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ABSTRACT

Two Chandra observations have been used to search for thermal X-ray emission from within and around the Crab
Nebula. Dead time was minimized by excluding the brightest part of the nebula from the field of view. A dust-scattered
halo comprising 5% of the strength of the Crab is clearly detected, with surface brightness measured out to a radial
distance of 18'. Coverage is 100% at 4’, 50% at 12, and 25% at 18'. The observed halo is compared with predictions
based on three different interstellar grain models, and one can be adjusted to fit the observation. This dust halo and
mirror scattering form a high background region that has been searched for emission from shock-heated material in an
outer shell. We find no evidence for such emission. We can set upper limits a factor of 10—1000 less than the surface
brightness observed from outer shells around similar remnants. The upper limit for X-ray luminosity of an outer shell
is =103 ergs s~!. Although it is possible to reconcile our observation with an 8—13 M_, progenitor, we argue that this

is unlikely.

Subject headings: ISM: individual (Crab Nebula) — supernova remnants — X-rays: ISM

1. INTRODUCTION

After 30 years of X-ray observations, the Crab Nebula remains
unique or, more accurately, peculiar when compared with other
supernova remnants. The central Crab pulsar accounts for ~5%
ofthe 1-10 keV X-ray emission. The bulk of the emission comes
from the surrounding pulsar-wind nebula (PWN or synchrotron
nebula), which is ~2’ in diameter (Bowyer et al. 1964; Palmieri
et al. 1975; Harnden & Seward 1984; Brinkman et al. 1985;
Hester et al. 1995) and has rich, time-variable interior structure
(Weisskopf et al. 2000; Hester et al. 2002). The PWN is sur-
rounded by a 5’ x 7" optical nebula comprising an array of He-rich
filaments moving outward with velocities of 1000—1500 km s~
(Trimble 1968; Lawrence et al. 1995). The mass contained in these
filaments has been estimated as 1-5 M, (Trimble & Woltjer 1971;
Fesen et al. 1997). The kinetic energy (KE) of this material is
(2—10) x 10* ergs, less than the 10°! ergs typical of other galac-
tic and Magellanic Cloud remnants. SNR 0540—69.3, in the LMC,
has a similar luminous central pulsar and PWN but, in addition, an
outer shell with Lx ~ 8 x 1035 ergs s~! and containing 30—40 M,
(Seward & Harnden 1994; Hwang et al. 2001). This emission is
largely from shock-heated material energized as the supernova
(SN) ejecta push through circumstellar gas. This shell, which is
irregular, if placed at the distance of the Crab (2 kpc), would be
8'—12 from the central pulsar.

Searches for emission beyond the optical filaments of the
Crab have not yet found a convincing outer shell. During a lunar
occultation in 1972 a rocket flight detected soft X-ray emission
coming from outside the PWN area (Toor et al. 1976). This was
attributed to thermal emission, but later shown to probably be a
dust-scattering halo. Both Einstein and Rontgensatellit (ROSAT )
observations detected a faint X-ray halo extending out to 30
from the pulsar and concluded that ~10% of the X-rays are in this
halo (Mauche & Gorenstein 1985, 1989; Predehl & Schmitt 1995).
Because of the exceptional quality of the Chandra mirror, we
thought it worthwhile to again search for outer shell emission.
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At other wavelengths, the Crab outer shell is also elusive.
Searches by Murdin & Clark (1981) and by Murdin (1994) de-
tected surrounding H3 emission, which was thought to be the stel-
lar wind of the progenitor. Fesen et al. (1997), however, showed
that this emission was widely distributed and probably not asso-
ciated with the Crab.

Sankrit & Hester (1997) give evidence for a shock at the op-
tical boundary of the Crab due to the pressure of the PWN push-
ing into freely expanding ejecta located outside of the optical
nebula. Although the dependence of density on radius is unknown,
they estimate that several M, of ejecta are possible.

Sollerman et al. (2000) have detected absorption in high-
velocity C 1v 21550 and have interpreted this as absorption in
fast-expanding circumstellar material. Parameters depend on the
falloff of density with radius and the fraction of C in the C 1v state.
A shell with 4 M and KE of 10°! ergs is possible with lower lim-
its of 0.6 M_, and 8 x 10* ergs using the best-fit model with den-
sity falling off as R—3. In § 6, we consider this putative envelope
further.

