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The linear polarization of the Crab pulsar and its closeremvihent was derived from observations
with the high-speed photo-polarimeter OPTIMA at the 2.56 ordic Optical Telescope in the

optical spectral range (400-750 nm). The high time resmiuéind photon statistic allows us to
identify very fine features in the degree and angle of linedanzation as a function of pulsar

rotational phase never achieved before. The optical daia slrprising correlations with the

phase structure at radio frequency. Our observations shatntiere exists a subtle connection
between presumed non-coherent (optical) and coherenb)raghissions. This finding supports

previously detected correlations between the opticahgitg of the Crab and the occurrence of
giant radio pulses. Interpretation of our observationsiiregmore elaborate theoretical models
than those currently available in the literature.
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1. Introduction

Pulsars - fast rotating, highly magnetized neutron stars - are very fajetts in the optical
range of the electromagnetic spectrum. Yet, despite the increasing nuntdpgicad pulsars (four-
teen are known), only for five of them an attempt to get their and/or theulaelpolarization
characteristics was made (for summary $ée [1]). However, only forrthbtbst, i.e. the Crab pul-
sar fny = 16.6), fully phase resolved polarization measurements have been possifteRiecise
measurements of polarization degree (PD) and position angle (PA) astefuof pulse phase in a
wide range of energy domains would provide deeper insight into the deft#ils pulsars emission
mechanisms. However, since fast X- anday polarimetry is unavailable so far, we are restricted
to the optical domain.

2. TheOPTIMA instrument

The primary science goal for Optical Pulsar TIMing Analyzer (OPTIN®@) is to detect and
measure the optical light curves of young high-energy pulsars knovemibX- andy-photons.
Another class of targets for a fast photometer are compact objects iy Bysiems (white dwarfs,
neutron stars, black hole candidates) and their environment. In thesmesauasi-periodic, as
well as, irregular and random intensity fluctuations are expected. Thsésfoathe detection and
timing of single photons in order to be able to derive light curves with any daitsibning after
the observations. The absolute arrival time of individual photons is &eded for the correlation
of OPTIMA data with measurements from other ground or space obseestdhe timing of in-
dividual photons is controlled by signals from the Global Positioning Sy$tRg) to an absolute
accuracy of~ 2 us, although the readout system limits the resolution #hus.

To minimize the dilution of the source’s signal by the underlying atmospherkgaond, the
flux of the target is isolated in the focal plane of the telescope by the useafay (center-filled
hexagon) of optical fibers which acts as a diaphragm. The light from tbsctgpe is incident on
a slant mirror with the embedded bundle of optical fibers. Target andadiygioound photons are
then transferred through the fibers to Avalanche Photodiode (APDOgg$hoton counters.

For polarization measurements an IR-blocking filter and a rotating polarizfiltien (RPF,
Polaroid) are mounted into the incoming beam. The RPF covers the entire fisshodnd modu-
lates the polarized component of stellar, nebular and sky backgrountidigke over a full rotation.
Typical rotation rates of the RPF are-3 Hz. The RPF angular phase at any instant can be re-
constructed from the signal of a Hall sensor switch that is triggered peceotation and timed
in the same way as a photon signal. The field around the fibers, visible in titerstaor (typi-
cal size 2 x 3"), is imaged with a target acquisition camera. The polarizing filter modulates the
incoming light effectively only over a wavelength range of about 47460 nm. Since the APD
response (QE- 20%) extends from about 450 nm to 970 nm and no wavelength informdttbe o
individual recorded events is available, it is necessary to block radiatitside the filter modula-
tion range. Such photons, especially towards the near IR, are not nexdialad would decrease
the estimate for the degree of polarization. Therefore, we inserted alot¢Rirg filter that cuts
the wavelength range at about 750 nm. The OPTIMA detector is operatiedwo PCs and is
autonomous except for the need to have a good telescope guiding system.



