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ABSTRACT 
Spectra from roughly 6500 Â to 10200 Â of 14 positions in the Crab nebula have been obtained using the 

Cryogenic Camera and the KPNO 4 m telescope. This spectral region includes lines of [S n], He i, [Ar m], [O n], 
[Ni ii], [Fe il], [S m], [C i], and He n. Relatively strong [C i] /U9823, 9850, [Ni n] A7378, and [Fe n] ¿8617 
emission was observed in nearly all filaments. Some of the strength of the carbon lines might be explained 
by allowing for collisional excitation by neutral atomic hydrogen. Data for seven filaments were linked to 
available optical observations of the same positions to search for correlations between various lines and to 
derive [O n] temperatures. A direct correlation between [O m] ¿5007/[0 n] ¿3727 and [S m] ¿9532/[S n] ¿6724 
was found, suggesting that the latter is a good ionizing flux diagnostic. The abundance of nickel may exceed the 
cosmic level by at least an order of magnitude, while the abundance of iron appears to be somewhat lower 
than normal. One interpretation of this result is that iron is incorporated into grains more readily than nickel. 
Subject headings: nebulae: abundances — nebulae: Crab Nebula — nebulae: supernova remnants — 

spectrophotometry 

I. INTRODUCTION 

The filaments of the Crab nebula are the debris from a 
recent (a.d. 1054) supernova event which took place about 
200 pc below the galactic plane and are believed to be 
relatively undiluted by interstellar matter. A careful analysis of 
the emission lines from the filaments should, therefore, provide 
information about the mass and evolution of the precursor 
star, as well as the physical details of the explosion itself. 
Recently a number of spectrophotometric studies of the 
filaments have been carried out using linear detectors which 
provide a qualitative improvement over the pioneering work 
by Woltjer (1958), using spectra taken by N. IL Mayall. The 
recent investigations by Davidson (1978, 1979), Miller (1978), 
and Fesen and Kirshner (1982) provide high-quality spectra 
in the optical range for numerous positions. In addition, 
data for Miller’s (1978) position 2 have now been extended 
into the UV by Davidson et al. (1982) and into the near- 
infrared by Dennefeld and Péquignot (1982). 

Analyses of the available data have been carried out by 
Henry and MacAlpine (1982) and Péquignot and Dennefeld 
(1983) using detailed photoionization modeling techniques. 
These two studies suggest that: (1) the relative abundance of 
helium is high in many filaments and may vary among 
positions observed; (2) the precursor star most likely had a 
mass greater than 3 M0; and (3) the individual filaments are 
surrounded by zones of high ionization, probably as a result 
of the gas being ionized by an enveloping source rather than 
the distant (plane-parallel) source assumed for simplicity in 
the models. 

1 Visiting Astronomer, Kitt Peak National Observatory, operated by the 
Association of Universities for Research in Astronomy, Inc., under contract 
with the National Science Foundation. 

2 Alfred P. Sloan Foundation Research Fellow. 

Due to past instrumental limitations, most of our informa- 
tion for comparison to models has come from optical data 
covering the 3700-7000 Â spectral range. UV and near-infrared 
data are only available for Miller’s position 2. Yet, as Péquignot 
and Dennefeld have demonstrated, important physical and 
chemical information can be gained by extending the observa- 
tions of more filaments into the near infrared. The spectral 
region between 7000 and 10000 Â contains lines of He i, [O n], 
[Ar m], [Ni ii], [Fe il], [S m], and [C i]. Information about 
gas temperature and ionizing flux can be derived by combining 
strengths of [O n] ¿7325 and [S m] ¿¿9069, 9532, respectively, 
with existing optical data; and lines of [Ni n] ¿7378 and 
[C i] ¿¿9823,9850 may supply important abundance or optical 
depth information. In addition, it is especially desirable to 
have spectra of many positions throughout the filamentary 
system to check on inhomogeneities and to establish correla- 
tions between various chemical and physical parameters. 

In this paper we report observations of 14 positions in the 
Crab filaments from roughly 6500 Â to 10200 Â, using the 
Cryogenic Camera and the KPNO 4 m telescope. Nine of 
these positions have previously been observed in the optical 
portion of the spectrum, and the spectra for seven of them 
can be linked to provide coverage from 3700 Â to 10000 Â. 
In § II we describe the observations, and in § III we present 
a discussion of the results. Section IV is a summary of our 
findings. 

II. OBSERVATIONS 

a) Data Aquisition 
Simultaneous spectra of 14 positions were obtained on each 

of the nights of 1981 December 20 and 21, using a multi- 
aperture plate with the Ritchey-Chrétien spectrograph and 
Cryogenic Camera attached to the KPNO 4 m telescope. The 
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620 HENRY, MACALPINE, AND KIRSHNER 

spectral coverage of roughly 6500-10200 A was obtained by 
employing two transmission grating prisms with nominal 
ranges of 6500-9500 Â and 8200-11000 Â, along with order 
separating filters. The effective red limit was 10200 Â because 
of the rapid drop in response of the CCD chip longward of 
9800 Á. 

