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Polarisation is a powerful tool to study compact objects where high-energy particle acceleration
processes and magnetic fields play a major role. Joining optical and high-energy polarisation data,
whilst challenging, should develop a better understanding of the source acceleration processes and
magnetic fields. A recent study of the polarisation from the Crab nebula and pulsar in hard X-
ray with the International Gamma-Ray Astrophysics Laboratory satellite (INTEGRAL) and in
optical with the Galway Astronomical Stokes Polarimeter (GASP) indicated similar variations in
the phase average polarisation signal observed between 2005 and 2012. This result was tentatively
proposed to evoke that magnetic reconnection was at work in the inner part of the Crab nebula, a
physical process suggested to explain the strong flaring activities observed in the past years with
the high energy gamma-ray missions Agile and Fermi. We describe here new and higher quality
GASP optical data obtained in December 2015 at the WHT telescope at La Palma during nearly
simultaneous hard X-rays INTEGRAL/IBIS observations. Our result points to a polarisation
angle value higher than that perviously measured, confirming that the inner core of the Crab

nebula is variable and cannot be considered as a polarimetric standard.
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1. Introduction

The Crab pulsar, remnant of a supernova which occurred in 1054, is a young pulsar powering
its surrounding nebula. The Crab pulsar and nebula radiates at all electromagnetic frequencies from
the radio to TeV y-rays (1) and as such has been intensively studied with ground and space observa-
tories. Considered for decades as a standard candle in the high energy band, the detection with the
Agile and Fermi y-ray telescopes from 2007 of strong y-ray flares (2; 3; 4) whose origin is rather
unknown have changed this situation and revived the interest and studies of the Crab pulsar/nebula
complex. X-ray, Optical and Radio observations did not show any significant flux variation across
the nebula (5) during these flaring events and no change of the pulsar’s temporal properties was ob-
served. A change in the polarised optical and hard X-rays/y-ray emission of the Crab nebula/pulsar
was recently mentioned thanks to a joint study in Optical with the GASP polarimeter and in hard
X-rays with the INTEGRAL/IBIS telescope (6). The similar change observed possibly indicates a
common origin and triggered new observing campaigns. The present work focus on the descrip-
tion of an optical run conducted in December 2015 at the WHT telescope equipped with the GASP
instrument and on data obtained the same year with the INTEGRAL satellite. Throughout this
paper the term polarisation refers to phase averaged linear polarisation unless otherwise explicitly
specified.

2. Optical observations

The optical observations presented here were carried out using the Galway Astronomical
Stokes Polarimeter (GASP) at the William Herschel Telescope (WHT) in December, 2015. GASP
(7) is a high time resolution, full Stokes, astronomical imaging polarimeter. It currently operates
using two Andor iXon 897 Ultra EMCCDs as detectors and operates using the principle of Division
of Amplitude Polarimetry (DOAP). The design of GASP is based upon a DOAP concept by Azzam
(8) and then later by Compain & Drevillon (9).
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Figure 1: GASP 2D Drawing - showing the layout of the major system components
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GASP utilises a modified Fresnel rhomb (RBS Prism Fig.1), which acts as a highly-achromatic
quarter wave plate and a beamsplitter, 36% of the light (blue path) is split at the first surface of
the prism and is re-imaged at the R Path Camera. The remaining light then undergoes two internal
reflections in the prism to add a quarter wave of phase, the circular component is converted to linear
which can be examined, this portion of the beam also contains 36% of the incoming light. Two
Wollaston prisms are used to split each of the two optical beams into their orthogonal components
and these beams are then re-imaged on the two detectors, resulting in two 25” diameter image fields
on each detector. Shown below, Fig. 2., is the optical system presently used in the GASP system.
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Figure 2: GASP system optical layout.

