2004+)	



Polar cap accelerator	

(i)   Electric potential drop : 
(ii)  Primary Lorentz factor : 
(iii) Curvature gamma-ray: 
(iv) Magnetic pair-creation :   

 

•  Polar cap acceleration   
   (size along the magnetic field line : h) 
 	

(Timokhin & Harding 2019)	

Ecur
mec2

B?
BQ

⇠ 1 B? ⇠ h
Rc

B

�V ⇠ B⌦
c h2

�p ⇠ �V
mec2

Ecur ⇠ �3
p~c
Rc

�p ⇠ 3⇥ 106P�1/7B�1/7
12

h ⇠ 5⇥ 103P 3/7B�4/7
12 cm<< RNS

Ecure ⇠ 0.8P�3/7B�3/7
12 GeV



•  Pair cascade above accelerator　 
-- Curvature radiation à new pairsà synchrotron 
radiation/RICS à new pairs à... 

•  Escape photon energy :  
 
 
•  Multiplicity 
	

Polar cap cascade	

 ⇠ �pmec
2

Eesc
⇠ 105P�1/7B6/7

12

-- it explains the pulsar wind.	

⇠
R

N
S

Eesc ⇠ BQ

B mec2 ⇠ 22B�1
12 MeV



Polar cap cascade	

•  The multiplicity of the order of κ~105 is 
consistent with the observation of PWNe. 

•  However, the magnetic pair-creation will not 
control the polar cap accelerator/cascade for the 
millisecond pulsars, whose surface magnetic 
field is ~108-9G. 

   



(i)   Potential drop : 
(ii)   Saturation motion is important  à 
 
(iii) Magnetic pair-creation :   

 

•  Polar cap acceleration   
   (size along the magnetic field line~ h) 
 	

�V ⇠ B⌦
c h2 E|| ⇠ �V/h

B? ⇠ h
Rc

B

　　For MSPs, magnetic pair-creation will not be the source of the pairs	

Ecur
mec2

B?
BQ

⇠ 0.1�0.1

�p =
⇣

3R2
c

2e E||

⌘1/4

h ⇠ 5⇥ 105B�1
8 P 3/7

1ms�
4/7
0.1 cm

(if h > 105B�3/4
8 P1mscm)

�p ⇠ 1.3⇥ 107P�1/7
1ms �1/7

0.1

Ecurv ⇠ 50P�3/7
1ms �3/7

0.1 GeV



(i)   Potential drop : 
(ii)   Saturation motion is important  à 
 
(iii) Magnetic pair-creation :   

 

•  Polar cap acceleration   
   (size along the magnetic field line~ h) 
 	

�V ⇠ B⌦
c h2 E|| ⇠ �V/h

B? ⇠ h
Rc

BEcur
mec2

B?
BQ

⇠ 0.1�0.1

�p =
⇣

3R2
c

2e E||

⌘1/4

h ⇠ 5⇥ 105B�1
8 P 3/7

1ms�
4/7
0.1 cm

(if h > 105B�3/4
8 P1mscm)

�p ⇠ 1.3⇥ 107P�1/7
1ms �1/7

0.1

Ecurv ⇠ 50P�3/7
1ms �3/7

0.1 GeV

•  The photon-photon pair-creation and resonant inverse 
Compton scattering would be  main processes for 
MSPs. 

•   A detail cascade simulation has not been done yet. 	

　　For MSPs, magnetic pair-creation will not be the source of the pairs	



Acceleration/Pair-creation in  
 outer magnetosphere	

8 T. Wada and S. Shibata

Figure 2. dφ/dψ nomalized by Ω/c versus the colatitude on the inner boundary. The small panel is close up near the polar region from
0deg to 10 deg.

Figure 3. The E∥ intensity map for the pair starved static structure with q̄ = 10−6 model on the meridional plane, where the color
intensity is nomalized by Bl. The light cylinder locates at ϖ = 5 with green line.

radiation process, whose power is given by

ϵ̇c =
2q2γ
3R2

c

. (26)

The typical Lorentz factor of the accelerated particles is estimated by the force balance between the radiation drag force and
the electric force, i.e., qE∥ = ϵ̇c/c, which gives

γsat =

(

3µR2
c

2qR3
l

)1/4

. (27)

Then, the typical energy of the emitted γ-rays is given by

ϵγ =
3hcγ3

sat

4πRc
. (28)

With typical parameters of the pulsars, we obtain the Lorentz factor of γsat = 1.1 × 106P 1/2
0.2 (Rc/Rl)

1/2(E∥/Bl)
1/4 and the

photon energy of ϵγ = 1.4× P 3/2
0.2 (Rc/Rl)

1/2(E∥/Bl)
3/4 GeV. In the present work, we simplify the pair-creation process, that

is, (1) we do not distinguish between the photon-photon pair-creation process and the magnetic pair-creation process, and

(2) we ignore the effects of the collision angle between the γ-rays and soft-photons (or the magnetic field). In our simulation,

we determine the pair-creation position using the condition that ϵγ > 2mc2, implying the pair-creation is occurred at the
position, where the electric field is stronger than Ecr = 6.6 × 10−5P 2

0.2(Rc/Rl)
2/3Bl. ϵγ > 2mc2 is not applicable in reality

because of the effect of collision angle of the two photons. On the other hand, we shall see below that actual setting of the

Wada & Shibata 2007	

E|| 6= 0

•  If some particles are injected into 
the vacuum gap, they initiate the 
pair-creation cascade (but if >GJ 
current is injected, no outer gap) 

•  Some part of the gap is filled by 
the copious pairs created by the 
photon-photon pair-creation 
process.  

	



Outer magnetospheric accelerator	
•  Outer gap / Slot gap - slab-like geometry  
  (dimensionless trans-field thickness:  fgap=D/Rlc) 
(i) Acceleration electric field : 
(ii) Saturated motion : 
 
 
•  Curvature photon energy 

•  For millisecond pulsar 

E|| ⇠ f2
gapBlc

(Rc = Rlc)

�sat =
⇣

3R2
c

2e E||

⌘1/4
⇠ 3⇥ 107(fgap/0.3)1/2B

1/4
12 P�1/4

0.1

Ecure =
3
4⇡

hc�3
c

Rc
⇠ 1.3GeV(fgap/0.3)3/2B

3/4
12 P�7/4

0.1

Ecure ⇠ 4GeV(fgap/0.3)3/2B
3/4
8 P�7/4

1ms



•  Photon-photon pair-creation condition:	

EcureEX ⇠ (mec2)2

•  This is the minimum thickness to initiate the pair-creation.  
•  The acceleration region can be thicker owing to the finite 

value of the mean-free pass (cascade/screening region). 	

•  Crab (P~0.033s,  B12~3.8) : fgap~0.07	

•  Geminga (P~0.237s,  B12~1) :  fgap~1.4	

fgap,min ⇠ 0.5B�1/2
12 P 7/6

0.1 E�2/3
0.1keV



Pair-creation in outer magnetosphere	
 
•  Photon-photon pair-creation process 

between X-rays and GeV gamma-rays.  
 --- Magnetospheric X-rays (Crab/PSR 0540-6919 : 
LX~ 1035erg/s) 
 --- NS cooling emission (Others: LX~ 1030-32erg/s) 

•  Mean free path around light cylinder 
 

   
-- except for Crab-like pulsar (and maybe  
energetic MSP), the mean free path is 
much longer than light cylinder radius. 

`p/Rlc ⇠ 2000P0.1(LX/1032erg/s)�1(EX/0.1keV)



Multiplicity 	

•  Number of the curvature photons emitted in the accelerator by one 
primary: 

 

•  Pairs created by one primary within the light cylinder: 

•  Pairs created outside the acceleration region produces the 
synchrotron photons in the X-ray/soft gamma-ray bands. 

 
     

Nph ⇠ PcurRlc ⇠ 105(�/3 · 107)

 ⇠ Nph
Rlc
`p

⇠ 50P�1
0.1 (LX/1032erg/s)(EX/0.1keV)�1(�/3 · 107)



Two layer structure	

fgap,min

e+	

e-,		
e+	

e-,		
e+	

e-,		
e+	

e-,		
e+	

E|| = 0

•  Main-acceleration region  above last-open field line (sub-GJ current) 
•  Cascade region (>GJ current) 
    - the thickness of the cascade region is usually smaller than main-acceleration region	

E|| 6= 0

B	



Thickness of the cascade region	

One-dimensional analysis (thin approximation) 

e-,		
e+	

e-,		
e+	

e-,		
e+	

e-,		
e+	

~GJ current	

e-,		
e+	

e+	

e-,		
e+	

Trans-field direction	



e-,		
e+	

e+	

e-,		
e+	

dn±(s)
ds = ± g+(s)+g�(s)

`p

•  Continuity equations (created pair is immediately discharged)	

•  Boundary conditions 	

g+(0) = 0, g�(sout) = 0

n+(0) = n1, n�(sout) = n2

dg±(s)
ds = ±Pcurvn±(s) Pcurv = 105R�1

lc

injection	
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travel distance from inner boundary: s 	

`p = 2000Rlc

Pcurv = 105R�1
lc

`p = 20000Rlc



Rc(⇠ Rlc)

Rc(⇠ Rlc)

s D
cas

Dcas ⇠ s2/2Rlc

0.01	

0.1	

`p/Rlc

D
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s/
R
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A 2-D calculation	
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Figure 4. The distributions of the GJ charge density (solid line), the trans-
verse term (dashed line) and the space charge density (dotted line) on the
magnetic field line, on which jg ∼ j max for Case 4.

