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ABSTRACT 
New optical spectrophotometric data are presented for the supernova remnants CTB 1, OA 184, VRO 

42.05.01, S147, the Monoceros Loop, G206.9 + 2.3, and G65.3 + 5.7. These data are combined with published 
spectral data to study some of the general properties of evolved galactic supernova remnants. We find that (1) 
[O i] and [O n] line strengths, when used in conjunction with the usual Ha/[S n] ratio test, provide an 
excellent additional diagnostic for discriminating remnants from H n regions; (2) the line ratios Ha/[N n], 
Ha/[S n], and [S n] 26717/26731 generally do not vary substantially among the filaments of an individual 
remnant; and (3) the observed correlation of [N n]/Ha with [S n] 26717/26731 in remnants is the result of 
observational selection rather than of evolutionary effects. We derive a galactic nitrogen abundance gradient 
of d log (N/H)/dR = —0.088 dex kpc-1, which is in agreement with that derived from H n regions. However, 
no abundance gradients for oxygen or sulfur are indicated from the remnant data. 
Subject headings: nebulae: abundances — nebulae: H n regions — nebulae: supernova remnants — 

spectrophotometry 

I. INTRODUCTION 

At present there are approximately 150 known galactic 
supernova remnants (SNRs). The great majority of these are 
believed to be relatively old and evolved objects in either the 
adiabatic or the early radiative stages of their evolutionary 
development (Woltjer 1972). Such old remnants have ages 
greater than 103 years and radii larger than ~ 5 pc, and gener- 
ally show a characteristic shell structure of nonthermal radio 
emission. 

About three dozen galactic SNRs have known optical emis- 
sion associated with their nonthermal radio emission (van den 
Bergh 1983). For old remnants this optical emission arises from 
the cooling of shocked interstellar cloud material following 
passage of the remnant’s blast wave as it expands outward into 
the ambient medium. Spectra of filaments of evolved SNRs 
over the wavelength range 3500-7500 Â show strong lines of H, 
[O il], [O in], [S n], and [N n] with generally fainter lines of 
He I, He n, [O i], [N i], [Ne m], [Fe n], [Fe m], [Ca n], and 
[Ar m]. In contrast to the situation for young remnants such as 
Cas A and the Crab Nebula, where there is elemental enrich- 
ment from the supernova ejecta, older SNR abundances seem 
to reflect that of the ambient interstellar medium, although 
with varying degrees of grain destruction (Raymond 1983; 
Seab and Shull 1983). 

Although a few evolved remnants have been well studied 
optically (e.g., the Cygnus Loop [Miller 1974; Fesen, Blair, and 
Kirshner 1982; Hester, Parker, and Dufour 1983]), relatively 
few spectral data are available on many of the fainter optical 
remnants. This is due in part to the difficulty of obtaining 
good-quality spectra on the fainter nebulae, as well as to the 

1 Also Laboratory for Atmospheric and Space Physics, University of 
Colorado. 

concentration by investigators on the bright prototype objects 
which have been well studied at other frequencies. A more 
complete sampling of the optical line emissions in galactic 
SNRs would allow the study of (1) additional criteria besides 
the Ha/[S n] ratio for distinguishing shocked nebulae from 
photoionized nebulae, (2) the range of line-emission strengths 
found within an individual remnant, (3) whether there are sig- 
nificant evolutionary variations in a remnant’s optical emission 
properties as a function of remnant diameter, and (4) the galac- 
tic elemental abundance gradients using SNRs. 

Toward these objectives, we obtained new optical spectro- 
photometry of seven relatively faint optical galactic SNRs. The 
remnants are CTB 1, OA 184, VRO 42.05.01, S147, the Mono- 
ceros Loop, G206.9+2.3, and G65.3 + 5.7. For many of these 
remnants, these new data represent a considerable improve- 
ment in quality and spectral coverage over those previously 
available. Combining these data with those already published, 
we present an overview of some general optical emission-line 
properties for evolved galactic SNRs. 

II. OBSERVATIONS 

Spectrophotometric observations of the seven SNRs were 
obtained with the 2000 channel digital spectrometer attached 
to the 1.3 m telescope at McGraw-Hill Observatory on Kitt 
Peak. This instrument uses a Reticon detector, six stages of 
image intensification, and pulse-centroiding electronics. Table 
1 lists the coordinates, slit sizes, spectral coverage, and integra- 
tion time for each of the various observations. Precise slit loca- 
tions are shown in Figure 1. Accurate slit positioning and 
guiding were accomplished with the aid of a three-stage inten- 
sified television guider. Sky measurements with integration 
times equal to those for the filaments were taken at neighbor- 
ing blank field locations. 
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TABLE 1 
Log of Observations 
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Coordinates (1950) 

SNR and Position R.A. Decl. 
Aperture 

(arcsec) 
Integration 

Time (s) 
Spectral 

Coverage (Á) 

CTB 1   
OA 184   
VRO 42.05.01   
S147: 

Position 1  
Position 2  
Position 3  
Position 4  
Position 5  

Monoceros Loop: 
Position 1   
Position 2  

G206.9 + 2.3 : 
Position 1   
Position 2  

G65.3 + 5.7: 
Position 1   
Position 2  

23h54m6 
05 13:9 
05 22.3 

05 39.7 
05 35.3 
05 41.8 
05 35.7 
05 31.3 

06 30.1 
06 40.5 

06 46.8 
06 46.6 

19 37.0 
19 41.1 

+ 6r59' 
+ 42 08 
+ 43 04 

+ 28 20 
+ 27 37 
+ 28 22 
+ 26 24 
+ 27 57 

+ 06 36 
+ 06 18 

+ 06 44 
+ 06 01 

+ 29 51 
+ 31 36 

3 x 40 
4 x 40 
4 x 40 

3 x 40 
3 x 40 
3 x 40 
3 x 40 
3 x 40 

3 x 40 
4 x 40 

3 x 40 
4 x 40 

3 x 40 
3 x 40 

2000 
8100 
1800 

3000 
3600 
3000 
4800 
4800 

3300 
5400 

2100 
3000 

5700 
6000 

3700-7400 
4000-7500 
4000-7500 

3700-7400 
3700-7400 
3700-7400 
3700-7400 
3700-7400 

3700-7400 
3700-7400 

4000-7000 
4000-7000 

3700-7400 
3700-7400 

Data reduction was accomplished using observations of 
Oke’s (1974) white dwarfs for measuring the instrumental spec- 
tral response and He, Ne, Ar, and Kr comparison lamps for 
wavelength calibration. The reduced spectra are shown in 
Figure 2. Observed line fluxes relative to Hß are listed in Table 
2, along with reddening-corrected line strengths assuming an 
intrinsic Ha/H/? ratio of 3.0 and using the Whitford reddening 
curve as given by Miller and Mathews (1972). Because these 
data were taken over several years under various observing 
conditions and on filaments of widely differing brightness, the 
accuracy of the measured line strengths is not uniform (e.g., 
note the varying signal-to-noise ratios for the spectra; see Fig. 
2). However, the relative line intensities for the stronger lines 
should be accurate to ±25% or better, with the exception of 
G206.9 + 2.3, where the errors may be as large as ± 50%. 

III. RESULTS ON INDIVIDUAL OBJECTS 

Below is a brief discussion of our spectral data for each 
remnant. Electron density estimates via the [S 11] 26717/26731 
line ratio have been derived using Pradhan’s (1978) cross sec- 
tions and Mendoza and Zeippen’s (1982) A-values (see Fig. 6 of 
Blair and Kirshner 1985). Although many of these remnants 
have been previously observed (e.g., D’Odorico and Sabbadin 
1977), none had optical extinction estimates, because of a lack 
of blue spectral coverage. We list in Table 3 our estimated 
visual reddening values, Av (where Av = 3.0 x EB_V), along 
with implied distances using the general galactic absorption 
versus distance studies of FitzGerald (1968), Lucke (1978), and 
Neckel and Klare (1980). The resulting distance estimates are 
consistent with those derived by Clark and Caswell (1976) 
using the empirical E-D relation, except in the case of 
G206.9 + 2.3 (see § Ill/below). 

a) CTB 1(G117.3+ 0.1) 
Previously published spectra of this remnant were obtained 

by D’Odorico and Sabbadin (1977) and Bohigas et al. (1983). 
The D’Odorico and Sabbadin spectra were taken at eight loca- 
tions along the remnant’s southern rim in the wavelength 
region 6000-6800 Â, from which they reported only minor 
variations in the Ha/[N 11] and Ha/[S 11] line ratios. Our data 
were also taken along the southwestern rim near their posi- 

tions 7 and 8, and our Ha/[N 11] and Ha/[S 11] ratios of 1.31 
and 0.82 are in fair agreement with their reported average 
values of 1.62 and 1.0. Our measured [S 11] 26717/26731 ratio 
of 1.33 suggests a electron density value near 100 cm-3. 
However, larger ratio values are reported by Bohigas et al. 
(1983), who find Ha/[N 11] = 1.87-2.70, with Ha/[S 11] = 1.46- 
2.73 for six filaments in the same region. 

