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ABSTRACT 

IRAS and 21 cm observations of the interstellar medium around the Crab nebula show evidence of a large 
bubble surrounded by a partial shell. If located at the canonical 2 kpc distance of the Crab pulsar, the shell is 
estimated to have a radius of ~90 pc and to contain ~5 x 104 M0 of swept-up gas. We discuss how interior 
conditions of this bubble can have important implications for observations of the Crab and describe how 
presupernova evolution of the pulsar progenitor has affected its local environment. 
Subject headings: pulsars — stars: individual (PSR 0523 + 21) — stars: supernovae — stars: winds 

I. INTRODUCTION 

The Crab nebula and its pulsar, remnants of the historical 
supernova of ad 1054, are among the most thoroughly 
studied astrophysical objects. This scrutiny has highlighted a 
number of peculiarities: the remnant is helium rich, has an 
unusually low expansion velocity, and is dynamically domi- 
nated by the power input of the central pulsar. This pulsar- 
powered synchrotron nebula has become the archetype for the 
“plerionic” or center-filled supernova remnants. However, 
despite several careful searches, a classical shell-like remnant 
surrounding this central plerion has not been found (e.g., Fesen 
and Ketelsen 1985; Velusamy 1985; Schattenburg et al 1980). 
In one scenario that explains the lack of an observed shell, the 
pre-supernova star lost virtually all of its hydrogen envelope 
before the explosion, leaving little mass in the blast wave to 
form a fast shell-like shock. Alternatively, if the circumstellar 
environment is suitably modified, a fast shell of hydrogen may 
be present but as yet only small amounts of surrounding 
material are swept up and shocked, keeping the shell well 
below present observational limits. 

As discussed by Chevalier (1985), the circumstellar environ- 
ment of the pre-supernova star can dramatically affect the 
appearance of the supernova remnant. This environment is 
modified as a consequence of ionization from the progenitor 
star, mass loss in stellar winds, and the energy input by other 
nearby sources. We have examined large-scale survey data for 
evidence of such processes, which may help describe the evolu- 
tion of the Crab progenitor as well as explicate peculiarities of 
the present remnant. 

II. OBSERVATIONS 
Examination of the IRAS skyflux maps shows a large deficit 

surrounding the Crab nebula which is bounded by excess emis- 
sion forming a partial shell. In Figure 1 (Plate L6) we show a 
mosaic of the 100 gm flux from four skyflux fields. The Crab 
nebula itself is visible as a bright point-like source at 
05h31m31s, +21°58'54" (1950). The boundary is prominent 
along the Galactic plane (visible in the image to the northeast) 
and seems to extend further from the Crab to the south, 
becoming faint to the southeast. An approximate center for the 
resulting bubble is at 5h29m, +21°46' with an angular radius of 
~2?5. Summing over an annulus from 2° to 3° and subtracting 
the local background, we can estimate the total 100 gm flux as 
2.3 x 104 Jy. The structure is also prominent at 60 gm with a 

flux of ~ 3700 Jy and is visible in the short-wavelength bands, 
as well; at 12 gm the maps indicate ~1500 Jy. Systematic 
errors in estimating the boundaries and background should 
make these fluxes uncertain by ~ 30%. The Galactic anticenter 
is a complex region with a number of partial shells; however 
the strong deficit in the roughly circular interior and the 
enhanced emission at the bubble’s edge suggest a coherent 
structure. 

From the 60 /mi/100 gm flux ratio and a 2”1,5 emissivity law 
we can estimate the temperature of the dust shell as ~ 23 ± 2 
K. This temperature is only slightly larger than the mean inter- 
stellar value ~ 20 K and substantially cooler than the 30-50 K 
estimated for many supernova remnants (Arendt 1989), indi- 
cating that the dust is not strongly heated by shocks or embed- 
ded sources. For our estimated temperature and normal gas to 
dust ratios, we can relate the IRAS flux density to the gas 
column density by 1 MJy sr-1 (100 /im)~8.5x 1019 cm-2 

(Nh) (Boulanger and Perault 1988). Unlike the presumably 
shock-warmed, relatively young supernova remnant shells seen 
by Shull, Fesen, and Saken (1989), this structure is not promi- 
nent in 60 /mi/100 gm flux ratio maps. 