The effect of the external currents ( j 1, j 2) produces the difference
in the distribution of E∥. For example, E∥ on the plateau in Case 3
gradually decreases with distance, while that in Case 4 gradually
increases. In terms of j1 and j2, the local charge density (27) is
rewritten as ρ̃ = B̃( j1 − j2 − jg + 2δ j)/β∥, where δj represents
the current density carried by the positrons produced between the
inner boundary and the position considered (e.g. δ j = 0 at the inner
boundary and δ j = jg at the outer boundary). For Case 3 ( j 1 ̸=
0, j 2 = 0), the charge density at the outer boundary is B̃( j1 +
jg)/β∥, indicating that the external positronic current j1 assists the
current jg in the screening of E∥ at the outer boundary. Therefore,
the strength of E∥ near the outer boundary is smaller than that near
the inner boundary. In the same way, the external electric current j2

for Case 4 assists the screening of E∥ at the inner boundary, where
the charge density is B̃(− j2 − jg)/β∥. Hence the strength of E∥ near
the inner boundary is larger than that near the outer boundary. This
is to be expected, if both the positronic and the electronic currents
are injected at the respective boundaries such as Case 2, these two
contributions in the Poisson equation cancel each other out, so that
the plateau becomes almost flat.
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Figure 5. The trans-field structures of the current density and the field-aligned electric field. The solid line shows the trans-field distribution of the current jg

carried by the pairs produced in the gap. The dashed line shows the maximum value (arbitrary units) of E∥ on each of the field lines.

Another effect of the external currents ( j 1, j 2) appears in the
position of the inner boundary. The inner boundary for Case 3 is
located outside the null surface, and as a result the gap does not
include the null surface, although the boundaries for the other cases
are located inside the null surface. This difference is discussed in
Section 3.3.3

3.3.2 Current density

The trans-field structures found in the current density and the field-
aligned electric field E∥ are summarized in Fig. 5. The solid lines
show the distribution of the current jg across the field lines. The
maximum value (arbitrary units) of E∥ on each field line is also
plotted in Fig. 5.

We find that the maximum value of jg for each case is j max ∼ 0.2
(Case 1), ∼0.17 (Case 2), ∼0.07 (Case 3) and ∼0.3 (Case 4). The
total current density on each magnetic field line is represented by
j tot = jg + j 1 + j 2. In Case 1, for example, because no particles
come into the gap through both the boundaries, (i.e. j 1 = j 2 = 0),
the total current is carried only by the pairs produced in the gap, i.e.
j tot = jg. The total current densities at the maximum are j tot = j max

∼ 0.2 (Case 1), j max + j 1 + j 2 ∼ 0.37 (Case 2), j max + j 1 ∼ 0.17
(Case 3) and j max + j 2 ∼ 0.4 (Case 4).

As mentioned in Section 3.1, the solution disappears if jg exceeds
the critical value because the super-GJ region becomes dominant in
the gap so that the field-aligned electric field changes its direction.
However, it is noteworthy that the values jg for Case 1, Case 2 and
especially Case 4 exceed the critical value (∼0.1) of the previous
one-dimensional model. As an effect of the trans-field structure, the
transverse term △̃⊥$̃nco behaves as a positive charge. Therefore, if
the super-GJ points appear in the negatively charged region, the ef-
fect of this in the Poisson equation can be reduced by the transverse
term. In Case 4, for example, the super-GJ points tend to appear in
the negatively charged region around the inner boundary due to the
external electric current j2 (see Fig. 4). Then, we find that the shape
of its inner boundary (see next subsection) and the gap structure
are formed so that the transverse term cancels the super-GJ points
as Fig. 4 shows. Because we increase jg until the transverse term

C⃝ 2004 RAS, MNRAS 354, 1120–1132
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Figure 6. The geometry of the outer gap (filled region in each panel). The solid, dashed and dotted lines are the same as in Fig. 2. On the dashed-dotted line
in each panel, the condition, jmax + j2 − j1 = B̃z/B̃, is satisfied (see the text).

Crab pulsar. Recently, the caustic model by Dyks & Rudak (2003)
and Dyks, Harding & Rudak (2004) reproduces the observed light
curves better than the traditional outer gap model. The caustic
model needed the emission region to extend from the polar caps
to the light cylinder. However, the reason that the gap extends on
both sides of the null surface is not evident. Our two-dimensional
electrodynamic model indicates that if a marginal stable condition,
( jg + j2 − j1)B̃(ζin) = B̃z(ζin) holds, then the inner boundary shifts
toward the stellar surface as jg and j2 increase.

We demonstrated that the gap extends on both sides of null sur-
face in Case 4 (Fig. 6), in which the electrons come into the gap
through the outer boundary. In the global magnetospheric models
(e.g. Mestel et al. 1985; Shibata 1995), the electrons circulate the
magnetosphere globally and turn back into the outer gap. Although
the observed light curves may be reproduced better by assuming the
injection of the electrons at the outer boundary ( j 1 = 0, j 2 ̸= 0), it

is not certain whether or not the injection from the outer boundary
is favoured for reproducing the γ -ray spectrum. This will be stud-
ied in a subsequent paper. It is notable that, in the one-dimensional
model, the observed spectra have been reproduced by assuming the
injected positrons from the inner boundary (Hirotani et al. 2003;
Takata et al. 2004).

Although the present model is very simple, we must argue that two
or three-dimensional model will open a way to diagnose the current
system in the outer gap when the observed phase resolved γ -ray
spectra and light curves are compared with the model predictions.
The external currents ( j 1, j 2) strongly control the γ -ray spectrum
by changing the electric field strength. On the other hand, the current
density, jg, and its distribution across the field lines reflect the pulse
shapes through the location of the gap boundary. Thus, combining
the spectra and the pulse shapes, the electrodynamic model enables
us to know the current system in the outer gap.
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Created current 	
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(Takata et	al.	2004+)	

Parameters with the Vela pulsar	
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Figure 2. Left-hand panel: the geometry of the outer gap accelerator. The solid line is the boundary of the gap. The dotted lines show the critical line and
the dash–dotted line is the null surface of the Goldreich–Julian charge density. Right-hand panel: the trans-field structure of the current (solid line) and the
electric potential drop (dashed line) along the magnetic field lines as a function of the polar angle of the field lines on the stellar surface. We note that our static
approximation will not be a good treatment to describe the electric structure beyond the light cylinder. But we expect that the gap thickness and calculated
spectrum will not be affected much by the electric structure beyond light cylinder, because most γ -ray photons are radiated from the lower part outer gap inside
the light cylinder. The results are for θpc = 1.361/2θpc,0.

line represent the critical field line and the null charge surface of
the Goldreich–Julian charge density, respectively. As the computed
boundary of the gap shows, we can find the solution that the outer
gap can occupy whole region between the last-open field line and
the critical field line, as we discussed in Section 2.

With the right-hand panel of Fig. 2, we display the current den-
sity carried by the created pairs (solid line) and the total electric
potential drop in the gap (dashed line), i.e. potential drop between
the inner and outer boundaries, as a function of the polar angle, θ ,
of the magnetic field lines on the stellar surface. In the abscissa,
the polar angle satisfying the condition that (θ pc − θ )/δθ gap = 0 is
corresponding to the last-open field line, and the angle of (θ pc −
θ )/δθ gap = 1 is corresponding to the upper boundary of the gap.
From the solid line, we can see that the maximum current density
of about 30 per cent of the Goldreich–Julian value runs through
along the magnetic field line that penetrates the gap at the height of
about 40 per cent of the gap thickness measured from the last-open
field line. From the dashed line, we also find that the largest elec-
tronic potential drop of Vgap ∼ 2 × 1014 V appears on the magnetic
field line penetrating the gap at the height of about 20 per cent of
the thickness. This indicates that the strength of the accelerating
electric field becomes maximum on the magnetic field line pene-
trating the gap at the height of about 20 per cent of the thickness.
Because the emitting power of each magnetic flux tube is propor-
tional to the product of the current density and potential drop at
each field line, we can read that most of emissions come from the
height between 20 and 40 per cent of the gap thickness (see also
Fig. 5).