A multi-aperture plate, in which holes had been drilled at 
precisely measured locations, was placed in the focal plane of 
the spectrograph. Light from each aperture was subsequently 
dispersed and focused on an 800 x 800 pixel Texas Instruments 
CCD detector. Each aperture plate hole measured 4" in 
diameter on the sky, which, when combined with either 
transmission grating prism, gave a spectral resolution 
estimated to be 25 A with a dispersion of about 4.05 Â per 
pixel. The spatial resolution perpendicular to the dispersion 
was 0'.,65 per pixel. Details of the observations are summarized 
in Table 1. Sky integrations were made following the object 
integrations and were, therefore, not simultaneous. The two- 
dimensional digital data were subsequently reduced to one- 
dimensional IIDS-formatted spectra at KPNO, and then 
further reduced to flux vs wavelength using reduction routines 
available at the University of Michigan. We shall discuss the 
details of the reduction procedure below. 

Precise telescope positioning was accomplished by drilling 
in the aperture plate two “setup” holes which aligned with 
field stars. Once correct positioning was obtained, the telescope 
was offset by a predetermined distance so that the object 
holes aligned with the filament positions to be observed, and 
the setup stars were occulted. 

Most of our selected positions in the Crab were chosen to 
coincide with those observed in the visible by Fesen and 
Kirshner (1982) (their positions 1, 3, 5, 6, 7, 8, 9, 10). These 
are shown in Figure 1 of their paper and will be designated 
FK1, FK3,..., etc. here. In addition, data were obtained for 
Miller’s (1978) position 2 (M2) and two locations never 
observed previously (HMK1 and HMK2). The positions 
corresponding with the two setup holes after offsetting the 
telescope, plus a sky hole originally intended for sky sub- 
traction also showed emission (although definite filamentary 
structure is absent) and are designated as HMK3, HMK4, and 
HMK5, respectively. The locations of HMK1, HMK2, HMK3, 
HMK4, and HMK5 are illustrated in Figure 1. In Table 2 we 
have listed the locations of all observed positions relative to 
star 16 in Wyckoff and Murray (1977). 

b) Reduction Procedure 

Prior to reduction, the data were in the form of frames of 
size 512 x 800 pixels, each containing 14 spectra. For each 
night we obtained several object and sky frames plus a 

TABLE 1 
Observing Log 

Total Sky Field 
Integration Spectral Center 

UT Date Sky Conditions Time (s) Range (Â) (arc min) 

1981 Dec 20  Clear 6000 6500-9500 30.7 S 
1981 Dec 21  Clear 4000 8200-11000 30.0 N 

TABLE 2 
Aperture Locationsí 

AX AY 

64:8 E 
36.9 E 
8.9 E 
4.9 E 

33.7 W 
96.0 W 
69.7 W 
29.6 E 
39.6 W 
11.4 W 
28.4 W 
27.8 E 
27.9 W 
65.4 E 

2:0 S 
68.9 N 
59.5 N 
78.2 N 
39.5 N 
68.5 N 
24.3 S 
60.4 S 
18.6S 
29.6 S 
84.2 S 

101.8 S 
101.8 N 
122.0S 

Position Name 

FK1.... 
FK3 .... 
FK5 .... 
FK6.... 
FK7.... 
FK8 .... 
FK9.... 
FK10... 
M2  
HMK1. 
HMK2. 
HMK3. 
HMK4. 
HMK5. 

a Epoch 1982.0 offsets (±0'.'5) given with respect 
to star 16 in Wyckoff and Murray 1977, where 
a = 5h31m31?6 and Ô = +21058,58" for epoch 1950.0. 

quartz continuum lamp frame. The initial data reductions 
were carried out at KPNO where, after converting each frame 
to IPPS format, dark subtractions were performed by 
determining an average dark count from unexposed areas of 
each raster and subtracting this amount from each pixel of the 
same raster. Henceforth, the procedural summary pertains to 
one night’s data. 

The quartz continuum lamp frame was used to generate a 
polynomial model describing the position, intensity, and width 
of each of the 14 individual spectra. This model was then 
divided by the quartz raster itself to produce a normalized 
quartz frame for flat fielding. The object and sky rasters were 
then corrected for any vertical shift due to instrument flexure 
(by correlating them with the quartz raster) and flat fielded 
with the normalized quartz frame to remove small-scale 
detector sensitivity variations. Using the polynomial model, 
individual spectra were then extracted from all of the frames, 
producing an object and sky spectrum in IIDS format (i.e., 
counts versus channel) for each of the 14 aperture positions 
of each frame. 

