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Abstract Motivated by theFermi observations of some-ray pulsars in which the
phases of radio and-ray peaks are almost the same, we investigate the outer gap
model in a retarded dipole with a current-induced magnetid ind apply it to explain
pulsedy-ray properties of the Crab pulsar. Our results show thabtiservedy-ray
energy-dependentlight curves, which almost align withréfugo light curve and phase
averaged spectrum for the Crab pulsar, are reproduced well.
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1 INTRODUCTION

Somey-ray pulsars have been detected that have the followingifeahe phases of radio aneray
peaks are almost the same (Abdo et al. 2013). Such an obsameelty should be included when
modeling the gamma-ray emission from pulsars.

Charged particles (electrons and positrons) are gendraligved to be accelerated to relativis-
tic energy in some regions of a pulsar magnetosphere (tleggens are often called gaps), and
they will generate pulsed photon radiation from radioytcay bands. Therefore, the structure of a
three dimensional (3D) magnetosphere becomes a key fastoofstructing 3D emission models.
Currently available approximations of the pulsar magrgtese mainly include a vacuum retarded
magnetic dipole (Deutsch 1955) and a force-free (FF) magpéere (e.g., Spitkovsky 2008; Bai
& Spitkovsky 2010b). For example, in the first approximafi@D outer gap (OG) models (e.g.
Cheng et al. 2000; Zhang & Cheng 2001, 2002), two-pole cawstdels (e.g., Dyks & Rudak
2003), and slot gap models (e.g., Harding et al. 2008) haga bstablished. Moreover, an annular
gap model has been constructed in the approximation of andhetosphere (Bai & Spitkovsky
2010a). However, current studies show that a real pulsanetagphere has electric currents along
the magnetic field and so could be between the above approgimsaf the pulsar magnetosphere.
The existence of electric currents will create a perturbedmetic field relative to the dipole field
and results in a distortion of the magnetic field. In the fravha static magnetic dipole, Muslimov
& Harding (2009) obtained an analytic solution of the magn#é¢ld well within the light cylinder
(LC), including two parts of the magnetic field: a pure statijgole magnetic field and a magnetic
field created by electric currents in the open areas of thermaost magnetosphere. Such a solution
has been simply extended to the retarded dipole (Romani &&v¢a2010). Furthermore, Li & Zhang
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(2011) derived an analytical solution in the approximatibrihe retarded magnetic dipole, which
also includes two parts consisting of a pure retarded dipwgnetic field and a current-induced
perturbed magnetic field.

In this paper, using the analytic approximation by Li & Zhg2@11), we will construct a 3D
model explaining energy-dependentlight curves and phaseaged spectra for pulsars in which the
phases of both radio andray peaks are essentially the same, and apply it to the Grisap

In Section 2, we briefly review the 3D OG model including thegmetic field and the emission
geometry in the magnetosphere. In Section 3, we give thdtsesfithe modeling light curves and
phase-averaged energy spectra. In the final Section, we atimenour results and discuss.

2 3D OUTER GAPS

As mentioned in Cheng et al. (2000), to construct a 3D OG madeineed to know the structure
of a 3D pulsar magnetosphere. In this paper, we will use tladytao results given by Li & Zhang
(2011) and now briefly introduce them as follows. The locdugeof a retarded magnetic field is
approximated as (Li & Zhang 2011)

B =B"+ B, (1)

wheree is the perturbation amplitude describing the strength efgarturbed magnetic fieldz],
relative to the retarded magnetic field strendsi, The expressions describing these magnetic field
strengths are
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wherem” is the magnetic moment d¢”. Similarly,m " = m" + emy, wherem " is the magnetic

moment of B'". For details of such a magnetic field see Li & Zhang (2011).rfTle can simulate
the 3D structure of the pulsar magnetosphere using thetsegiuen by Li & Zhang (2011), where
the last closed field lines can be calculated by using

(20,90, 20) = [aoRp cos(¢p), agRp sin(¢yp ), (R% — a%R?))% ,

whereR, = RO(RO/RL)%, Rp = cQ~1, Qis the angular velocity of the pulsa, is the azimuthal
angle about the magnetic axis, amgis a scaling factor corresponding to the footpoints of thst la
closed field lines.

