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ABSTRACT 

A revised method of classification of narrow-line active galaxies and H n region-like galaxies is proposed. It 
involves the line ratios [O m] A5007/H)8, [N n] X6583/H«, [S il] (X6716+ \6731)/Ha, and [O i] \6300/Ha. 
These line ratios take full advantage of the physical distinction between the two types of objects and minimize 
the effects of reddening correction and errors in the flux calibration. Large sets of internally consistent data are 
used, including new, previously unpublished measurements. Predictions of recent photoionization models by 
power-law spectra and by hot stars are compared with the observations. The classification is based on the 
observational data interpreted on the basis of these models. 
Subject headings: galaxies: Seyfert 

I. INTRODUCTION 

An important fraction of galaxies have narrow emission 
lines in their spectra. Meurs (Meurs 1982; Meurs and Wilson 
1984) has shown that at M^ = -21 about 10% of all field 
galaxies are Markarian galaxies, and, of these, about 10% are 
Seyfert galaxies. By Mp = - 23 essentially all galaxies are 
Markarian galaxies, nearly all of which are Seyfert galaxies. 
Markarian galaxies that are not Seyfert galaxies generally 
have emission-line spectra similar to those of H n regions 
(Huchra 1977); evidently these objects contain gas that is 
photoionized by hot stars, and they are therefore called H n 
region-like galaxies (French 1980). The most luminous ob- 
jects of this type with the strongest emission lines are called 
starburst galaxies (Weedman etal. 1981; Balzano 1983). 

Seyfert galaxies, the most frequent type of active galactic 
nuclei (AGNs), have bright, semistellar nuclei, and spectra 
with broad emission lines covering a wide range of ionization 
(Khachikian and Weedman 1974). Narrow-emission-line 
Seyferts or Seyfert galaxies of type 2 are defined by the 
property that their permitted lines and forbidden fines have 
similar widths, of the order of 5x102 km s-1 (Khachikian 
and Weedman 1974). Their radio-selected counterparts, the 
narrow-fine radio galaxies, have properties very similar to the 
Seyfert 2 galaxies. Both groups will be included in this study. 
They both appear to be photoionized by a “nonthermal” or 
“power-law” continuum (Koski 1978). 

Another class of narrow-emission-fine AGNs is made up 
of low-ionization nuclear emission-fine regions (LINERs) 
(Heckman 1980). Their spectra include strong low-ionization 
fines such as [O i] À6300 and [S il] XX6716, 6731; in this 
respect they show a wider range of ionization stages than the 
emission-fine spectra produced in H n regions. Identifying the 
ionization mechanism in LINERs has been the goal of a 
number of recent investigations (Heckman 1980; Stauffer 
1982; Ferland and Netzer 1983; Halpem and Steiner 1983; 

lLick Observatory Bulletin, No. 1049. 

Keel 1983; Binette 1985; Stasinska 19846). At present it 
seems most likely that their ionization is due primarily to 
“power-law” continua similar to those responsible for the 
emission-fine spectra of Seyfert 2 galaxies. 

This same ionization mechanism also appears to be domi- 
nant in Seyfert 1 galaxies and broad-fine radio galaxies, in 
which the H i fines are significantly broader than the for- 
bidden fines (see, e.g., Osterbrock 1984). Seyfert 1.5, 1.8, and 
1.9 galaxies have similarly broad components of the H i fines. 
We shall exclude all these objects from the remainder of the 
present paper and confine our attention to Seyfert 2 galaxies, 
narrow-fine radio galaxies, H n region galaxies, and LINERs, 
all of which we shall lump together as “emission-fine galaxies.” 

