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ABSTRACT

We obtained ultraviolet images of the Crab Nebula with the Ultraviolet Imaging Telescope (UIT) during
the Astro-1 Space Shuttle mission in 1990 December. The UV continuum morphology of the Crab is generally
similar to that in the optical region, but the wispy structures are less conspicuous in the UV and X-ray. UV
line emission from the thermal filaments is not strong. UV spectral index maps with a resolution of 10” show
a significant gradient across the nebula, with the outer parts being redder, as expected from synchrotron
losses. The location of the bluest synchrotron continuum does not coincide with the pulsar.

Subject headings: supernova remnants — ISM: individual objects (Crab Nebula)

1. INTRODUCTION

The Crab Nebula was the first confirmed cosmic source of
synchrotron radiation (Shklovsky 1953; Dombrovsky 1954;
Oort & Walraven 1956). Its broad-band continuum has been
detected throughout the electromagnetic spectrum and has
been the subject of many studies (e.g., Baldwin 1971; Craig et
al. 1985). Scargle (1969) examined structural variability in the
optical continuum induced by the pulsar. He also found that
the spectral index a (where F, ~ v~ %) was smaller (i.., the light
was bluer) near the center of the nebula, presumably because of
synchrotron losses by the relativistic electrons as they move
outward. The energy distribution of the Crab (in vf, units)
peaks in the extreme ultraviolet/soft X-ray, which makes ultra-
violet observations of particular interest. Earlier UV observa-
tions of the Crab were made by Wu (1981) and by Davidson et
al. (1982). Davidson et al. used IUE to obtain C 1v 2155 nm,
He 11 1164 nm, and C 1] 4191 nm emission line intensities and
upper limits on other UV lines. Wu published ANS photo-
metry for the central 25 x 2/5 in five ultraviolet bands. He
found that the UV data could be fitted with a power law with
o ~ 0.50.

The large angular size of the Crab (almost 6’ diameter) and
its high UV surface brightness make it an excellent subject for
imaging with the Ultraviolet Imaging Telescope (UIT).

2. OBSERVATIONS AND REDUCTIONS

The nebula was observed with the UIT for one orbital night
during the Astro-I mission in 1990 December. The UIT is a 38
cm /9 Ritchey-Chretien telescope with a 40’ field of view which
employs intensified film cameras as detectors. Details on its
specifications and performance during the mission are avail-
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able in Stecher et al. (1992). We obtained eight exposures of the
Crab in three different filters. The reductions concentrated
almost exclusively on the longest exposure in each filter. The
filters used were A1l (centroid 249 nm, bandwidth 115 nm) for
470 s exposure time, B1 (152 nm, 35 nm) for 471 s, and B5 (162
nm, 23 nm) for 390 s. These nominal centroids were calculated
for a flat incident spectrum; the effective centroids change with
the source spectrum, as discussed below. The film was digitized
with a 20 um aperture to 1714 pixels, flat fielded, and flux
calibrated as described in Stecher et al. (1992). We will quote
magnitudes in the monochromatic system, defined as m, =
—25log F, — 21.1, where F isin units of ergss ' cm ™2 A™1,

The sky background in the UV is in general lower than in
the optical (O’Connell 1987; Henry 1991). The background
near the Crab was nonuniform, unlike most high Galactic lati-
tude UIT fields. The A1 and B1 images show increased sky
brightness at the northeast and southwest edges of the 40’
diameter frame. For better sky correction, we made two-
dimensional polynomial models of the sky. The mean value of
the background in boxes 45” on a side was obtained from
approximately 150 places on each frame, covering about 7% of
the field of view. The estimated sky brightness in the center of
the three frames, in mag arcsec ™ 2 is 24.2, 23.2, and 21.9 for the
Al, Bl1, and B5 frames, respectively. (These values have not
been corrected for residual photographic fog; the BS frame
exposure continued into the daylight side of the orbit.) The A1
and B1 frames have a “ valley ” of darker sky (by about 1.5 mag
arcsec ~ 2) running at an angle of 130° east from north, roughly
parallel to the Galactic plane. Due to the low Galactic latitude
|b| ~ 6° the most likely cause of the unusual background is
scattering from a nonuniform dust distribution near the line of
sight. Paresce et al. (1979) have reported brighter background
UV radiation near the Galactic plane, | b| < 10°, with some of
the sky brightness being scattering of OB starlight from dust
clouds.