In the radio band, Frail et al. (1995) specifically searched for
an SNR shell and found no emission out to a radius of ~1°. The
upper limit for 333 MHz emission from any shell was 1% of that
observed from the shell around SN 1006, about the same age
as the Crab and with a well-defined shell of 15’ radius (11’ if at
2 kpc). A later H 1 (1410 MHz) radio map shows a 3° diameter
bubble around the Crab (Wallace et al. 1999). They estimate the
undisturbed interstellar medium (ISM) density as 1.6—3.5 cm ™.

Fesen et al. (1997) summarize optical studies of the Crab’s
environment and review reasons for believing that there should
be more material than just the well-studied optical filaments and
the pulsar. Current ideas of stellar evolution and collapse require
that the zero-age main sequence (ZAMS) precursor star have §—
13 M., Fesen et al. estimate the amount of material in the opti-
cal filaments to be 4.6 = 1.8 M. Adding a 1.4 M, neutron star
leaves 2—5 M., expected to be shed in presupernova wind and
high-velocity ejected material. The interaction of ejecta with
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circumstellar material produces a shell of shock-heated gas, which
is readily detectable in X-rays from most other remnants. The ex-
pected Crab configuration is in a shell containing 2—4 M, 8’10
from the center of the Crab (Chevalier 1977, 1985). The present
paper describes a search for X-rays from this outer shell. Because
of the bright central region, scattering from the Chandra mirror,
and the bright dust halo, the search is difficult.

2. CHANDRA OBSERVATIONS

Hester et al. (2002) observed the Crab Nebula eight times from
2000 November to 2001 April. They used an ACIS-S subarray to
minimize pileup in the detector. The field of view was 2/4 x 8/,
enough to include the brighter parts of the PWN and to study time
variation of this structure. Because of limited telemetry response,
the effective exposure of these 25 ks observations was only 4 ks,
a factor of 6 dead time. To avoid this problem, we excluded the
bright central region from our observations. Our first observation
was a 20 ks exposure using the four ACIS-I chips and pointed 10’
north of the pulsar. The X-ray nebula was not in the field of view.
The second observation was a 40 ks exposure using three ACIS-S
and two ACIS-I chips with the X-ray nebula centered on the S3
chip, but with the center region of the chip excluded from the te-
lemetry. Thus, with dead time only a few percent, 20 and 40 ks
exposures were obtained of the halo and the faint outer part of the
PWN. Table 1 gives details for these two observations and includes
one of the shorter subarray observations.

Figure 1 shows the sum of these three observations in the en-
ergy range 0.4—2.1 keV. To show the inner nebula, one of the 4 ks
observations of the bright Crab has been normalized and added
to fill the hole left by telemetry exclusion. Cosmic-ray background
has been subtracted and time variation of chip sensitivity has been
included. The ACIS charge transfer streak has been subtracted
from chip S3, on which the Crab is imaged, and from the two
I chips north of and overlapping the field of S3. In order to show
detail at the center, some chips are only partially shown in this
figure. Since the calibration of some chips is more extensive than
for others, chip IDs are listed.

There is appreciable structure at the outer boundary of the
PWN. The faintest features visible are 25 from the center of the
nebula, and these have surface brightness a factor of 200 less than
that where the PWN is brightest. The halo data extend from this
radius, which is inside the optical nebula, to a radial distance of
18’. In this span, the halo brightness decreases by a factor of 100.
Coverage of the halo is 100% at radial distances from 2/5 to 4’, is
greater than 60% out to 10’, and falls to 25% at 18'.

Figure 2 shows measured surface brightness extending from
the center of the Crab to the outermost chip boundaries. Data from
the central, northern, and western chips indicate a halo with inten-
sity independent of azimuth. The two southern chips, S2, and S1,
show greater surface brightness. This is, at least partially, a cali-
bration problem. Excluding these two chips, the halo is symmet-
ric about the point R.A. = 05343153, decl. = 22°13", located
14" northwest of the pulsar and within the bright X-ray torus.