Possibly the best way we have to test our understanding of 
the different mechanisms responsible for the ionization in 
emission-fine galaxies is to consider a large sample of these 
objects with well-measured spectra, and try to determine 
which spectral features differentiate objects in which the 
photoionization is by hot OB stars from objects in which the 
photoionization is due to a nonthermal or “power-law” con- 
tinuum. On the basis of a limited sample of emission-fine 
galaxies, Shuder and Osterbrock (1981) found that the crite- 
rion [O ni] X5007/H/? > 3 was a good basis for defining an 
object as a Seyfert 2. Since then, however, some starburst 
galaxies have been found to be sufficiently highly ionized so 
that this ratio exceeds 3 (Balzano 1983; Osterbrock 1985). 
Indeed, some of the “galaxies with the spectra of H n 
regions” studied by French (1980) have [O m] X5007/H/? > 3. 
Also, in most LINERs, [O m] X5007/Hj8 < 3 (Keel 1983). 
We know that H u region-like galaxies can be distinguished 
from Seyfert 2 galaxies by the weakness of low-ionization 
fines such as [N il] X6583, [S n] XX6716, 6731, and especially 
[O i] X6300. The [S n] and [O i] emission fines arise prefer- 
entially in a zone of partly ionized hydrogen. This zone is 
quite extended in objects photoionized by a spectrum contain- 
ing a large fraction of high-energy photons, but is nearly 
absent in galaxies photoionized by OB stars. This is the 
physical difference that distinguishes a narrow-fine AGN from 
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an H ii region-like object. It is the basis of the classification 
scheme of Baldwin, Phillips, and Terlevich (1981, hereafter 
BPT). 

In the present paper we propose a revised method of 
classification of narrow-line AGNs and H n region-like 
galaxies that takes full advantage of the physical distinction 
between the two types of objects. It is based on line ratios 
involving [O m] X5007, [N n] X6583, [S il] XX6716, 6731, 
[O i] À6300, and the Balmer lines. It excludes reddening-sensi- 
tive line ratios such as [O n] X3727/[0 m] À5007 used by 
BPT. Since that paper appeared, large sets of data on emis- 
sion-line galaxies have been published by Keel (1983) and 
Balzano (1983). These and other recent data will be included 
in our analysis. Our theoretical understanding of emission-line 
galaxies has also improved considerably during the last five 
years. Important publications of photoionization models by 
power-law spectra (Ferland and Netzer 1983; Halpem and 
Steiner 1983; Binette 1985; Stasinska 1984a, b) and by hot 
stars (Stasinska 1980, 1982; Evans and Dopita 1985; McCall, 
Rybski, and Shields 1985) will be discussed, since they can 
help discriminate between the two classes of objects. 

The plan of this paper is as follows. In § II the choice of 
line ratios is discussed. Next, the observational material used 
in this study is described. Then the procedure used to correct 
for interstellar reddening is discussed. The classification-sensi- 
tive line ratios are then plotted in three different diagrams. In 
§ III those diagrams are discussed in the context of photoioni- 
zation models based on power-law continua and hot stars. In 
the interest of completeness, shock heating is also investi- 
gated. Quantitative criteria for classifying emission-line gal- 
axies are presented and applied in § IV. Finally, in § V, the 
important results of this work are summarized and the useful- 
ness of the revised classification is briefly discussed. 

II. OBSERVATIONS 

a ) Choice of Line Ratios 

Before describing the data sample, a few comments on the 
choice of line intensity ratios on which to base the classifica- 
tion will be useful. It is well known that the emission-line 
spectra of H n regions can be classified using only one 
parameter such as {[O n] (X3726+ \3729) + [0 m] (X4959 + 
A5007)}/Hß (McCall, Rybski, and Shields 1985). Unfor- 
tunately, AGNs cannot be classified with a single parameter. 
Classification systems based on at least two line intensity 
ratios are needed. 

The search for the best line ratios for two-dimensional 
classification of emission-line galaxies can be narrowed down 
by five criteria: 

1. Each ratio should be made up of strong lines that are 
easy to measure in typical spectra. 

2. Lines that are badly blended with other lines should 
be avoided because the somewhat subjective nature of the 
deblending procedure increases the uncertainty in the flux 
measurements of these lines. 

3. The wavelength separation between the two lines 
should be as small as possible so that the ratio is relatively 
insensitive to reddening and flux calibration. 

TABLE 1 
Sources of Published Data 

Reference Type of Object3 

Balzano 1983   SBG 
Costero and Osterbrock 1977   RG 
Dinerstein and Shields 1986   H n 
French 1980   H n G 
Keel 1983   L 
Koski 1978   S2, RG, NELG 
McCall, Rybski, and Shields 1985   H n 
Shuder and Osterbrock 1981  S2, RG, NELG 

aS2 = Seyfert 2; RG = narrow-hne radio galaxy; L = 
LINER; SBG = starburst galaxy; H il G = H n region-line 
galaxy; H H = H n region in external galaxy (including in 
nucleus); NELG = narrow-emission-Hne galaxy (either LINER 
or H ii region-like galaxy). 