The Crab observations were made early in the mission,
before fine tuning of the guiding system was achieved. The
resulting point spread functions (PSFs) are relatively large. On
the A1 exposure the stellar images are elliptical, witha FWHM
of 379 x 4”3. The PSFs of the B1 and B5 frames are more
circular, with FWHM of 5”1 and 36, respectively. Comparison
of the total sky-subtracted flux measured on the three frames
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F1G. 1.—Comparison of the observed and dereddened UV fluxes of the
Crab Nebula as measured by ANS and UIT with a 150 arcsec? aperture. The
dereddening method is described in the text.

within a 2!5 x 2!5 square aperture centered on the pulsar to
Wu’s ANS photometry corrected to the IUE calibration as in
Bohlin et al. (1990) is shown in Figure 1. The agreement is
excellent, especially considering the length of time since the
UIT laboratory calibration (1985). The mean far-UV (FUV)
dereddened flux from the B1 and B5 frames matches Wu’s at
155 nm to within 4%.

3. RESULTS

Our UV frames are compared to optical and X-ray images in
Figure 2 (Plate L6). The overall morphology of the UV con-
tinuum is similar to that in the optical. However, the light
distribution is smoother in the UV than in the optical. The fine
scale structure near the pulsar, such as the “wisps” and the
“anvil” (cf. Scargle 1969) is less conspicuous. Optical contin-
uum images kindly provided by R. Fesen and W. Blair were
convolved to match the resolution of the NUV image and
show that the surface brightness of the bright wisps NW of the
pulsar is roughly 0.4 mag arcsec ™2 brighter than the nearby
background at 477 nm. The excess surface brightness in the
NUV is less than 0.2 mag arcsec” 2. This apparent steepening
of the spectral index between the diffuse background and the
wisps is also visible in the X-ray image. Although the
maximum X-ray surface brightness occurs NW of the pulsar, it
does not coincide with the bright wisps in the optical. The UV
and X-ray appearance of the wisps would be consistent with
stronger synchrotron losses due to a larger magnetic field in
these time-variable features (Scargle 1969).

The eastern “bay” is conspicuous in both the NUV and
optical bands, but the south-eastern quadrant is noticeably less
bright in the FUV and considerably fainter in the X-ray image.
The nebula overall is smaller and less symmetric with respect
to the pulsar’s location in the X-ray than at longer wavelengths
(Harnden & Seward 1984). The FWHM of fits to slices taken
along the optical major axis (P.A. = 135°) for the optical,
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NUYV, FUV, and X-ray data are 106", 77", 65", and 44", respec-
tively, while for the optical minor axis (45°) values were 80",
61”,57", and 53".

There are no obvious emission-line filaments on the UV
images, including the BS exposure which should be most sensi-
tive to C1v 155 nm and He 11 164 nm emission. This is in
contrast to the optical band, where care is necessary in the
choice of filters to obtain images without filaments. We have
searched for evidence of line emission using both spatial filter-
ing algorithms and aperture photometry and are able to set
only upper limits to the C 1v and He 11 flux. We used an [O 11]
500.7 nm CCD image to construct a set of filament and back-
ground apertures to measure the region where the [O 111] emis-
sion is strongest. The 3 ¢ limit to the flux on the BS5 exposure
which could be attributed to C 1v and He 1t was 2.1 x 10713
ergs s ! cm ™2 in a 204 arcsec? aperture (the aperture size of
IUE), which is 23% larger than the strength of C 1v and He 11
measured in this position by Davidson et al. (1982) in long IUE
exposures. The Hopkins Ultraviolet Telescope (HUT) (Blair et
al. 1992), obtained line fluxes during the Astro-I/ mission which
were over twice the IUE values, but these refer to a larger
aperture (1972 arcsec? vs. 205 arcsec? for IUE) and are not
directly comparable to the filament measures quoted above.