Crab optical polarization Agnieszka Stowikowska

M

E T T T
I Period: 0.033556602 s
L No. of Bins: 500

0.9 Time Resoiution: 67 ps

MP o

Normalized Counts
o
[62]

[ Bridge|

log (Normalized Counts)
o
=
iy

A ALMNMNMMNMMDONONNNNNNNNNNY

Bridge

ANNENNNNNNNNNNNNNNNNNNNY
AHIMMIMMMIIMMMMIMMONOONNNNNN

o
0.1 = / /
00 E L L L L L L s 002 L L L L L L S
00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
Phase Phase

Figure 1. Left panel: the Crab pulsar light curve obtained from phetoecorded by the OPTIMA central
fiber APD at the Nordic Optical Telescope. The componentheflight curve are indicated as follows: a
main pulse MP, an inter pulse IP, a non-zero intensity leeéivben the MP and IP, i.e. a bridge, as well as,
a DC region. The DC component, in the phase intervar 29— 0.8446, was previously known as the ‘off-
pulse’ component. Right panel: the same as in the left patedfter nebula and background subtraction.
To better show the DC intensity level it is plotted in a logjamic scale. Two rotation periods are shown for
clarity.

3. Optical polarization characteristics of the Crab pulsar

For each photon the phase angle of the RPF and the phase of the Crab gelsalcu-
lated. The latter involves the transfer of the topocentric photon times ofhtavthe solar sys-
tem barycenter, and the phase folding with the current pulsar ephedwadi®l| Bank Crab Pulsar
Monthly Ephemeris). Hence, the pulsar signal is recovered by plasrent folding of suffi-
ciently long observations at the pulsar’s rotational frequency of ad@8tHz (Fig.[1).

The rotating polarization filter provides polarimetric data that represemtessd ‘images’ of
an object taken through 180 sets of linear polarizers, when we bin thizmgous rotation of the
RPF into discrete one degree intervals. A single polarizer is hot a 1008cppplarizer, but its
characteristics are well established, and this is essential for the chaiseardlysis method. From
an input data set of 180 independent intensitiGeeasured in counts) and their erroos £ /1) -
corresponding to a set of observations through 180 identical butenfgtqh polarizers - we derive
the Stokes parameters following the casa pblarizers after Sparks & Axof|[3] for all seven fibers
as a function of the Crab pulsar rotational phase. For the backgroebdlé and sky) subtraction
we took the averaged Stokes parametiss, Qoc,Upc) recorded in the ring fibers over the ‘off-
pulse’. Pulsar optical polarization characteristics as a function of its rotdtihase are calculated
from the background subtracted Stokes parameters[(Fig. 2).

Optical emission from the Crab pulsar is highly polarized, especially in thgér@ahd ‘off-
pulse’ phases. The position angle and the degree of linear polarizatiume®ns of rotation
phase show well determined properties. The position angle at the bridgefipulse’ phases is
constant. The polarization characteristics of both, the MP and the IP comigpage quite similar.
The polarization degree reaches a minimum at a phase close to the radiotheakinimum is
not aligned with the MP optical maximum. There is a well defined bump in the pdiarizgegree
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Figure2: Linear optical polarization of the Crab pulsar: the posittmgle (PA, left panel) and the degree of
polarization (PD, right panel) as a function of the pulsaational phase. Two rotation periods are shown for
clarity. The PA changes are aligned with the MP maximum ofjhical light (vertical dot-dashed line), but
also with the zero phase, i.e. with the MP radio phase (\@rsiglid line). The PD minimum is reached at
the radio phase (vertical solid line), and not at the phaghebptical maximum (vertical dot-dashed line).
The optical pulse profile (solid line) and the DC phase ranigslifed region in the phase rangégd3- 0.84)

are indicated also. The DC component is constant, and has PES and PD~ 33% (horizontal dashed
lines). One sigma errors are show.

on the MP rising flank. There is an indication of such a bump also for thesie(gally after DC
subtraction). The position angle swings through a large angle in both .paétks subtraction of
a constant DC component the angle swing is°1&0d 100 for the MP and IP, respectively. The
position angle slope changes dramatically at phases 0.993 (the MP maximuthPasd.o, i.e.
the radio peak). The trailing wing of the MP (phase rangk-00.03) shows a linearly increasing
degree of polarization. This feature turns into a bump shape after DGstibtr. There is a slight
indication of the same behavior for the trailing wing of the IP. More details (thotyfigures after
DC subtraction), as well as, the discussion of our results in contextiedrly available theoretical
pulsar models are given if][1].