2.1 OG Geometry

OGs exist in this 3D pulsar magnetosphere, and the OG gepimetre (2, m) plane is described
as follows:

(1) Inner and Outer boundaries. An OG lies at the region from the inner boundary to the LC i th
open field line region. At the inner boundary, the ratio of tftwmponent of the magnetic field
strength,B., to the magnetic field strengths, satisfies

BZ/B = [27T/QB]]Q(¢}3)]9 (O) [Tnull(o)/Tnull(pr) )

wherej,(0) is the current density carried by the pairs produced in thea®i@e radial distance
a1 (0) With polar cap angle, = 0 on the last closed field lines (Tang et al. 2008).
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(2) Avertical thickness H (r, «, ¢,,). Following Zhang et al. (2004), a dimensionless quantiéjiéci
a fractional size)

f(ﬁ a, (bp) = H(Tv «, (bp)/RL

is used to describe the vertical thickness of the OG, whictesas a function of the inclination
anglew, ¢, and the radial distance from a pulsar with a rotation perio# and a surface
magnetic field strength

B, =10" x By G.

When
Tzrnull((bp)a f(rvaa(bp):X(TvaapaB*)fO(PaB*)
with y
fo(P,B,) =~ 5.5P% B7

(see Zzhang & Cheng 1997) and

f(ra «, ¢p) = (Tnulla «, ¢p) [Bnull/B(T)} 2 )

whenr < rpu(ép) (Zhang & Li 2009), wherex(r, «, P, B) is the revised factor in which the
effects of the inclination angle and magnetic field geomateyincluded (Zhang & Jiang 2006).

(3) The azimuthal extensiofA¢,. Following Tang et al. (2008), the value &, is estimated by
the local pair production condition.

In such a 3D OG geometry, the locally accelerating electeidfcan be expressed as follows
(Tang et al. 2008):
E) = QBH?/cs(r) for r> Tnull(¢p)

and

EH = EH (rouit(@p)) [(r/ri!ﬂ)2 - 1}/[(7‘“11((;51,)/7“1“)2 - 1} for r < Tnull(¢p)v

wheres(r) is the radius of curvature and, is the radial distance of the inner boundary. Note that
ru IS @ function ofg,, (see the right panel of Fig. 1), €0, is different for various values af;,.

We now consider the emission patterns in the 3D OG geometnjiomed above. The direction,
n, of the particle motion is assumed to be the emission doeaif the photons and can be calcu-
lated in the inertial observer’s frame (see eq. (6) of Takatal. 2007). This emission direction is
usually expressed by using the viewing angénd rotation phase (i.e., the so-called(, ®) plane).
Therefore, for the emission direction with an azimuthalladg, and a parallel component, of n
at locationr, the viewing angle and the rotation phase can be calculatesingcos ¢ = n and
® =—-9, —r-n/Ry, respectively.

The photon emission pattern on thg @) plane for the Crab pulsar witlP = 33.6 ms and
B, = 3.8 x 10'2 G is shown in the left panel of Figure 1, where the emissioadlines) is from
the south pole witl{¢, ®) and that (gray lines) from the north pole with— 180°, ® + 180°).

If the viewing angleC is given, a light curve can be estimated from the emissiotepaby
simply assuming uniformy-ray emissivity. To see how different parts of the light cidepend on
the radial distance for different values of azimuthal angewe divide the light curve into three
parts: the first peak P1, the bridge, and the second peak &2haw the variation of / Ry, with ¢,
in the right panel of Figure 1, where the emission pattermesmonds to the left panel of Figure 1
and¢ = 60° is assumed. For comparison, the change,@f with ¢, is also shown. Note that some
phase values only correspond to eaghvalue. From the right panel of this figure, P1 comes from
the incoming emission from emitting positions that hay®;, ~ 0.15 to 0.85, which are below the
null charge surface, fo\¢,, ~ 210° in the north pole; both bridge and P2 come from the outgoing
emissions in the south pole.
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Fig. 1 Left panel: Photon emission pattern on thé @) plane for the Crab pulsar with = 33.6 ms
andB. = 3.8 x 10'2 G. The model parameters ate= 55°, ¢ = —0.1, a1 = 0.98 and f, = 0.55.
The black and gray lines represent emissions from the sowathhe north poles, respectiveRight
panel: The variation of radial distance/ Ry, with the azimuthal angle, for the three parts (P1,
bridge and P2) of the light curve, where the emission pattemesponds to the left panel and
¢ = 60°. Blue squares and red circles represent emitting posifrons the north and south poles in
the ("/ R, ¢p) plane, respectively. For comparison, the change,@f with ¢, is also shown (solid
curve).