4. Ratios involving a line of only one element and an H i 
Balmer line should be preferred to those involving for- 
bidden lines of different elements, because they are less 
abundance-sensitive. 

5. The lines should be in a region of the spectrum that is 
easily accessible with present-day instruments. Among other 
considerations, lines in the ultraviolet should be avoided 
because of the low sensitivity of many CCDs at short 
wavelengths. 
The line ratios that satisfy all five criteria are [O m] 

\5007/H/?, [N ii] A6583/Ha (which are proportional to 
[O in] (X4959+ \5007)/Hß and [N n] (A6548+A6583)/ 
Ha, respectively), and [S il] (A6716+A6731)/Ha. [O n] 
A3727/[0 m] X5007, used as an ionization parameter by 
BPT, is far more sensitive to reddening corrections and 
calibration errors than [O m] A5007/H/?. The problem of 
deblending Ha from [N il] AX6548, 6583 is troublesome but 
not too critical, because spectra of most of the galaxies were 
taken at sufficiently high resolution to determine the ratio 
[N ii] A6583/Ha with relatively good accuracy. We also 
included [O i] A6300/Ha in our study in spite of the weak- 
ness of [O i] in H ii region-like objects because, as BPT 
showed, it is perhaps the best discriminator available between 
photoionization by “power-law” spectra and by OB stars. 

b) Data Sample 

This study is based on a sample of 264 objects: 105 H u 
regions in external galaxies, 37 H u region-like galaxies 
(including 23 starburst galaxies), 41 Seyfert 2 galaxies, 30 
LINERs, 10 narrow-line radio galaxies, and 41 other objects 
that have been called in the past “narrow-emission-line 
galaxies” (NELGs) because their emission-line ratios [O m] 
A5007/H/? were smaller than those of Seyfert 2 galaxies 
(Shuder and Osterbrock 1981). They are either LINERs or 
H ii region galaxies. 

An important fraction of this sample was compiled from 
the literature. Table 1 lists the sources used. These papers 
were selected because they contained large sets of recently 
obtained and internally consistent data. All the line strengths 
are based on spectrophotometric measurements taken either 
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with a SIT Vidicon spectrometer (Balzano 1983) or with an 
image-tube image-dissector scanner (IDS) system (all the 
others). The contamination of the emission lines by the un- 
derlying stellar population of the galaxy was corrected for 
using different methods. Costero and Osterbrock (1977), Ko- 
ski (1978), and Shuder and Osterbrock (1981) all used essen- 
tially the same procedure, subtracting from the spectra of the 
emission-line galaxies the continuum of the nuclear region of 
a “typical” elliptical (NGC 6482 or NGC 6702) or early-type 
spiral galaxy (NGC 2681). Since it is uncertain that these 
spectra are identical with those of the underlying stellar 
population contribution in the emission-line galaxies, Costero 
and Osterbrock (1977) and Shuder and Osterbrock (1981) also 
measured the line fluxes from the original unsubtracted scans 
and averaged these values with those obtained from the 
subtracted scans. Keel (1983) used instead a stellar synthesis 
technique in which the whole spectrum of each galaxy was 
modeled as a sum of the spectra of various stellar population 
components. McCall, Rybski, and Shields (1985) used the 
measured equivalent widths of Hy and Hß to determine the 
equivalent widths of the underlying Balmer absorption. They 
adopted a constant absorption equivalent width of 1.9 À for 
these two Balmer lines to correct all their data. Dinerstein and 
Shields (1986) used the same method for NGC 4861, but 
adopted a smaller absorption equivalent width, 1.0 À, from a 
detailed discussion of the Balmer gradient in this one galaxy. 

