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High-resolution radio images of the Crab nebula
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High-resolution images of the Crab nebula at 2 wide
range of radio frequencies from 327 MHz to 3 GHz have
been made using the Very Large Array. The image at
327 MHz shows the pulsar and the radio jet very
prominently, The emission from the jet has a radio
spectrum steeper than the nebular emission.

THE Crab nebula 1s one of the most interesting and
fascinating astronomical objects. It is the remnant of
the supernova explosion 1054 AD. It is basically a
pulsar-driven synchrotron nebula, where the relativistic
electrons generated by the pulsar emit radiation by
synchrotron process. Bright filaments emitting optical
lines are also embedded within this nebula. About 20%
of the Crab pulsar’s spin-down energy is converted into
synchrotron radiatjon in the radio to X-ray wavelengths,
Indeed, it provides an excellent astrophysical battle-
ground for testing high-energy plasma processes. In
spite of the fact that it has been one of the most well-
studied objects over several decades, modern imaging
techniques have continued to reveal more and more
intriguing details. For example the jet-like feature
protruding outside the nebular boundary, first noted by
van den Bergh! in 1970, has been recently studied in
detai] in [OINT] (ref. 2% radio emission from this feature
was detected by Velusamy? at 20 cm. Although several
radio images of the Crab nebula have been made in the
last two decades*”, there are many unresolved
questions: for example the existence of a low-surface-
brightness shell characteristic of typical supernova
remnants, the magnetic fleld structure in the hlaments,
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the energy distribution of the relativistic electrons in the
hilaments vs the nebular regions, interaction of pulsar
wind with the surrounding nebula. Detailed study of
such problems requires high-resolution images with
high dynamic tange over a wide range of frequencies.
For example, the present upper limits are not low
enough to rule out the existence of any shell around the
Crab with surface brightness comparable to that in the

remnant of supernova AD 1006 (ref. 6). In view of the
above, we have been observing the Crab nebula at

radio frequencies using the Ooty synthesis radio
telescope (OSRT)” and the Very Large Array (VLA)®.
In this paper we present an OSRT map at 327 MHz and
high-resolution (4 to 5 arcsec) images of the Crab
nebula at 327 MHz, and 1.5 and 5 GHz obtained with
the VLA,

The observations at 327 MHz were first made with
OSRT? during 1986. The OSRT contour map of the
Crab obtained with a resolution of 56 X 33 arcsec? is
shown in Figure 1. The overall structure is consistent
with the high-resolution maps at higher frequencies, ¢.g.
at 1.5 GHz (ref. 9). The jet protruding out of the
northern boundary is seen very promunently at
327 MHz. A comparison of this map with the 1.5-GHz
map’ suggests a steepening of the spectrum outward
along the jet, with spectral index a~ —0.25 (where S,
~ V") near the nebula to —0.7 near the tip of the jet.
However, in view of the low dynamic range 1n this
OSRT map, observations at 327 MHz were also made
with the VLA to confirm this.

The VLA is best suited for multifrequency high-
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Figure 1. Contour map of the Crab nebula at 327 MHz observed
with the OSRT. The restoring beam was 56" X 33" at a position angle
of —12°. The contour levels are —0.3, 0.3, 0.6, 0.9, 1.5, 3, 9, 15,
21 Jy/beam, ete.

resolution observations. The VLA observations at
327 MHz were made in the D, B and A configurations.
The D-array observations were made during May 1987
in the spectral-line mode for a total of 4 h at 332 MHz
with a bandwidth of 0.6 MHz. The B- and A-array
observations were made during March 1989 and
December 1989 respectively in continuum mode using
both IFs with bandwidths of 3 MHz. The duration of
the observation was about 2 h in the B and 6 h in the A
configurations. Self-calibrated maps were made using
the standard techniques. Figure 2 shows the photo-
graphic representation of maps of the Crab nebula at
327 MHz with a resolution of 5 % § arcsec?; also shown
are the VLA images of the Crab at 1.5 and 5 GHz with
4 x4 arcsec? resolution. The VLA 1.5-GHz tmage is
reproduced from Velusamy®. The observations for the 5-
GHz image were made in C array for 6 h during May
1984. We have also used D-array data obtained in
snapshot observations (10 min) during August 1984 and
in 6 h of observations during November 1982 from the
archives.