Fig. 3 shows the distribution of the electric field along the mag-
netic field line, on which the strength of the electric field attains the
maximum value in the outer gap. We compare the results for θ pc =
1.361/2θ pc,0 (solid line) and θ pc = θ pc,0 (dashed line). As the Fig. 3
shows, a larger accelerating electric field is obtained if we assume
a larger polar cap angle. The typical strength of the accelerating
electric field is proportional to E|| ∝ (δθ gap)2/Rc (Cheng et al. 2000;
Hirotani 2006). In the present case, the curvature radius on the field
line on which the electric field attains the maximum value is typi-
cally Rc ∼ 0.8Rlc for θ pc = 1.361/2θ pc,0 and Rc ∼ 1.2Rlc for θ pc =
θ pc,0. This means that the ratio of strengths of the accelerating elec-
tric field for two cases is E|||θpc=1.361/2θpc,0/E|||θpc=θpc,0 ∼ 2, which
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Figure 3. The distribution of the accelerating electric field along the mag-
netic field line, on which the strength of electric field attains the maximum
value. The solid and dashed lines are the results from the last-open field
lines for θpc = 1.361/2θpc,0 and θpc = θpc,0, respectively.

describes the difference of the strengths of the electric field seen in
Fig. 3. The typical energy of the photons emitted by the curvature
radiation is proportional to Ec ∝ E3/4

|| R1/2
c . The ratio of the typical

energies becomes Ec|θpc=1.361/2θpc,0/Ec|θpc=θpc,0 ∼ 1.4. As a result,
the calculated spectrum for θ pc = 1.361/2θ pc,0 is harder than that for
θ pc = θ pc,0.

5.1.2 Spectrum

Fig. 4 compares the calculated spectrum of the curvature and syn-
chrotron processes with the observations in X-ray through γ -ray
bands. The result is for the last-open field lines with the polar
angle θpc = 1.361/2θ pc,0, and the model parameters are the same
with that of Fig. 2. In Fig. 4, the filled circles and the dash–dotted
line show the observed phase-averaged spectrum. The dashed and
dotted lines represent the emissions of outgoing positrons and in-
going electrons, respectively. The solid line represents the total
emissions. For each line, the components of the curvature and the
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A 2-D calculation	

Parameters of the Geminga pulsar	
P = 0.237s, B12 = 1, LX ⇠ 1031erg/s

Trans-field direction	

A lower spin down pulsar, it is difficult to fill the vacuum 
region with the pair-creation around LC.	



Size	 Primary 
radiation	

Pair-
creation	

Multiplicity	

Canonical pulsars	 ~103cm	 Curvature	 Bγ	 ~105	

MSPs	 ~105cm	 Curvature or RIC  	 γγ	 ? (maybe ~10)	

Size	 Primary radiation	 Pair-creation	 Multiplicity	

Crab-like 
(Blc~106G)	

~1% Rlc	
	

Curvature/Inverse-
Compton	

γγ	

~105	

Vela-like 
(Blc~105G)	 ~10%Rlc	

Curvature	

10-100	

Geminga-like 
(Blc<104G)	 ~Rlc	 ~0	

Polar cap accelerator 	

Outer magnetospheric accelerator 	
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recent simulations.  

II. Pair-creation processes in the magnetosphere  
 
III. Radiation process and pair-creation process;     
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(i) Non-thermal X-rays 	
•  Non-thermal X-ray emission is observed 

with a luminosity of  

•  If synchrotron radiation from the pairs,  
 
•  Lorentz factor of the secondary (if photon-

photon pair-creation is considered) 

•  Required magnetic field strength is   

 

Ln,X/LGeV ⇠ 1 for Crab
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Origin of the non-thermal X-rays from middle 
age pulsars  (see Kisaka and Tanaka 2014+) 

•  PSR J0108-1431  
 (lowest Esd  among X-ray PSRs)	

P ⇠ 0.8s B12 ⇠ 0.25

Ė ⇠ 6⇥ 1030erg/s d ⇠ 0.2kpc

•  High efficiency of non-thermal X-ray emission	
L
nh,x

/Ė ⇠ 0.003
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Figure 8. Folded X-ray light curve histogram (energy range 0.15–2 keV) is plotted together with the corresponding RPA pulse profile (both in black). The red curve
shows the total intensity of the 1.4 GHz radio pulse in mJy; the blue curve shows the linearly polarized part of the radio pulse. The reference phases of the X-ray and
radio profiles were aligned as described in the text.
(A color version of this figure is available in the online journal.)

to 2012 July using the 64 m radio telescope at Parkes, NSW,
Australia. The data were calibrated and TOAs produced using
psrchive routines (Hotan et al. 2004) and the tempo2 package
(Hobbs et al. 2006). An accurate value of the radio DM is neces-
sary to correct for the dispersion delay when comparing the rela-
tive phases of the 1.4 GHz radio and high-energy pulse profiles.
The measured DM for PSR J0108−1431 is 2.38 ± 0.19 cm−3 pc
(Hobbs et al. 2004). This translates into a DM-induced uncer-
tainty of ∼402 µs or 5 × 10−4 in the phase of the radio pulse.

For the comparison with the radio pulse shape, we converted
the TOAs of the X-ray photons to the solar system barycenter
using the standard SAS task barycenwith the same coordinates
as in the radio tempo2 analysis and the same DE405 solar
system ephemeris (Standish 1998). We used the barycentric
TOAs of five X-ray events in tempo2 to derive their phases
relative to the radio profile. Knowing the X-ray phases of these
events as well, we determined the offset between the radio and
X-ray phase reference points to be 0.898 ± 0.003. Correcting
for this shift between the reference systems, Figure 8 shows the
X-ray and radio profiles together in the same phase range. We
confirm the unusual high linear polarization of the radio pulse
reported by Weltevrede et al. (2010), obtaining a value of 77%
for the fractional linear polarization at the pulse peak. Using
the peak positions of the RPA pulse profiles from Section 2.2,
the radio pulse leads the X-ray pulse peak by 0.06 ± 0.03 and
0.08 ± 0.03 in the energy ranges 0.15–2 keV and 0.15–1 keV,
respectively. In contrast, the X-ray pulse at 1–2 keV leads
the radio pulse by 0.03 ± 0.06. The quoted errors take into
account the uncertainties in the reference phase shift, the
DM-induced phase uncertainty, the absolute XMM-Newton
EPIC-pn timing accuracy of 48 µs (Martin-Carrillo et al. 2012),
and the dominating error of the maximum position in the RPA
pulse profile (Section 2.2).

4. DISCUSSION

4.1. The X-Ray Spectrum and Luminosity

PSR J0108−1431 is the oldest among the non-recycled
ordinary pulsars detected in X-rays, with the spin-down age
a factor of four larger than that of PSR B1451−68, the previous

record holder. It also has the lowest Ė among the same sample
of X-ray-detected non-recycled pulsars. Our new XMM-Newton
observation provided a factor of 20 more source counts enabling
better characterization of the pulsar’s spectrum compared to the
previous Chandra observation. However, the strong flaring and
high background at energies above ∼2 keV have undermined
energy-resolved timing and phase-resolved spectral analysis of
the pulsar emission.

Formally, a simple absorbed PL model and an absorbed
PL+BB model describe the data equally well. The photon index
Γ = 3.1+0.5

−0.2 (see also Figure 3) of the PL fit is larger (i.e., the
spectrum is steeper) than Γ ∼ 1–2, typical for young pulsars
(Li et al. 2008). As mentioned above, for the BB+PL fit we had
to freeze one parameter because of the small number of counts
and strong noise. We chose to fix the photon index at Γ = 2,
assuming similar magnetospheric emission characteristics for
young and old pulsars.

The PL fit falls in line with the trend observed in other old
pulsars, for which the PL fits suggest too large NH values in
conjunction with larger photon indices Γ. For the line of sight of
PSR J0108–1431, the Leiden–Argentine–Bonn (LAB) Survey
of Galactic H i reports NH i = 2.1 × 1020 cm−2 in this direction
(Kalberla et al. 2005), the Dickey & Lockman (1990) neutral
hydrogen survey reports NH i = 1.8 × 1020 cm−2. The NH =
5.5+1.6

−2.2 ×1020 cm−2 from our PL fit is above these total Galactic
values. We use the Lutz–Kelker-corrected, parallactic distance
d = 210+90

−50 pc by Verbiest et al. (2012) to estimate the expected
NH value applying the “analytical” three-dimensional (3D)
extinction model described by Posselt et al. (2007). For the close
(<250 pc) solar neighborhood, this model is based on the 3D
Na D absorption line mapping by Lallement et al. (2003) and has
a resolution of ∼25 pc; at larger distances an analytical model
is used for the extinction (see Posselt et al. 2007, 2008 for more
details). Considering the errors of the distance, we derived an
expected NH in the range (0.3–0.8)×1020 cm−2. Assuming 10 H
atoms per electron, we derive a similarly low expected NDM

H =
0.7 × 1020 cm−2 from the pulsar DM = 2.38 pc cm−3 (Hobbs
et al. 2004). Thus, the absorption is overestimated in the simple
PL fit (see Figure 5) while the 90% confidence range of the NH
parameter in the BB+PL fit includes the expected NH value.
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L
nh,x

⇠ 2⇥ 1028erg/s

•  Optical depth of the photon-photon pair-creation : 

 
•  For low spin down X-ray pulsar, the non-thermal X-ray 

will be produced at the polar cap region: 
  - but the origin of such high efficiency is unknown.   
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r
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(ii) MeV pulsars 	
•  PSR B1509-58 was considered as a 

pulsar having Crab-like X-ray/GeV 
spectrum. 