Fesen & Blair (1990) found numerous small dark spots
across the face of the nebula on optical continuum images,
coincident with various emission line filaments. They inter-
preted these as small dust clouds within the nebula. Hester et
al. (1990) also reported similar features. Most were smaller
than 2”, but four were larger. We inspected the UIT frames for
absorption features at the locations listed by Fesen & Blair and
by Hester et al. but found none. (Four dark spots visible in the
northern portion of the A1l frame in Fig. 2, adjacent to regions
of higher intensity a few pixels away, appear to be artifacts not
removed by flat-fielding.) Comparing our images to the Fesen
and Blair 477 nm image smoothed to the UIT FWHM, we find
that we would not have detected dust clouds with comparable
UV amplitudes and sizes. However, from the standard UV
extinction law (e.g., Savage & Mathis 1979), one expects UV
absorption amplitudes to be larger than in the optical. It is
possible that the location of the clouds within the synchrotron
nebula or UV scattering effects have reduced the UV contrast
of these objects.

Although the UV nebular continuum is bright, the pulsar is
just detectable on our A1 image as a faint point source near the
radio pulsar coordinates (x = 05"34™3159 § = 22°00'51"5,
J2000). It is not convincingly present on the B1 frame. Because
there are residual errors produced by S-distortion in the UIT
image tubes, we confirmed our astrometry using field stars
from an optical CCD image. We find m,;(249 nm) ~ 18.7 and
m;(152 nm) 2 17.2 for the pulsar.

van den Bergh (1970) noted a faint jet extending about 1 pc
from the northern edge of the Crab. The jet is visible in
emission-line photographs (Chevalier & Gull 1975; Fesen &
Gull 1986) and as synchrotron radiation in radio images
(Velusamy & Roshi 1991). Our UV images do not show an
extension of the nebula in this area; an upper limit for the
surface brightness of the jet is 1£,(249 nm) = 22.6 mag arcsec ™ 2.

The spectral energy distribution of the Crab has been mea-
sured over 13 decades in frequency; but until now there was no
determination of the total UV flux, since the nebula has a
larger angular size than the ANS or IUE apertures. Using an
irregular polygonal aperture placed to include all the nebular
flux while excluding field stars, we measured total fluxes for the
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F1G. 2—Pseudocolor images of the Crab Nebula in four wavelength bands. Each image is 512 x 512 pixels, with a pixel size of 1714. In the upper left is the UIT
NUV image, and in the upper right is the average of the two FUV images. In the lower right is the Einstein HRI image (Harnden & Seward 1984), while in the lower
left is an optical continuum image (emission-line free) kindly provided by Robert Fesen. The resolution of the Einstein image is ~8”, while the 609 nm image has a
resolution of ~2”. The coordinate grids are centered on the pulsar; all four images have the same scale. The color table was selected to display both high and low
values. It is set to red at the highest levels in the nebula, declining through yellow, green, blue, white, and gray, to black.

HENNESSY et al. (see 395, L14)
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A1, B1, and BS5 filters of 3.95,4.17, and 4.66 x 10~ 13 ergs cm ™2
s~ 1 A~1 respectively. The uncertainty in these values is esti-
mated to be ~15%, most of which is systematic error in the
IUE absolute flux calibration (Bohlin et al. 1990). The ratio of
the total flux to the flux in the central 150 arcsec? is 1.43, which
is 24% lower than the value of 1.88 that Wu (1981) used to
extrapolate his measurements to the whole nebula.

