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are emitted outside the magnetosphere.
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1. Introduction

Young pulsars are strongray sources. The EGRET had been measured the pyisay
emissions from 6 pulsars (Thompson 2004). The nenay satellites,Fermi and AGILE, will
increase number of theray pulsars in the next few years. The observed radiation propesties
as the pulsed profile and the spectra, will be useful for us to diagnogmittiele acceleration ad
the high-energy emission processes in the pulsar magnetospheresnftiermal processes have
been discussed with the polar cap/slot gap model and the outer gap modglitertiure (Harding
et al 2008; Takata & Chang 2008).

Polarization measurement will play an important role to discriminate the various|s)dmb-
cause it increases observed parameters, namely, polarization degrg@iid position angle (p.a.)
swing. So far, the optical polarization data for the Crab pulsar is avail&laiebach et al. 2005)
in high energy bands. Because the electromagnetic spectrum of the putsesions from the
Crab pulsar is continuously extending from optical throyglay bands. We expect that the optical
radiation process is related with the higher energy emission procddHSGRAL measured the
polarization of the/-ray emissions from the Crab pulsar for the first time (Dean et al. 2008hel
future, furthermore, the polarization of X-ray and spiftay emissions from the Crab pulsar will
probably be able to be measured by ongoing projects. These data wikhe fas us to discrim-
inate the different models. In this paper, we examine the optical polarizdiemacteristics of the
Crab pulsar with the outer gap accelerator model. We will discuss the poianizdaracteristics
of the pulsed radiation in optical yeray energy bands.

2. TheCrab pulsar;outer gap scenario

The high-energy radiation taken place in outer magnetospheric accelaetdion (outer gap)
was proposed by Cheng et al. (1986). The outer gap acceleratol azstenes a strong accelera-
tion between the null charge surface of the Goldreich-Julian chargetgamd the light cylinder.
The Goldreich-Julian charge density is describegpgy ~ —QB,/2rmc with Q being the rotation
frequencyB, the magnetic field component projected to the rotation axiscdhd speed of light.

For the Crab pulsar, the charge particles are accelerated above 10yTiN electric field
parallel to the magnetic field lines in the outer gap. The accelerated particlethertyirimary”
y-ray photons via the curvature radiation process. For the Crab puisatof the primary photons
will convert into so called “secondary” pairs outside the gap by colliding withchrotron X-
rays emitted by the secondary pairs. The secondary pairs emit optical/-pHetons via the
synchrotron process and photons above MeV with the inverse Compioags. The high-energy
photons emitted by the secondary pairs may convert into tertiary pairs at hitjhede by colliding
with the soft X-rays from the stellar surface. The tertiary pairs emit the aipti/ photons via the
synchrotron process. This secondary and tertiary photons appéae abserved radiations from
the Crab pulsar
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3. Polarization calculation

3.1 Acceleration and radiation process

We consider the outer gap geometry that is extending from inside nullelsarface to near
the light cylinder (Takata et al 2004). Because the Crab pulsar has gahinwe may approxi-
mately describe the accelerating electric field (Cheng et al. 1986) with

2
£y (r) = SELIORe 31)
wheref (r) is the local gap thickness in units of the light radiBg,= ¢/Q, ands(r) is the curvature
radius of the magnetic field line. The typical fractional size of the outer ggpés by f (R¢/2) ~
5.5B~4/7P26/21 (~. 0.04 for the Crab pulsar) and the local fractional size is estimatefl(by~
f(R¢/2)(2r/Rc)'® (Cheng et al. 2000).

The electric field described by equation (3.1) can be adopted for théeeati@en beyond the
null charge surface. Inside null charge surface, the electric figidlyadecreases because of the
screening effects of the pairs. To simulate the accelerating electric fielé®etive inner boundary
located atr; and the null charge surface, we assume the electric field Byjth) = En(r/ri)? —
1/(rn/ri)? — 1, wherek, is the strength of the electric field at the null charge surfacergaddr;
are the radial distances to the null charge surface and the inner guwidhe gap, respectively.
Electrodynamically speaking, the position of the inner boundaiy determined with the electric
current. On the other hand, the magnitude of the electric current in theegamds on the global
structure of the magnetosphere including the polar cap and wind zoneefdites in the present
local model, we treat thg as the model free parameter. .

For the Crab case, the synchrotron radiation from the secondaryquaitsbute to the The

photon spectrum of the synchrotron radiation from the each radiatiatiquois

1/2 ;
Fon(Er) = S-S D) [ [l

] F (X)dEe0Vrad, (3.2)

wherex = Ey/Esn, Egn is the typical photon energy, is the pitch angle of the particl€&,(x) =
X Ji Ks/3(y)dy, whereKs/3 is the modified Bessel function of order 5(e/dEe [ E;2 is the
distribution of the pairs andV;4q is the volume element of the radiation region considered.

3.2 Stokes parameters

For a high Lorentz factor, we can anticipate that the emission direction ofdtttielps coin-
cides with the direction of the particle’s velocity. In the observer frame, dnégle motion may be
described by

N = Bocosbpb -+ BosinBpb | + Beoly, (3.3)

where the first term in the right hand side represents the particle motion #ilerfgeld line, for
which we use the rotating dipole field, abds the unit vector of the magnetic field line. The
second term in equation (3.3) represents gyration motion around the maiggidtime andb, =
cosopk + sindgk x b is the unit vector perpendicular to the magnetic field line, whepaefers
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Figure 1: Polarization characteristics of optical radiations wthik traditional model (left column) and the
present model (right column). The upper, middle and loweretsgin each column show, respectively, the
light curve, the position angle and the polarization dedoe@& = 50° (after Takata et al. 2007).

the phase of gyration motion amd= (b- O)b/|(b- O)b| is the unit vector of the curvature of the
magnetic field lines. The third term is co-rotation motion with the $igr= pQ/c. The emission
direction of equation (3.3) is described in terms of the viewing angle meaforadhe rotational
axis,& = cos n,, and the rotation phase.