•  Fermi observed a faint GeV 
emissions with an energy peak at 
~10MeV.  

  -- Polar cap emission with magnetic pair-
creation effect?  
 
 
 
 -- Photon spilling effect (Harding et al. 1997) 
 
 -- Geometrical effect (Wang et al. 2014; 
Harding and Kalopotharakos 2017) 
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Detection of PSR B1509−58 and its pulsar wind nebula in MSH 15−52 using Fermi - LAT 7
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Fig. 3.— Spectrum of PSR B1509−58 from soft X-rays to γ-rays. 2 σ upper limits derived with gtlike from LAT observations are
represented by red stars. The green diamond represents the integrated flux derived from the light curves and estimates of the effective
area and exposure in the 300 MeV – 1 GeV energy range, as described in section 4.1.2. The filled squares are the COMPTEL flux points
derived from the excess counts in the 0.15 – 0.65 phase range while the open square represents the 10 – 30 MeV flux in the 0.15 – 0.65 phase
interval above the spatially determined background. The blue circles are the 2 σ upper limits for the total fluxes obtained by EGRET.
The different lines represent the best spectral fit measured by ASCA (short-dashed line, 0.7-10 keV), Ginga (dot-long-dashed line, 2-60
keV), CGRO-OSSE (long-dashed line, 50-750 keV), WELCOME (dotted line, 94-240 keV) and RXTE (dot-short-dashed line, 2-250 keV)
(Kuiper et al. 1999, and references therein).

Spatial model Galactic Galactic Error Radius Test Statistics
longitude latitude (degrees) (degrees)
(degrees) (degrees)

Point Source 320.288 -1.209 0.028 44.7
Gaussian 320.275 -1.266 0.051 0.146 ± 0.023 67.6

Uniform disk 320.270 -1.271 0.061 0.249 ± 0.047 69.4

TABLE 2
Position of the centroid, extension and significance of the PWN in MSH 15−52 obtained with Sourcelike applied to the LAT

data.

by dividing the 1 – 100 GeV range into 6 logarithmically-
spaced energy bins and performing a maximum like-
lihood spectral analysis in each interval, assuming a
power-law shape for the source. These points provide a
model-independent maximum likelihood spectrum, and
are overlaid with the fitted model over the total energy
range (black line). 2 σ upper limits are derived in energy
bands where the significance level of the signal is lower
than 3 σ.

Spatial model Flux above 1 GeV Spectral index
(10−9 cm−2 s−1)

Point Source 2.00 ± 0.76 1.57 ± 0.24
Gaussian 3.01 ± 0.81 1.58 ± 0.17

Uniform disk 2.91 ± 0.79 1.57 ± 0.17
H.E.S.S. 2.22 ± 0.77 1.52 ± 0.21

TABLE 3
Spectral parameters of the PWN obtained with gtlike for

different spatial models. Statistical errors only are
quoted.

5. DISCUSSION

5.1. High energy emission from PSR B1509−58

The improved performance of the Fermi-LAT com-
pared to its predecessor EGRET allows the first detection
of pulsations from PSR B1509−58 up to 1 GeV with a
light curve presenting two peaks at phases 0.96 ± 0.01
and 0.33 ± 0.02 as seen in Figure 1. The alignment
of the broad peak (P2) at phase φ = 0.33 is in gen-
eral agreement with measurements of the phase of the
main pulse by other high-energy experiments, e.g. 0.38±
0.03 with COMPTEL (10 – 30 MeV, Kuiper et al. 1999),
0.32 ± 0.02 with CGRO-BATSE and CGRO-OSSE (20 –
500 keV, Ulmer et al. 1993) and ∼ 0.35 with AGILE
(0.1 – 30 GeV, Pellizzoni et al. 2009). In X-rays, the peak
shifts towards phase 0.24 – 0.27 (e.g. Kawai et al. 1991;
Rots et al. 1998; Cusumano et al. 2001). We do not de-
tect the suggested narrow pulsed component located at
phase ∼ 0.85 reported by Kuiper et al. (1999) using com-
bined COMPTEL and EGRET data in the 10 – 100 MeV
energy range. However, we observe a pulse component at
phase 0.96 ± 0.01. Considering the marginal significance
of the COMPTEL/EGRET pulse, these peaks might be
one single component. AGILE also observed a possible
peak at phase ∼ 0.85 (Pellizzoni et al. 2009), which ap-

(Abdo	et	al.	2010)	

Eesc ⇠ BQ

B mec2 ⇠ 22B�1
12 MeV



606 Y. Wang et al.

Table 1. GeV-quiet SGPSRs. The second (P), third (Lsd) and fourth (Bs) columns are rotation
period, spin-down power and surface dipole magnetic field, respectively. The fifth (D) is the
distance to the source and is used to estimate the observed luminosity in Fig. 1. The sixth
(α), seven (β) and eight (fgap) are the magnetic inclination angle, Earth viewing angle and
the fractional gap thickness, respectively, inferred from the fitting of the observations. The
fitting result for PSR B1509−68 was taken from Wang et al. (2013). We did not fit PSR
J1838−0655, since none of the spectral data for the hard X-ray emissions from the pulsar
have been published.

PSRs P Lsd Bs D α β fgap
(ms) (1036 erg s−1) (1012 G) (kpc) (degree) (degree)

B1509−58 151 17 15 4.4 30 15 0.3
J1617−5055 69 16 3.1 6.5 15 25 0.21
J1811−1925 65 6.4 1.7 5 10 35 0.2
J1838−0655 65 6.4 1.7 6.6 – – –
J1846−0258 326 8.1 48 5.8 10 35 0.5
J1930+1852 136 12 10 5 20 41 0.28

spectrum of the PSR B1509−58. Lin et al. (2009) also proposed that
the X-ray emissions from GeV-quiet SGPSR J1838−0655 are pro-
duced by the synchrotron radiation of the pairs, which are produced
by the magnetic pair-creation process of the inward gamma-rays
from the outer gap.

Main purpose of this paper is to apply the model of the inward
emissions to other GeV-quiet SGPSRs, since the member of the
GeV-quiet SGPSRs is growing and since no previous studies have
been discussed the emission mechanisms. In particular, we will
apply our model to four GeV-quiet SGPSRs: PSRs J1617−5055,
J1811−1925, J1846−0258 and J1930+1852, for which detailed
spectral data in 10–100 keV bands were found in the litera-
ture. Although no detection of the emissions above 100 keV has
been reported, they share some properties of the emissions with
PSR B1509−58; for example, (1) their radio emissions are dim or
quiet, (2) the pulse profile in X-ray/soft gamma-ray bands is de-
scribed by a single broad curve, (3) there are no GeV emissions and
(4) the broad-band spectral shape suggests the maximum energy
flux at MeV energy bands. It is likely therefore that the emission
processes of those GeV-quiet SGPSRs are different from the typi-
cal gamma-ray pulsars. The spin-down parameters of those SGPSRs
are summarized in Table 1.

In the paper, we also analyse the six year Fermi data and determine
the upper limit flux of the GeV emissions (Section 2), because we
could not find any published results. We describe the theoretical
model in Section 3 and compare the calculated spectra and light
curves in Section 4. A brief summary is presented in Section 5.

2 FERMI DATA A NA LY S I S

We used the gamma-ray data from the Fermi-LAT to search any
gamma-ray emissions from the four SGPSRs: PSR J1617−5055,
PSR J1811−1925, PSR J1846−0258 and PSR J1930+1852. The
data analysis was performed using the Fermi Science Tools pack-
age (v9r32p5) available from the Fermi Science Support Center
(FSSC).2 The data we used here were obtained from the reprocessed
Fermi Pass 7 data base and the instrumental response function used
was the P7REP_SOURCE_V15 version. We used the data in the
period starting from 2008-08-04 15:43:37 to 2014-05-30 01:27:16
(UTC). We selected the photons carrying energy between 100 MeV
and 100 GeV within 20◦ × 20◦ regions of interest (ROI) centred

2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

at the positions of the pulsars. To prevent the contamination by the
Earth’s albedo, the events with zenith angle greater than 100◦ or
rocking angle greater than 52◦ were filtered.