The final reductions of these one-dimensional spectra were 
carried out at the University of Michigan using standard 
spectrophotometric reduction methods. The numerous bright 
sky lines present throughout the observed spectral range were 
used to calibrate the wavelength scale for each scan. In order 
to minimize the effects of possible dispersion variations over 
the CCD chip, each spectrum from the sky frame was used 
to calibrate the filament spectrum observed with the same 
aperture on the same night. Data for the night sky lines were 
taken from Broadfoot and Kendall (1968) and Bass and Garvin 
(1962). Object and sky integrations were not simultaneous, and 
noticeable variations in the relative strengths of the sky lines 
produced by different molecules were present among the 
frames, making good sky subtraction difficult. To obtain a 
sky-subtracted object scan, each sky spectrum was multiplied 
by a range of constants and subtracted from its paired object 
spectrum. The smoothest of the resulting scans was then 
corrected for atmospheric extinction and fluxed, using long-slit 
spectra of well-known standards observed on the same night. 
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Fig. 1.—Narrow-band interference filter photograph of the Crab nebula in Ha, obtained by S. R. Schurmann in 1981 at McGraw-Hill Observatory with a 144 mm 
image tube, showing the locations of those positions discussed in this paper which have not been reported upon in previous papers. 
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TABLE 3 
Relative Emission-Line Intensities 

(J[sh] = 100; EB_V = 0.5) 

Filament Positions 

Line id 

FKl FK3a FK5 FK6 FK7 FK8 FK9 

F(À) I(À) F(À) I(X) F(À) I(X) F(X) I(X) F(X) I(X) F(À) I(À) F(X) /(A) 

Ha + [N ii] 
He i 
[Sn] 
He i 
Ar m] 
O ii] 
Ni ii] 
Ar in] 
Fe il] 

P 13 
S m] 
S m] 
;ci] 
He il 

6563, 
6548, 6584 
6678 
6716, 6731 
7065 
7136 
7325 
7378 
7751 
8617 
8665 
9069 
9532 
9823, 9850 
10123 

100 
(2) 
15 

8 
7 
5 

(1) 

45 
88 
19 
12 

100 
(2) 
14 

7 
6 
4 

(1) 

30 
55 
11 

7 

100 
600 
720 

2000 
(210) 
1100 
350 

1800 
4900 
1800 

100 
594 
691 

1900 
(187) 
836 
266 

1278 
3185 
1116 

100 
(2) 
11 

8 
16 
(3) 
12 

24 
44 

7 

100 
(2) 
11 

7 
14 
(2) 
9 

16 
27 

4 

100 
(1) 
9 

(6) 
29 
(2) 
7 

(2) 
17 
36 

7 

100 
(1) 
8 

(5) 
26 
(2) 
5 

(1) 
12 
22 
4 

100 
1 

11 
9 

12 
2 
4 

35 
78 
16 

100 
1 

10 
8 

11 
1 
3 

24 
49 
10 

113 

100 
3 
9 

13 
23 

6 
(1) 
26 
44 
37 

3 

116 

100 
2 
8 

11 
21 

4 
(1) 
17 
28 
22 

1 

294 
(9) 

100 
4 
8 

21 

5 
21 
41 
68 

2 

300 
(9) 

100 
4 
7 

19 
7 

6 
4 

14 
26 
40 

1 

/([S ii] /U6716, 6731) ergs cm"2 s“1 1.1 E-13 
/([S n] >U6716, 6731)//(H/?)b 3.14 

1.4 E-13 
4.28 

2,3 E-13 
5.58 

7.9 E-14 
4.35 

1.6 E-13 
5.58 

6.8 E-14 

Filament Positions 

Line id m 

FK10 M2 HMK1 HMK2 HMK3 HMK4 HMK5 

F(X) I(X) F(À) I(À) F(X) /(A) F(À) I(X) F(X) I(X) F(X) I(X) F(X) I(X) 

Ha- 
Hei 
[Su] 
He i 
Ar m] 
O il] 
Ni n] 
Ar m] 
Fe n] 

P 13 
[S m] 
[S m] 
[Ci] 
He il 

[N il] 
6563, 
6548, 6584 
6678 
6716, 6731 
7065 
7136 
7325 
7378 
7751 
8617 
8665 
9069 
9532 
9823, 9850 
10123 

89 

100 
(2) 
8 
7 

10 
(2) 
(3) 

16 
31 
16 
(1) 

91 

100 
(2) 
8 
6 
9 

(1) 
(2) 

11 
19 
10 
(1) 

163 
4 

100 
5 

(8) 
24 
11 

5 
3 

46 
88 
40 

167 
4 

100 
5 

(7) 
22 
10 
4 

31 
54 
24 

5 

117 
(5) 

100 
(3) 
(8) 
7 

19 
40 
14 
(2) 

120 
(5) 

100 
(3) 
(7) 
6 
7 

13 
25 

8 
(1) 