The Crab nebula is assumed to lie at 2.0d2 kpc, as estimated 
from kinematic studies of the nebular filaments (Trimble 1971). 
The observed infrared luminosity is accordingly ~3 x lO4^ 
Lq. The total shell mass may be empirically estimated from the 
100 gm flux, using the conversion factor above, as ~6 x 104d| 
M0. Alternatively, from the 7^(60 /im/100 gm) dust tem- 
perature and the observed flux, the total dust mass is 

= -¿TFT ~ 3 x 10-5[><144*™ - l]^S100iim(Jy) Me 

(1) 

where Bv and Sv are the Planck function and the spectral 
density and kv, the grain emissivity, is ~ 50 cm2 g at 100 gm 
(e.g., Draine and Lee 1984). This gives a dust mass ~ 350d| M0 
which for a dust-to-gas mass ratio zd = 0.0075 corresponds to 
a total shell mass of ~4.7 x 104d| M0. The strong tem- 
perature dependence in equation (1) makes these estimates 
uncertain by factors of a few. If the observed shell of radius 
87^2 pc represents mass swept up from the shell interior, the 
mean total density in the volume evacuated was ~0.7í¿2 1 

cm-3. 
We have also found evidence for the cold gas associated with 

the IRAS shell in the H i survey data of Weaver and Williams 
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Fig. 1.—IRAS 100 fim emission in the vicinity of the Crab nebula. Contour levels are 35, 40, and 45 MJy sr~ ^ Asterisks (*) indicate the positions of three young 
pulsars (Crab = PRS 0531 = PI, PRS 0525 = P2, PSR 05440 = P3), the 07.5 star HD 36879 (star) and the galactic cluster NGC 2129 (circled cross) are also shown. 
The proper motion over 106 yr for HD 36879 is indicated by the solid line: = —11 ± 8 x 10-3 arcsec yr-1, fi0 = —3 ± 8 x 10-3 arcsec yr-1 (nominal 
uncertainties). 
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(1974). In Figure 2 (Plate L7) we show a half-tone and contour 
map of the H i emission in the velocity range —11.1 to —9.0 
km s-1. There is substantial emission in a ridge crossing the 
position of the Crab. In addition, there is a large complex of 
emission to the north with high column densities at velocities 
near the LSR. The southern arm of the shell is prominent 
below the Crab, and, while the ridge of the shell is not well 
defined to the north, the H i column shows substantial corre- 
lation with the IRAS dust emission. The shell is visible in 
neutral hydrogen at LSR velocities from —17 to —3 km s_1. 
There is no evidence for expansion over this velocity range. It 
thus appears that the shell has merged with the general ISM, 
and its velocity structure is dominated by random cloud 
motions at the local sound speed. 

In the 20-3° annulus the excess antenna temperature times 
line width is ~93 K km s-1. The dense cloud to the northwest 
contributes strongly to the background in the annulus, so 
we sum over the other three quadrants and renormalize to 
the total area. Using the conversion factor NH =1.8 
x 1018[AT(K)Ai;(km s-1)] cm-2 and a distance of 2 kpc, this 

gives an estimated mass in the annulus of ~2 x lO4^ M0. 
This is in reasonable agreement with the masses inferred from 
the dust emission, suggesting gas-to-dust ratios greater than or 
approximately normal and little destruction of grains in the 
shell formation process. Dense condensations in the shell may 
well contain molecular gas, in which case the total gas mass is 
underestimated. The ridge of H i crossing the position of the 
Crab has a comparable amount of gas and while not promi- 
nent in the infrared, may also represent part of the shell. 

Spectra of H i in absorption against the bright continuum of 
the Crab nebula shows evidence of the shell gas, as well. In 
high signal-to-noise observations taken at Hat Creek, strong 
H i emission is seen at roughly —10, +2, and +10 km s-1 

(LSR) at the position of the Crab, with weaker components 
extending from about - 50 to about + 30 km s- x. Differencing 
with adjacent pointings, the spectrum obtained shows absorp- 
tion with T ~ 1 at roughly +3 km s-1 and roughly +12 km 
s_1; interferometric studies with higher velocity resolution 
(Greisen 1973) have shown this gas to have substantial velocity 
structure as well as significant variation in absorption optical 
depth across the face of the Crab nebula. We also find t ~ 0.3 
absorption at roughly —10 km s-1, indicating that gas from 
the bright ridge at h ~ —6° and/or the shell has strong spatial 
variations or lies predominantly in front of the Crab nebula. 
Significant absorption is also seen out to roughly — 50 km s-1. 

Finally, examining the large-scale Ha plates of Sivan (1974), 
we find a bright, unresolved source at the position of the Crab, 
surrounded by a “ halo ” of radius ~ 2° in which the emission 
appears slightly depressed below the local background. This 
survey apparently reveals structures down to an emission 
measure less than ~30 cm-6 pc; if the mean density of the 
ionized gas into which the bubble expands is ~0.7 cm-3, then 
the volume cleared by the bubble’s formation will cause an 
emission-measure defict of this order. 