The radiation at each point linearly polarizes with degreBgf = (p+1)/(p+7/3), where
p is the power law index of the particle distribution, and circular polarizationns. ZEhe direction
of the electric vector of the electro-magnetic wave toward the observeraligddo the projected
direction of the acceleration of the particle on the sky. In the present ttasacceleration with
equation (3.3) is approximately written ly~ Bows sinBp(— Sind @k + cosd ¢k x b).

We define the position angle' to be angle between the electric fidlg, and the projected
rotational axis on the sky. The Stokes parame@randU' at each radiation is represented by
Q' =MMgnl'cos2(' andU' = Mgynl'sin2x'. After collecting the photons from the possible points for
each rotation phase and a viewing anglé, the expected p.d. and p.a. are, respectively, obtained
from P(§,®) = Mgny/Q2(E,®) +U2(E,®)/I (€, ®) andx (&, ®) = 0.5atarU (¢, ) /Q(E, D).

We note that we also calculate the radiation and its polarization propertiesefonvirse-
Compton process of the secondary pairs, which formula are explicitlyideddn Takata & Chang
(2007). The inclination angle and the viewing angle measured from the rotational axis are the
model parameters. As explained above, the radial distartoghe inner boundary is also a model

parameter.

4. Results

Figure 1 summarizes the pulse profiles (top panels), polarization anglesiémiaitels) and the
degree of polarization (lower panels) at 1 eV predicted by three diffexmission geometries.
The left column summarizes the results for the traditional outer gap geométgymiddle and
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right columns show the results for the radial distance of 67% of the distamugl charge surface
ri = 0.67r, and the right column is taking into account also the emissions from the tertins p
The other model parameters are= 50°, a = 0.94, andé ~ 100°, where the viewing angle is
chosen so that the predicted phase separation between the two peasistecd with the observed
valued® ~ 0.4 phase. In the present case, the two peaks in the light curve is asdoeititehe
one magnetic pole

Upon comparison the pulse profiles between the pulse profiles of the tefbimidle columns,
we find that the radiations from the secondary pairs inside the null clsamggce contribute to
the off-pulse emissions. Therefore, we find that the emissions from thieinall charge surface
contribute to the off-pulse emissions. The emissivity of the off-pulse emissitx 10% of the
peak flux. In side the null charge surface, the accelerating electriddiphttially screened by the
pairs. The resultant emissivity of the synchrotron radiation of the secynirs are small.

For the viewing angle€€ ~ 100°, the radiations from all gyration phases contribute to the
observed radiation at the bridge phase, because the line of sightpghesegh middle part of
the emission regions. In such a case, the depolarization is strong, angsidtathe emerging
radiation from the secondary pairs polarizes with a very low pd.2Q0%) as lower panels in
Figure 1 shows. Near the peaks, on the other hand, the radiations fecsorte range of gyration
phases are not observed because the line of sight passes throegly¢hef the emission regions
at peaks. Therefore, the depolarization is weaker and the emergiatjoadhighly polarizes.

We find from the middle panels in Figure 1 that the large swings in the polarizatigle
appear at the both peaks. The results (middle and right columns) of theutewgap geometry
predicts that the difference of the position angle between the off-puldeh@nbridge phases is
about 90 degree. We can see the effects of the tertiary pairs on thé&atitar characteristics at
the bridge phase. By comparing the p.d. between middle and right panefsdmbat tertiary
pairs produce the radiations with 10% of the polarization degree at the bridge phase.

The polarization characteristics (right column in Figure 1) predicted byebent outer gap
model are in general consistent with the Crab optical data after subtradtiba DC level (Kan-
bach et al. 2005). In particular, the model reproduces the most strigaigre in the observed p.a.
that the large swing at both peaks, and the observed low p.d. at bridgge{H0%. Also, the
pattern of the degree of the polarization are reproduced by the praselei.

Figure 2 shows the predicted polarization characteristics for highegybeands. The model
parameters are same with those for the right column in Figure 1. We can $eketlzalculated
polarization characteristics in hard X-ray (left column in Figure 2) andysody (right column in
Figure 2) are similar with those in the optical bands. This is because thersymehradiation from
the secondary pairs produces the radiation in optical througtysaft energy bands.

As Figure 2 shows, the predicted angle of polarization in off-pulse emissigrray bands
is about+90 degree, which means the polarization angle is perpendicular to the direttioe
rotational axis on the sky (0 degree). The result does not produce @lilegree of the polarization
angle measured by INTEGRAL (Dean et al. 2008). On the other hang@olagzation properties
measured by INTEGRAL are similar to those of the optical DC emissions. This isnibiad the
emission region of the optical DC level is also origin of the off-puylgay emissions. Because our
model implies that the optical DC level emissions does not originate from thegagiewe suggest
that the off-pulse emissions observed by INTEGRAL would come fronthemaegion (e.g. wind
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Figure 2: Polarization characteristics of radiations in hard X-rag aofty-ray bands.

zone or synchrotron nebula).

In summary, we calculated the polarization process in opticgir@y bands with the outer
gap scenario for the Crab pulsar. We found that the outer gap modedxgdain the observed
polarization characteristics of the optical data after subtracting the DC Ievethe other hands,
the present model does not explain the INTEGRAL data of the off-putseséons. We suggest
that the off-pulse emissions measured by INTEGRAL come from outside etagphere.
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