TABLE 1
Chandra OBSERVATIONS

Observation Number Date Live Time ACIS Chips
500174/1997 .....cooueuvuvunnns 2001 Mar 14 3972 S3
500248/2798 2002 Apr 14 19981 10, 11, 12, 13
500432/4607 2004 Jan 27 37250 S3
500432/4607 2004 Jan 27 38090 12, 13, S1, S2
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Fic. 1.—Summed Chandra observations in the range 0.4-2.1 keV, showing
the bright nebula and faint halo. Data have been smoothed with a Gaussian of 9”
FWHM. Some ACIS chips are only partly shown in this figure. Reading left to
right, top to bottom (like a book), the chips are 13,11, 12,10, S3,13, S2, 12, and S1.

Figure 3 shows the Chandra-measured surface brightness com-
pared to that measured by ROSAT (Predehl & Schmitt
1995). The energy range of both observations is ~0.4-2.1 keV,
but the ROSAT sensitivity from 1.5 to 2.1 keV is considerably less
than that of Chandra. To obtain the strength of the Chandra dust
halo, the Chandra mirror scattering (Fig. 3; dashed line) must be
subtracted from the observed brightness (Fig. 3; solid line). Note
that the Chandra measurement, even before this correction, falls
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Fic. 2.—Measured surface brightness in four directions. Vertical lines show
edges of the ACIS chips. Data closer than 4’ are all from chip S3; beyond 4, data
are from seven different chips.
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Fic. 3.—Dust halo surface brightness measured by Chandra and ROSAT.
Mirror scattering has been subtracted from the ROSAT data, but not from the
Chandra data.

below the ROSAT observation. The mirror scattering was taken
from an observation of Her X-1 combined with ground calibra-
tion as summarized by Gaetz (2004). The strength of the Chandra
dust halo integrated from 2!5 to 18’ and interpolated from 0’ to
2!5 is 0.047 that of the Crab Nebula. ( The interpolation from 0’
to 2/5 accounts for 0.010 of this.) The ROSAT-measured scattered
fraction from 0’ to 30 is 0.080 (Predehl & Schmitt 1995). An ex-
tension of our Figure 3 curve to 30’ would increase the Chandra-
measured fraction to 0.048 £ 0.008. Uncertainties comprise the
measure of surface brightness, measure of total crab count rate,
extrapolation to small radii, background subtraction, and an as-
sumed 20% error in the mirror scattering.

We note that we have used data taken north and east of
the Crab and that we have assumed that this is valid for all azi-
muths. We have not included data from the two southern ACIS
chips because the discontinuity at the chip boundary indicates
a normalization problem. If we assume that the higher surface
brightness indicated by these chips (S1 and S2) is real and that
this higher brightness applies to a sector extending 90° in azimuth,
the Chandra-observed scattered fraction to 30’ would increase to
0.051, which is within our margin of error. Since the ROSAT and
Chandra detectors have different spectral sensitivities, even though
the energy range covered here is about the same as that of ROSAT,
the fraction of counts in the halo is not expected to be the same.
Using the known spectrum of the Crab and the halo spectra given
here at the end of § 4, we expect the relative strength of the dust
halo measured with Chandra to be 82% of that measured with
ROSAT (because the ROSAT detector is relatively more sensitive
at low energies). We observe a halo strength 60% + 10% that of
ROSAT and so conclude that the ROSAT result is too high.

Figure 4 was made to illustrate fluctuations in halo surface
brightness. The 0.2—2.1 keV data shown in Figure 1 were first
smoothed to make map M. Then a function F'(r), with about the
same radial dependence of surface brightness was subtracted,
F(r) = const[1 + (r/240)2] 195 Where r is the distance from the
scattering center in ACIS pixels. The figure shows the quantity
(M — F)/F, and one can see regions north and south of the Crab
that are ~10% brighter than average. Note that since the average
decrease of brightness with radial distance has been removed

CRAB NEBULA X-RAY HALO WITH CHANDRA 875

Fic. 4—Regions of above average surface brightness. Generation of this fig-
ure is described in § 2. Horizontal bands in the central chip, S3, show imperfect
subtraction of the charge transfer streak. The brightness of the halo in the south-
ernmost chip, S1, and the weakness of the halo in the two western chips could
indicate that the relative chip normalization is not quite correct.