86 
2 

100 
(1) 
(9) 
5 
5 
2 

21 
44 

9 

88 
2 

100 
(1) 
(9) 
5 
5 
2 
1 

14 
27 

5 

22 
11 

100 
3 

16 
8 

42 

26 

27 
65 
18 

23 
11 

100 
2 

15 
7 

38 

19 

18 
41 
11 

100 
2 

14 
8 

23 

10 

21 
36 

5 

100 
2 

13 
8 

21 

14 
22 

3 

67 

100 

4 

11 

68 

100 

4 

10 

/([S il] /U6716, 6731) ergs cm“ 
/([S il] A/16716, 6731)//(H/?)b 

3.6 E-13 
12.51 

1.6 E-13 
(3.51)c 

1.2 E-13 1.4 E-13 2.6 E-14 1.2 E-13 1.8 E-13 

a /(He i A7065) = 100. 
b From Fesen and Kirshner 1982. 
c From Davidson et al. 1982. 
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RED SPRECTOPHOTOMETRY OF CRAB FILAMENTS 623 

c) Line Strengths 
Measured line strengths are given by position in Table 3. 

For each filament location, we have listed the observed and 
dereddened flux ratios, F and /, respectively, normalized to the 
[S n] A6724 blend, along with the measured absolute fluxes 
of the [S n] blend, uncorrected for interstellar extinction. 
Corrections for interstellar reddening were performed by 
employing the reddening curve from Osterbrock (1974) and 
assuming that EB-V = 0.5, as determined by Miller (1973) and 
Wu (1981). For those positions where there are two velocity 
components, we report line strengths only for the brighter one. 
For those positions at which we and Fesen and Kirshner 
(1982) (FK1-FK10) or Davidson et al (1982) (M2) measured 
[Su]/U6716,6731, Table 3 also contains [S n] A/16716,6731/Hß 
ratios. 

The accuracy of our measured line strengths is influenced by 
three factors: (1) residual sky emission after sky subtraction, 
(2) accuracy of the response curve, and (3) photon statistics. 
We estimate an overall error in the relative strengths given in 
Table 3 of 15%-20% for the lines of Ha + [N n], [S n], and 
[S m] and 20%-30% for most other features. Blended 
features, which were measured by fitting a Gaussian profile to 
each component, may be less accurate. In Table 3, line 
strengths with uncertainties estimated to be greater than 50 % 
are enclosed in parentheses. 

in. DISCUSSION 

Figures 2 and 3 contain plots of the two spectral regions 
observed for each position. (Data for HMK5 in the AA8200- 
10200 spectral range are not shown, since the signal-to-noise 
ratio was very low for this faint position.) We have also 
included a sky scan with each set of plots in order to assist the 
reader in distinguishing between object and sky lines where 
sky subtraction is incomplete. Figure 4 shows enlarged plots 
for FK10 with all of the lines in Table 3 identified. 

An interesting feature in a number of the spectra is the 
strong [Fe n] A8617 line, seen also by Dennefeld and Péquignot 
(1982) in M2. The fact that it is real and not simply the result 
of poor subtraction of the coincident atmospheric 02 bands 
is supported by the presence, at position FK3, of two velocity 
components of the A8617 line which match those of other 
lines. In addition, lines of the same multiplet (13F), A9227 
and A9399, are generally present in spectra with strong A8617. 
In several filaments we also observe a feature on the red wing 
of [Ar m] A7135, which is probably [Fe n] A7155. 

Lines of [Fe n], [Fe m], [Fe v], and [Fe vu] were observed 
by Fesen, Kirshner, and Chevalier (1978) and Fesen and 
Kirshner (1982), but, to our knowledge, no forbidden iron 
line has been found to be as strong as the [Fe n] A8617 
feature. This line corresponds to an a4rF9/2-aArP5i2 transition 
and must be produced collisionally, since recombination or 
resonance fluorescence would also produce strong permitted 
lines (see Phillips 1978). Furthermore, data in Nussbaumer 
and Storey (1980) show that the upper level must be excited 
almost exclusively from the ground a6D9/2 level of Fe+. 
Excitation of the line by first populating 4F9/2 through charge 
exchange (Dalgarno and Butler 1978) and subsequently 
exciting the electron collisionally to the 4P5/2 level can be 
ruled out, since, according to Nussbaumer and Storey, 
spontaneous decay of 4F9/2 is favored by five orders of 

magnitude over collisional excitation to the P term. The P 
term is the lowest lying one which can decay and emit a photon 
in the visible or near-infrared. Since A8617 is also more highly 
favored than all other transitions from the 4P term (see 
Nussbaumer and Storey 1980), one would expect it to be the 
strongest [Fe n] feature present in visible or near-infrared 
data, as we have observed it to be. 

Fe+ should be the primary ionization stage of iron in the 
portion of the filament dominated by H° because of the low 
ionization potential of Fe°. We might, therefore, expect the 
strength of [Fe n] to be correlated with that of [S n] throughout 
the nebula, since most sulfur is in the S+ stage in the H° 
zone (see Henry and MacAlpine 1982). In Table 4, where we 
show a number of correlation coefficients for various line 
ratios and pairs, it can be seen that [Fe n] and [S n] are 
reasonably correlated. 