The methods used to correct the line fluxes for the effect of 
intrinsic reddening also differ from one paper to another. In 
an attempt to obtain an internally consistent sample, we 
applied, when possible, a single dereddening procedure to all 
the original data. This point will be discussed in greater detail 
in § lid below. 

c) Additional Measurements 

The line ratios in the spectra of 26 emission-line galaxies 
from the sample of Osterbrock and Dahari (1983) were mea- 
sured and included in the present study. They classified 12 of 
these objects as Seyfert 2 galaxies, and called the remaining 
objects NELGs. Our measured line ratios for these galaxies 
are listed in Table 2. For the objects in which the underlying 
stellar population continuum affected the emission-line spec- 
trum of the galaxy, the template correction procedure of 
Shuder and Osterbrock (1981) was used. Note that in Table 2 
(and subsequently in Tables 3 and 4 also) the logarithms of 
the ratios are given for [O m] A5007/Hß, [N n] A6583/Ha, 
[S il] (A6716 + \6731)/Ha, [O i] \6300/Ha, and Ha/Hß. 
The values listed for Mrk 266 SW and Mrk 1066 were 
measured by Osterbrock and Dahari (1983) and Goodrich 
and Osterbrock (1983), respectively. Note that in these tables 
the first line for each object lists the measured ratios, while 
the second line gives the calculated ratios, corrected for 
interstellar extinction as discussed below. 

The spectra of another group of 17 emission-line galaxies, 
selected as possible Seyfert candidates and observed with the 
CCD transmission-grism spectrograph (Lauer et al 1984) at 
the Cassegrain focus of the Shane 3 m telescope, were analyzed 
and the line ratios measured. The results are presented in 
Table 3. Measured heliocentric redshifts from these same 
spectra are also listed. From previous experience with this 
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spectrograph (Osterbrock and De Robertis 1985) the uncer- 
tainties in the redshift are typically ±0.0002. 

Finally, seven starburst galaxies taken from the sample of 
Balzano (1983) were observed with an image-tube IDS at the 
Nickel 1 m telescope or with the CCD transmission grating 
spectrograph at the Shane 3 m. These results are included in 
Table 3 (Shane CCD) or are listed in Table 4 (Nickel IDS). 

d) Reddening 

There is no doubt of the presence of dust in Seyfert 
galaxies and in H n region galaxies, nor that it modifies the 
spectra of these objects. However, to correct accurately for its 
extinction is difficult. Since very little is known of the proper- 
ties of dust in these galaxies, the standard assumption is that 
the optical properties of the dust in emission-line galaxies are 
identical with the optical properties of dust in our Galaxy 
near the Sun. Furthermore, we have only a meager knowledge 
of the real distribution of dust in emission-line galaxies. It 
seems quite likely that it is patchy and irregular, and thus that 
the assignment of a single value for “ the extinction” is only a 
crude first approximation. 

Several methods have been developed in order to correct 
the emission-line spectra for the presence of dust. Perhaps the 
most widely used is based on the relative strengths of the 
lower Balmer lines. Usually the observed Balmer-line relative 
intensities are compared with the calculated values. The ob- 
served Balmer decrement is invariably steeper than the calcu- 
lated decrement. The difference is then assumed to be due to 
interstellar extinction. The amount of interstellar extinction 
obtained using this method generally agrees relatively well 
with the amount of extinction determined using other line 
ratios such as He n \3203/He n À4686 (Shuder and 
Osterbrock 1981) or [S n] A4071/[S n] A10320 (Wampler 
1971; Shields and Oke 1975; Koski 1978). A problem with the 
Balmer-line method is the large uncertainty in the measured 
strengths of Hy, Hô, etc., because of their intrinsic weakness 
and .because they can be strongly affected by the underlying 
stellar Balmer absorption lines. In order to have an internally 
consistent sample, we applied this method to each of our 
objects (except the galaxies of Keel 1983; see below), using 
only the ratio of the two strongest Balmer lines, Ha/Hß, to 
determine the amount of extinction. 

The effect of reddening on the ratio Ha/Hß can be written 

J(Hß) «W 

where c is the measure of the amount of reddening [F(B- 
V) = 0.77c], /(A) is the reddening curve, /(A) is the (unred- 
dened) intrinsic flux, and F(\) is the observed flux. The 
Whitford reddening curve as parameterized by Miller and 
Mathews (1972) was used. This means that we have assumed 
that extinction removes photons from the beam and that 
scattering of other photons into the beam is negligible. This 
assumption is correct for stars from which the form of the 
interstellar reddening curve is determined, but is clearly incor- 
rect for unresolved galactic nuclei and H u regions in which 
the dust is close to or within the source, and is observed in the 
slit with the object. However, the assumption may not be too 
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TABLE 2 
Measured and Corrected Emission-Line Ratios for Seyfert Galaxies and Seyfert Galaxy Candidates3 

Mrk log 
[O ill] 

H/8 log 
[N ii] 
Ha 

log 
[Sn] 
Ha 

log [Oi] 
Ha 

Ha 
logW 

Class 

266 SW* 

403 

rc,d 

533c  

686c  

917e  

955e.... 