3 MODELING LIGHT CURVES AND PHASE-AVERAGED ENERGY SPECTRA

In the calculation of the energy-dependent light curves thednon-thermal radiation spectra, we
need to know the radiation mechanisms. Here, we briefly destine physical processes fgiray
emission from the Crab pulsar in the OG model (for detailsTsery et al. 2008; Zhang & Li 2009).
In the OGs, electron and positros™() pairs are accelerated to relativistic energy by the palrall
electric field £, which varies witha, ¢, andr (see Eq. (4)), and then primary curvature photons
with typical energies of?.,,. are produced through curvature radiation of the acceleatepairs.
These primary curvature photons can be divided into twodypscaping (or surviving) curvature
photons and colliding curvature photons. The former wiltagge from the magnetosphere of the
Crab pulsar due to a longer mean free path with respect to @Gheatius, resulting in the energy
spectrumdNey, sur/dE-dt which peaks at- 10 GeV, with

_ —7(E~,r
Fcur,sur = Lcur€ (Byom) )

where the attenuation depth is

T(Ey, 1) = l(r)/ Ngyn(€,7) + nx(€,7) |04~y (Ey, €)de
(Tang et al. 2008). The latter will interact with soft phosgroduced by the synchrotron radiation of
secondary* pairs through the photon-phote# production process, which leads to even more sec-
ondarye* pairs, where the absorption of the primary curvature ptoinrthe magnetospheric soft
photon field is calculated by using the method given by Tarey.¢2008) and the typical collision
angle is abou0.45 rad. These secondaey pairs with their pitch angles(r), which are given by
sinp(r) = n(r,a)(r/Rr)"?sino(Ry), will emit non-thermal photons through synchrotron radi-
ation with energy spectrumVs,., /dE. dt and inverse Compton scattering (ICS) with energy spec-
trum dNics/dE. dt. There are two kinds of soft photon fields: synchrotron phstwith a number
density of

Nsyn(€,7) = Fyyn(e, 1)/ (cr®m? (1))



Pulsedy-ray Properties of Crab Pulsar 2233

which are produced by secondary through synchrotron radiation and thermal photons from the
stellar surface with a number density of

nx(e,r) = [1 /H(hc)ﬂ [62 Jexple/kT) — 1| (R/r)?.

Here, the soft photon density is assumed to have an isotdbgiicbution (Blumenthal & Gould
1970; Tang et al. 2008). Therefore, the total photon flux ef@nab pulsar received on the Earth is
(Zzhang & Li 2009)

F(E’Y):ZE(E’WT)a (4)

where
F; =[1/D?% Z {dNi(E,Y,r)/dEvdt}/AQ; i = syn, ICS, cur, sur;

T

D = 2 kpc is the distance to the Crab pulsaf) = 4 f, is the solid angle of gamma-ray radiation;
andfq, is the flux correction factor which is relateddo f (r, «, ¢,,) and( (see eq. (9) in Li & Zhang
2010).

Next we consider the light curves in different energy bam#sed on the energy spectra, we
can calculate the number of photons in an energy range foito £5 by the integral given in (Li
& Zhang 2010)

dN;

E>
< < _— .
Npn(Er < Ey < Ep) /E1 i dE.dt Y (5)

Figure 2 shows the calculated and obseryedy energy-dependent light curves with energy
greater than 100 MeV for the Crab pulsar. The observed dateaago be phase-aligned between
radio at 1.4 GHz (blue line) ang-ray (red histogram) pulse profiles, where= 0.11 + 0.01 is the
offset of the mode of the leading peak from the zero phasdé&dfiducial phase) (see the description
of Abdo et al. 2013), anch = 0.41 £ 0.01 is the separation between two gamma-ray peaks for the
Crab pulsar (Abdo et al. 2013). In our modal = 0.40 is approximately equal to the observed value
(see Fig. 2). From the figure, our result can reproduce theraed light curve well.

In Figure 3, we show the predicted and observed energy-depefight curves at 100 MeV —
300 MeV, 300 MeV — 1 GeV and 1 GeV — 3GeV bands for the Crab puarneed to point out
that the flux of the first peak (P1) totally comes from the in@mgremission below the null surface
from the north pole. By comparing Figure 1 with Figure 3, welfihe green and blue solid curves in
Figure 3 correspond to the black and grey solid curves inreiduwhich come from the emissions
radiated by the south and north poles, respectively. It @selen that our results are consistent with
the observed data, moreover the contributions of the twegtl the light curves are different.