Two sets of observations were carried out on the Crab pulsar and nebula; the first set consisted
of 30 x 10 second exposures (starting at MJD57358.08611) with seeing and weather conditions
favourable. For this dataset the EMCCD cameras were operated in Full Frame mode (512 x 512
pixels). For the second set of observations (starting at MJD57358.92639) the cameras were op-
erated on a 1.7ms cadence for over 2 hours of continuous observation, for this set the EMCCD
cameras used a Region of Interest (ROI) to read out a 4x4 binned, 8 x 128 pixel region of the
sensor. The EM (Electron Multiplying) gain for these observations was set to x300, resulting in a
readout noise of <0.3 ¢~ pixel ! using the 17MHz readout.

Further details of the observations are shown below in Table 1.

Table 1: GASP observational dates and conditions

Date Exposures Filter Comments
57358.08611 30x 10s R Seeing was 0.8” for the duration of the exposures
57358.92639- 6x 10° x 1.7ms R Seeing varied from. 0.3”toa max1mur.n of 0.8
57359.05139 over the duration of the observations

Table 2 summarises the GASP polarisation standard observations. Due to the plate scale of
GASP (0.14”/pixel), it is not possible to spatially resolve both the pulsar and knot. The fluxes for
the four optical paths were extracted using 1.3” radius apertures, which were then annulus sub-
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tracted for each channel. The background-subtracted fluxes from the four channels I; — I, are then
converted to a vector and multiplied by the system characterisation matrix (A). The difference in
EM gain and variance over the set of images is calibrated out of the system matrix after observa-
tions by characterising the EM gain over the sequence of frames. The position angle (P.A.) was
referenced to two polarisation standards HD251204 and HD215806. The polarisation measure-
ments were within good agreement with previous observations. A zero polarisation reference star
HD 14069 was used to calibrate any residual instrument or telescope induced polarisation.

Table 2: GASP Polarisation Standards (MJD 57358)

Approximate | Target GASP (WHT) | Filter | Previous Observations | Filter | Ref

Polarisation (1990 - 2015)

0% HD 14069 | 0.0980:482% | R 0.111 +0.036% B a0

2% HD 215806 | 2.36 £0.12% | R 1.830 +0.040% R an
1.3108 £0.1254% R a2

4% HD 251204 | 3.98 £0.2% R 4.04 +0.066% \Y a3

Table 3 shows GASP polarisation measurements of the Crab pulsar. The measurements of the
Degree of Linear Polarisation (DOLP) measurements are in very close agreement with previous
measurements performed by GASP in 2012 (6) and other instruments including OPTIMA (Optical
Pulsar TIMing Analyzer) in 2003 (14). The Position Angle (PA) has been shown to change from
measurements performed in 2003 and 2012 and is discussed in more detail in the results section.

Table 3: GASP Observations (WHT December, 2015)

Target Observation Date | Position Angle (°) | Polarisation (%)
Crab Pulsar + Knot | 57358.08611 128.42 + 0.11 9.77 + 0.41
Crab Pulsar + Knot | 57358.92639 130.04 £ 0.35 9.66 + 0.34

3. INTEGRAL observations

Polarimetric monitoring of the Crab pulsar and nebula in the hard X-rays/low-7y-rays band with
the IBIS telescope on board INTEGRAL was possible since launch thanks to its use as a Compton
telescope. Briefly, The polarisation of celestial sources is measured using Compton scattering
properties. Photons entering IBIS are Compton scattered in the first detector plane, the INTEGRAL
Soft Gamma-Ray Imager (ISGRI), and then absorbed in the second detector, the Pixelated Cesium
Iodide Telescope detector (PICsIT). Use in this mode, IBIS is a coded-aperture Compton telescope
that provides high-energy response, low background, and a wide FOV see Forot et al, 2007 (15) and
references therein for methods and details. The Crab nebula is regularly observed since launch with
INTEGRAL for calibration purposes and polarisation results obtained with IBIS until 2014 were
published (16; 6). For this work we used data obtained between 2015, August 18 and October 17 for
a total exposure time of 500ksec, a period close to our WHT optical observations. To improve the
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quality of the extracted signal, we use a new method that optimises the selection of the Compton
events in the data analysis process. In particular, adjusting carefully a parameter (the rise-time
value) of ISGRI events, has shown a decrease in the proportion of spurious events, thus improving
the signal (see Laurent et al in these proceedings to a description of this original method). The
result of this analysis is shown in Figure 3.
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Figure 3: Phase-averaged polarisation diagram of the Crab pulsar/nebula obtained by INTEGRAL/IBIS in
fall 2015 in the 300-450 keV energy band. The distribution or polarigramme gives the source count rate by
azimuthal angle of the Compton scattering. The minimum of the sinusoidal fit indicates a polarisation angle
of 125% £ 159, a polarisation fraction of 89 + 28 and a S/N ratio of 14 .

