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Previous INTEGRAL/IBIS observations have shown that thengia-ray radiation of the Crab
Nebula is highly polarised and remarkably aligned alongakis of rotation of the pulsar [4].
Their study was based on the first four years of operatione$#tellite. Here we present an anal-
ysis based upon nearly ten years of operation. This new sisalfows a better characterisation of
the polarisation fraction and position angle, as well as asuee of spectral energy distribution of
the polarised component. These results are then compatteelitaown optical polarisation of the
pulsar and nearby synchrotron knot. In the future we shatigare the gamma-ray polarisation
with the phase-resolved optical polarisation using imagnts such as GASP [10].
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1. Introduction

Polarisation measurements of pulsars provide an uniqughinsto the geometry of their
emission region, and therefore observational constraimtithe theoretical models of the emission
mechanism. From an understanding of the emission geonoeteycan limit the competing mod-
els for pulsar emission, and hence understand how pulsats ‘e problem which has eluded
astronomers for almost 50 years. Here we present the prelisnresults of a multi-wavelength
campaign, whereby we study the polarisation of the Crab Mednd pulsar using both the INTE-
GRAL/IBIS Compton mode (gamma-ray) and archival HST/AC&daptical).

2. INTEGRAL/IBIS Polarisation via Compton Mode

The work presented here is a continuation of the work of [4jode authors studied the po-
larisation of the Crab Nebula and pulsar using the first faaryg of operation of the INTEGRAL
satellite. We use the same procedure and software for olysimaf the data from 2007 Septem-
ber to 2012 April. The polarisation of celestial sources &asured using the IBIS Compton mode.
Photons entering IBIS (Imager on Board the INTEGRAL Sawliare Compton scattered in ISGRI
(Integral Soft Gamma-Ray Imager), the first detector plane, polar anglé from their incident
direction and at an azimuty from their incident electric vector. The photons are thesoabed
in the second detector, PICsIT (Pixellated Ceasium lodilestope). Hence, the polarisation of
sources can be measured, since the scattering azimuthtisd &b the polarisation direction. Events
recorded in both detectors within the same time window ofi&&re tagged as Compton events.
However, not all of these events result from Compton sdaggerChance coincidences can occur
between events independently coming from the source, theoskhe instrumental background.
The majority of the Compton tagged events are due to the backgd events, which are removed
using the shadowgram deconvolution. IBIS is an example ofded-aperture Compton telescope.
The design provides high-energy response, low backgraamda wide field-of-view. Moreover,
utilising the imaging properties of the coded mask, a higluéar resolution and background sub-
traction is achieved (see Figure 1). For the timing analytbis times of arrival of the Compton
events are referred to the solar system barycentre and-fdlded using an ephemeris from Jo-
drell Bank. We have used the pulsar phase intervals of [9](nRdin pulse), P2 (inter pulse), B
(Bridge emission), and OP (off-pulse emission) (see Fi@)reFor more information about the
analysis see [3] and the paper by Laurent et al. in these edougs.

3. Optical Polarisation Studies

Strong polarisation is expected when the pulsar opticasgion is generated by synchrotron
radiation. [15] suggested that the continuous opticalatamh from the Crab Nebula was due to
synchrotron radiation. This was later confirmed by [2] and] [Who found that the optical ra-
diation was polarised. Archival HST/ACS polarisation scie frames of the Crab Nebula were
obtained from the Mikulski Archive for Space Telescopes @1A. The data comprises of a se-
ries of observations of the nebula with the HST/ACS takerhied different polarisers {0 60°
& 120°) between 2003 August and 2005 December. The raw imageshiaid already been
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flat-fielded, were geometrically aligned, combined and ayed with cosmic-ray removal using
IRAF. For each set of observations, the images were analygéte IMPOL software [18], which
produces polarisation vector maps. In order to determia@dtharimetry, aperture photometry was
performed on the pulsar and synchrotron knot in each imaipg tise IRAF taskphot (see ACS
Data Handbook [14]). This work is intended to accurately rtegpolarisation of the Crab Nebula,
and act as a guideline for future time-resolved polarisatieeasurements of the Crab pulsar using
the Galway Astronomical Stokes Polarimeter (GASP). Thamnisiltra-high-speed, full Stokes, as-
tronomical imaging polarimeter based on the Division of Aitaple Polarimeter (DOAP). It has
been designed to resolve extremely rapid variations inobbfich as optical pulsars and magnetic
cataclysmic variables.