Our average observed flux ratio of [S m] A9532/A9069 is 
1.94 (cr = 0.25) for 13 filaments, which is close to the value of 
1.78 observed by Dennefeld and Péquignot (1982) for M2. (Our 
value for M2 is 1.77.) Since the two relevant transitions have 
the same upper level, the intensity ratio is independent of 
physical parameters in the gas and is predicted to be 2.43, 
using transition probabilities from Garstang (1968). Near- 
infrared observations of the Orion nebula by Foukal (1974) 
and Aller and Liller (1959), NGC 2440 by Condal (1982), 
and NGC 7027 by Condal et al (1981) indicated no 
atmospheric effects on the measured [S m] line ratio. However, 
Dennefeld and Péquignot conclude that their measured value 
of /(A9532)//(A9069) is low due to greater atmospheric 
absorption of A9532 emission by an H20 band, a conclusion 
which appears to be consistent with the results of Dennefeld 
and Stasiñska (1983). Another plausible explanation is that 
either atmospheric absorption or emission caused the instru- 
mental response curve to be lower or higher, respectively, 
over the bandpasses containing A9069 or A9532. This would 
alter their ratio in the observed sense. 

Table 4 shows the measured [O m] A5007/[0 n] A3727 
(from Fesen and Kirshner 1982 or Davidson et al 1982) and 
our [S m] A9532/[S n] AA6716, 6731 ratios to be directly 
correlated among the filaments. However, the photoionization 
models by Henry and MacAlpine (1982) predicted that these 
ratios should be inversely correlated. The filament-to-filament 
variations in the calculations result from differences in adopted 
impingent ionizing radiation fluxes. The [O m] emission 
arises within the H+ domain, [O n] and [S m] emission arises 
near and within the H+->H° transition zone, and [S n] 
comes primarily from the H° region. A higher incident ionizing 
flux increases the size of the H+ domain relative to the 

TABLE 4 
Emission-Line Correlations 

Line Pairs Tested Correlation Coefficient Confidence Level3 

[Siii]/[Sii]:[Oiii]/[Oii] .... 0.72b >0.90 
[Fe n]:[S n]  0.65b <0.90 
[C i]:[S n]    0.22b 

[Ni il] : [S h]  0.95b >0.99 
[Ci]:[Nin]    0.56 >0.90 

3 1.0 minus the confidence level is the probability of a similar value for 
the correlation coefficient occurring for an uncorrelated sample. 

b FK10 not included because of unusually strong [S n]. 
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626 HENRY, MACALPINE, AND KIRSHNER Vol. 278 

Fig. 4.—Enlarged scans of FK10 identifying the lines listed in Table 3 and discussed in the text. Note the presence of a weaker velocity component 
which is slightly blueshifted with respect to the stronger one and is most conspicuous for lines which are redward of 9000 Â. 

H+ -> H° transition region (Feldman 1979), thereby increasing 
calculated [O m]/[0 n] line ratios. On the other hand, by 
increasing the size of the H+ -► H° transition region relative 
to the rest of the filament, the increased flux could be 
expected to lead to lower calculated [S in]/[S n] ratios. In 
addition, adapting equation (10) from MacAlpine (1972) to 
the presently adopted plane-parallel geometry, we have 

Fv[^(H + )] oc Fv exp [ — fcv Fv] , (1) 

which says the flux of medium-high frequency photons reaching 
the Strömgren edge, [Æ(H+ )], is proportional to the input flux, 
Fv, attenuated by an optical depth kvFv. This expression for 
optical depth uses the fact that the Strömgren thickness is 
proportional to Fv. From expression (1), we see that, under 
the right conditions, lowering Fv can actually result in 
increased S+2/S+ ionization at the Strömgren edge and 
beyond, thereby contributing to the calculated correlation. 
However, a decrease in the adopted model pressure would 
lower the kv term in expression (1), and this could cause 
FV[F(H+)] to correlate directly with Fv, thereby reversing the 
effect cited above and leading to a direct correlation between 
calculated [S in]/[S n] and [O m]/[0 n] line ratios, in agree- 
ment with the observations. Of course, the pressure in the 
models cannot be lowered very much, as the agreement 
between calculated and observed [S n] 2A6731/6716 ratios 
would be less satisfactory. 

Further examination of the correlation coefficients in Table 4 
reveals that the observed strengths of [Ni n] and [S n] are 
directly related, as one would expect from ionization potential 
considerations. These lines originate largely from the H° zone. 
However, the absence of any strong correlation between [C i] 
and [S n] is intriguing. If we assume that the gas is optically 
thin to photons with energy less than 13.6 eV, then the 
relative abundances of C° and C+ should remain roughly 
constant in the H° zone, and the [C i] line strengths should 
correlate directly with [S n] emission. Indeed, recent observa- 
tions of [C i] in NGC 6720 by Jewitt et al. (1983) seem to 
give observational support to this contention. The lack of a 
strong correlation in our data for the Crab suggests that 
additional factors may be influencing [C i] emission. 