From the photographs of Parker, Gull, and Kirshner (1979), 
the [O ni]/H/? ratio of CTB 1 is likely to be greater along its 
western rim than the value of ~ 1.0 that we observed at our 
southwest position. A low signal-to-noise spectrum of a 
western filament (not shown) indeed indicates [O in]/Hß >15. 

b) OA 184(0166.2 + 2.5) 

This remnant, which appears optically as a broken shell of 
diffuse emission about 70' x 90' in size, is notable for 
exhibiting line-emission strengths unlike those seen in other 
remnants. D’Odorico and Sabbadin’s (1977) spectra of seven of 
the brightest regions along the diffuse optical shell indicated 
abnormally weak [S 11] emission (Ha/[S 11] near 3.0) and 
26717/26731 values around 1.2. Our data (cf. Table 2) also 
show weak [S 11] emission (Ha/[S 11] = 3.15), and a 26717/ 
26731 ratio of 1.4. Judging from its relatively weak [S 11], as 
well as weak [O in], [O 1], and [N 11] emissions, the spectrum 
of OA 184 optically resembles that of an H 11 region more than 
that of an SNR. Daltabuit, D’Odorico, and Sabbadin (1976) 
suggested that this might be due partially to OA 184’s inter- 
action with neighboring dense interstellar clouds. However, 
similar [S 11] densities have been observed in other remnants 
(e.g., IC 443) without leading to such peculiar spectral proper- 
ties. Alternately, Binette et al. (1982) suggested that H 11 region 
emission may contaminate OA 184’s optical regions. Yet, none 
of OA 184’s emission regions show strong [S 11] or [O m] 
emission typical of remnants (see photographs in Parker, Gull, 
and Kirshner 1979). It is therefore puzzling that there is such a 
close positional agreement between the H 11 region type of 
optical emission regions and the brightest nonthermal radio 
contours (Willis 1973). OA 184 is one of the largest optically 
detected remnants, with an estimated diameter of between 60 
and 95 pc (Caswell and Lerche 1979; Milne 1979). 
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Fig. 1.—Enlargements of the Palomar Observatory Sky Survey E prints showing slit positions in the seven supernova remnants studied. Each finder field is 
approximately 10' x 12'. 
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c) VRO 42.05.01 {G 166.0 + 4.3) 
Optical spectra of this remnant were first obtained by Esipov 

et al. (1972), who reported large line intensity variations among 
its filaments. Although D’Odorico and Sabbadin (1977) found 
only small changes in line emission strengths at six positions in 
both northern and southern filaments, interference-filter pho- 
tographs do suggest substantial [O ni]/Ha ratio variations 
throughout the remnant (Fesen, Gull, and Ketelsen 1983). 
Recent radio studies show that this remnant possesses a highly 
asymmetrical structure, possibly because of density variations 
in the remnant’s ambient interstellar medium (Landecker et al. 
1982). Our single spectrum was obtained on a bright northern 
filament near D’Odorico and Sabbadin’s (1977) position 4, and 
shows line ratios different from D’Odorico and Sabbadin’s 
values. Whereas they report an Ha/[N n] of l.48 and an 
Ha/[S ii] of 1.15, we observe 1.75 and 1.45, respectively. 
Although it is not possible from our data to measure reliably 
the individual 6717 and 6731 Â [S n] line intensities, the profile 
of the 6725 Â blend indicates a ratio near the low-density limit 
of 1.4, which would be consistent with D’Odorico and Sabba- 
din’s measurements. 

d) S147 (G 180.0 —1.7) 
Previous spectroscopic studies of SI47 by Parker (1964), Esi- 

pov et al. (1972), and D’Odorico and Sabbadin (1977) indicated 
line intensity ratios for Hoe/[S n] between 0.7 and 0.9 and for 
Ha/[N n] between 1.20 and 1.58. Kirshner and Arnold (1979) 
reported qualitative relative density estimates for 23 filaments 
using both the [O n] and the [S n] doublet lines, and found 
systematic density differences between diffuse and crisp 
appearing filaments. From our spectroscopy of five positions, 
we find values for Ha/[S n] of 0.89-1.08 and for Ha/[N n] of 
1.05-1.44. The spectrum for position 3 indicates an electron 
temperature estimate for [O m] of 52,000 + 10,000 K and a 
temperature for [N n] of 12,000 ± 3000 K. In this as well as the 
other four filament positions studied, the [S n] 26717/26731 
ratio was observed near the low-density limit of 1.4. Therefore, 
assuming a density of 100 cm-3, we estimate an electron tem- 
perature for [S ii] of 9500 ± 2000 K and a temperature for 

[O ii] of 17,500 ± 3500 K for filament 3. With observed 
Hct/Hß ratios near 3.75, the interstellar reddening to S147 
appears fairly small, with Av ~ 0.7 mag. This is consistent with 
general galactic reddening values at its estimated ~ 1 kpc dis- 
tance using the X-D relation (Reich, Berkhuijsen, and Sofue 
1979). 

e) The Monoceros Loop (G205.6 —0.1) 
D’Odorico and Sabbadin (1977) obtained red spectra of two 

locations in this remnant; one near an apparent reflection 
nebula around the star HD 46300, and the other of a filament 
in this remnant’s northern section. However, the spectrum 
taken near the suspected reflection nebula showed stronger 
[S ii] emission (Ha/[S n] = 1.15) than that of the northern 
filament (Ha/[S ii] = 2.15). 

We also studied two locations in this SNR. Position 1 exam- 
ined a relatively bright region of filaments near the Loop’s 
western rim. Its spectrum shows moderately strong [S n] emis- 
sion (Ha/[S ii] = 1.40) but relatively weak [O m] and [O i] 
emission. Position 2, a filament in the southwest, was chosen to 
test Kirshner, Gull, and Parker’s (1978) suggestion that the 
relatively bright [O m] emission in this area was due to a 
higher velocity shock. However, position 2’s spectrum shows 
much weaker [S n] emission (Ha/[S n] = 6.1) than is usually 
observed in SNR spectra. In the absence of [O m] electron 
temperature information, the weak [S n] emission suggests 
that this nebulosity is probably that of an H n region and not 
an SNR. 

The [S ii] 26717/26731 line intensity ratio of 1.3 for position 
1 is similar to that found by D’Odorico and Sabbadin (1977). 
The remnant’s weak [O m] emission suggests a shock velocity 
<90 km s-1 (Raymond 1979), consistent with Lozinskaya’s 
(1972) expansion velocity measurements of 45 km s-1. Our 
spectral data also indicate a difference of extinction between 
the two positions observed, with positions 1 and 2 exhibiting 
Av = 0.94 and 0.40 mag, respectively. Reddening variations 
across the face of this remnant are not surprising considering 
the dust lanes visible in this direction (Davies et al. 1978). It is 
interesting to note, however, that both of these extinction 
values are considerably lower than those estimated for the 
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Fig. 2.—Spectra for each remnant position observed. Relative flux, ergs cm 2 s 1 Â ^ is plotted vs. observed wavelength. The feature in some spectra at 5577 Â 

is residual night sky [O i] emission due to imperfect sky subtraction. 