The parameters measured at different epochs with INTEGRAL/IBIS give the indication, even
with a relatively modest significance, of a change of the polarisation angle of the Crab pulsar/nebula,
see Table 4.

Table 4: INTEGRAL/IBIS polarisation parameters in the [300-450] keV band

Observation Date | Position Angle (°) | Polarisation fraction | Reference
2003-2007 115 £ 11 96 + 34 (16)
2012-2014 80 + 12 98 + 37 (6)

2015 125 + 15 89 + 28 This work

4. Discussion and Conclusion

Our combined 2015 observing campaign indicates that in both optical and hard X-rays a polari-
sation angle with a value higher than previously measured (see Figure 4).The statistical significance
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of the INTEGRAL point is modest (estimated to have an equivalent 3 o detection level (see (6) for
a discussion on the INTEGRAL polarigram errors), but consistent with the value derived from the
WHT+GASP observation. It is worthwhile to mention that concerning the INTEGRAL/IBIS po-
larisation angle value, data taken by the ASTROSAT mission at the same epoch and in a similar
energy range similar, is consistent with our result (D. Bhattacharya, this conference).
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Figure 4: Position angle of the Crab pulsar/nebula versus time measured in Optical and in Hard X-rays.
Optical: - in red open triangle: OPTIMA, 2003 (14), - in red filled diamond: HST in 2005, GASP at
Palomar 200 inch in 2012 (14) and GASP at WHT in December 2015 (this work, inside the dashed grey line
circle). Hard X-rays : INTEGRAL results (in blue filled circle) obtained in the period 2003-2007 (16),
2012-2014 (14) and in 2015 (this work). The axis on the right side is expressed in degrees. The activity
of the source observed during the past years at energy greater than 100 MeV is plotted with cyan (AGILE
satellite) and green (FERMI observatory) colours .

At this stage, It is tempting to attribute a common origin to these similar optical and hard X-
rays polarisation changes and magnetic reconnection with a change in the overall magnetic field
orientation is suggested. Changes in the optical polarisation from AGN have been observed and
associated with y-ray flares (17) and the variations detected inside the inner core of the Crab nebula
might be a smaller case of such phenomenon. Clearly, more date are required and we will continue
to monitor this source. In particular, we are currently investigating the phase resolved polarisation
signal, in optical and with INTEGRAL, thanks to the excellent timing resolution of both instru-
ments. This will allow to better discriminate, especially at high energy where spatial resolution
cannot compete with the sharpness of the optical images, what is coming from the pulsar and what
from the inner knot.

Optical, Hard X-rays and y-ray polarisation studies are a powerful tool to investigate the geom-
etry and magnetic configuration of many class of sources. In that respect, the INTEGRAL results
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are encouraging and might pave the way to future researches, especially since the recently achieved
technical progresses. The coming and/or proposed space missions like IXPE, XIPE, EXTP, e-
ASTROGAM and many others are promising and will surely open new opportunities. On the
optical and near-infrared side, even if the domain is more mature, we hope that the instrumental
plans for the next generation of giant telescopes and/or the future/up-graded equipments of existing
facilities will allow similar progresses and bring into reality very sensitive multi-wavelength time
resolved polarimetric studies.
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