from Figure 4, any extended above-average component also is de-
creasing with radial distance, contrary to appearance in Figure 4.
We interpret the significant features in Figure 4 as possible struc-
ture in the dust distribution and/or variations in column density
of absorbing gas in the line of sight. The 1’-2’ feature 5’ south-
southeast of the Crab center is discussed further in § 4. Note that
any gradual radial variation in brightness implied by Figure 4 may
be an artifact due to the form assumed for the subtracted function,
F(r). Apparent azimuthal variation should be real. Because we are
seeing variations of a few percent, chip-to-chip calibration uncer-
tainties show. A variable contamination layer on the instrument
window is also a cause for concern. This layer, however, is thicker
at the edges of the window and, if present, should produce a rec-
ognizable effect. This is not seen.

The halo spectrum contains no strong sharp features that might
indicate thermal emission from a shock. Reasonable fits are ob-
tained using the sum of power-law and thermal bremsstrahlung
(used as an arbitrary continuum) components. The signal is com-
posed of dust-scattered halo, mirror scattering, and background,
which is negligible except for high energies at large angles.

3. UPPER LIMITS TO OUTER SHELL

To be detectable, X-rays from any shock-heated material must
be visible over the dust-scattered halo. Since diffuse uniform emis-
sion is more difficult to detect than bright knots, we consider a
hypothetical diffuse shell that represents the most massive allowed
shell. The limiting surface brightness is taken as 0.1 of the ob-
served dust halo.

Upper limits depend on the radius, R, of the assumed shell and
were calculated assuming a spherical shell of thickness 0.15R
centered on the pulsar and filled with material of uniform density,
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Fi6. 5.— Chandra-measured surface brightness around the Crab. The dashed
curve is 0.1 of the observed halo and is our threshold of detection. Crosses show
some of the larger fluctuations in the brightness pattern and illustrate that the
dashed curve is a reasonable detection threshold. The cross at 2/5 is a real feature,
visible in Fig. 4; others are statistical fluctuations (with number of counts uncer-
tainties). Circles indicate approximate radii and brightness of other remnant shells
if viewed from a 2 kpc distance.

n cm~3. Using the dashed curve of Figure 5 (0.1 of the observed
halo) as the surface brightness of the unseen shell, limits on sev-
eral quantities are calculated and shown in Figure 6. The upper
limit to 7 is 4 just inside the optical nebula and drops to 0.15 at
R = 18’.If the surrounding ISM is uniform, since 7 is the density
of swept-up material, the ISM density, ny, would be 0.4 times
these values. The limit on the X-ray luminosity, Ly, of any shell
is ~10** ergs s~! and almost independent of R. Uncertainty of
the gas temperature leads to an uncertainty of +25% in n and
+40% in Ly. The calculation of n and Ly is straightforward. A
model is necessary to derive parameters of the explosion. It is cus-
tomary to estimate the energy of the shock, £y, using a simple
blast wave model (Cox 1972). For a uniform ISM, Ey/ng = 1.6 x
10~°R%¢~2, where the units of E, are 10°! ergs, R is in pc, and the
age, ¢, is in units of 10* yr or, in this case, f = 0.095. Upper limits
for £y are shown in Figure 6.

The crosses in Figure 5 show the measured surface bright-
nesses of selected bright spots. These illustrate that the limit of
bright knot detectability is about 0.1 the brightness of the dust
halo. All are consistent with statistical fluctuations, except for the
point at R = 2/6, which is a small cloud of emission within the
north boundary of the optical nebula. At R = 12’ the bright lumps
represents a knot size of ~1 pc and a lump luminosity of 3 x
10?8 ergs. Assuming we would notice 10 such lumps in a 30° arc,
this would imply 300 lumps in the shell, a total Lx = 10°' ergs,
and a total mass of 2 x 10-2 M_,. As expected, these limits are far
below the limits calculated for a diffuse uniform shell.