34 

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



RE
LA

TI
V

E 
FL

UX
 

h O'! CM 
T 1 1 I I I T 

G206.9 Pos. 1 

■ i i 1 J— 1 l— 
4000 5000 6000 7000 

WAVELENGTH (A) 

Fig. 2.—Continued 

35 

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



h O'! CM 

h) a 

O 

O 

; <N OO i OS OO 

i m o ; os os 

: o 
V 

.8 

800 «O Tfr <N OO VS ! ro Tf <N (N 

vs o vs ri- oqrNjvspt^ ! ^ ro t}- rn r4 

> so so O VS ' ; d -î d d ö 

: d so o ^ ^ Tt 
, (N t-h , sq ^ 
' d o4 

, O m , O Os P ' d O d 1 o 
V 

O ÍN oo rs ri- 
d d d 

O 00 os so m 
d d d 

O Os m O os ■ d d d 

8 0S rt <N Os ■ d d d 

:5 ‘ d 

. o 
* d 

. o 
• d 

• o 
V 

■ o 
V 

. "Tf . <N 1 d 

. VS Os O VS VS . r- r- p so ■ d d r4 d d 

' O m o o O 

, vs so t-- m vs . <N rt 00 p <N 
' d d d d d 

. m o os <n . so O <rs <N p ■ d d d d d 

. —< .so . Os < • Os . so . m < 
• d * d • d < 

: os 
• d 

:3 :8 :3¡ : 2 ■ d ' d • d ‘ d 
~ V 

: 8 : T-H : <N 
• d • d 

, O SO <N ro . O vs ri* ■ d d d d 

. so o vs os . 00 vs p 00 ■ vs d d d 

.Ooortm^-S000< .o<Nr-^r-(Nsoo' ■dddddddd< 

: 8 OsOsVSOVSOOOVS'^-trt (Nr^'r-Hprtprfppp ddddoddddd 

<N SO OS vsOOsOrf Os O Os O so 
00 

' 1 r—I 22 1—1 1—1 ^ vs ^ I—I rf rf ^73 ünr1——,  .1—i so I—I K a ^ a a a ^ a r 

02¿r0 2-0 0Z00Z¿Z. I I hL| I I MH I 1 I 1 I 1 I 1 I 1 I 1 MH I 1 l 

S 

r- ^ so so 

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



h O'! CM 

h) ft 

Identification 

[O il] Xblll   
[Ne ni] 23867   
He + H 23888   
[Ne in] + H 23970 . 
[S il] 24072   
H<5 24102   
Hy 24340   
[O in] 24363   
Hß 24861   
[O ni] 24959   
[O in] 25007   
[N i] 25199   
[N il] 25755   
He i 25876   
[O i] 26300   
[O i] 26364   
[N il] 26548   
Ha 26563   
[N il] 26583   
He i 26678   
[S il] 26717   
[Su] 26731 ......... 
[Ar in] 27135   
[O il] 27325    

EVOLVED GALACTIC SNRs 

TABLE 2—Continued 
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S147 

Position 1 Position 2 

F(2) 7(2) F(2) 7(2) 

Position 3 

F(2) 7(2) 

Position 4 Position 5 

F(2) 7(2) F(2) 7(2) 

6.15 

0.43 

1.00 
0.49 
1.60 

0.90 
3.57 
2.22 

2.06 
1.35 

7.15 

0.47 

1.00 
0.48 
1.57 

0.92 0.79 

0.76 
3.00 
1.86 

1.71 
1.12 

3.78 

0.33 

1.00 
(0.26) 
0.51 

0.80 
0.29 

(0.98) 
4.03 
2.15 

2.73 
1.85 

4.88 

0.38 

1.00 
(0.25) 
0.49 

0.62 
0.22 

(0.73) 
3.00 
1.60 

1.99 
1.35 

8.50 
0.22 
0.08 
0.14 
0.15 
0.16 
0.33 
0.13 
1.00 
0.55 
1.55 
0.07 

(0.06) 
0.13 
0.60 
0.20 
0.95 
4.12 
2.87 
0.05 
2.36 
1.67 
0.09 
0.64 

11.2 
0.28 
0.10 
0.17 
0.18 
0.19 
0.38 
0.15 
1.00 
0.54 
1.50 
0.06 

(0.05) 
0.11 
0.45 
0.15 
0.69 
3.00 
2.08 
0.04 
1.68 
1.19 
0.06 
0.42 

4.24 

0.79 

0.81 
3.98 
2.13 

2.35 
1.55 

5.41 (3.54) (4.27) 

1.00 1.00 

(0.23) (0.22) 

0.62 

0.63 
3.00 
1.61 

1.76 
1.14 

0.63 

(0.47) 
3.73 
2.12 

2.62 
1.42 

T.00 1.00 
(0.33) (0.35) 
0.94 0.91 

0.53 

(0.39) 
3.00 
1.70 

2.10 
1.13 

A y (mag). 0.48 0.82 0.88 0.79 0.61 

Note.—Parentheses denote significantly more uncertain values. 

TABLE 3 
Implied Distances from Observed Reddening 

Reddening-implied £-Da Relation 
Remnant Av Distance (kpc) Distance (kpc) 

CTB 1   1.64 >1.0 4.7 
OA 184   1.86 -2.0 2.2 
VRO 42.05.01   1.68 >2.0 3.6 
S147   0.70 -0.8 0.9 
Monoceros Loop  0.94 — 1.0 0.7 
G206.9 + 2.3   0.59 <1.0 2.3b 

G65.3 + 5.7   0.35 <1.0 0.9 
a Clark and Caswell 1976. 
b Reich, Berkhuijsen, and Sofue 1979. 

neighboring Rosette nebula (NGC 2244; Av = 2.2) or for NGC 
2264 {Av = 4.0) (Kaler 1976) for which interactions with this 
remnant have been proposed (Davies et al 1978; Kirshner, 
Gull, and Parker 1978). 

/) G206.9 + 2.3 (PKS 0646 + 06) 
Two thin filaments in this remnant’s northeastern and 

southern sections observed by us are the first spectra reported 
for this remnant. The 26717/26731 line intensity ratio of 1.1 for 
position 1 implies a fairly high density of 800 cm-3, but no 
density estimate is possible from our data for position 2. While 
our data at position 2 indicate modest [O m] emission, i.e., 
[O in]/Hß - 4-6, both Rosado (1982) and T. Gull (1981, 
private communication) report interference-filter images of this 

object which suggest that some filaments may have very large 
[O m]/H/? ratios. The observed Ha/Hß ratio implies an Av = 
0.6 ± 0.25 mag. Unless located in a direction of relatively low 
extinction compared with neighboring regions, this value 
implies a distance of < 1 kpc, which is substantially less than 
the value of 2.3 kpc estimated from its radio properties (Clark 
and Caswell 1976). 

g) G65.3 + 5.7{S91 + S94) 
Van den Bergh (1960) suggested that two filamentary 

nebulae, S91 and S94 (Sharpless 1959) were probably associ- 
ated with an SNR. Clear evidence for the existence of this 
remnant came from Gull, Kirshner, and Parker (1977), who 
obtained an [O m] interference-filter photograph of the region 
revealing a nearly complete 3?3 x 4?0 filamentary shell. High- 
resolution imagery of several selected regions of this remnant 
are discussed by Rosado (1981), Fesen, Gull, and Ketelsen 
(1983), and Sitnik, Klement’eva, and Toropova (1983). 

Up to now, optical spectroscopy of this remnant was limited 
to the red spectra of Sabbadin and D’Odorico (1976) for three 
regions in the S91 filaments. Their results gave average Ha/ 
[N ii] and Ha/[S n] ratios of 1.04 and 0.93, respectively, with a 
26717/26731 ratio of 1.30. We obtained spectra at two regions, 
one in S91 (position 1) close to Sabbadin and D’Odorico’s 
locations, with position 2 on one of the remnant’s brightest 
[O m] filaments (see Fig. 2 in Fesen, Gull, and Ketelsen 1983). 
At position 1, our Ha/[N n] and Ha/[S n] ratios of 1.5 and 1.3 
are larger than those reported by Sabbadin and D’Odorico, 
while the 26717/26731 value of 1.30 is nearly identical with 
theirs. Although the spectrum of S91’s filaments appears 
similar to those observed in other SNRs, that of position 2 
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; shows an especially large [O m]/H/? ratio. The Hß intensity 
^ could not be measured with high accuracy, but the data 
§ suggest an [O m]/Hß ratio of about 40. While this is about 
S twice as large as is usually observed for strong [O m] regions 
2 in other remnants, judging from interference-filter photo- 

graphs, this may be typical for many of this remnent’s fila- 
ments. However, the [O m] electron temperature for position 2 
estimated from its 4363 Â line strength is not unusually large 
at 38,000 ± 7000 K. This filament also exhibits relatively 
strong [N n] and [S n] emissions, with Ha/[N n] = 0.50 and 
Ha/[S ii] = 0.56. 