III. DISCUSSION AND CONCLUSIONS 

We propose that the bubble is a fossil created by the ionizing 
flux and stellar winds of several early-type stars, a few of which 
have left remnants in the region. The Crab progenitor will have 
contributed, but, as argued below, probably did not dominate 
generation of the present bubble. Large variations in external 
density and pressure at this distance below the plane, as well as 
a distributed energy input from several stellar sources can 
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explain the bubble’s irregular morphology and apparent 
“ blow out ” away from the Galactic disk. 

In Figure 1, we show the positions of several massive stars or 
their evolutionary products. In addition to the Crab itself 
(age ~ 103 yr), the pulsar PSR 0525 + 21 (age ~ 106 yr) is 
superposed within the bubble and, having a dispersion 
measure similar to the Crab, apparently lies at a comparable 
distance. Observations of interstellar scintillations from this 
source suggest a transverse speed of ~100 km s-1 (Cordes 
1986); proper-motion measurements (Lyne, Anderson, and 
Salter 1982) unfortunately only bound the (two-dimensional) 
space velocity to be less than ~300 km s-1. It is therefore 
unclear if this pulsar’s progenitor was within the present con- 
fines of the bubble before the supernova event. A third young 
pulsar in the vicinity, PSR 0540 + 23 (age ~3 x 105 yr), is also 
indicated. This pulsar has a dispersion measure larger than 
those of the Crab and PSR 0525 by SDM ~ 20 cm-3 pc; 
accordingly, it is usually assigned a distance of ~2.6 kpc. 
However, we note that if the mean ionized density in the vicin- 
ity of the bubble is ~0.2 cm-3 (making this part of the warm, 
ionized interstellar medium; Kulkarni and Heiles 1988) then 
the ~ 100 pc path through the lower density medium of the hot 
bubble interior will decrease the DM of the Crab and its com- 
panion by an amount comparable to the discrepancy above. 
Thus all three pulsars may lie at a similar distance. PSR 
0540 + 23 has a scintillation determined velocity of ~160 km 
s-1, and if it has traveled from the Galactic plane it will not 
have yet interacted with the bubble interior. However, this 
object’s progenitor might well have been born in the same 
burst of star formation that formed the other early-type stars in 
this region. 

From catalogs of Galactic O stars we have found one object 
superposed within the IRAS bubble. This is HD 36879 = SAO 
77293, estimated in the catalog of Gruz-Gonzáles et al (1974) 
to be of spectral type 07.5 III and to lie at a distance of 1.94 
kpc. This distance would place the star in the bubble interior; 
there is possible morphological support for this association in 
that there is a “ trail ” of decreased IRAS emission to the north- 
east of the O star (Fig. 1). The position angle agrees with that of 
the nominal, but very low significance, proper motion. Inter- 
estingly, this vector leads back to the galactic cluster NGC 
2129, which at 2.1 kpc distance presently contains stellar types 
as early as Bl. The proper-motion limits on HD 36879 are 
sufficient to allow travel from this birth site in its ~ 107 yr 
main-sequence lifetime. The nebular proper motion (which 
presumably reflects that of the Crab progenitor) is estimated 
by Trimble (1971) as (/¿a = 0.0 + 0.7 x 10-4 arcsec yr-1, fi0 = 
—1.6 + 0.7 x 10-4 arcsec yr-1), which corresponds to a rela- 
tively small space velocity ~15 km s-1 from the north. This 
suggests that the Crab would not share parentage with HD 
36879. However, we note that stars of discrepant age might still 
be born in the same cluster if the massive star formation pro- 
ceeds in several bursts or is asynchronous on times scales of 
~ 107 yr. 

We posit that several times 107 yr ago the Crab progenitor 
entered a low-density portion of the ISM, which was heated 
and cleared of clouds by the ionizing luminosity, stellar winds, 
and supernova blast waves of a group of early-type stars, 
perhaps including the progenitor of PSR 0540. A few million 
years ago HD 36879 moved into this region, and with its esti- 
mated ionizing flux S ~ 1049 s_1, began to evaporate the bay 
to the southeast of the Crab. This flux should drive an R front 
into the surrounding gas, growing toward the Strömgren 
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Fig. 2.—Contour and half-tone map of H i emission near the Crab nebula in the velocity range -11 to -9 km s" ^ Contours are at 35, 40, 50, 60,. 
and the Crab is indicated by an asterisk (*). The blank area to the southwest represents the b = -10° limit of the Weaver-Williams survey. 