Binned likelihood analysis was performed using the gtlike func-
tion. To model the background source contributions, we included
all two year Fermi Gamma-ray LAT catalogue point sources (Nolan
et al. 2012) associated with the extended source templates within
20◦ from the ROI centre. The spectral parameters for sources greater
than 10◦ from the pulsars were kept fixed to the values defined in the
catalogue. For sources between 6◦ and 10◦ away from the centre of
ROI, only the spectral indices were kept fixed to the catalogue def-
initions. The Galactic diffuse background (gll_iem_v05.fits) and
the isotropic diffuse background (iso_source_v05.txt) were also
included in the modelling. All of these background modelling
resources are available from the FSSC.

Using the full energy range extracted, 100 MeV–100 GeV, we
modelled the four SGPSRs as point sources using the simple power
law

dN

dE
= N0

(
E

E0

)−#

. (1)

The spectral energy distributions under 1 GeV were calculated us-
ing the modelled power law with all the spectral indices in the
model kept fixed to the best-fitting values. Two equally divided en-
ergy bins, 100–316 MeV and 316 MeV–1 GeV, were used in this
analysis.

Fig. 2 shows four test-statistic (TS) maps created in the 4◦× 4◦

regions centred at the four pulsars with energy ranged from 100 to
316 MeV. The TS values indicated that there is no detection by
the Fermi-LAT in this energy band at the locations of the SGPSRs.
Only upper limits for the emissions under GeV could be determined
from the LAT data. The values were tabulated in Table 2. It is noted
that a significant source is detected by Fermi-LAT above the GeV
range at the position of PSR J1617−5055. Fig. 3 shows a TS map of
PSR J1617−5055 with energy ranged from 100 MeV to 100 GeV
and TS ≃ 100 (10σ ) at the central position. This detection was
reported by Xing et al. (2014) and identified as the Fermi gamma-
ray counterpart to the SNR RCW 103.

3 TH E O R E T I C A L M O D E L

In our model, we suggest that the emissions from the GeV-quiet
SGPSRs are produced via synchrotron radiation of the pairs, which
are created by the interaction of the inward gamma-rays and the
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Figure 5. The spectrum (left) and X-ray light curve of PSR J1617−5055. The solid line in the left-hand panel and the grey histogram in the right-hand panel
show the calculated spectrum and the light curve, respectively. The results are for the inclination angle of α = 15◦ and the Earth viewing angle of β = 25◦. For
the observed flux, the data were taken from Landie et al. (2007) for BeppoSAX and INTEGRAL and from Kuiper & Hermsen (in preparation) for RXTE. The
upper limit of Fermi data was determined by this study. For the light curve, the data were taken from Becker & Aschenbach (2002).

& Tchekhovskoy 2012). In the present calculation, however, since
the emission regions in X-ray/soft gamma-ray bands are near the
neutron star surface, where the force-free field and vacuum dipole
field may be close to each other, the rotating vacuum dipole field
may provide a good approximation to discuss the pulse profile.

4 R ESULTS

To fit the observed spectrum, main model parameters are the frac-
tional gap thickness fgap, the magnetic inclination angle α and the
Earth viewing angle β. The inclination angle and the viewing angle
of a pulsar are sometimes constrained by a rotating vector model,
which fits the observations of the radio polarization (Radhakrish-
nan & Cooke 1969). For instance, the fitting of the original SG-
PSR, PSR B1509−58, suggests the inclination angle of α < 60◦

(Crawford et al. 2001). The geometrical model of the pulsar wind
nebula (PWN) is also used to constrain the viewing geometry of the
pulsar (Gaensler et al. 2002; Ng & Romani 2008). Using Chandra
data, for example, Lu et al. (2002) found clear torus structure of the
PWN surrounding the SGPSR PSR B1930+1852 and suggested
the Earth viewing angle of β = 41◦. We emphasize that within the
framework of our model, the viewing geometry that explains (1)
the softness of the spectra, (2) its flux level and (3) the single peak
in the light curve of the GeV-quiet SGPSRs is constrained in a nar-
row range of the parameters. In Table 1, we tabulate the best-fitting
parameters of the inclination angle and the Earth viewing angle for
four GeV-quiet SGPSRs.

4.1 J1617−5055

The 69 ms spin-down powered pulsar PSR J1617−5055 was dis-
covered by the X-ray observations (Torii et al. 1998; Garmire et al.
1999; Becker & Aschenbach 2002; Kargaltsev, Pavlov & Wong
2009) with the radio pulsation founded shortly afterwards (Kaspi
et al. 1998). Soft gamma-ray emissions at ∼100 keV bands were
discovered by INTEGRAL (Landi et al. 2007). The timing analyses
show that the spin-down dipole magnetic field is Bs ∼ 3 × 1013 G
and the characteristic age is τ a ∼ 8.1 kyr. The dispersion measure

gives the distance to the pulsar of d ∼ 6.1–6.9 kpc. The X-ray spec-
trum below ∼10 keV is fitted by a single power-law function with a
photon index of p ∼ 1.4, and there is a spectral break around 10 keV
(Torii et al. 1998; Becker & Aschenbach 2002). The inferred X-ray
conversion efficiency in 0.5–10 keV bands is LX/Ė ∼ 1.4 × 10−3

for a distance of d = 6 kpc (Becker & Aschenbach 2002). These
X-ray properties are common among the GeV-quiet SGPSR. Both
the X-ray and radio pule profiles of PSR J1617−5055 show a sin-
gle peak, but absolute phase difference between the X-ray and radio
peaks has not been known.

Fig. 5 compares the calculated spectrum (left-hand panel, solid
line) and X-ray light curve (right-hand panel, grey histogram) with
the observations; the phase 0 (and 0.5) in Fig. 5 corresponds to the
phase at which the magnetic axis points towards the Earth. We as-
sumed the inclination angle of α = 15◦ and the Earth viewing angle
measured from the rotation axis of β = 25◦. In the present scenario,
we have argued that the emissions from the GeV-quiet SGPSRs are
created by the synchrotron radiation process of the pairs, which are
produced by the interaction of the inwardly emitted GeV gamma-
rays and the strong magnetic field near the pulsar. Since the pairs
are mainly produced above the polar cap, the pulse peak with a
strong synchrotron emission appears if the line of sight cuts near
the polar cap region. Hence, the condition that the earth viewing
angle is not significantly shifted from the magnetic inclination an-
gle is required. Furthermore, a small inclination angle is required to
avoid the detection of curvature radiation (GeV emissions) from the
outer gap.

4.2 J1811−1925

The 65 ms pulsar PSR J1811−1925 at the centre of G11.2−0.3
was discovered by ASCA observations (Torii et al. 1997; Kaspi
et al. 2001). This pulsar has not been detected in the radio band
(Crawford et al. 1998). The X-ray timing analysis suggests that
the spin-down dipole magnetic field is Bs ∼ 2 × 1012 G and spin-
down age is τ ∼ 24 kyr (Torii et al. 1999). However, the Chandra
observation combined with Very Large Array observations (Roberts
et al. 2003) suggests that the reverse shock of SNR has not yet
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Figure 6. Same as with Fig. 5, but for PSR J1811−1925. The model calculation is result for α = 10◦ and β = 35◦, respectively. For the observed flux, the
data were taken from Dean et al. (2008) for Chandra and INTEGRAL and from Kuiper & Hermsen (in preparation) for RXTE. For the light curve, the data
were taken from Gavriil, Kaspi & Roberts (2004). Although the pulsed component above 10 keV was not discussed in Dean et al. (2008), it may dominate the
nebula component above 10 keV (cf. fig. 2 in Dean et al. 2008).

Figure 7. Same as with Fig. 5, but for PSR J1846−0258. The model calculation is result for α = 10◦ and β = 35◦, respectively. For the observed flux and
light curve in X-ray/soft gamma-ray bands, the data were taken from Kuiper & Hermsen (in preparation).

reached the PWN, which indicates that the system is about 2000 yr
old, which is consistent with the historical record of supernova in
AD 386 (Clark & Stephenson 1977). The distance to the pulsar is
d ∼ 5 kpc as inferred from H I measurements (Becker, Markert &
Donahue 1985; Green et al. 1988). Fig. 6 compares the calculated
spectrum (left-hand panel, solid line) and X-ray light curve (right-
hand panel, grey histogram) with the observations. We assumed the
inclination angle of α = 10◦ and the Earth viewing angle measured
from the rotation axis of β = 35◦.

4.3 J1846−0258

The 326 ms pulsar PSR J1846−0258 (also known as AX
J1846.4−0258) was discovered by Gotthelf et al. (2000) in the
X-ray bands, and is at the centre of SNR Kes 75 (cf. Kesteven
1968; Helfand, Collins & Gotthelf 2003; Molkov et al. 2004; Bird

et al. 2007; Kumar & Safi-Harb 2008; McBride et al. 2008; Ng et al.
2008). No radio emission has been observed from PSR J1846−0258
(Archibald et al. 2008), but the X-ray timing analysis reveals the
surface dipole magnetic field of Bs ∼ 4.8 × 1013 G and the char-
acteristic age of τ ∼ 728 yr. It is thought that PSR 18460−258 is
a transition object between rotation-powered pulsar and magneti-
cally powered pulsar (i.e. magnetar). In fact, the pulsar showed a
magnetar-like X-ray outburst accompanied by a large glitch in 2006
(Gavriil et al. 2008).