4. Polarization of the Crab neighborhood nebular background

The Crab synchrotron nebula is a relativistic magnetized plasma that is gubwethe spin-
down energy of the pulsar. It was the first recognized astronomicats®f synchrotron radiation.
The inner synchrotron nebula is a region consisting of jets, a torus af/>emission, small-scale
variations in polarization and spectral index, and complexes of shargw&gbreakthrough in
the optical studies of the structure of the Crab nebula was undertakesirgythe Wide Field and
Planetary Camera 2 (WFPC2) on board ofithéoble Space Telescoffl. Hester et al. discovered
a bright knot of visible emission located @b to the south-east of the pulsar, along the axis of the
system (Fig.[]3). This inner knot, along with a second similarly sharp butefakmot (hereafter
outer knot) located at a distance df&from the pulsar, lies at an approximate position angle of
~ 115 east to north. Both knots are aligned with the X-ray and optical jet to the saghof the
pulsar and are elongated in the dimension roughly perpendicular to thegetialir, with lengths of



Crab optical polarization Agnieszka Stowikowska

N

T l T 11 T T l 17 | UL I T
4 — —
Fiber Bundle on HST image (scaled to NOT) B .
2 —

E 0 — W
-2 —
-4 l._ =
| | 1 1 1 J 1 1 1 i | I I | | 11 1 J l__
-4 -2 0 2 4

S

2000 4000 6000

Figure 3: Left panel: an enlargement of the HST image of the inner Cedlula (source R. Romani, priv.
comm.). North is up; East is left. The pulsar is identifiedhatihe lower/right of the two stars near the
geometric center of the nebula. A small arc-like feature {timer knot) which is clearly resolved in the HST
image is located 065 to the SE of the pulsar. The OPTIMA fiber bundle, centeretherpulsar and scaled
with the NOT focal plane scale, is over plotted. Right pampaltarization of the Crab nebula as measured
by each single fiber at the minimum phase of the pulsar lightecuThe axes are calibrated in arc seconds
centered on the pulsar. The scaled OPTIMA fiber bundle is phxted on the figure given in Smith et al.
(1988). The aperture of a single fiber i$35. The pink line for central fiber and the red lines for theyrin
fibers represent our measurements with the rotating Pdl&hgr. The black lines are the results that Smith
et al. determined with a polarimeter based on a rotatingwialfe plate and a Foster prisﬁl\ [5].

about a half arc second. The inner and outer knot appear to benpbegenot well resolved in the
images of the Crab nebula previously taken by ground based telesteftgsanel of Fig[[3 shows
an enlargement of the co-added HST WFPC2 images of 12 observatitires@fab nebula (Roger
Romani, priv. comm.). The OPTIMA fiber bundle centered on the pulsasealéd with the NOT

focal plane scale is over plotted. The target fiber is central to a heghondle of identical fibers
which measure the sky background and, in the case of the Crab nelmutdosle environment of
the pulsar. It is clear that we are not able to resolve the Crab pulsaitfimmner knot within the

central fiber.

To obtain the polarization characteristics of the pulsar neighborhood suenasl that within
the DC phase range the contribution of the pulsar emission to the ring fibersimsahiitherefore,
for background (nebula) calculations we consider only light coming withén'aff-pulse’ phase
range, i.e. 7% of the whole rotational cycle of the Crab pulsar. Obtainkdipation degree and
position angles for each of the single OPTIMA apertures are shown initheff right panel.
We compared our results with previous ones by over plotting them on thézadian sky map of
the very close neighborhood presented by Smith et[@l. [5]. By averagin§tokes parameters
over all background channels we get PI®.71%+ 0.08% and PA= 139.8° £ 0.2° for the region
surrounding the pulsar. Close to the pulsar the nebular polarization is oifitera (~ 9 — 11%)
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but the position angles change steadily with radial distance. Two to threzeaonds from the
pulsar the mean value is around 14But beyond five arc seconds the position angle exceeds 155
and it is very position-dependerff [6].
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