The observed strength of [C i] 2A9823, 9850 in our data is 
greater than that predicted by the photoionization models of 
Henry and MacAlpine (1982) for both FK5 and FK8, the 
two positions modeled in that paper. For FK5, the calculated 
strength is smaller by a factor of 3, while, for FK8, it is 
smaller by an order of magnitude. Strong [C i] emission in 
the Crab was originally reported for one filament by Dennefeld 
and Andrillat (1981). In an effort to match that observation, 
Henry and MacAlpine attempted to increase the strength of 
[C i] by raising the relative abundance of carbon. However, 
the resulting [O m] temperatures were much lower than those 
derived from observations because of the importance of carbon 
as a coolant in the 0+2 zone. This suggests that the strong 
[C i] emission is not due to a high carbon abundance. 

We recently attempted to increase the amount of electron 
collisional excitation of C° by increasing the X-ray component 
of the ionizing spectrum in the models in the fashion of 
Halpern and Grindlay (1980). However, due to observational 
constraints on the Crab X-ray continuum, we were unable to 
enhance the strength of [C i] >129823, 9850 by more than a 
factor of 2. 

Péquignot and Dennefeld (1983), in their model which 
matched the observed [C i] emission at position M2, assumed 
a dielectronic recombination rate for C+->C° which was 
roughly 5 times larger than the radiative rate. Recently, 
Nussbaumer and Storey (1983) calculated the former and 
found it to be about 3 times smaller than the latter for the 
relevant temperature range. Although experimental work by 
Mitchell et al (1983) suggests that some calculated rates may 
be underestimated by a factor of 3 or more, it would appear 
that dielectronic recombination cannot account completely 
for the high observed [C i] 229823, 9850 in the Crab. 

Collisional excitation by H° might play a role in [C i] 
production in the Crab, since N(H°)/Ne ^ 10 in the C° region, 
as inferred from Henry and MacAlpine (1982). In addition, 
the gas in this zone is expected to be warm (Te ^ 8000 K) due 
to heating by a power-law spectrum consisting of EUV and 
X-ray photons which are absent in stellar continuum heating 
of H ii regions and planetary nebulae. Thus, while H° 
collisional production of [C i] may be insignificant in most H° 
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regions because of low Je (~ 103 K), conditions in the Crab 
may make this process important. 

Calculations by Smeding and Pottasch (1979) point out the 
importance of H° in collisionally exciting the fine-structure 
lines of [C i] (see their Fig. 7) under temperatures and 
density conditions similar to those found in the C° zone of 
the Crab filaments. To assess the contribution made by H° 
to the collisional excitation of [C i] ,U9823, 9850, we employ 
equations (42), (47), and (49a) from Bahcall and Wolf (1968) 
to determine a rate coefficient for the relevant transition 
3P -> 1D. Although Bahcall and Wolf treated only fine- 
structure lines, their expressions are probably sufficient for 
estimating the amount of H° excitation of 229823, 9850, to 
within a factor of 2 or so. Using collision strengths from 
Péquignot and Aldrovandi (1976), we find that the ratio, ¥, 
of collisional excitation by H° relative to that by e~ for 
conditions in the C0 regions of the filaments is given by 

ví/= [(V/)-1]2.85 x 10"4T2/3 , (2) 

where/is the fractional ionization of hydrogen, N(U+)/N(U). 
For 'F = 1 (i.e., equal contributions from H° and e~) and a 
representative temperature of8000 K,/ = 0.10. Thus, for values 
of/and Te found in the C° region, our calculations suggest 
that the strong [C i] 229823, 9850 emission might be due in 
part to collisional excitation by H0. Further investigations 
using more accurate expressions for rate coefficients are, 
therefore, of great importance for determining the excitation 
mechanism(s) responsible for strong [C i] emission in the 
Crab. In future it would also be important to attempt to 
observe the [C i] fine-structure lines in the Crab at 370 and 
610 microns, since these data could be used to evaluate more 
completely the role of H° in collisional excitation. These 
lines were recently observed in the Orion nebula by Phillips 
and Huggins (1981). However, because of much higher 
temperatures (and therefore broader features) in the Crab 
than in the H° zone of Orion, the expected antenna 
temperature per unit of resolvable velocity width for the 
fine-structure lines is too low to be observable with present 
instrumentation (T. G. Phillips 1982, private communication). 