IV. DISCUSSION 

In order to study general spectral properties of evolved 
galactic supernova remnants, it is important to exclude from 
consideration young remnants which may be dominated by 
supernova ejecta, as well as very peculiar remnants. The pho- 
toionized and helium-rich Crab Nebula (Davidson 1979; 
Henry and MacAlpine 1982; Péquignot and Dennefeld 1983) 
and the oxygen- and sulfur-rich fast-moving knots of Cas A 
(Kirshner and Chevalier 1977; Chevalier and Kirshner 1979) 
have considerably different spectral properties from those seen 
in evolved remnants like the Cygnus and Monoceros loops, 
whose emissions arise from shocked interstellar clouds. It 
would therefore be inappropriate to group such different rem- 
nants together and draw general conclusions about systematic 
spectral evolutionary or abundance variations based only 
upon differences of line-emission strengths. Nevertheless, some 
previous investigations of SNR line emissions have not made 
such distinctions (Daltabuit, D’Odorico, and Sabbadin 1976; 
D’Odorico and Sabbadin 1976; Sabbadin 1977; Dopita 1977). 
We will thus restrict our discussion to only evolved remnants 
whose optical emission appears due to shock heating of the 
remnant’s local interstellar medium. Such remnants should 
then have related though not identical spectral properties. 

Remnants therefore excluded from our discussion are the 
young remnants associated with historically observed super- 
novae as well as SNRs exhibiting either an unusual morphol- 
ogy or peculiar line strengths suggestive of some supernova or 
presupernova element enrichment. The remnants omitted are 
Cas A, Kepler’s SNR, Tycho’s SNR, the Crab Nebula, 3C 58 
(SN 1181), SN 1006, G292.0+1.8, and Puppis A. While RCW 
86 has been suggested as being the remnant of SN 185 (Clark 
and Stephenson 1977), it does not exhibit any marked pecu- 
liarities in its spectrum (Ruiz 1981). With an estimated radius 
of ~15 pc and assuming an average interstellar medium 
density of 1 cm-3, RCW 86 could have swept up 300 M0 of 
interstellar mass, thereby substantially diluting the SN ejecta; 
hence it will be included in our sample. The remnants RCW 89 
and RCW 103 are unusual in that they appear relatively 
evolved yet have associated X-ray point sources (Tuohy and 
Garmire 1980; Seward et al 1983). However, since they do 
show normal shell structures, they too will be included in our 
sample. On the other hand, CTB 80, because of its extremely 
peculiar morphology and low expansion velocities (cf. Anger- 
hofer, Wilson, and Mould 1980; Blair et al 1984), along with 
the remnants G109.1 —1.0 (because of its bright central X-ray 
pulsar) and W50 (associated with SS 433), will be omitted. 
Finally, because of its atypically weak [S n], [N n], [O i], and 
[O m] line emissions, the remnant OA 184 will also be 
excluded from our discussion. The remaining SNRs for which 
optical spectroscopy is available are listed in Table 4, along 
with the references to the optical data used. A similar group of 

remnants has been used by Binette et al (1982) to study the 
galactic abundance gradient, with the difference that we have 
omitted W50, OA 184, and 3C 58 for the reasons given above, 
and G296.5 +10.0 (because of a lack of accurate spectral data), 
while including our new spectral data on seven remnants. 
Below we discuss spectral identification criteria for dis- 
tinguishing remnants from other emission-line nebulae and the 
observed range of relative line strength variations present 
within individual objects, and we examine galactic abundance 
gradients and evolutionary emission-line trends. 

a) Emission-Line Criteria for SNR Identification 
Spectroscopically, SNRs can generally be characterized by 

strong forbidden line emission exhibiting a wide range of ion- 
ization states. For example, in contrast to H n regions or 
planetary nebulae, the optical forbidden oxygen lines [O i] 
226300, 6364, [O n] 23727, and [O m] 224959, 5007 are often 
simultaneously strong in remnants. However, the most gener- 
ally used quantitative criterion for distinguishing SNRs from 
H ii regions has been the stronger [S n] 226717, 6731 emission 
of SNRs, i.e., Ha/[S n] < 2.0. The presence of electron tem- 
peratures ~ 10,000 K in the S+ zone of the nonequilibrium 
recombination shock region of a remnant together with the 
large collisional cross sections of these [S n] transitions leads 
to stronger [S n] emission than is usually observed in pho- 
toionized H n regions (or planetary nebulae), where the sulfur 
is usually in the form of S + + . Strong [S n] emission has proved 
an enormously useful yet simple tool in optically identifying 
both galactic and extragalactic SNRs (Mathewson and Clarke 
1972,1973; van den Bergh 1978; D’Odorico, Dopita, and Ben- 
venuti 1980; Blair, Kirshner, and Chevalier 1981). 

The Ha/[S n] criterion has some drawbacks, however. The 
lowest observed Ha/[S n] ratios in H n regions and low- 
excitation planetary nebulae are nearly the same as the largest 
values seen in some remnants. This has led to some ambiguity 
in the identification of some objects (e.g., S216; Fesen, Blair, 
and Gull 1981), as well as causing some confusion about what 
specific value to use in order to separate SNRs from H n 
regions. Mathewson and Clarke (1973) chose a value around 
1.5, Daltabuit, D’Odorico, and Sabbadin (1976) a value of ~ 
2.0, while D’Odorico (1978) suggests a value of about 2.5. 
Therefore, in borderline cases, another emission-line ratio cri- 
terion would clearly be valuable. 

To be a useful discriminator, the emission lines considered 
should be readily observable and not greatly affected by other 
factors such as temperature and abundance. Although values 
of less than 30 for the electron temperature-sensitive line ratio 
of [O m] (24959 + 25007)/24363 are always observed in SNRs 
(i.e., Te > 20,000 K) but are never seen even for the hottest H n 
regions and planetary nebulae, the 4363 A line is usually too 
weak and the sky Hg i 24358 line often too strong to permit its 
use as a general remnant diagnostic. Likewise, the [S n]/ 
[Ar m] ratio discussed by Boeshaar et al. (1980) is limited in its 
applicability by the faintness of the [Ar m] 27136 line in SNRs. 
While most galactic remnants exhibit Ha/[N n] values less 
than about 3, the nitrogen lines vary considerably as a function 
of nitrogen abundance, thus changing from galaxy to galaxy as 
well as within a galaxy if an abundance gradient is present (cf. 
Shaver et al. 1983). A more practical criterion could be based 
upon [O i] and [O n] line strengths in those cases where good 
sky [O ij subtraction is possible (Fesen 1981; Blair, Kirshner, 
and Chevalier 1982). Remnant [O i]/H/? and [O n]/H/? ratios 
are almost always observed to be much larger than those for 
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TABLE 4 
Evolved Galactic Supernova Remnants with Measured Optical Spectra 

Clark and Caswell 1976 

Remnant 

Average Value 

[N n]/Ha 6717/6731 
Diameter 

(pc) 
Galactoeentric 
Distance (kpc) 

Spectral 
Data 

References 

W28    
3C 400.2  
G65.3 + 5.7  
Cygnus Loop   
W63   
CTB 1   
CTA 1  
G126.2+ 1.6    
HB 3    
HB 9    
VRO 42.05.01   
S147  
IC 443    
G206.9 + 2.3   
Monoceros Loop . 
Vela   
G290.1-0.8   
G296.1 — 0.7 ...... 
Centaurus  
RCW 86    
RCW 89  
RCW 103   
MSH 15 — 56  

1.09 
1.19 
0.79 
1.09 
0.65 
0.68 
1.15 
0.97 
0.49 
0.75 
0.56 
0.74 
0.78 
0.74 
0.70 
1.12 
0.60 
1.25 
1.00 
1.12 
1.79 
2.22 
1.47 

1.03 
1.20 
1.30 
1.27 
1.30 
1.33 
1.27 
1.33 
1.44 
1.33 
1.36 
1.40 
1.26 
1.12 
1.37 
1.21 
1.20 
1.23 
1.15 
0.80 
0.89 
0.78 
1.17 

32 
41 

(75)a 

44 
38 

(21)b 

49 
(89)c 

41 
43 
46 
48 

(22)d 

54 
49 
38 
21 
39 
42 
36 
33 
24 
33 

7.7 
8.1 

(9.6)a 

9.8 
9.9 

(11.1) b 

10.7 
(13.1) c 

11.4 
11.0 
13.5 
10.9 

(11.6)d 

12.1 
10.6 
10.1 
9.7 
9.8 
9.3 
8.1 
7.2 
4.6 
7.6 

1 
2 
2, 3 
4, 5 
6 
3, 7 
8 
9 
7 
7 
3, 
3, 
5, 
3 
3, 7 
1, 11 
12 
13 
14 
15, 16 
1 
15 
17 

, 7 
, 7 

10 

a Diameter = 75 pc, distance = 0.9 kpc (Reich, Berkhuijsen, and Sofue 1979). 
b Diameter = 21 pc, distance = 2.0 kpc (Landecker, Roger, and Dewdney 1982). 
c Diameter = 89 pc, distance = 4.6 kpc (Reich, Kallas, and Steube 1979). 
d Assumed distance of 1.5 kpc (Fesen 1984). 
References.—(1) Dopita, Mathewson, and Ford 1977. (2) Sabbadin and D’Odonco 1976. (3) This work. (4) 

Osterbrock 1958; Parker 1967; Miller 1974; Fesen, Blair, and Kirshner 1982. (5) Parker 1964. (6) Sabbadin 
1976. (7) D’Odorico and Sabbadin 1976. (8) Fesen et al 1981. (9) Blair et al. 1980. (10) D’Odorico 1974; Fesen 
and Kirshner 1980. (11) Osterbrock and Costero 1973. (12) Elliott and Malin 1979. (13) Longmore, Clark, and 
Murdin 1977. (14) Danziger and Dennefeld 1976. (15) Dopita, D’Odorico, and Benvenuti (1980); Leibowitz and 
Danziger 1983. (16) Ruiz 1981. (17) Dennefeld 1980. 