The circles in Figure 5 show surface brightness of shells ob-
served by Chandra in other remnants (Seward et al. 2004). Most
remnants have an irregular outer shell, which defines the bound-
ary and brighter patches at a lesser radius. In this figure, we have
shown brightness and radial position for both the brightest part of
the shell and the emission observed over most of the outer bound-
ary. Radii have been corrected to show the size at 2 kpc distance.
Although surface brightness does not depend on distance, correc-
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Fic. 6.—Upper limits calculated for a uniform shell with brightness at the
threshold of detection.

tions have been made for differing absorption measured in the
ISM. The remnants Kes 75 and SNR 0540—69.3 have bright cen-
tral PWNs very similar to that of the Crab and, in this respect, are
the most Crab-like remnants known.

We searched, without success, for thermal emission inside the
optical nebula. There are many faint features at the edge of the
PWN. All have soft power-law spectra and are best interpreted as
part of the PWN. The density of any unseen thermal X-ray—
emitting diffuse material must be <4 and the mass <0.2 M. The
limits on lumpy material are appreciably less.

4. DUST SCATTERING

Although no emission from an outer shell has been recog-
nized, there is substantial extended emission observed due to scat-
tering from dust in the ISM and mirror scattering in the Chandra
High Resolution Mirror Assembly. As we show, below ~2.5 keV
scattering by dust grains dominates the extended emission; above
~3 keV mirror scattering becomes the primary contribution.

X-ray scattering by ISM grains, first described by Overbeck
(1965), has been observed by instruments on Einstein (Mauche
& Gorenstein 1986), ROSAT (Predehl & Schmitt 1995), Chandra
(Clark 2004; Smith et al. 2002), and XMM (Vaughan et al. 2004).
Theoretical studies have been done by Mathis & Lee (1991),
Predehl & Klose (1996), and Smith & Dwek (1998).

The total scattering cross section in the Rayleigh-Gans (RG)
approximation illustrates the dependence on X-ray energy and
grain characteristics. It is applicable when £ > 2 keV and is

2 2
o(E,a) = 63x10"7 2ZN(_p at EZ em® (1)
) . M 3 g cm—3 pm—keV ’

where « is the grain radius, Z is the mean atomic charge, M is the
mean atomic weight (in amu), p is the mass density, and E is the
X-ray energy in keV (Mathis & Lee 1991). Equation (1) implies
that the overall scattering halo tends to be brighter at lower en-
ergies, from the £~ term (note the error in Mathis & Lee [1991]
showing this as £2). Figure 7 plots the total scattering fraction
between 120" and 1000”, the range observed here, assuming a
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Fic. 7.—Total scattering fraction as a function of energy between 120" and
1000”, using three dust models and both the Mie solution and the RG approxima-
tion. Although there is a significant difference between the models at low ener-
gies in the RG approximation, the difference is much less when the Mie solution is
used.

column density of Ny = 10?! cm™2. Three different dust models,
those of Mathis et al. (1977, hereafter MRN ), Weingartner &
Draine (2001 [hereafter WDO1]; using Ry = 3.1 and be = 6 x
107°), and Zubko et al. (2004 [hereafter ZDA04]; using the
BARE-GR-B parameters), are shown using both the exact Mie
solution for scattering from a sphere and the approximate RG so-
lution. In all cases the RG approximation clearly begins to break
down below 1.5 keV, although the scattering is generally larger
at lower energies. The ZDA04 model, which has relatively fewer
large grains than the MRN and WDO1 models, gives the best fits
of the three to our data (see Fig. 8).

The analysis to be described used only data from the four I
chips of the 2002 April 14 observation (ObsID 2798). There was
a charge transfer streak in chip I0 due to part of the Crab PWN
at the edge of the chip. The charge transfer streak was therefore
subtracted from the two chips closest to the Crab. For each energy
interval, the counts were projected along the transfer axis and
summed; 0.013 of this sum was then subtracted from each ele-
ment of the image.