The exact value of the extinction towards the Crab remains
somewhat unsettled (Davidson & Fesen 1985); but we choose
to use a value of E(B— V) = 0.50, based on Wu’s (1981) UV
measurements of field stars and our results from Figure 5
below. Owing to the large width of the UIT filters, it is neces-
sary to integrate the extinction law numerically through the
filter response functions to obtain mean values. We adopted
the shape of the Seaton (1979) law fitted to the UV extinction
values measured by Wu to obtain mean extinctions for the Al,
B1, and BS filters of 3.77, 4.38, and 4.29 mag, respectively. The
Wu extinction curve is only slightly different from the standard
Savage & Mathis (1979) curve; using the latter would change
our derived spectral indices by only Aa ~ —0.05. The extinc-
tion also affects the wavelength centroids of each filter; for the
observed power law and adopted extinction, these become 269,
154, and 162 nm.

The dereddened, spatially integrated fluxes are then 1.24,
2.35,and 2.42 x 10 "' ergscm 25! A~ !, for the A1, B1, and
BS filters. The corresponding integrated UV spectral index,
corrected for reddening, is « = 0.83. The dereddened spectral
index for a centered 150 arcsec? aperture is « = 0.67, somewhat
steeper than Wu’s measurement of « = 0.50. Note that because
oo ~ —4.316 log [F(FUV)/F,(NUYV)], small uncertainties in
the measured flux or extinction corrections produce appre-
ciable changes in a (cf. also Fig. 5). The overall power law in the
optical-UYV is flatter than the IR-X-ray mean spectral index
o ~ 1 (Craig et al. 1985). The luminosities corresponding to
these fluxes are 5.7, 3.3, and 2.2 x 103° ergs s ™!, assuming the
distance to the Crab is 1830 pc (Davidson & Fesen 1985), or
equivalently 1590, 860, and 580 L, respectively. Davidson
and Fesen estimate that the bolometric luminosity of the Crab
nebula is 1.38 x 1038 ergs s~ !, implying that over 6% of its
luminosity emerges in the 1200-3200 A region.

To study changes in the continuum slope with position in
the nebula, we have constructed a spectral index map. The
sky-subtracted images, corrected for reddening, were con-
verted to fluxes and then binned to 10” (9 pixel) resolution.
Based on laboratory flat-field measurements, this will increase
the S/N ratio by a factor of about 5. Cells with net flux values
less than 3 times the sky flux were rejected from consideration.
In each cell the spectral index was determined by making a
least-squares fit to the energy distribution at the effective wave-
lengths of the three filters.

The spectral index map is shown in Figure 3 (Plate L7),
where redder areas are dark and bluer areas are light. There
are conspicuous general gradients across the nebula, with the
inner regions being bluer (harder radiation). The edges of the
nebula are particularly red, especially the eastern bay and the
southeastern portion of the nebula. These changes in spectral
index are reflected in the morphological changes with wave-
length in Figure 2. The general gradient is consistent with the
aging of the relativistic electrons that produce the synchrotron
radiation as they move out through the nebula (Woltjer 1958;
Scargle 1969). Surprisingly, the hardest radiation (x ~ 0.23) is
not coincident with the pulsar but instead lies approximately
60" to the northwest. We are unaware of other special proper-
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ties associated with this area, but it does lic roughly on an
extension of the line connecting the center of expansion of the
nebula (Wyckoff & Murray 1977) and the current location of
the pulsar. This may simply be a coincidence.