In Figure 4, we show a comparison between simulated and wdbgrhase-averaged spectra
from the~-ray band for the Crab pulsar. Dot-dashed lines represensplectra of ICS from sec-
ondary pairs and dashed curves represent the spectra oirtlnvrsg curvature, the black dot-dashed
and dashed curves are the spectra produced at the northrapdi¢he gray dot-dashed and dashed
curves are the spectra produced at the south pole. The bdéidkcsirve represents the total spec-
trum. The blue (green) curve represents the sum of the IC&rsjpe and the surviving curvature
spectrum in the north (south) pole. Although the emissiomfthe south pole is stronger than that
from the north pole, the emission from the north pole is cofreged in the narrow phase region
(i.e. P1 region), so P1 is higher than P2. As Figure 4 shovesethre two sources that contribute
to the total non-thermal photons produced in the GeV banth®Crab pulsar. One is the photons
produced by ICS from secondary pairs and the other is thevsigvcurvature photons.
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Fig. 2 ~-ray energy-dependent light curves with energy greater 1t® MeV for the Crab pulsar.
The black solid curve is the theoretical prediction in thi& @odel. The blue line is the observed
radio result with 1.4 GHz and the red histogram is the obskfveay result (Abdo et al. 2013). In
the calculationpy = 55°, ¢ = —0.1, ¢ = 60°, a1 = 0.98 and f(Rr) =~ 0.16 are used.
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Fig. 3 Energy-dependent light curves at 100 MeV-300 MeV, 300 Me&e¥ and 1 GeV-3 GeV for
the Crab pulsar. The black solid curve at each energy bamdsenpts the predicted light curve which
is the sum of the light curves from the south paieeén solid curve) and the north poleb{ue solid
curve). The red histograms represent observed data (Abdo et®3)2M the calculationy = 55°,
e=-0.1,( =60°, a1 =0.98and f(Rr) ~ 0.16 are used.



Pulsedy-ray Properties of Crab Pulsar 2235

1E'8: T AL i HEB f—rtrrmm—rtrr T et}

1E-9 ¢

1E-10 £

E?F(erg cm®s™)

1E-11 |

0.1

Energy(GeV)

Fig.4 Phase-averagegray spectra predicted in this OG model and observed data eviergy
greater than 100 MeV for the Crab pulsar. The inset shows ltaseaverageg-ray spectra with
energy froml0~7 to 102 GeV. The black solid curve represents the total spectrura.bldck (grey)
dot-dashed curve is the ICS spectrum of secondarypairs in the north (south) pole, and black
(grey) dashed curves represent the spectrum of the sugwivirvature photons in the north (south)
pole. The blue (green) curve represents the sum of the IC8rape and the surviving curvature
spectrum in the north (south) pole. The solid boxes reptasenobserved data from Kuiper et al.
(2001). The red data points represent the observed dataReom LAT (Abdo et al. 2013). In the
calculation,ac = 55°, ¢ = —0.1, { = 60°, a1 = 0.98 and f(Rr) ~ 0.16 are used.

4 SUMMARY AND DISCUSSION

In this paper, pulsed-ray properties of the Crab pulsar have been investigateadermodified
version of the retarded magnetic dipole. In the structursuzh a pulsar magnetosphere in which
electric currents induce a perturbation in the magnetid fiebservedy-ray energy-dependent light
curves, which almost align with the radio light curve (seg. ) and phase averaged spectrum (see
Fig. 4) for the Crab pulsar, are reproduced well in the OG rhoded here. The model parameters
area = 55°%, ¢ = —0.1, ¢ = 60° a; = 0.98, f(R) =~ 0.16 ande = —0.1. Note that in the
vacuum-retarded dipole approximation of the pulsar magmdtere, Li & Zhang (2010) calculated
the energy-dependent light curves and spectra for the Grlapin the OG model given by Tang
et al. (2008) (for the revised version see Zhang & Li 2009},they did not consider the case in
which the phases of radio andray peaks are almost the same.

Since the pulsar magnetosphere plays an important rolesicdlculation of light curves and
spectra, various approximations of a real pulsar magnktrshave been investigated. For example,
Romani & Watters (2010) pointed out that the retarded difield with a current-induced perturbed
field can act as a good approximation of the FF magnetic field La& Zhang (2011) obtained the
analytic solution of such a field, whete> 0 ande < 0 should have opposite roles and the main rea-
son causing the phenomenon of phase alignment is the diffeatues ofe. On the other hand, 3D
pulsar magnetosphere models that incorporate finite cdivity@re more realistic. Dissipative pul-
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sar magnetospheres have been established (Kalapothata#to8012; Li et al. 2012) and have been
applied to study the shapes of gamma-ray light curves ofpsil&harb et al. 2012; Kalapotharakos
et al. 2014).
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