Parent et al. (2011) derived the upper limit of the pulsed gamma-
ray flux at 3 × 10−11 erg cm−2 s−1, which will be consistent with
the result of our Fermi data analysis (cf. Table 2 and Fig. 7). The
distance to the pulsar is the controversial in the range of d = 5–
19 kpc (Becker & Helfand 1984; Leahy & Tian 2008; Su et al.
2009). It is also known that the pulsar is embedded in a PWN
(Helfand et al. 2003; McBride et al. 2008). Modelling of the torus
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Figure 6. Same as with Fig. 5, but for PSR J1811−1925. The model calculation is result for α = 10◦ and β = 35◦, respectively. For the observed flux, the
data were taken from Dean et al. (2008) for Chandra and INTEGRAL and from Kuiper & Hermsen (in preparation) for RXTE. For the light curve, the data
were taken from Gavriil, Kaspi & Roberts (2004). Although the pulsed component above 10 keV was not discussed in Dean et al. (2008), it may dominate the
nebula component above 10 keV (cf. fig. 2 in Dean et al. 2008).

Figure 7. Same as with Fig. 5, but for PSR J1846−0258. The model calculation is result for α = 10◦ and β = 35◦, respectively. For the observed flux and
light curve in X-ray/soft gamma-ray bands, the data were taken from Kuiper & Hermsen (in preparation).

reached the PWN, which indicates that the system is about 2000 yr
old, which is consistent with the historical record of supernova in
AD 386 (Clark & Stephenson 1977). The distance to the pulsar is
d ∼ 5 kpc as inferred from H I measurements (Becker, Markert &
Donahue 1985; Green et al. 1988). Fig. 6 compares the calculated
spectrum (left-hand panel, solid line) and X-ray light curve (right-
hand panel, grey histogram) with the observations. We assumed the
inclination angle of α = 10◦ and the Earth viewing angle measured
from the rotation axis of β = 35◦.

4.3 J1846−0258

The 326 ms pulsar PSR J1846−0258 (also known as AX
J1846.4−0258) was discovered by Gotthelf et al. (2000) in the
X-ray bands, and is at the centre of SNR Kes 75 (cf. Kesteven
1968; Helfand, Collins & Gotthelf 2003; Molkov et al. 2004; Bird

et al. 2007; Kumar & Safi-Harb 2008; McBride et al. 2008; Ng et al.
2008). No radio emission has been observed from PSR J1846−0258
(Archibald et al. 2008), but the X-ray timing analysis reveals the
surface dipole magnetic field of Bs ∼ 4.8 × 1013 G and the char-
acteristic age of τ ∼ 728 yr. It is thought that PSR 18460−258 is
a transition object between rotation-powered pulsar and magneti-
cally powered pulsar (i.e. magnetar). In fact, the pulsar showed a
magnetar-like X-ray outburst accompanied by a large glitch in 2006
(Gavriil et al. 2008).

Parent et al. (2011) derived the upper limit of the pulsed gamma-
ray flux at 3 × 10−11 erg cm−2 s−1, which will be consistent with
the result of our Fermi data analysis (cf. Table 2 and Fig. 7). The
distance to the pulsar is the controversial in the range of d = 5–
19 kpc (Becker & Helfand 1984; Leahy & Tian 2008; Su et al.
2009). It is also known that the pulsar is embedded in a PWN
(Helfand et al. 2003; McBride et al. 2008). Modelling of the torus
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Figure 1. Characteristics of the canonical pulsars. Small dots, filled boxes and filled circles show the radio pulsars, Fermi-LAT pulsars and GeV-quiet SGPSRs,
respectively. The large filled boxes located at Lsd = 7 × 1036 and 4.6 × 1038 erg s−1 correspond to the Vela and Crab pulsars, respectively. Top left: spin-down
power versus the characteristic age. Top right: spin-down power versus gamma-ray efficiency. Lγ = 4πD2Fγ , where D is the distance and Fγ is the observed
flux above 100 MeV. Bottom left: spin-down power versus X-ray efficiency. LX = 4πD2FX, where FX is the observed X-ray flux below 10 keV. Bottom
right: spin-down power versus ηγ /ηX. We extensively used the ATNF pulsar catalogue (Manchester et al. 2005) and the Fermi second catalogue of the pulsars
(Abdo et al. 2013). We referred the observed X-ray flux of GeV-quiet SGPSRs from Becker & Aschenbach (2002) for J1617−5055, Torii et al. (1997) for
J1811−1925, Lin et al. (2009) for J1838−0655, Gotthelf et al. (2000) for J1846−0258 and Camilo et al. (2002) for J1930+1852, respectively.

pulsar. In addition to PSR B1509−58, PSRs J1617−5055 (Torii
et al. 1998), J1811−1925 (Torii et al. 1997), J1838−0655 (Lin
et al. 2009), J1846−0258 (Gotthelf et al. 2000) and J1930+1852
(Camilo et al. 2002) are classified as GeV-quiet SGPSRs. Except
for PSR J1617−5055, all of the SGPSRs are found in the centre of
supernova remnants (SNR).

The formation of GeV-quiet soft gamma-ray spectra has not been
conclusive yet. Zhang & Cheng (2000) discussed X-ray/gamma-
ray emissions from PSR B1509−58 within a framework of
the outer gap model and considered that PSR 1509−58 is the
Crab-like pulsar, that is, the X-ray/gamma-ray emissions are created
by the synchrotron radiation and inverse-Compton emissions of the
electron and positron pairs created in the outer magnetosphere. The
calculated overall spectrum qualitatively agrees with the multiwave-
length data. However, the light cylinder radius of PSR B1509−69 is
so large as to make it very difficult to attenuate all of the GeV curva-
ture photons emitted from the outer gap, which may be inconsistent
with no detection of GeV gamma-rays by Fermi.

Harding, Baring & Gonthier (1997) proposed operation of the
photon-splitting process for the formation of the soft gamma-ray
spectrum of PSR B1509−58, whose spin-down dipole magnetic

field is Bs ∼ 2 × 1013 G. They argued that as the stellar magnetic
field approaches the critical value, Bc ∼ 4.4 × 1013 G, the mag-
netic photon-splitting process plays an important role as attenuation
of the gamma-rays emitted in the polar cap region. They discussed
that the photon-splitting and pair-creation cascade process can ex-
plain the position of the spectral peak ∼10 MeV of PSR B1509−58.
However, this model will not explain the soft gamma-ray spectra
of PSRs J1617−5055 and J1811−1925, whose inferred magnetic
fields are only Bs ∼ 3 × 1012 and 2 × 1012 G, respectively, which
are the typical values of the canonical gamma-ray pulsars.

Wang, Takata & Cheng (2013) proposed a new model for
PSR B1509−58 in the framework of the outer gap accelerator model
(Takata, Wang & Cheng 2010; Wang, Takata & Cheng 2010). They
discussed that the Earth viewing angle measured from the rotation
axis is smaller than (or close to) the inclination angle of the magnetic
axis. In such a small viewing angle, the outward GeV emissions,
which creates the observed spectra of the Fermi-LAT pulsars, are
missed by the observer, while the inward emissions contribute to
the observed emissions. Wang et al. (2013) argued furthermore
that the magnetic pair-creation cascade initiated by the inward 0.1–
1 GeV emissions near the stellar surface eventually produces the soft
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Figure 5. The spectrum (left) and X-ray light curve of PSR J1617−5055. The solid line in the left-hand panel and the grey histogram in the right-hand panel
show the calculated spectrum and the light curve, respectively. The results are for the inclination angle of α = 15◦ and the Earth viewing angle of β = 25◦. For
the observed flux, the data were taken from Landie et al. (2007) for BeppoSAX and INTEGRAL and from Kuiper & Hermsen (in preparation) for RXTE. The
upper limit of Fermi data was determined by this study. For the light curve, the data were taken from Becker & Aschenbach (2002).

& Tchekhovskoy 2012). In the present calculation, however, since
the emission regions in X-ray/soft gamma-ray bands are near the
neutron star surface, where the force-free field and vacuum dipole
field may be close to each other, the rotating vacuum dipole field
may provide a good approximation to discuss the pulse profile.