Romani, Heiles, Koo, and Reach {see 349, L52) 
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radius of ~64n-2/3 pc at ~S/(47rr2tt) > 200n_1/3 km s_1. The 
absence of any bounding H n region for more than ~1° 
around the star already limits the density within the bubble to 
less than ~ 2.5 cm - 3 ; the true density is probably much lower. 

From nuclear abundances in the Crab nebula filaments 
Nomoto (1985) has estimated the mass of the Crab progenitor 
to be 8 M0 < M < 13 M0, which corresponds to main- 
sequence spectral type in the range ~09.5-B1.5. The lifetimes 
of such stars are ~1.8-4.5 x 107 yr (Maeder and Maynet 
1988). For illustrative purposes we consider a 9 M0 star, 
updating the values of Chevalier (1985). Maeder (1981) indi- 
cates that during the main-sequence lifetime of 2.4 x 107 yr the 
star has a fast —0.7 x 103 km s-1 “blue” wind of strength 
-2 x 10"8 M0 yr-1, although these values are quite uncer- 
tain. 

As noted by Chevalier (1985), the blue wind will shock at 
^23(M_8v3/P_i3)112 pc for a bubble pressure of 10"13 g 
cm-1 s-2, with postshock ionized gas at TJ, = 3fibv

2/16k — 1.4 
x 107vl K which gives — 7 x 106 K for our fiducial “blue” 
wind parameters. This hot shocked wind blows a cavity into 
the surrounding medium of the large-scale bubble. As this 
cavity grows it sweeps up the external mass in a shell of radius 

r 40| 
M -8 "3 

1/5 
t3/5 pc ; (2) 

slowing until the ram pressure of the external medium is com- 
parable to the static pressure; at this point the expanding 
cavity becomes transonic. This radius is 

rs — 37(M_8 i;3)1/2nJ/4PI3/34 pc , (3) 

which is reached in -9 x 106(M_8^)1/2n3/4^=o At a 
bubble pressure 2000 K cm-3 and an external density of —0.7 
cm-3 the cavity reaches -16 pc; thereafter the surrounding 
gas can begin to finger into the hot medium of the cavity 
interior, and there is no longer a clear division between the 
swept-up gas and the shocked blue wind. This mixing can 
substantially increase the density of the hot cavity gas. The 
subsequent fate of the blue wind cavity then depends on the 
cooling time of the mixed surface. Taking the cooling time to 
be tc - 500P_13 Al^n-2 yr, with A/10-23 ergs cm-3 s_1 = 
A-23 ~ 1 f°r T > 105 K, we see that the mixed gas will cool if 
n0 > 0.02P91\1(A2l23 M_8

vl)~2/il cm-3. Thus, unless the 
external medium is of quite low density, the wind cavity will 
stall at small radius and thereafter radiate away most of the 
wind luminosity. 

If, however, the flow remains adiabatic, the shocked blue 
wind will continue to expand, doing work against the external 
medium. This will result in a cavity of size 

r 43! M-8^ pc (4) 

or —45 pc with our fiducial values for the blue stellar wind. We 
note that unless the wind is substantially more energetic than 
our nominal values it will not be able to reach the observed 
— 90 pc radius of the bubble as a whole. 

Stellar evolution calculations indicate that these interme- 
diate-mass stars will, after leaving the main sequence, lose 
appreciable amounts of mass in a slow “red” phase wind. 
Suggested values for a 9 M0 star are a mean mass loss of 
M - 0.6 x 10“6 M0 yr“1 at a velocity vw - 10 km s“1 which 
lasts for —3.5 x 106 yr but increases substantially toward the 
end of the red phase (Maeder 1981). This wind expands into the 

hot cavity containing the shocked “blue” wind and itself 
shocks at a radius 

rr = 23(M,6v1/P^3)ll2pc. (5) 