In a number of filaments we observed emission near 210075. 
However, since this occurs at the red end of the spectrum 
where calibration lines are absent, the wavelength solutions 
are probably inaccurate. The emission is too strong to be 
P7 210049, and we believe it is most likely He n 210123, 
whose predicted strength relative to He n 24686 of 0.26 (see 
Osterbrock 1974) agrees closely with observed values in most 
cases, assuming that the reddening is constant across the 
nebula. We also note that, at positions FK6, FK8, FK9, and 
HMK4, we observed faint emission at 28580, which we 
identify as [Cl n]. This line was observed by Danziger and 
Aaronson (1974) in the Orion nebula and by Condal (1982) 
in NGC 2440. However, its faintness in the Crab prevents us 
from estimating the abundance of Cl+. The ionization potential 
of Cl° is close to that of H0, and thus [Cl n] 28580 most likely 
originates in the 0+ region. In addition, faint [Ca n] 27291 is 
visible in many filaments on the blue wing of the [O n] 27325 
line. 

The ratio of [O n] 27325/23727 is sensitive to electron 
temperature and, to a lesser extent, density. We calculated 
this line ratio for a range of values of Te and Ne for a five-level 
atom. By employing the values for Ne for each position as 

TABLE 5 
[O n] Temperatures 

Position Temperature (K) 

FK1    5800 +2000 
FK5    9500 ±2000 
FK6    7500 +3000 
FK7       9800 +1500 
FK8   8500 ±2000 
FK10  >15000 
M2  14000 ±3000 

determined from [S n] measurements by Fesen and Kirshner 
(1982) and Davidson et al (1982), we derived the [O n] 
temperatures listed in Table 5 for those positions whose 
spectra could be linked to optical data through the [S n] 
doublet. [We actually used values for Ne which were twice as 
high, since Ne should be higher in the 0+ zone where 
N(H+)/N(H) is much greater.] Our temperatures agree 
reasonably well with those for [N n] and [O n] given by 
Fesen and Kirshner as well as predicted electron temperatures 
in the 0+ regions of models for FK5 and FK8 by Henry and 
MacAlpine. 

Dennefeld and Péquignot (1982) observed several features 
(labeled a, b, c, and d in their Fig. 1) which they attributed 
to high-velocity gas. We observed lines which correspond to 
their feature a at FK8 as well as M2, although lines similar 
to their b, c, and d are not evident in either spectrum. (The 
absence of c and d in our spectra could be the result of poor 
sky subtraction). However, feature a is quite likely redshifted 
Ha or [N n] 26584, associated with gas receding at roughly 
1500-2000 km s"1. 

[Ni ii] 27378 was first detected in the Crab by Miller (1978), 
who found it to be comparable in strength to nearby [O n] 
27325. Fesen and Kirshner (1982) observed [Ni n] emission 
at three locations. The 27378 line is present at all positions 
which we observed, and, in some cases, it is stronger than H/. 
The presenece of other [Ni n] lines, particularly 27411, is not 
expected, based on the calculations of Nussbaumer and Storey 
(1982). We have already pointed out that the strengths of [Ni n] 
and [S n] are highly correlated (see Table 4), so these lines 
probably originate from the same portion of a filament (i.e., 
the H° zone). Thus, the relative abundance A^(Ni)/A(S) can 
be estimated directly from our data, since, based on ionization 
potential considerations, iV(Ni)/iV(S) ^ Ar(Ni+)/AT(S+) in this 
zone. Data for Ni+ from Nussbaumer and Storey (1982) 
indicate that, to a good approximation, [Ni n] 27378 emission 
results only from collisional excitation of the 2F7/2 level from 
the ground followed by radiative de-excitation. For S+, how- 
ever, effects of collisional de-excitation must be considered at 
densities observed in the filaments. Thus, the ratio N(Ni)/AT(S) 
is determined by the following relation : 

N(Nj+) ^ /([Ni II]) X^6716^6716 + /^6731-^6731 

) ^([S n]) Neq(Ni+)(A1378/AT)E1378 

where the first term on the right is the ratio of line strengths, 
while the second term accounts for the collisional excitation 
and radiative de-excitation rates and energies of the relevant 
lines. In this case, % and / are the level populations of the 
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S+ ion giving rise to 26716 and 26731, respectively; A is the 
transition rate for each line, and E is the associated energy; 
g(Ni+) is the collisional excitation rate to the 2F1I2 level of 
Ni+; and AT is the total transition rate from the relevant 
upper level of Ni+. We employed data from Pradhan (1978) 
and Mendoza and Zeippen (1982) to determine the level 
populations of the S+ ion. For Te = 8000 K and Ne = 1150 
cm-3, values representative of those observed by Fesen and 
Kirshner (1982), and our average observed value for 
7(27378//(26724) of 0.14, we find that iV(Ni)/iV(S) = 2.4. We 
compare this with the solar ratio of 0.13 (see Allen 1973) and 
find that Ni may be roughly 18 times more abundant relative 
to S in the Crab than elsewhere. A similar analysis for 
N(Fq)/N(S), using our measured strengths of [Fe n] 28617 and 
data from Nussbaumer and Storey (1980), yields N(Fq)/N(S) = 
1.4. In this case, the solar ratio (Allen 1973) is 2.5. Since 
Henry and MacAlpine (1982) found the relative sulfur 
abundance to be near or below normal in the Crab, it appears 
that the abundance of iron may be below normal. In addition, 
our results imply that V(Ni)/iV(Fe) = 1.7, or more than 30 
times higher than the solar level. 