Figure 4 shows the spectral index of the dereddened images
as a function of radius, for the northwest and southeast halves,
bisected along a cut at 45° east from north. The sky-subtracted
flux from the three frames was summed in annular rings of 10”
width, with an increment of 5”, and then the spectral index
calculated for each ring. Annular averaging in this manner
loses many of the interesting details from Figure 3 but shows
large-scale trends in the data. This profile agrees well in its
gross characteristics with the radio spectral index/radius rela-
tion found by Velusamy, Roshi, & Venugopal (1992). With the
exception of the smallest annuli, the southeastern half of the
nebula is systematically redder than the northwestern half and
shows a greater change in the spectral index with radius. The
UV/X-ray spectral indices (not shown) are similar to the
NUV/FUYV spectral indices in Figure 4. Both halves show the
trend of a general increase of spectral index with radius. The
outer limit of the plot was chosen such that the S/N of the
mean annular flux was over 20 in all three UV filters.

Scargle’s (1969) photometry showed that the spectral index
in the optical is flattest (bluest) near the pulsar, and becomes
steeper (redder) with distance, but his aperture grid did not
extend out as far as the UIT spectral index minimum. In
Figure 5 we show a comparison of Scargle’s data and ours for
his position no. 1. Scargle’s data was dereddened with the
curve of Savage & Mathis (1979). The data points should join
smoothly, with a constant slope, assuming the incident radi-
ation from the Crab is a power law. Figure 5 clearly illustrates
the importance of the reddening correction in matching the
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F1G. 4—UYV spectral index, corrected for reddening, in circular annuli of
10” width centered on the pulsar as a function of radius. The triangles are for
the SE semi-major axis of the nebula, while the diamonds are for the NE
semi-major axis. The general steepening of the spectral index with distance is
presumably from synchrotron losses. The error bars are the 1 ¢ errors to the fit
in each annulus.

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...395L..13H

PLATE L7

CRAB NEEULA

3 30"

zl 30"

1* 3Q

al aﬂ“

DECLINATION

&58' 3o

58' 30"

21% 57 30"

RIGHT ASCENSION

F1G. 3.—Gray-scale representation of the ultraviolet spectral index of the Crab Nebula, binned over cells of 10”. Darker areas correspond to larger spectral
indices (redder light) and lighter areas to smaller indices. The inset shows the correspondence between spectral index and tone. Sky noise outside the nebula has been
suppressed by setting all pixels with fluxes smaller than 3 times the sky flux to a mid-gray tone. The circle marks the position of the pulsar.

HENNESssY et al. (see 395, L15)
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F1G. 5.—Comparison of the dereddened flux in the optical and the UV at
Scargle’s (1969) position no. 1. The open symbols represent UIT data while the
filled symbols represent Scargle’s optical data. The three columns on the right
list the amount of extinction assumed, the fitted spectral index, and the stan-
dard deviation of the fit. The best fit is for an assumed E(B— V) = 0.50.

optical and UV data sets. The best match is for
E(B—V) ~ 0.4-0.6, in agreement with Wu’s (1981) value of 0.5.
Adopting this value, we find the UIT spectral indices are sys-
tematically redder than Scargle’s other measures over the

region in common, but the trends are similar. The discrep-
ancies do not appear significant, given the uncertainty in the
reddening law.

4. CONCLUSIONS

The UV continuum morphology of the Crab Nebula is gen-
erally similar to that in the optical region but is affected by
wavelength-dependent trends which become yet more pro-
nounced in the X-ray. The continuum wisps are less conspicu-
ous at higher energies than in the optical. We do not detect
bright C 1v emission or dust clouds of size 2 5”. Mean fluxes
obtained in the central 150” are in excellent agreement with
ANS values. The nebula emits over 6% of its bolometric lumi-
nosity in the 1200-3200 A region. Spectral index maps of the
nebula show significant UV color gradients, with the edges of
the nebula having larger spectral indices than the central
regions, as expected from synchrotron losses. There is a signifi-
cant color asymmetry between the NW and SE semi-major
axes of the nebula. The hardest radiation is found not in the
area adjacent to the pulsar but rather about 60” NW. This may
be the site of an interaction between a relativistic wind from the
pulsar and the shell of the nebula, or a region of strong in situ
acceleration of the relativistic electrons.
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