4 R ESULTS

To fit the observed spectrum, main model parameters are the frac-
tional gap thickness fgap, the magnetic inclination angle α and the
Earth viewing angle β. The inclination angle and the viewing angle
of a pulsar are sometimes constrained by a rotating vector model,
which fits the observations of the radio polarization (Radhakrish-
nan & Cooke 1969). For instance, the fitting of the original SG-
PSR, PSR B1509−58, suggests the inclination angle of α < 60◦

(Crawford et al. 2001). The geometrical model of the pulsar wind
nebula (PWN) is also used to constrain the viewing geometry of the
pulsar (Gaensler et al. 2002; Ng & Romani 2008). Using Chandra
data, for example, Lu et al. (2002) found clear torus structure of the
PWN surrounding the SGPSR PSR B1930+1852 and suggested
the Earth viewing angle of β = 41◦. We emphasize that within the
framework of our model, the viewing geometry that explains (1)
the softness of the spectra, (2) its flux level and (3) the single peak
in the light curve of the GeV-quiet SGPSRs is constrained in a nar-
row range of the parameters. In Table 1, we tabulate the best-fitting
parameters of the inclination angle and the Earth viewing angle for
four GeV-quiet SGPSRs.

4.1 J1617−5055

The 69 ms spin-down powered pulsar PSR J1617−5055 was dis-
covered by the X-ray observations (Torii et al. 1998; Garmire et al.
1999; Becker & Aschenbach 2002; Kargaltsev, Pavlov & Wong
2009) with the radio pulsation founded shortly afterwards (Kaspi
et al. 1998). Soft gamma-ray emissions at ∼100 keV bands were
discovered by INTEGRAL (Landi et al. 2007). The timing analyses
show that the spin-down dipole magnetic field is Bs ∼ 3 × 1013 G
and the characteristic age is τ a ∼ 8.1 kyr. The dispersion measure

gives the distance to the pulsar of d ∼ 6.1–6.9 kpc. The X-ray spec-
trum below ∼10 keV is fitted by a single power-law function with a
photon index of p ∼ 1.4, and there is a spectral break around 10 keV
(Torii et al. 1998; Becker & Aschenbach 2002). The inferred X-ray
conversion efficiency in 0.5–10 keV bands is LX/Ė ∼ 1.4 × 10−3

for a distance of d = 6 kpc (Becker & Aschenbach 2002). These
X-ray properties are common among the GeV-quiet SGPSR. Both
the X-ray and radio pule profiles of PSR J1617−5055 show a sin-
gle peak, but absolute phase difference between the X-ray and radio
peaks has not been known.

Fig. 5 compares the calculated spectrum (left-hand panel, solid
line) and X-ray light curve (right-hand panel, grey histogram) with
the observations; the phase 0 (and 0.5) in Fig. 5 corresponds to the
phase at which the magnetic axis points towards the Earth. We as-
sumed the inclination angle of α = 15◦ and the Earth viewing angle
measured from the rotation axis of β = 25◦. In the present scenario,
we have argued that the emissions from the GeV-quiet SGPSRs are
created by the synchrotron radiation process of the pairs, which are
produced by the interaction of the inwardly emitted GeV gamma-
rays and the strong magnetic field near the pulsar. Since the pairs
are mainly produced above the polar cap, the pulse peak with a
strong synchrotron emission appears if the line of sight cuts near
the polar cap region. Hence, the condition that the earth viewing
angle is not significantly shifted from the magnetic inclination an-
gle is required. Furthermore, a small inclination angle is required to
avoid the detection of curvature radiation (GeV emissions) from the
outer gap.

4.2 J1811−1925

The 65 ms pulsar PSR J1811−1925 at the centre of G11.2−0.3
was discovered by ASCA observations (Torii et al. 1997; Kaspi
et al. 2001). This pulsar has not been detected in the radio band
(Crawford et al. 1998). The X-ray timing analysis suggests that
the spin-down dipole magnetic field is Bs ∼ 2 × 1012 G and spin-
down age is τ ∼ 24 kyr (Torii et al. 1999). However, the Chandra
observation combined with Very Large Array observations (Roberts
et al. 2003) suggests that the reverse shock of SNR has not yet
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Figure 6. Same as with Fig. 5, but for PSR J1811−1925. The model calculation is result for α = 10◦ and β = 35◦, respectively. For the observed flux, the
data were taken from Dean et al. (2008) for Chandra and INTEGRAL and from Kuiper & Hermsen (in preparation) for RXTE. For the light curve, the data
were taken from Gavriil, Kaspi & Roberts (2004). Although the pulsed component above 10 keV was not discussed in Dean et al. (2008), it may dominate the
nebula component above 10 keV (cf. fig. 2 in Dean et al. 2008).

Figure 7. Same as with Fig. 5, but for PSR J1846−0258. The model calculation is result for α = 10◦ and β = 35◦, respectively. For the observed flux and
light curve in X-ray/soft gamma-ray bands, the data were taken from Kuiper & Hermsen (in preparation).

reached the PWN, which indicates that the system is about 2000 yr
old, which is consistent with the historical record of supernova in
AD 386 (Clark & Stephenson 1977). The distance to the pulsar is
d ∼ 5 kpc as inferred from H I measurements (Becker, Markert &
Donahue 1985; Green et al. 1988). Fig. 6 compares the calculated
spectrum (left-hand panel, solid line) and X-ray light curve (right-
hand panel, grey histogram) with the observations. We assumed the
inclination angle of α = 10◦ and the Earth viewing angle measured
from the rotation axis of β = 35◦.

4.3 J1846−0258

The 326 ms pulsar PSR J1846−0258 (also known as AX
J1846.4−0258) was discovered by Gotthelf et al. (2000) in the
X-ray bands, and is at the centre of SNR Kes 75 (cf. Kesteven
1968; Helfand, Collins & Gotthelf 2003; Molkov et al. 2004; Bird

et al. 2007; Kumar & Safi-Harb 2008; McBride et al. 2008; Ng et al.
2008). No radio emission has been observed from PSR J1846−0258
(Archibald et al. 2008), but the X-ray timing analysis reveals the
surface dipole magnetic field of Bs ∼ 4.8 × 1013 G and the char-
acteristic age of τ ∼ 728 yr. It is thought that PSR 18460−258 is
a transition object between rotation-powered pulsar and magneti-
cally powered pulsar (i.e. magnetar). In fact, the pulsar showed a
magnetar-like X-ray outburst accompanied by a large glitch in 2006
(Gavriil et al. 2008).

Parent et al. (2011) derived the upper limit of the pulsed gamma-
ray flux at 3 × 10−11 erg cm−2 s−1, which will be consistent with
the result of our Fermi data analysis (cf. Table 2 and Fig. 7). The
distance to the pulsar is the controversial in the range of d = 5–
19 kpc (Becker & Helfand 1984; Leahy & Tian 2008; Su et al.
2009). It is also known that the pulsar is embedded in a PWN
(Helfand et al. 2003; McBride et al. 2008). Modelling of the torus
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(iii) Crab-like millisecond pulsars	
•  Some MSPs are observed with an X-ray luminosity 

of Lx~1032erg/s : 
-   Pair-creation around light cylinder could be more efficient. 
–  Radio emission around the light cylinder ?  
–  Crab-like MSPs have higher spin down power and larger Blc. 
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Table 1
Chandra and XMM Observations of PSR B1937+21

Telescope Observation ObsID Instrument Mode Time Reso- Net Expo-
Date lution (s) sure (ks)

Chandra 2005 Jun 28 5516 ACIS-S Faint 3.2 49.5
XMM 2010 Mar 29 0605370101 MOS1 Full frame 2.6 40.4

MOS2 Full frame 2.6 47.5
PN Timing 3 × 10−5 40.4

Chandra and XMM data reduction using CIAO 4.5 and SAS
12.0, respectively. In the XMM analysis, only PATTERN ! 12
events from MOS and PATTERN !4 events from PN were used
to ensure good data quality. After removing periods of high
background, we obtained net exposures of 49.5 ks, 40.4 ks,
47.5 ks, and 40.4 ks from Chandra, MOS1, MOS2, and PN,
respectively. The observation parameters are listed in Table 1.

For the gamma-ray analysis, we selected Fermi LAT Pass 7
reprocessed data (P7REP; Bregeon et al. 2013) taken between
2008 August 4 and 2014 January 17. Class 2 events in the
P7REP_SOURCE_V15 instrument response function (IRFs)
were used throughout this paper, and the data reduction was
carried out with the Fermi Science Tools v9r32p5. We restricted
the analysis on data with zenith angles less than 100◦, with
spacecraft rocking angle less than 52◦, and in the 0.1–100 GeV
energy range.

3. ANALYSIS AND RESULTS

3.1. X-Ray Analysis

PSR B1937+21 is clearly detected in both the Chandra and
the XMM observations, and the radial profiles of the images
are consistent with a point source, same as what Zavlin (2007)
found. Using a 3′′ radius aperture centered on the pulsar, we
found 610±25 background-subtracted Chandra counts from the
in the 0.5–7 keV energy range. Similarly, we extracted 370±20
and 430 ± 22 net counts from MOS1 and MOS2, respectively,
using a 20′′ radius aperture. The PN data have higher background
since they were taken in the timing mode. We obtained 1230±70
source counts from a 33′′ wide rectangular region in 0.5–7 keV.