H il regions. Although this has been realized for some time (see 
Baldwin, Phillips, and Terlevich 1981), a treatment using 
recent galactic remnant data has not been presented. 

The ability of the [O i]/Hß and [O n]/Hß line ratios to 
separate SNRs from H n regions is shown in Figure 3, where 
reddening-corrected values for [O n] 23727 are plotted against 
[O i] 226300, 6364 for our list of remnants in Table 4. In order 
to suppress measurement errors due to the fainter [O i] 26364 
line, we have taken 7(6364) = ^ x 7(6300). The data plotted are 
for the Cygnus Loop (Miller 1974; Fesen, Blair, and Kirshner 
1982), RCW 86 (Dopita, D’Odorico, and Benvenuti 1980; Ruiz 
1981), RCW 103 (Dopita, D’Odorico, and Benvenuti 1980; Lei- 
bowitz and Danziger 1983), IC 443 (Fesen and Kirshner 1980), 
Vela X (Osterbrock and Costero 1973), and SI47, CTB 1, the 
Monoceros Loop, and G65.3 + 5.7 from this work. The H n 
region data were taken from Kaler (1976), Peimbert and 
Torres-Peimbert (1977), Peimbert, Torres-Peimbert, and Rayo 
(1978), Hawley (1978), and Talent and Dufour (1979). When no 
value for [O i] line strength is given for an H n region, we 
assumed that its 7([0 i] 26300) value must be less than 7([S in] 
26312), which was reported and measured. Where multiple 
positions were observed, the strongest [O i]/Hß and [O n]/Hß 
emitting position for the H n region is listed. Thus, in general, 
the separation between remnants and H n regions should be 

2.0 

CCL 1.5 
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cn 
O 0.5 

0.0 

I 11 T"- 
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 1  I 
• SNRs 
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Fig. 3.—Extinction-corrected log ([O ii]/Hß) vs. log ([O i]/H/?) for galactic 
supernova remnants {dots) and H n regions {open circles). The dashed line 
indicates the limit of observed ratio values for remnants. The figure illustrates 
the considerable difference for these emission-line ratios between remnants 
and H n regions. 
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; larger than indicated in this figure. That is to say, a significant 
^ fraction of galactic H n regions not shown here would occupy 
§ the far lower left-hand portion of the figure, having log 
S ([O i]/Hß) < -1.2 and log ([O ii]/Hß) < 0.6 (e.g., see Orion 
2 values in Peimbert and Torres-Peimbert 1977). In contrast, 

SNRs exhibit considerably larger values for both line ratios. 
The figure shows a clear and definite segregation of SNRs from 
H it regions with no apparent overlap. While a single remnant’s 
in Peimbert and Torres-Peimbert 1977). In contrast, SNRs 
exhibit considerably larger values for both line ratios. The 
figure shows a clear and definite segregation of SNRs from H n 
regions with no apparent overlap. While a single remnant’s 
filaments may scatter widely within the SNR region of the 
figure, even for an extreme range of filament characteristics the 
values still all fall within the remnant region (e.g., the Cygnus 
Loop data; Fesen, Blair, and Kirshner 1982). Although about 
40% of the data comes from the Cygnus Loop alone, the other 
points represent 25 filaments in eight other remnants. (Note: 
similar differences for these ratios usually exist between planet- 
ary nebulae and SNRs as well [cf. Barker 1978], but there are 
clear exceptions [cf. Hawley and Miller 1977; Kwitter, Jacoby, 
and Lawrie 1983]). 

In cases where remnant identification is uncertain via the 
Ha/[S ii] ratio (i.e., values near 2), the [O i] and [O n] lines 
could prove most useful. Since the change of the [O i] emission 
between SNRs and H n regions is greater than for the [S n] 
lines, [O i] is a more sensitive shock emission test and is parti- 
cularly good where there is suspicion of contamination of 
remnant spectra by H n region emission. For example, since 
the optical emission believed associated with the remnant OA 
184 shows no detectable [O i] emission, it is probably just that 
of an H ii region and not faint remnant emission contaminated 
by an H n region. 

The generality of the [O i] versus [O n] relation is illus- 
trated in Figure 4, which shows the observed ratios for the 
SNRs and H n regions in M31 and M33 (Dopita, D’Odorico, 
and Benvenuti 1980; Blair, Kirshner, and Chevalier 1981, 
1982; Dennefeld and Kunth 1981; Blair and Kirshner 1985). 
Again, a clear separation of remnants and H n regions is appar- 
ent at about the same values as for the galactic remnants. As 
noted by Blair, Kirshner, and Chevalier (1982), the M31 
objects BA 337 and BA 370 (indicated in Fig. 4 by asterisks), 
though exhibiting only modest [S n] emission, can be identi- 
fied as remnants on the basis of their [O i] and [O n] line 
strengths. However, this [O i] : [O n] criterion is most effective 
when used in concert with the Ha/[S n] ratio test. For example, 
the filamentary shell N70 in the LMC has very strong [O i] 
and [O ii] emission but relatively weak [S n] emission and low 
[O m] temperatures and is probably not an SNR (Dopita et al 
1981). Therefore, [O i] and [O n] line strengths, when used in 
conjunction with the Ha/[S n] ratio, are an effective tool for 
helping to identify galactic and extragalactic SNRs. 

b) Line Strength Variations within Individual SNRs 
Although the strengths of some lines such as [O i], [O n], 

and [O m] relative to Hß have been observed to vary signifi- 
cantly within an individual remnant (see Fesen, Blair, and 
Kirshner 1982), it is useful to establish the corresponding range 
of variations for Ha/[N n] and Ha/[S n], as well as the density- 
sensitive [S ii] 26717/26731 ratio. Daltabuit, D’Odorico, and 
Sabbadin (1976) suggested that these intensity ratios change 
less from point to point within a remnant than they do between 
different remnants. They used this principle to develop an evo- 
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Fig. 4.—Same as Fig. 3, but for M31 and M33 remnants and H n regions. 
The two M31 remnants with relatively weak [S ii] emission (BA 337 and BA 
370) are indicated by asterisks. 

lutionary scheme in which the Ha/[N n] and 26717/26731 
ratios vary systematically as a function of remnant diameter as 
estimated from the E-D relationship. Since many galactic rem- 
nants have had only a few of their filaments studied spectro- 
scopically, large variations among a single remnants filaments 
might affect such proposed evolutionary trends. More impor- 
tant, the Ha/[N n] and Ha/[S n] ratios have been used to infer 
abundance gradients in the Milky Way, M31, and M33 
(Dopita, D’Odorico, and Benvenuti 1980; Blair, Kirshner, and 
Chevalier 1981, 1982; Binette et a/. 1982; Blair and Kirshner 
1985). Large variations of these ratios within individual rem- 
nants could affect the accuracy of gradients derived in this way. 

To investigate the ranges of observed line ratios within and 
between remnants, we list in Table 5 the data on these ratios 
for our sample of evolved remnants having three or more fila- 
ments observed. Because of differences among observers (e.g., 
instruments, spectral resolution, apertures, signal-to-noise 
ratios, etc.), each set of values is listed separately. The table 
gives the range of observed ratios, mean values, and percent 
standard deviations from the mean. 