1058 ... 

1066c,d 

1073e... 

1157e  

1457   

MCG 05-23-16. 

266 NEe  

938e.. 

945e.. 

1127e. 

1133 . 

1149e. 

1178 . 

1259e. 

1308e. 

1344e. 

+ 0.68a 

+ 0.65a 

+ 1.08 
+ 1.06 

+ 1.09 
+ 1.07 

+ 1.02:: 
+ 1.02:: 

+ 0.79 
+ 0.74 

+ 0.53: 
+ 0.49: 

+ 1.06 
+ 1.03 

+ 0.64 
+ 0.59 

+ 0.92 
+ 0.88 

+ 1.01 
+ 0.99 

+ 1.04 
+ 0.99 

-0.40:: 
-0.40:: 

+ 0.10 
+ 0.10 

>0.21: 
>0.15: 

> 0.45: 
> 0.45: 

> 0.60: 
> 0.58: 

-0.02 
-0.05 

-0.37 
-0.42 

-0.19 
-0.24 

+ 0.23 
+ 0.20 

-0.11 
-0.13 

+ 0.47 
+ 0.41 

-0.21 
-0.21 

-0.03 
-0.03 

-0.05 
-0.05 

+ 0.17 
+ 0.17 

-0.09 
-0.09 

-0.13 
-0.14 

-0.02 
-0.02 

-0.06 
-0.06 

-0.04 
-0.04 

+ 0.06 
+ 0.05 

-0.09 
-0.10 

-0.11:: 
-0.11:: 

-0.19 
-0.19 

+ 0.12 
+ 0.12 

-0.06: 
-0.06: 

-0.02 
-0.03 

-0.18 
-0.18 

-0.34 
-0.34 

-0.43 
-0.44 

-0.53 
-0.53 

-0.60 
-0.60 

-0.39 
-0.39 

-0.41 
-0.43 

-0.44 
-0.45 

-0.52 
-0.53 

+ 0.03 
+ 0.03 

-0.46 
-0.49 

-0.45 
-0.48 

-0.21 
-0.22 

-0.38 
-0.41 

-0.42 
-0.44 

-0.21 
-0.22 

-0.52 
-0.55 

-0.06:: 
-0.07:: 

-0.36 
-0.36 

-0.40 
-0.43 

-0.13: 
-0.13: 

-0.29 
0.31 

-0.40 
-0.42 

-0.59 
-0.62 

-0.57 
-0.59 

-0.91 
-0.93 

-0.75 
-0.76 

-0.47 
-0.50 

-1.19 
-1.16 

-1.11 
-1.09 

-1.06 
-1.04 

-0.56 
-0.55 

-1.08 
-1.03 

-1.22 
-1.17 

-1.09 
-1.06 

-1.08 
-1.03 

-1.18 
-1.14 

-0.89 
-0.87 

-1.05 
-1.00 

-0.29:: 
-0.28:: 

-0.92 
-0.91 

-1.04 
-0.98 

-0.98 
-0.96 

-1.08 
-1.04 

-1.56: 
-1.51: 

-1.44: 
-1.40: 

-1.79 
-1.77 

-1.09 
-1.03 

0.77 
0.49 

0.64 
0.49 

0.65: 
0.49 

0.51:: 
0.49 

0.90 
0.49 

0.91: 
0.49 

0.77 
0.49 

0.89 
0.49 

0.80 
0.49 

0.67 
0.49 

0.96 
0.49 

0.51:: 
0.49 

0.54 
0.49 

> 0.99: 
0.49 

> 0.14: 
0.49 

> 0.70: 
0.49 

0.80 
0.49 

0.89 
0.45 

0.82 
0.45 

0.70 
0.45 

0.70 
0.45 

1.01 
0.49 

0.0276, 0.85 

0.0244, 0.46 

0.0289, 0.47: 