The most striking feature in the 327-MHz image
shown in Figure 2 is the pulsar scen as a point source.,
The filaments and overall structure of the Crab at the
three frequencies show remarkable rescmblance. It may
be noted that such an image, bringing out the detals of
the filaments and also the pulsar, is being presented for
the first time. As pointed out by Vclusamy®, the
distribution of the radio filaments m Figure 2 s
consistent with an inner shell of diameter ~3 arcmin
formed by the bright filaments and knots and a system
of filaments filling the outer volume., Some of the outer
ilaments are connectled to this inner shell by loop-like
fcatures representing the magnetic ficld structure. The
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Figure 2. Photographic rmepresentation of the radie brnghtness.
distribution of the Crab nebula () at 327 MHz with & resolution of
57 x 5%, (b)) at 1.5 GHz (reproduced from Velusamy®) and o at $ GH:z
with a resolution of 4" x 4" {this paper)

inner shell may represent the region of interaction of
the pulsar wind with the stellar ¢jecta. The images tn
Figure 2 have been enhaniced to bring out the sharp
features more clearly, and thercfore the underlying
smooth brightness distribution s not fully represented.
Although the jet is not obvious m these images. it s
seen clearly when the low surfuce brightness s

121



RIESEARCH ARTICLEDS

cnkdnced These imazes are entremcely yvaluable for a
detailed maltdreguency myestization of the indnvidual
filaments and the diffuse nebular emisvion. However,
the dynamic rupge in the 327-MHz 1image 15 rather Jow
( ~ 2000 comparcd to that i the higher-frequency
wmages (> 100 This has been caused by poor UV
corerase Jue to lack of data in B and C configurations.
Obsenations 1n the B C configuration have been made
very recently and the data are being processed. The
detailed anabvsis of the radio emission from the nebula,
filaments, ctc. will be prosented later. In this paper we
highhicght only the emnmssion from the puisar and the jet.

The pulsar 1s detected as a point source with a flux
densty of 2.3 Jy at 327 MHz it was not detected at 1.5
and 5 GHz The pulsar 18 located in a local mimimum
between two bnght flaments. The upper himit to the
pulsar fluv at 1.5 GHz 1s 10 mly, The continuum flux at
327 MHz 1s quite consistent with the spectrum given by
Rankmn et al'’

Although the jet 1s clearly seen in the high-resolution
rmages, the signal-to-noise ratio over the jet, especially
at 327 MHz 1s not adequate for any quantitative study.
Therefore we have smoothed the images at 327 MHz
and 1.5 GHz to a lower resolution of 14.7 x 12.7 arcsec?,
and in Figure 3 is shown the bnghtness distribution
over the Jel. The rms noise 1n these low-resolution maps
are 12 and 3 mly beam respectively at 327 MHz and
1.5 GHz. Because of the higher sensitivity at 1.5 GHz,
the bnightness is seen at much lower levels at this
frequency than at 327 MHz. In the 327-MHz map there
1s a residual negative ‘bowl’ along the nebular boundary
at levels of 20-50 mly, beam. This 1s possibly due to
imperfect cleaning caused by poor UV coverage. The
new VLA observations in B'C configuration should
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improve the 327-MHz map considerably and enable
rcirable investigation at very low brightness. Neverthe-
less, the present data show the prominence of the radio
jet at low frequencies, confirming the OSRT results.
Furthermore, there is a clear correlation between the
maps in Figure 3: the extension of the jet far out to the
north, up to dechination 22°04°'00” with a slight tilt to
the west, is clearly seen at both frequencies. A detailed
comparison of these low-resolution maps at 327 MHz
and 1.500 GHz shows that the spectral index within the
nebula 1s typically in the range —0.2 to —0.3. As seen
from the intensity contours in Figure 3, the spectral
index varies significantly outward along the jet,
reaching a value of ~—0.6 at the outer edge. As
mentioned earlier a detailled and more reliable mult-
frequency investigation will be presented later with the
full synthesis VLA map at 327 MHz.

The origin of the jet i1s not fully understood yet. The
most obvious model would be that it is the result of a
high-velocity flow originating from the pulsar. However.
this seems unlikely, because of the absence of counter-
jet, any geometrical relation to the pulsar and its
rotation axis, and inconsistency with the observed
magnetic field structure over the jet'!. Furthermore, the
steeper spectral index, in the range ~ —~0.4 to —~0.6, for
the radio emission as suggested in this paper indicates
that the electron energy spectrum in the jet is steeper
than inside the nebula. The relativistic electrons in the
jet may have a difierent origin from those within the
nebula. This supports the models in which the jet is a
result of instab:lity in the filamentary shell or represents
a ‘shadow flow’ where a gas cloud is overtaken by the
ballistic flow of the stellar envelope ejected 1n
supernova explosion'?. The latter model is quite
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Figure 3. Low-resolution contour map of the jet region with a restonng beam of 147" x 127 at a position angle of —68° (&) at
327 MHz {contour imervals are 60 mJy beam) and {4) at 1 5 GHz (contour intervals are 13 mly, beam),
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attractive since it explains the geometry and kinematics
of the jet and 1s also consistent with a radio spectrum
that is distinct from the nebular spectrum,
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