These data indicate that within a single remnant, even with 
measurement errors considered which are typically 5%-25%, 
relatively small variations in the observed mean values are the 
rule for these ratios. While differences exist between mean 
values among different observers, the dispersion in each data 
set is small. This suggests an intrinsically small scatter within 
individual objects. The Cygnus Loop data are particularly 
valuable in this regard, because of the number of filaments 
studied, the relatively small measurement errors (5%-10%), 
and the wide variety of filament spectra observed. The fila- 
ments observed in the Cygnus Loop by Fesen, Blair, and 
Kirshner (1982) were in fact specifically chosen to investigate 
the range of line-ratio variations present within that remnant. 
The relatively modest differences reported for the mean values 
of these emission lines among the Cygnus Loop’s filaments 
support Dopita et a/.’s (1984) suggestion that these lines are 
primarily sensitive to chemical abundances rather than shock 
conditions. From Table 5 we estimate a remnant’s intrinsic 
spread to be approximately ±10% for [S n] 26717/26731, 
±20% for Ha/[N n], and ±30% for Ha/[S n]. Similar scale 
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; variations for Ha/[N n] and Ha/[S n] are supported by the 
^ digital analysis of interference-filter imaging of the Cygnus 
^ Loop by Hester, Parker, and Dufour (1983). Although the 
S results inferred from Table 5 are heavily weighted toward the 
' i Cygnus Loop and IC 443 data, they are consistent with values 

observed in other SNRs. 
However, variations of these line ratios among the filaments 

of individual remnants are important in assessing differences 
among remnants. For example, the ±20% variation in Ha/ 
[N n] is not a great deal smaller than the ± 30% difference (i.e., 
standard deviation) between the mean ratios for the nine rem- 
nants listed. Moreover, the total spread of observed values in 
each of the remnants IC 443 and the Cygnus Loop can be 75% 
or larger. Therefore, for a remnant having only one or two 
filaments studied, such variations can lead to uncertainties 
about conclusions drawn from its use in remnant ratio com- 
parisons. (Such uncertainties can be seen to arise easily from 
the differences in the reported ratio values for some remnants 
discussed in § III.) 

Finally, the relatively small (~ 10%) variation estimated for 
the density-sensitive [S n] 26717/26731 line ratio in this sample 
of remnants suggests a correspondingly small range of filament 
densities and cloud pressures. The typical observed evolved 
remnant 26717/26731 line ratio value greater than 1.10 (with 
the exception of RCW 86, RCW 89, RCW 103, W28, and 
G296.1 —0.7) indicates electron densities less than 300 cm-3. A 
10% variation in this line ratio at such low densities implies 
filament density changes of only about 200 cm-3 and therefore 
typical maximum densities less than about 500 cm _ 3. 

c) Emission-Line Correlations as a Function of Evolution and 
Galactocentric Distance 

The Ha/[N n] ratio has been a widely used tool for investi- 
gating nitrogen-to-hydrogen abundance variations among 
SNRs. D’Odorico and Sabbadin (1976) applied this ratio to 
study the nitrogen abundance differences between galactic and 
LMC remnants, while D’Odorico, Benvenuti, and Sabbadin 
(1978), Dopita, D’Odorico, and Benvenuti (1980), Blair, Kirsh- 
ner, and Chevalier (1981, 1982), and Binette et al (1982) have 
used it to infer a nitrogen abundance gradient in M31, M33, 
and our Galaxy. There is evidence from H n region studies for 
a nitrogen gradient in our Galaxy (Peimbert, Torres-Peimbert, 
and Rayo 1978; Hawley 1978; Peimbert 1979; Talent and 
Dufour 1979; Shaver et al 1983) as well as in M31 and M33 
(Dopita, D’Odorico, and Benvenuti 1980; Dennefeld and 
Kunth 1981 ; Kwitter and Aller 1981 ; Blair, Kirshner, and Che- 
valier 1982), and the abundance gradients determined by the 
two methods are in remarkably good agreement. Since nitro- 
gen is not a major coolant, within a range of shock velocities 
and preshock densities the Ha/[N n] ratio should be a good 
indicator of the N/H abundance in the ISM encountered by the 
shock wave (Dopita 1977; Raymond 1979; Dopita et al 1984). 
The limited variations in Ha/[N n] values observed within 
individual remnants (Table 5) permit an estimate of nitrogen 
abundance differences among remnants. 

We show in Figure 5 the average observed [N n]/Ha ratios 
for our sample of 23 evolved galactic SNRs as a function of 
galactocentric distance, using Clark and Caswell’s (1976) dis- 
tance estimates with updates (see Table 5). The trend of line 
ratio with galactocentric distance has been interpreted by 
several previous studies as an indication for a galactic nitrogen 
abundance gradient in the sense that larger [N n]/Ha values 
(i.e., stronger [N n] line emissions) are found toward the galac- 

tic center. The observed correlation is a good one, with a cor- 
relation coefficient of —0.80 using the Clark and Caswell data. 
(Note: this does not include line strength measurement errors, 
which are typically 5%-15%, or uncertainties in galactic dis- 
tances, which can be substantial. However, no significant dif- 
ference results if other distance estimates [e.g., those of Milne 
1979] are used.) Even excluding the upper three points (i.e., the 
remnants RCW 89, RCW 103, and MSH 15 — 56, which exhibit 
the largest [N n]/Ha values), one still observes an increase of 
[N n]/Ha with decreasing distance from the galactic center. 
The effect is seen as roughly a 50% increase (from 0.75 to 1.15) 
of the [N n]/Ha ratio with decreasing galactic distances of 
between 12 and 8 kpc. A nitrogen abundance gradient in our 
Galaxy has been estimated through H n region data by Hawley 
(1978), Peimbert (1979), Talent and Dufour (1979), and Shaver 
et al (1983), which indicates similar [N n]/Ha variations. It 
seems likely, therefore, that a gradient in the interstellar 
medium’s nitrogen abundance observable by means of the 
Ha/[N n] ratio in both H n regions and SNRs is present in the 
Galaxy as well as in the M31 and M33 systems. 

However, it has been argued by Daltabuit, D’Odorico, and 
Sabbadin (1976), D’Odorico and Sabbadin (1976), and Sabba- 
din (1977) that galactic remnants show systematic Ha/[N n] 
and [S n] 26717/26731 variations independent of their galacto- 
centric distances. These studies suggested that young, small- 
diameter remnants such as Kepler’s SNR, the Crab Nebula, 
and Cas A have systematically lower Ha/[N n] and 26717/ 
26731 values than large, old objects like the Cygnus Loop, IC 
443, and the Monoceros Loop. Omitting the young, ejecta- 
dominated remnants and including more recent spectral data, 
one still finds an apparent correlation between an SNR’s 
Ha/[N ii] and electron density-sensitive 26717/26731 ratios. 
This is shown in Figure 6, where observed Ha/[N n] and 
26717/26731 ratio averages listed in Table 4 are plotted. The 
relation has a correlation coefficient of —0.70. A decrease in a 
remnant’s filament density with increasing diameter and age 
(Daltabuit, D’Odorico, and Sabbadin 1976; Cantó 1977) corre- 
lated with lower shock velocities and hence less nitrogen 
release through grain destruction (Dopita 1977) was proposed 
as the cause for the correlation. On the other hand, a progres- 
sive dilution of an initially high nitrogen abundance in super- 
nova ejecta with swept-up interstellar material has also been 
suggested to explain the observed relation (Bohigas 1983). 
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Fig. 5.—[N n]/Ha vs. galactocentric distance (R) for galactic remnants in 

our sample, using the distance estimates of Clark and Caswell (1976). 

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



h O'! CM 

EVOLVED GALACTIC SNRs 43 : No. 1, 1985 CM ’ (T\ CM 

¿ 2.0 

" M“ 
Ha io 

0.5 

Fig. 6.—[N n]/Ha vs. the electron density-sensitive [S n] A6717/A6731 
ratio for the galactic remnants in our sample (see Table 3). 
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The question to be answered then is, does [N n] emission 
intensity vary as a function of galactocentric distance owing to 
a general galactic nitrogen abundance gradient, or as a product 
of remnant evolution, or some combination of these two? We 
will show below that, although remnant evolution may affect 
its line-emission properties to some extent, the intensity of the 
[N ii] lines appears to be dominated by swept-up interstellar 
medium abundance variations and that the [N n]/Ha correla- 
tion with remnant diameter and filament density is a result of 
observational selection effects. 