0.0140, 0.06:: 

0.0242,1.23 

0.0349,1.27: 

0.0169, 0.82 

0.0120,1.20 

0.0233, 0.92 

0.0151, 0.52 

0.0487,1.40 

0.0442, 0.06:: 

0.0277, 0.15 

0.0191,1.50: 

0.0152, 0.00: 

0.0251,0.63: 

0.0247, 0.92 

0.0210,1.30 

0.0232,1.08 

0.0070, 0.74 

0.0037, 0.74 

0.0105,1.57 

S2 

S2 

S2 

S2 

S2 

S2 

S2 

S2 

S2 

S2 

S2 

S2 

NELG 

NELG 

NELG 

NELG 

NELG 

NELG 

NELG 

NELG 

NELG 

NELG 
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, [Om] , [Nu] [Sil] [Ol] Ha Nfrk log— log— log— log— log— z, c Class 

1459   

1485c  

Aknc 534 

Kaz 27 .. 

+ 0.67 
+ 0.63 

+ 0.04 
+ 0.00 

-0.47:: 
-0.53:: 

-0.33 
-0.35 

-1.11 
-1.11 

-0.09 
-0.09 

-0.30 
-0.30 

-0.48 
-0.48 

-0.78 -1.48 0.76 
-0.80 -1.45 0.45 

-0.58 <-1.49: 0.83 
-0.61 <-1.44: 0.45 

-0.65 
-0.68 

>1.00: 
0.45 

-0.62 <-1.59: 0.67 
-0.63 <-1.56: 0.45 

0.0267,0.92 NELG 

0.0076,1.11 NELG 

0.0161,1.55: NELG 

0.0412,0.65 NELG 

aIn cols. (2)-(6) of Tables 2-4 the first line for each object lists the measured ratios, while the second line gives 
the calculated ratios, corrected for interstellar extinction. 

bAll redshifts are from Osterbrock and Dahari (1983). 
cOther names: Mrk 266 = NGC 5256, Mrk 533 = NGC 7674, Mrk 686 = NGC 5695, Mrk 917 = MCG 05-53-09, 

Mrk 938 = NGC 34, Mrk 945 = MCG 01-02-12, Mrk 955 = MCG 00-02-94, Mrk 1066 = MCG 06-07-27, Mrk 
1073 = MCG 07-07-37, Mrk 1127 = NGC 7466, Mrk 1149 = MCG 03-03-08, Mrk 1157 = NGC 591, Mrk 1259 = IC 
630, Mrk 1308 = IC 745, Mrk 1344 = NGC 4990, Mrk 1485 = NGC 5350, Akn 534 = MCG 06-39-25. 

dPublished data: Mrk 266 SW: Osterbrock and Dahari 1983; Mrk 1066: Goodrich and Osterbrock 1983. 

critical, since Mathis (1970) has shown that the relative line 
fluxes calculated allowing for scattering and absorption are 
not significantly different from those calculated by the stan- 
dard method. Basically, this is due to the fact that extinction 
(absorption and scattering) varies smoothly with wavelength 
and that the standard procedure forces the results to be 
correct at H/J and Ha. 

For the intrinsic flux ratio for H n region-like objects we 
adopted the case B Balmer recombination decrement 
7(Ha)//(HjS) = 2.85 for F = 104 K and A^=104 cm"3 

(Brocklehurst 1971). In AGNs, however, the harder photo- 
ionizing spectrum results in a large transition zone, or partly 
ionized region, in which H° coexists with H+ and free elec- 
trons. In this zone collisional excitation is also important in 
addition to recombination collisional excitation (Ferland and 
Netzer 1983; Halpem and Steiner 1983). The main effect of 
collisional excitation is to enhance Ha. The higher Balmer 
lines are less affected because of their larger excitation en- 
ergies and smaller excitation cross sections. For the intrinsic 
ratio for AGNs, we have adopted 7(Ha)//(H/?) = 3.1, in 
agreement with the results of recent photoionization models 
(Ferland and Netzer 1983, Péquignot 1984) and observational 
determinations (Gaskell 1984; Gaskell and Ferland 1984). 
This represents a change from much of the earlier Lick AGN 
research, in which the recombination value 2.85 was used as a 
first approximation. 