Atalmost any energy, extracting an X-ray—scattering halo from
the observations first requires that the Chandra point-spread
function (PSF) be subtracted. As described by Smith et al. (2002),
ray-trace models of the Chandra PSF (such as ChaRT) signifi-
cantly underestimate the scattering at angles beyond 1’. Therefore,
we followed Smith et al. (2002) and used an on-axis Her X-1 ob-
servation (ObsID 3662) as our PSF calibrator. This has the ob-
vious limitation that this observation was done on-axis, while our
Crab observation was done with the Crab ~10’ off-axis. We be-
lieve that this is reasonable because at 4 keV, where dust scatter-
ing is minimal, the observed Crab profile matches the Her X-1
profile. We note, however, that, while this match is suggestive, it
does not guarantee that there are no differences in the PSF at lower
energies.

Unlike most halo studies, the Crab nebula is not a point source
but rather an extended nebula ~1” in radius. We calculated the ra-
dial profile assuming it was centered at R.A. = 5P34™m3]%3,
decl. = 22°1'3"(J2000.0), which is both roughly central and near
the peak of the nebular emission. This is not the location of the
Crab pulsar, however, which itself emits only 5% of the X-ray
emission. The effect of source extent is relatively minor except
at scattering angles comparable to the size of the source. With the
assumption that the source is circular with uniform surface bright-

10
oa Theta (arcsec)

Fig. 8.—Crab radial profiles at 1 keV (crosses) and 2 keV (squares), fit with a
smoothly distributed MRN, WDO01, and ZDA04 dust models. The 1 keV fit used
the Mie solution, and the 2 keV fit, the RG approximation. At 1 keV, the ZDA04
model is the best fit, although still poor; at 2 keV, the profile is dominated by
mirror scattering with a weak dust halo in all three cases.

ness, the effect can easily be calculated by integrating the point-
source—scattering intensity over the surface:

0+¢

100, ) =2 /9 o dpy arccos[(6° — ¢ + %) /200]1(1), (2)

where ¢ is the source radius on the sky and /() is the scattered
halo atangle 6. This equation holds for § > ¢; in most cases, when
0 < ¢ the source brightness itself will swamp the scattered halo.

We extracted the radial profile of the Crab Nebula in energy
slices between 0.5 and 4 keV. Between 0.5 and 1.0 keV, we used
an energy width of 0.1 keV (approximately equivalent to the en-
ergy resolution of the ACIS CCDs), and between 1.0 and 4.0 keV
we used a width of 0.2 keV. We modeled the Crab as a uniform
circle of radius 1" and fit it using various dust models using equa-
tion (2) and either the Mie solution (for energies below 1.5 keV)
or the RG approximation (above 1.5 keV). Sample results at 1
and 2 keV, assuming the dust has an MRN-type size distribution
and is smoothly distributed between the Crab and the Sun, are
shown in Figure 8.

As Figure 8 shows, by 2 keV the observed radial profile is
strongly influenced by the power-law shape of the PSF; at 1 keV,
the shape of the observed profile shows dust scattering is domi-
nant. The 1 keV X-ray surface brightness is poorly fit by the MRN
model. Changing the assumed dust model to a WDO1 or ZDA04
model does not significantly improve the fits.

If the dust is assumed to be smoothly distributed along the line
of'sight, the choice of a dust grain model leaves only the total dust
column density as a free parameter; this can easily be converted to
a gas column density using the dust model parameters. In Figure 9
we show the best-fit hydrogen column density for the three dif-
ferent dust grain models as a function of energy. Since the energy
dependence of the halo emission has already been taken into ac-
count in the model fits, any variation with energy indicates that
the model does not completely describe the data. Figure 9 shows
that the best-fit column density from the halo data is significantly
lower than the best-fit column density derived from fitting the
X-ray spectrum, Ny =~ 3.5 x 10?! atoms cm™2. This result dis-
agrees with that of Predehl & Schmitt (1995), but is consistent
with our observation of less halo emission than they saw with
ROSAT.