3.1.1. Timing

We performed timing analysis with only the PN data, as
they have a high time resolution. The photon arrival times were
first corrected to the solar system barycenter, then folded using
the TEMPO2 photons plug-in3 with the ephemeris from radio
timing4 (Smith et al. 2008). The resulting X-ray profile in the
0.5–7 keV energy range is shown in Figure 1. We have tried other
energy bands between 0.5 and 10 keV, and found no energy
dependence. The profile exhibits very sharp main pulse and
interpulse components ∼180◦ apart. In addition, there is a hint
of a third peak in between, albeit it is not statistically significant.
A direct comparison with the background level obtained from a
nearby region indicates that the emission is nearly 100% pulsed.
We also plotted the 1.4 GHz radio profile in the figure for
comparison. The X-ray pulse and interpulse slightly lag the
radio ones.

To quantitatively measure the peak position and width, we
followed Abdo et al. (2013) to fit the pulse profile using an

3 http://www.physics.mcgill.ca/∼aarchiba/photons_plug.html
4 The timing parameter file is obtained from the LAT second pulsar catalog
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2nd_PSR_catalog/.

Figure 1. Pulse profiles of PSR B1937+21 in gamma-rays (0.1–100 GeV;
upper panel), X-rays (0.5–7 keV; middle panel), and radio (1.4 GHz; lower
panel). The latter is from Guillemot et al. (2012). The best-fit models with two
asymmetric Lorentzians are shown by the red solid lines. The vertical dotted
lines indicate the best-fit peak positions and the horizontal dashed line shows
the X-ray background level. The shaded regions indicate the on-pulse phase
intervals used for Fermi spectral analysis.
(A color version of this figure is available in the online journal.)

unbinned maximum likelihood method. We employed a simple
model with two asymmetric Lorentzians. The functional form
is given by

g(x) = 2
π

A1(
σ−

1 + σ +
1

)(
1 + z2

1

) +
2
π

A2(
σ−

2 + σ +
2

)(
1 + z2

2

) , (1)

where

zi =
{

(x − Φi)/σ−
i if x ! Φi

(x − Φi)/σ +
i if x > Φi

, (2)

Ai are the amplitudes, Φi are the peak positions, and σ±
i are

the width parameters such that the full widths at half-maximum
(FWHMs) of the two peaks are given by σ−

1 + σ +
1 and σ−

2 + σ +
2 .

2

PSR B1937+21	
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Table 4
Properties of Fermi-LAT-detected MSPs

Name P Ė Bs Blc X-ray Radio/Gamma-
(ms) (1034 erg s−1) (108 G) (105 G) Spectruma Ray Classb

B1937+21 1.6 110 4.1 9.9 PL II
B1821−24 3.1 220 23 7.3 PL II
J0218+4232 2.3 24 4.3 3.2 PL II
J1747−4036 1.7 12c 1.5c 3.1c · · · I/II
B1957+20 1.6 7.6 1.2 2.5 · · · II
B1820−30A 5.4 83c 43c 2.5c · · · II
J1902−5105 1.7 6.7c 1.3c 2.2c · · · II
J1810+1744 1.7 4.0c 0.9c 1.8c · · · II
J1125−5825 3.1 8.1c 4.4c 1.4c · · · I
J1446−4701 2.2 3.7c 1.5c 1.3c · · · I
J2215+5135 2.6 5.2c 2.5c 1.3c · · · I
J2241−5236 2.2 3.3c 1.4c 1.2c · · · I
J1658−5324 2.4 3.0c 1.7c 1.1c · · · I
J0034−0534 1.9 1.7 0.75 1.0 · · · II
J1124−3653 2.4 1.6c 1.2c 0.78c · · · III
J0614−3329 3.2 2.2c 2.4c 0.71c · · · III
J2043+1711 2.4 1.3 1.0 0.70 · · · I
J0102+4839 3.0 1.8c 1.9c 0.67c · · · III
J2214+3000 3.1 1.9c 2.2c 0.66c · · · II/III
J1858−2216 2.4 1.1c 1.0c 0.66c · · · III
J0023+0923 3.1 1.5c 1.8c 0.60c · · · I
J2017+0603 2.9 1.3c 1.6c 0.59c · · · I
J1741+1351 3.8 2.2 3.3 0.58 · · · III
J0101−6422 2.6 1.0 1.1 0.58 · · · I
J0613−0200 3.1 1.2 1.7 0.53 · · · I
J1514−4946 3.6 1.6c 2.6c 0.52c · · · I
J0751+1807 3.5 0.72 1.7 0.36 · · · 1
J0340+4130 3.3 0.65c 1.4c 0.36c · · · II/III
J2047+1053 4.3 1.1c 3.0c 0.35c · · · III
J1600−3053 3.6 0.73 1.8 0.35 · · · I
J1614−2230 3.2 0.38 1.0 0.29 · · · I
J1231−1411 3.7 0.51 1.6 0.29 · · · I
J2051−0827 4.5 0.54 2.4 0.24 · · · I
J1744−1134 4.1 0.41 1.7 0.23 · · · III
J1713+0747 4.6 0.34 2.0 0.19 · · · I
J2124−3358 4.9 0.37 2.4 0.18 BB III
J0030+0451 4.9 0.35 2.3 0.18 BB+PL I
J2302+4442 5.2 0.38c 2.7c 0.18c · · · I/II
J0437−4715 5.8 0.29 2.9 0.14 BB+PL I
J0610−2100 3.9 0.08 0.69 0.11 · · · III
J1024−0719 5.2 0.05 0.92 0.06 · · · I

Notes. The pulsar parameters are all from the LAT second pulsar catalog (Abdo et al. 2013), except those of PSR B1821−24, which are from
Johnson et al. (2013).
a Power-law (PL) or blackbody (BB) models.
b Alignment between the gamma-ray and radio pulse peaks. Class I: the gamma-ray pulse lags the radio pulse; class II: the gamma-ray and radio
pulses are in phase; class III: the gamma-ray pulse precedes the radio one. Both classes are listed if a pulsar cannot be classified unambiguously.
c Observed value—there is no correction to Ṗ for the pulsar proper motion or differential Galactic rotation.

The energy of the curvature photons is of the order of GeV,

Ec = 3hcγ 3

4πRc

∼ 0.8
(

fgap

0.3

)1/4 (
P

1 ms

)1/2

×
(

Blc

105 G

)3/4 (
Rc

Rlc

)−1/4

GeV (6)

and the gamma-ray luminosity from the outer gap is typically

Lγ ∼ f 3
gapĖ ∼ 1.2 × 1032

(
fgap

0.3

)3 (
P

1 ms

)2

×
(

Blc

105 G

)2

erg s−1. (7)

4.3.2. X-Ray Emission

In the standard pulsar theory, non-thermal X-ray emission is
attributed to synchrotron radiation from secondary pairs in the
outer magnetosphere, which are generated via the pair-creation
process between gamma-rays and the background X-rays (e.g.,
Takata & Chang 2007). The secondary pairs have an initial
Lorentz factor of γmax ∼ (1 GeV)/(2mec

2) ∼ 103, then quickly
lose their energy via synchrotron radiation and eventually leave
the light cylinder with γmin ∼ 1/ sin θs ∼ 10, where θs is the
pitch angle. During this process, synchrotron cooling gives
non-thermal X-rays with ΓX ∼ 1.5 between Emin ∼ 2 ×
10−2 sin θs(Blc/105G) keV to Emax ∼ 5 sin θs(Blc/105 G) keV.
This is the general case for young pulsars; they have ΓX observed

6

`p/Rlc ⇠ 20P1ms(LX/1032erg/s)�1(EX/0.1keV)

Type II : Radio/X-ray/Gamma-ray pulses are in phase 	

(Ng et al. 2014)	
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Figure 4. Our emission model compared with the observed SEDs of PSRs B1937+21, B1821−24, and J0218+4232 from X-rays to gamma-rays. The thick red line and
the dots show the X-ray and gamma-ray data, respectively. The curvature radiation, IC emission, synchrotron emission, and total emission of the model are indicated
by the magenta dashed-dotted lines, blue dashed lines, green dotted lines, and black lines, respectively.
(A color version of this figure is available in the online journal.)
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•  Not synchrotron emission from 
pairs 
-  Photon index ~1, which is harder than 

typical value ~1.5.  
-  Power law extends beyond Nustar 

range.   
•  Inverse-Compton process between 

the primary and radio ? (Ng et al. 2014) 

(Ng et al. 2014)	

X-ray emission	



Summary	

•  Pair-creation is key physical process to 
understand the pulsars. 	



•  もし、ポスドクのポジションをお探しの方がい
ましたら、声を掛けください。	

	
•  武漢の大学には日本人のポスドク（原子核、

素粒子）が数人います。	
	
•  ぜひ遊びにお越しください。	
	   - 赤壁古戦場が近くにあります。	