Of course a more a.ccurate determination of the relative 
abundances of Ni and Fe should account for the presence of 
some S+2 in the Ni+-Fe+ zone. However, the individual 
abundances derived in this fashion would not be expected to 
differ by more than a factor of 2 from those determined here, 
while the ratio iV(Ni)/iV(Fe) should remain virtually un- 
changed. 

In an effort to understand the results for the Ni and Fe 
abundances in the Crab filaments, similar calculations were 
performed for the Orion nebula, using relative line strengths 
from Grandi (1975). Presumably this object contains material 
which has not been processed nucleosynthetically, and thus 
offers a test of our abundance determination techniques. We 
found a solar value for N(Ni)/N(S) but a below-solar value for 
iV(Fe)/iV(S). In the latter case, however, our results agreed 
with previously published iron abundances for Orion. Finally, 
iV(Ni)/N(Fe) was well above the solar value; in fact, the value 
for Orion was similar to that found for the Crab. 

While it is possible that errors in atomic data or neglected 
physical processes might in part explain these results, we feel 
it is unlikely that they could account for the order of 
magnitude enhancement of Ar(Ni)/AT(Fe) derived for both the 
Crab and Orion. A possible alternative interpretation is that 
iron possesses a larger affinity for grain formation than does 
nickel. Thus, in the case of the Crab, the high value for 
iV(Ni)/iV(S) may reflect a true enhancement of the iron peak 
elements, while N(Fe)/N(S) may be low because much of the 
iron is in the solid state. This interpretation is supported 
somewhat by the solar value derived for A(Ni)/AT(S) coupled 
with the low value for iV(Fe)/iV(S) in Orion. 

IV. SUMMARY 
We have obtained spectra from approximately 6500 Â to 

10200 Â for 14 positions among the Crab Nebula filaments. 
Nine of these locations have been observed previously in the 
optical region, and the combination of all available data yields 
the following points: 

1. The [Fe n] 28617 line is roughly one-fourth the strength 
of H/? (i.e., stronger than most other lines of Fe) throughout 
the nebula, making it suitable for deriving an iron abundance. 

2. The observed [S m] 29532/[S n] 26724 ratio is directly 
correlated with [O m] 25007/[0 n] 23727, contrary to the 
model results of Henry and MacAlpine (1982). This may 
suggest that a lower pressure actually exists in the filaments 
than was adopted for the models. 

3. The strengths of [Ni n] 27378 and [S n] 26724 are 
directly correlated. [C i] 29850, on the other hand, is not 
strongly correlated with either [Ni n] or [S n], even though it 
presumably is produced in the same region, based on ionization 
potential considerations. 

4. The strength of [C i] 29850 emission in most of the 
filaments is at least several times stronger than is predicted by 
the photoionization models of Henry and MacAlpine (1982). 
Collisional excitation by H°, heretofore ignored in all photo- 
ionization models of the Crab filaments, may account for part 
of the [C l] emission. 

5. Observed [O n] temperatures agree closely with earlier 
measurements by Fesen and Kirshner (1982), as well as with 
results of photoionization models. 

6. The relative abundance of Ni may be at least an order 
of magnitude above cosmic levels, while that of Fe appears 
to be slightly below normal. The high Ni abundance may 
actually be reflecting a true enhancement of the iron peak 
elements, while the low Fe abundance suggests that it is more 
easily incoporated into grains. 

The question of the nickel and iron abundances demands 
immediate attention, since these abundances are important 
for deducing the nature of the Crab’s progenitor and the 
physical events which occurred during the supernova event. In 
addition, if nickel is in fact a more suitable diagnostic for the 
iron peak element abundances due to a greater affinity of iron 
for grain formation, it would be important to attempt to 
observe Ni in other remnants, particularly those of Type I 
events, in which the abundance of iron is expected to be high. 

Equally interesting in its implications is the possibility of 
collisional enhancement of [C i] emission by H°. The warm, 
neutral gas in the Crab filaments seems to provide the 
conditions under which such excitation could take place. 
However, this question cannot be further investigated either in 
the Crab or in other parts of the interstellar medium until 
more work is done to calculate the necessary collision rate 
coefficients. 

Finally, we note that there are other considerations, not 
explicitly examined in this paper, which may influence line 
emission from Crab nebula filaments. Because the age of the 
filaments is comparable with the time required for gas past the 
Strömgren distance to recombine, ionization equilibrium 
calculations may not give a completely accurate description 
of conditions in the H° zones. Also, it is likely that the filaments 
are subjected to a considerable flux of high-energy particles. 
Ptak and Stoner (e.g., 1973) have discussed some of the ways 
in which superthermal particles can influence gas conditions 
and line emission. Although it is not obvious how these 
considerations could selectively enhance [Ni n] or [C i] 
emission, we believe they are worthy of further investigation. 
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