The resulting temperature is 1.5 x 103 K and, given a cooling 
function of A_23 ~ 0.01 and a postshock density jump of -4, 
we estimate a cooling time of - 106t;?/(A_25 P_13) yr so that 
the shocked red wind can pile up at the interface. This will be 
dragged out by the progenitor velocity in a trail of length 
— 15(i;*/15 km s“1)t6 pc where the dense wind phase lasts 
106t6 yr. Blandford et al (1983) have suggested that the trail 
corresponds to the Crab nebula’s observed “jet” of width 
— 0.5 pc and length —1 pc. The northern location of this 
feature is in agreement with the rough proper motion of the 
nebula. However, kinematic and spectroscopic data (see Shull 
et al 1985) demonstrate that the line-emitting filaments in the 
jet are more likely associated with the nebular gas. Neverthe- 
less, we note that at the trail left by the red wind the confining 
magnetic pressure may be substantially reduced, providing a 
preferred location and channel for such an extrusion from the 
nebula. Examining the IRAS contour maps formed by two- 
dimensional high-resolution co-adds (Arendt 1989), we note an 
extension of the point source in a —15' trail to the north. This 
— 9 pc extension is of marginal significance and a 12 /mi point 
source (IRAS 05316 + 2208) along this position angle may con- 
tribute much of the flux, but rough estimates indicate — 2 Jy in 
100 /mi flux and a 60 /mi/100 /mi flux ratio corresponding to a 
dust temperature of —26 K. This gives a dust mass of —0.015 
M0 and a total gas mass -2zo.¿07 5 M0. We note that high- 
resolution Arecibo observations should easily confirm the exis- 
tence of this red wind or place limits on the fraction of the 
associated gas remaining neutral. 

To assess the visibility of any “ fast ” ejecta from the remnant 
of the Crab’s H-rich envelope, it is important to determine the 
parameters of the circumstellar medium which it presently 
encounters. For a uniform density external medium, a presu- 
pernova envelope of mass and density profile — r 7, 
and an explosion energy of 105*E51 ergs, Chevalier (1982) 
shows that the outer fast shock will form at 

R--5'K]5t)'Vpc ,6) 

after 103i3 yr. For nc - 3 x 10“4 cm“3, as in the shocked wind 
cavity, 5 M0 of ejecta would shock at — 15 pc; the amount of 
swept-up cavity gas is —0.1 M0. Observational evidence limits 
the amount of X-ray-emitting thermal gas swept up by a fast 
shock around the Crab to — 1 M© or less (Schattenburg et al 
1980). There are also strong limits on the radio synchrotron 
luminosity of a fast shell (Velusamy 1985), but conversion of 
these values to limits on the shocked mass are problematic. 
Thus, as long as the shell remains within the cavity evacuated 
by the shocked blue wind, it is likely to be fainter than present 
observational limits. 

The extent of the blue wind cavity depends on the interior 
properties of our large-scale bubble. Thus, from equation (3), 
we see that if the bubble’s interior density is greater than — 1 
cm“3, the cavity will have a sonic radius larger than that of the 
present extent of the fast shock, and the gas shocked by the 
supernova blast wave would not yet be visible. For bubble 
interior densities 0.01 cm“3 < n < 1 cm“3, the cooling surface 
of the blue wind cavity will have been reached by the hydrogen 
envelope blast wave, which should then rapidly sweep up suffi- 
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dent mass from the bubble interior to provide detectable 
X-rays and convert the remnant evolution to the Sedov phase. 
Finally, for very low density, hot bubble interiors, the blue 
wind cavity will rapidly go sonic, but continue to expand 
according to equation (4), ensuring again that the fast shock 
will remain invisible in a low-density medium. 

Future observations of the near-Crab environment, particu- 
larly more refined limits on thermal X-ray-emitting gas 
obtainable with AXAF, will help explicate the mystery of the 
Crab’s missing blastwave shell. Neutral hydrogen emission and 
far-infrared studies of this area for evidence of the red wind 
trail will further bound the mass retained for the fast shock and 
should improve our understanding of the progenitor. In this 
Letter, we have described a large-scale bubble in the direction 
of the Crab. We argue that the Crab lies within this region 
which is evidence for large energy injection by its progenitor 

KOO, AND REACH 

and other recent massive star activity. In turn, we have shown 
how conditions within the bubble determine the extent of the 
circumstellar cavity cleared by the progenitor’s “ blue ” wind. If 
sufficiently large, this cavity can explain the absence of an 
observed classical supernova blastwave. Thus the large-scale 
bubble in the interstellar medium provides an important 
vehicle for interpreting this well-studied, but as yet poorly 
understood, supernova remnant. 

We wish to thank F. Bertoldi, D. Helfand, and C. McKee for 
numerous helpful discussions and the referee for a careful 
reading and helpful comments. W. T. R. thanks L. Dones for 
assistance in obtaining the IRAS data from NASA Ames 
Research Center. Support for this work was provided by NSF 
grants AST 86-15816 and 88-18544 and JPL contract 957286 
as a subcontract under grant NAS 7918. 
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