Figures la and lb show the [N ii]/Hoc and 16717/^6731 
values from Table 4 plotted against remnant diameter using 
Clark and Caswell’s (1976) estimates (with updates). Correla- 
tions of [N n]/Ha and 16717/16731 with remnant size appear 
weak (Fig. la: correlation coefficient = —0.21; Fig. lb: corre- 
lation coefficient = —0.31) and are certainly not as strong as 
earlier plots had indicated (e.g., Daltabuit, D’Odorico, and 
Sabbadin 1976). This results from the omission of young rem- 
nants from consideration as well as from the inclusion of more 
recent observational data. Therefore, although uncertainties of 
remnant diameters may affect the relation (cf. discussions on 
the S-D relation by Mills 1983 and Green 1984), the available 
data indicate little or no dependence of a remnant’s filament 
density and [N n] emission strength upon diameter. 

If evolutionary effects on [N n]/Ha strength and/or 26717/ 
26731 ratio were important for old remnants in general, one 
might also expect to observe an Ha/[N n] versus 26717/26731 
correlation in M31 and M33. Using data for M31 from Blair, 
Kirshner, and Chevalier (1981, 1982) and for M33 from 
Dopita, D’Odorico, and Benvenuti (1980) and Blair and Kirsh- 
ner (1985), we show in Figure 8 the observed relation between 
[N n]/Ha and 26717/26731 for these galaxies. No correlation 
appears to be present for M31 remnants (correlation 
coefficient = —0.21), while the M33 data indicate a possible 
trend (correlation coefficient = —0.62) but one that is con- 
siderably less steep than the galactic one. While the M31 rem- 
nants are quite similar to our galactic sample in terms of both 
diameter (> 20 pc) and galactocentric distance, half of the M33 
remnants have estimated diameters less than 10 pc. This makes 
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Fig. lb 
Fig. 7—{a) Observed [N n]/Ha and (b) the electron density-sensitive [S n] A6717/A6731 line ratio vs. remnant diameter for our sample of galactic remnants 
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Fig. 8—[Nn]/Ha vs. ¿6717/A6731 forM31 and M33 remnants 

it uncertain whether the M33 SNRs are representative of old 
remnants as in our galactic sample. Thus the meaning of any 
trend seen for M33 in Figure 8 similar to that seen for galactic 
remnants is ambiguous. Furthermore, Blair, Kirshner, and 
Chevalier (1982) investigated whether a relation exists between 
[N n]/Ha and remnant diameter for either galaxy, and con- 
cluded that if such a relation did exist, it is overwhelmed by 
each galaxy’s nitrogen abundance gradient (see their Fig. 4). 
Therefore, evolutionary effects on the [N n]/Ha ratio are not 
supported by the M31 data and are only weakly supported by 
the M33 data. 

Proposed evolutionary effects on the spectra of old rem- 
nants, such as grain destruction and ejecta dilution, do not 
appear, in fact, capable of accounting for more than a small 
percentage of the observed [N n] variations. For example, 
increased grain destruction in younger remnants due to higher 
shock velocities can not produce variations in the nitrogen 
emission of the size seen. Data for the p Oph line-of-sight 
direction suggests that nitrogen is depleted by about 50% in 
grains and molecules (Morton 1974,1975), and recent theoreti- 
cal studies by Scab and Shull (1983) suggest that a shock veloc- 
ity of 120 km s-1 increases the postshock gas fraction of 
nitrogen from 50% to about 80%. While this may affect esti- 
mates of the absolute value of the galactic nitrogen abundance 
using SNRs as compared with H n regions (see abundance 
discussion below), the postshock nitrogen gas fraction differ- 
ence due to shocks between 60 and 120 km s-1 (shock veloc- 
ities typical of optical filaments) is a relatively small 13%, com- 
pared with the observed factor of 2 increase in the [N n]/Ha 
ratio. 

Gradual dilution of a supernova’s enriched ejecta with 
swept-up interstellar medium is proposed by Bohigas (1983) as 
the underlying cause for an observed decrease of nitrogen line 
strength from young to old remnants. Bohigas suggests that 
uniform mixing of ejecta with swept-up material occurs 
rapidly, resulting in an observed decrease in [N ii]/Ha ratio 
with filament density, remnant diameter, and expansion veloc- 
ity when one examines young and old remnants together. 
Thus, a gradual dilution of nitrogen-rich filaments from young, 
high-density filament remnants to old, low-density filament 
remnants would be observed, in addition to a galactic nitrogen 
abundance gradient. However, evolved SNR filaments are 
probably the result of a remnant’s shock wave encountering an 
inhomogeneous interstellar medium. Highly efficient mixing of 
the presumed nitrogen ejecta with freshly shocked interstellar 

clouds would seem to be required in order to see evidence of 
nitrogen overabundance in the postshock recombination 
regions. Also, this mixing would lead to substantially shorter 
cooling times and lower postshock temperatures than were 
observed, whereas longer cooling times than predicted by 
steady-flow models appear to be suggested by the data (Fesen, 
Blair, and Kirshner 1982). Furthermore, theoretical models 
indicate that a reverse shock driven into the ejecta prevents the 
enriched material from keeping up with the blast wave (Gull 
1973; McKee 1974; Chevalier 1975). Bohigas (1983) argues 
that despite such problems the remnants Puppis A and W50 
indicate that ejecta are in fact not left behind. However, Puppis 
A is now known to be a relatively young remnant (Kirshner 
and Winkler 1985) possibly related to Cas A. Its nitrogen-rich 
knots are not ejecta (these are oxygen-rich and fast moving) 
but may instead be presupernova stellar wind material. In the 
case of W50, one has collimated beams of very high velocity 
material being ejected from the central object, which can catch 
and eventually pass the ever slowing blast wave shell. 

The real cause for an apparent [N n]/Ha-26717/26731 trend 
may be simply observational selection effects. This has already 
been suggested by Binette et al. (1982), but they listed 
decreased reddening toward the anticenter direction and a 
galactic interstellar medium density gradient as the causes. The 
situation appears simpler than this. Figure 9 illustrates the 
observed increase in filament density (i.e., a 26717/26731 ratio 
decrease) with decreasing galactocentric distance. This, when 
combined with a general galactic nitrogen abundance gradient, 
could result in the observed Ha/[N n] and density relation 
seen in Figure 6. The lack of a density-galactocentric distance 
(R) correlation for the remnants observed in M31 (Fig. 9) sug- 
gests an observational selection bias for galactic remnants. The 
trend seen for the galactic SNRs cannot be the result of a more 
rapid remnant development at large galactocentric distances as 
Binette et al. suggest. Otherwise, this trend should be present in 
M31 as well. Moreover, remnant development is probably 
more strongly dependent upon the local environment (Kafatos 
et al. 1980) than on a general galactic density gradient. Also, 
although interstellar reddening certainly plays an important 
role in optical remnant detection, there is enhanced concentra- 
tion of optically visible SNRs toward the galactic center (van 
den Bergh 1983). In fact, the most distant optical remnant, 
RCW 103, with a distance of 8.7 kpc (Clark and Caswell 1976), 
lies near the galactic-center direction (/ = 332?4). 

The relation between Ha/[N n] and [S n] noted by Dalta- 
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Fig. 9.—[S h] A6717/A6731 vs. galactocentric distance (R) for both galactic 
and M31 remnants. 
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buit, D’Odorico, and Sabbadin (1976) and others results from a 
selection bias of detecting smaller diameter, and higher density, 
filament remnants at small galactocentric distances, which con- 
sequently have higher nitrogen abundances owing to a galactic 
gradient. Since a remnant’s optical emissivity (and hence its 
surface brightness) is proportional to filament density (cf. data 
of Kirshner and Arnold 1979), a derived electron density 
increase in [S n] toward the galactic center (see Fig. 9) is 
partially the result of the easier detection of the small, bright, 
and denser filament remnants in this direction. Small remnants 
near / = 0° do in fact show higher filament densities. The 
average [S n] X6111ß613\ density for the inner six galactic 
remnants’ filaments is 400 cm-3, while it is only 100 cm-3 for 
the outer six. At the same time, there is a bias toward detecting 

smaller diameters remnants with decreasing galactocentric dis- 
tance (R) as shown on the left-hand side of Figure 10, which 
makes use of the diameter data listed in Table 4. The average 
diameter for the six inner remnants is 33 pc, while it is 46 pc for 
the outer six. These same inner and outer groups of six rem- 
nants show a factor of 2 difference in [N n]/Ha ratio (1.50 inner 
and 0.75 outer). Because radio detection of SNRs is also limited 
by surface brightness, similar but less extreme bias for detect- 
ing smaller radio remnants with decreasing galactic distance is 
illustrated on the right-hand side of Figure 10, where we have 
plotted all galactic remnants using only the Clark and Caswell 
(1976) catalog data. Radio selection effects are discussed by 
Milne (1970), Downes (1971), Ilovaisky and Lequeux (1972), 
and Green (1984). 