Regarding the variations seen in Figure 9, an examination
of the individual halo fits showed that this simple “smoothly
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Fic. 9.—Best-fit values of Ny for the MRN, WDO1 (using their Ry = 3.1,
Abc = 6.0 model), and ZDAO04 (using their BARE-GR-B model), assuming a
smooth spatial dust distribution. Error bars show the statistical error only. How-
ever, most of these fits have 2 < x? < 10, implying that the errors are not purely
statistical.

distributed dust” model fit best at energies between 1.5 and
2.5 keV. At higher energies, we believe that errors in the mirror-
scattering model dominate the fits. At lower energies, it seems
likely that the one-component model is too simple, as described
below. We also note that the error bars in Figure 9 are purely sta-
tistical and do not include the known but difficult to estimate sys-
tematic errors, such as the energy dependence of the Chandra
mirror PSF.

To improve the fits, we experimented with more complex mod-
els with two halo components: a ““‘smooth” component plus a sin-
gle cloud of dust between the Sun and the Crab. In this case, we
find reasonable fits, although the column density varies a bit with
energy. We find that the planar dust is very near, with a column
density of ~(4—5) x 1020 cm~2, while the smooth dust has a col-
umn density of ~(8-9) x 102° cm~2 for MRN-type dust. If, in-
stead, we use a ZDA04 dust model (specifically their BARE-GR-B
model), as shown in Figures 10 and 11, we get significantly im-
proved fits over a MRN-type distribution. Again, this column den-
sity is lower than normally used for the Crab and is affected by the
dust size distribution chosen.

Interestingly, the Local Bubble (LB) radius is, on average,
~100 pc distant (Cox & Reynolds 1987). Assuming an “average”
IS density of 1 cm 3 existed before the LB was swept out implies

0001 |
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Fic. 10.—Crab radial profiles at 1 and 2 keV, fit with a two-component MRN
model with both smoothly distributed plus a single dust cloud. Data errors are
approximately the size of the symbols. The best-fit column densities are 8 x 10%°
and 4 x 10%° cm~2 for the 1 keV profile and 9 x 102 and 5 x 102 cm~2 at 2 keV.
At both energies, the fit puts the dust cloud very near the Sun.
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Fic. 11.—Same as Fig. 10, using a ZDA04 BARE-GR-B-type model. In this
case the best-fit column densities are slightly larger, 1.3 x 10?! and 4 x 10%° ¢cm ™2
at 1 keV, and 2 x 102! and 2 x 102° cm~2 at 2 keV. In this case, the best-fit cloud
position is at 0.04 of the distance to the Crab, or ~100 pc.

the edge would have a column density ~3 x 10%° cm~2. Obser-
vations of the LB edge by Lallement et al. (2003) show that the
edge in the direction of the Crab is at ~200 pc, with a column
density greater than 10%° cm~2.

Although plausible, we cannot conclude that this excess at
large angles is due to the LB edge. It could also be caused by ad-
ditional small dust particles that are not in the model, or even due
to a missing mirror-scattering term. In addition, at these large an-
gles the data are from the outer two CCDs. Therefore, there is no
blurring correction from the bright edge of the nebula, although
calibration differences between the various chips could contrib-
ute to the excess as well.

In sum, our primary results concerning dust are

1. The ZDA04 model seems to best fit the radial dependence
of surface brightness.

2. There appears to be less dust along the line of sight to the
Crab than would be predicted from the best-fit Ny value for the
Crab spectrum, although this may depend on the dust model used.
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Fic. 12.—X-ray spectrum of the halo 6’ from the center of the nebula. The fit is
the sum of a broken power law and a thermal bremsstrahlung continuum.
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3. There is evidence for a nearby plane or cloud of dust with a
moderate column density.

Figure 12 shows the spectrum of the halo 6’ south-southeast of
the scattering center. The mirror scattering is approximated by a
broken power law with indices 1.1 and 2.8 and a break at 4.6 ke'V.
All events with energies above 2.5 keV are assumed to be from
the mirror. The dust contribution below 2.5 keV was approximated
and characterized by a continuum. Of the several simple models
readily available, a bremsstrahlung spectrum gave the best fit with
about the right value for V. No emission mechanism is implied.
The residuals to halo spectra typically show a multiply peaked
structure between 0.8 and 2 keV. This structure, which varies from
place to place and is about 5% of the signal at most locations, is
not understood. Adding models with line emission does not pro-
duce reasonable fits. Some of the structure may be an artifact of
the detector. For example, some spectra contain a line feature at
1.5 keV that probably comes from an Al coating on the detector
window. In any case, the ““temperature” of the bremsstrahlung
continuum characterizes the dust-scattered spectrum. Some results
atvarying distances are 4'5, 0.48 keV; 65, 0.37 keV; 8’5, 0.32 keV;
and 15’, 0.23 keV. As expected, the scattered spectrum is softer
as the scattering angle increases.