4. Conclusion

We have measured the polarisation of the Crab Nebula andrpuging the INTEGRAL/IBIS
Compton mode. Our results are consistent with those of [déyTound that the off-pulse emission
is highly polarised, and that the polarisation is alignethwhe axis of rotation of the pulsar (124
0.1°) [12]. We have also examined the phase-averaged opticatigation of the Crab pulsar and
its synchrotron knot using archival HST/ACS data. The ttssof the optical polarimetry of the
Crab pulsar are in good agreement with those of [16] using I®RT[19], and [8]. We see that
the knot is strongly polarised and we suggest that it is nesipte for the highly polarised off-pulse
emission. Our measurement of the polarisation PA of thelsytion knot, PA= 12686+ 0.23,
agrees with the Crab torus PA 12631+ 0.03° [12]. We also found evidence for an apparent
alignment between the pulsar polarisation PA (10£200°) and proper motion vector ([7]; 290
2+9° or 1104+ 2+9°) (see Figure 4). Looking at the gamma-ray data, we againseeree of an
alignment between the polarisation position angle of tHegswand it's rotation axis. Furthermore,
we have compared our results to those obtained at other evayteks (see Table 1).

The optical polarisation maps show the variation of the figdéion throughout the inner neb-
ula and particularly in the vicinity of the pulsar itself. ®nan distinctly see the overall structure of
the inner nebula, the degree of polarisation of the knotstia@dynchrotron emission (see Figures
3 & 4). The first optical polarisation maps of the Crab Nebutevthose of [13], [6] and [21].

In November 2012 we used GASP to measure both the linear eswdasi optical polarisation
from the Crab pulsar, on time-scales-ofl millisecond. The analysis of these observations are
still ongoing. Polarisation measurements give an unigsalr into the geometry of the pulsar
emission region (see [11]). More multi-wavelength poktiten observations of pulsars will help
to provide the much needed data to constrain the theoretiodels, and hence solve the emission-
model problem.
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Figure 1. Deconvolved significance map of the Crab Nebula and pulsagtise Compton mode, 200-800
keV, 1 Ms.
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Figure 2. Left: Compton mode lightcurve of the Crab pulsar, 200-6009, K6 Ms. Right: Azimuthal
profile of the Crab Nebula and pulsar, 200—800 keV, 2.6 Ms.

Polarisation Degree (%) Position Angg (

y—ray (SPI1) [1] OP 46+ 10 123+11
y—ray (IBIS) [4] OP >72 1206+8.5
y—ray (IBIS) [4] OP+B > 88 1220+7.7
y—ray (IBIS) [4] P1+ P2 4230 70+ 20
y—ray (IBIS) [4] Total 4733 1004+ 11
y—ray (IBIS) (this work) Total 58+7 85+10
Optical OPTIMA) [16] pulsar 98+0.1 1095+0.2
Optical HST/ACS$ (this work) pulsar /0+0.33 105974+ 2.00
Optical HST/AC$ (this work) knot 6170+0.72 12686+ 0.23
X-ray (OSO § (2.6-5.2 keV) [20] nebula 192+0.92 15579+ 1.37

Table 1: List of multi-wavelength polarisation studies of the Crab\la and pulsar. For gamma-ray phase
selections OP, B, P1, and P2 see text and [9].
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Figure 3: Left: HST/ACS image of the Crab Nebula (1'%8.7, 2005 Sep 06). Right: Polarisation vector
map of the Crab Nebula superimposed on the nebula. The legfewis the vector magnitude for 50%
polarisation. The location of the pulsar and knot is markgthie red circle.

Figure 4: Left: Polarisation vector map of the vicinity of the Crab gai and wisp region superimposed
on the nebula. The legend shows the vector magnitude for S@légigation. The location of the pulsar
and knot is marked by the red circle. Right: Close up of theb@ralsar region with the synchrotron knot
located= 0.65" SE of the pulsar. The vectors included are as follows: sgig-zector (SA) (124t 0.1°)
(Ng & Romani 2004), proper motion vector (PM) (1@ + 9°) (Kaplan et al. 2008), and the polarisation
position angles of the pulsar (185 + 2.00°) and synchrotron knot (12864 0.23°). Also, included is
the INTEGRAL/IBIS measurement of the position angle durting off-pulse and bridge emission phases
(OP+B) (1220+ 7.7°) (Forot et al. 2008).