What is the slope of the galactic nitrogen abundance gra- 
dient from our sample of remnants, and how does it compare 
with those determined from H n regions? Binette et al (1982) 
investigated galactic abundance gradients using evolved SNRs 
and found a nitrogen gradient of —0.095 dex kpc-1, in good 
agreement with that determined using H n regions. However, 
as noted above, their sample included a few remnants of ques- 
tionable reliability in determining an abundance gradient (i.e., 
W50, 3C 58, and OA 184). Furthermore, the abundances were 
derived from models of Dopita ei al (1984), which assume that 
[O ni]/H/? is sensitive to oxygen abundance and the hydrogen 
in the preshock medium is fully ionized (i.e., Vs > 100 km s-1) 
as well as that steady flow conditions prevail for all remnants 
in the sample. Such assumptions are not likely to be valid in 
filaments exhibiting [O m]/Hß ratios less than 1, indicative of 
relatively slow shocks (<100 km s-1), or greater than 10, sug- 
gesting nonsteady flows (Raymond et al 1981; Fesen, Blair, 
and Kirshner 1982). Of their sample of 26 remnants, three 
exhibit small [O m]/Hß ratios under 1.0 (W28, the Monoceros 
Loop, and Vela), five objects have no published [O in]/H/? 
ratios at all (3C 400, W63, HB 3, HB 9, and G290.1 -0.8), and 
two show predominantly very large [O in]/Hß ratio filaments 
(G126.2+1.6 and CTA 1). 
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4 8 12 16 
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Fig. 10.—Remnant diameters as a function of galactocentric distance (R) for (left) the remnants in our sample and (right) all galactic remnants listed by Clark and 

Caswell (1976). 
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TABLE 6 
Abundances in Galactic SNRs 

R (kpc) log [N n]/Ha log A6731/Ha log [O m]/Hß 
Z(O) 

x 1(T4 
Z(N) 

x 1(T; 
Z(S) 

x lO-' M 

W28   
G65.3 + 5.7 ... 
Cygnus Loop. 
CTB 1   
VRO 42.05.01 
S147    
IC 443   
G206.9 + 2.3 .. 
G296.1-0.7 .. 
RCW 86  
RCW89   
RCW 103  
MSH 15-56 . 

7.7 
9.6 
9.8 

11.1 
13.5 
10.9 
11.6 
12.1 

9.8 
8.1 
7.2 
4.6 
7.6 

0.04 
-0.10 

0.04 
-0.17 
-0.25 
-0.13 
-0.11 
-0.13 

0.10 
0.05 
0.25 
0.35 
0.17 

-0.23 
-0.32 
-0.40 
-0.37 
-0.46 
-0.31 
-0.32 
-0.37 
-0.24 
-0.40 
-0.40 
-0.23 
-0.40 

0.11 
0.34 
0.67 
0.00 
0.11 
0.25 
0.12 
0.68 
0.60 
0.51 
0.18 
0.61 
0.51 

2.2 
3.7 
9.0 
1.5 
2.1 
2.8 
2.1 
9.0 
7.2 
5.4 
2.5 
8.1 
5.4 

7.6 
6.4 

12 
4.2 
4.0 
5.4 
5.3 
8.5 

12 
9.3 

15 
30 
15 

8.6 
15 

5.0 
4.8 
7.7 
6.8 

18 
23 
10 
6.0 

24 
10 

-0.08 
-0.08 

0.31 
-0.54 
-0.60 
-0.19 
-0.30 

0.18 
0.45 
0.16 
0.03 
0.72 
0.27 

-3.45 
-3.45 
-3.20 
-3.70 
-3.72 
-3.50 
-3.57 
-3.30 
-3.18 
-3.32 
-3.30 
-2.60 
-3.50 

If we omit these remnants from our sample, we are left with 
13 remnants having spectral properties for their observed fila- 
ments at least consistent with Dopita et al.’s model assump- 
tions. These remnants are listed in Table 6, along with their 
observed [N n], [S n] A6731, and [O m] line ratios. Using the 
Dopita et al (1984) abundance-line ratio diagrams, we have 

Z(N) 
x 10"5 

30 

24 

18 

12 

6 

4 6 8 10 12 14 
R (kpc) 

Fig. 11a 

estimated nitrogen, oxygen, and sulfur abundances for these 
remaining remnants. The results are listed in Table 6 and 
plotted in Figures lia, lib, and 11c. 

A least squares fit to the nitrogen abundances suggests d log 
(N/H)/dR = —0.088 dex kpc-1, with a correlation coefficient 
of —0.84. (Excluding RCW 103, which is the point in the upper 
left-hand corner, these values drop to —0.0755 dex kpc-1 and 
— 0.73.) This nitrogen abundance gradient is similar to that 
derived by Binette et al. (1982) (even though they did not con- 
sider remnant [O in]/Hß ratios in their analysis), as well as by 
others (see reviews in Binette et al; Gonzales 1983, and Shaver 
et al 1983). Thus it appears that, despite possible complicating 
factors, a galactic nitrogen abundance gradient like that 
observed with H n regions is obtained using SNRs. Blair and 
Kirshner (1985) have noted, however, that while the gradient 
derived from H n regions and SNRs may be similar, the abso- 
lute nitrogen abundances obtained from remnants are system- 
atically higher by about a factor of 3-4. The nature of this 
discrepancy is presently unclear. 

Although a reasonably well-defined trend in nitrogen abun- 
dance as a function of galactic distance appears to exist, there 
is no similar relation observed for oxygen or sulfur. This could 
be due to the small number of remnants left in the sample 
and/or the effects of slow shocks on the accuracy of derived 
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R (kpc) 

Fig. 116 
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x1Cf6 

6 8 10 12 14 
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Fig. 11c 
Fig. 11.—(a) Nitrogen, (6) oxygen, and (c) sulfur abundances for some of our sample remnants derived from Dopita et a/.’s (1984) models 
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! oxygen abundances using these models; six of the 13 remnants 

^ have [O in]/Ha ratios between 1 and 2. On the other hand, if 
< the remnants’ filaments represent nonsteady radiative shocks 
S due to interstellar cloudlets, then these models may not yield 
^ reliable abundances. 

Last, we calculated Dopita et al's (1984) metallicity (M) and 
metal abundance (A) parameters for each of the 13 remnants 
(see Table 6), and show in Figure 12 metal abundance as a 
function of galactic distance (R). The metal abundance pa- 
rameter, which is the sum of the logarithmic abundances of N, 
O, and S, shows only a modest metal gradient toward the 
galactic center. Much of this observed gradient must be due to 
the nitrogen gradient, since there is little evidence for either an 
oxygen or a sulfur gradient (Figs. 11b, 11c; Binette et al 1982, 
Fig. 2). 

-2.0 

-2.5 

Log A -3.0 

-3.5 

-4.0 

4 6 8 10 12 14 

R (kpc) 

Fig. 12.—Total logarithmic remnant nitrogen, oxygen, and sulfur abun- 
dance {A) as a function of galactocentric distance (R). 

V. CONCLUSIONS 

We present spectrophotometric data for seven galactic rem- 
nants which substantially increase the quality and spectral 
coverage available on these objects. Distance estimates made 
by means of reddening measurements and general galactic 
extinction studies are largely consistent with estimates using 
the empirical radio E-D relation. 

These new spectral data are combined with published data 
to investigate new line-ratio criteria for SNR identification. 
The [O i] and [O n] lines, when used together with the usual 
Ha/[S ii] ratio test, seem to provide an excellent additional 
diagnostic tool for remnant discrimination from H n regions. 
This technique should be most useful for remnant identifica- 
tion in those cases where the Ha/[S n] ratio is ambiguous (i.e., 
1.5 < Ha/[Sn] < 2.5). 

We find also that, contrary to the suggestion of Daltabuit, 
D’Odorico, and Sabbadin (1976), the total range for observed 
Ha/[N ii] and Ha/[S n] ratios within individual remnants is 
not negligible in relation to differences seen between remnants. 
However, mean values for each remnant appear well enough 
defined to permit remnant comparisons using a relatively small 
number of filament observations. 

Good agreement exists between galactic nitrogen abundance 
gradients determined from H ii regions and SNRs, despite the 
fact that those derived from remnants are subject to absolute 
abundance uncertainties. No galactic abundance gradients 
were found for oxygen and sulfur. Evolutionary-based varia- 
tions in remnant nitrogen line strengths do not appear to be a 
significant factor compared with those caused by the galactic 
abundance gradient. 
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