5. NEARBY SOURCES

The Chandra mirror is well suited for the detection of point
sources embedded in diffuse emission. There are 19 serendipitous
sources visible to the eye in the field shown in Figure 1. Because
of smoothing, compression, and color map, only one is (barely)
visible at the western edge of Figure 1, but it shows clearly in
Figure 4. The closest source to the Crab Nebula is at R.A. =
5h34m45%91, decl. = 22°00'1176 (J2000.00). This is 3/3 from the
pulsar and on the eastern boundary of the optical nebula. Strengths
range from 1 to 12 counts ks~!, and none fall clearly within the
projection of the optical nebula.

6. DISCUSSION AND CONCLUSIONS

There is no indication in our observation of X-ray emission
from an outer shell. The shell predicted assuming the expected
Type IT SN progenitor has ~4 M, and is moving at =~5000 km s~ .
If the “usual” blast wave analysis of § 3 is done, we conclude that
this shell does not exist. At a radius of R = 10’ a uniform shell
containing ~2 M, and indicating an explosion energy of 10° ergs
is possible but highly unlikely. All other remnants that have prom-
inent outer shells are irregular. If the Crab outer shell were simi-
larly clumpy, limits on emission would be considerably lower than
the limits used here. Our upper limits for emission are already a
factor of 100—1000 below that observed from shells around SNR
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0540—69.3 and Kes 75, which have small bright PWNe similar
to the Crab. Even the weak plerionic remnant G21.5—0.9, with
central pulsar and surrounding PWN (70 x less luminous than
the Crab) has two shell-like features which, as shown in Figure 5,
are still ~10 times brighter than our limit.

At radii >10', a larger mass and energy are possible, and our
coverage becomes sparse. ROSAT and Einstein observed out to
30" with 100% coverage and found no shell-like emission: so we
know there is no bright shell just outside the Chandra field of
view. A faint shell is possible.

The freely expanding ejecta proposed by Sankrit & Hester
(1997) and by Sollerman et al. (2000) consists of photoionized
10*-10° K material and is too cool to be detected by Chandra.
Shock-heated material, however, will be present where this fast
moving ejecta plows into the presupernova environment. This
would be detectable by Chandra if the density of the shocked
material were high enough. The Sollerman et al. (2000) shell den-
sity varies as R—3; our upper limit varies as R~2. Assuming a shock
structure similar to that given by Chevalier (1982, his Fig. 2), the
reverse shock in the ejecta should have a density 4 x that in the
unshocked material. For the Sollerman et al. (2000) minimum-
mass model, this is above our limitat R < 6’. The shock in the pre-
supernova ISM, assuming a similar density jump, would be below
our limit at all R < 18 if ny < 0.02.

In conclusion, with reasonable assumptions about nonuni-
form distribution and density, we find no evidence for the shell
expected from an 8—13 M, SN in the region 2’ < R < 8’, where
the velocity of freely expanding material ranges from ~1200 to
~4800 km s~!. We cannot exclude models postulating several M,
of ejecta with temperature 10*—10° K if the circumstellar density
is very low (~0.01) and rather uniform. We note that quantitative
comparison with these models is very uncertain.

Although our X-ray upper limit is an order of magnitude lower
than past work, we cannot firmly exclude a 103! ergs explosion
of'a 8—13 M, progenitor. Certainly the range of possible circum-
stances is narrowing. Any hidden mass is almost invisible. We note
that 3C 58 (Slane et al. 2004) and G054.1—0.3 (Lu et al. 2002)
have central pulsars and PWNe, but have weak (or absent) X-ray—
emitting shells. Although both are only 1.5 x 1073 as luminous
as the Crab, these, together with the Crab, may form a class of
gravitational-collapse SNe with unusual progenitors.
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GO04-5059X. We thank Rob Fesen for a critical reading of the
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