Using this method with intrinsic ratios 7(Ha)/7(H/?) = 
2:85 for H n region galaxies, 7(Ha)/7(Hß) = 3.1 for Seyfert 
2, narrow-line radio galaxies and LINERs, and whichever of 
these two values is consistent with their position in our 
classification diagrams for NELGs, we recorrected for inter- 
stellar extinction all the line ratios measured by Koski (1978), 
Costero and Osterbrock (1977) and Shuder and Osterbrock 
(1981). We did not find any systematic differences between 
the line ratios dereddened in this way using only the mea- 

sured value of F(Ha)/F(Hß), and the line ratios as previ- 
ously dereddened using the maximum number of Balmer lines 
possible [but with 7(Ha)/7(Hß) = 3.1 for active galaxies]. 
The measured ratios of Balzano (1983) were also corrected for 
the reddening using the same method. French (1980) and 
Dinerstein and Shields (1986) used a similar reddening correc- 
tion procedure, and McCall, Rybski, and Shields (1985) used 
the same method but with the very nearly identical reddening 
curve of Schild (1977). Consequently, we used the dereddened 
line ratios from these three papers directly without any mod- 
ification. Keel (1983) determined the internal reddening of the 
galaxies he measured by determining the value of E(B — V) 
that gave the best-fitting synthesis (continuum shape and 
depth of 6180 A TiO band). His reddening-corrected line 
ratios were also included in this study without modification. 

All the measured line ratios presented in Tables 2-4 have 
been corrected for reddening using the procedure described 
above. The corrected values are listed in the second line for 
each object in these tables, along with the amount of extinc- 
tion c, 

e) Results 

In Figures 1-3 the reddening-corrected ratios [O m] 
À5007/H/? are plotted for all the objects as functions of 
[N ii] A6583/Ha, [S il] (À6716+\6731)/Ha, and [O i] 
X6300/Ha, respectively. In these three diagrams narrow-line 
AGNs (Seyfert 2 galaxies, narrow-line radio galaxies, or 
LINERs) are plotted as filled symbols of various forms (as 
indicated in the key to Fig. 1), while H n regions in external 
galaxies, starburst galaxies, and H n region galaxies are 
plotted as open symbols (as indicated in the key to Fig. 2), 
and objects previously published as NELGs, i.e., emission-line 
galaxies that may be either LINERs or H n region galaxies, 
are plotted as asterisks. Arrows on data points indicate lower 
or upper limits. The size of each plotted point gives an 
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TABLES 
Measured and Corrected Emission-Line Ratios for Seyfert Galaxies and Seyfert Galaxy Candidates: CCD Spectrograph, 3 Meter Telescope 

Mrk log [Om] 
Hß 

log 
[N H] 
Ha 

log 
[Su] 
Ha 

log [Oi] 
Ha log 

Ha 
Hß 

Class 

lllb  

lllb comp 

432 W  

490 A + Bc 

490 Cc  

522   

540   

724   

930   

1040b comp 

1125 + 581d . 

1133 + 572d. 

1212   

1315e   

1388b 

1414 

NGC 4670 

NGC 7212 

+ 0.14 
+ 0.10 

+ 0.36 
+ 0.33 

+ 0.10 
+ 0.08 

+ 0.53 
+ 0.52 

+ 0.86 
+ 0.86 

+ 0.51 
+ 0.47 

-0.38 
-0.42 

+ 0.69 
+ 0.69 

+ 0.68 
+ 0.67 

+ 0.36 
+ 0.33 

+ 0.91 
+ 0.86 

+ 1.00 
+ 0.98 

-0.47 
-0.52 

+ 0.75 
+ 0.73 

+ 1.05 
+ 1.03 

-0.31 
-0.36 

+ 0.48 
+ 0.47 

+ 1.07 
+ 1.07 

-0.61 
-0.61 

-0.69 
-0.69 

-0.68 
-0.69 

-1.01 
-1.01 

-1.68 
-1.68 

-0.03 
-0.04 

-0.20 
-0.20 

-1.12 
-1.12 

-1.30 
-1.30 

-0.67 
-0.68 

-0.08 
-0.09 

+ 0.13 
+ 0.13 

-0.21 
-0.21 

-1.60 
-1.60 

-0.48 
-0.48 

-0.40 
-0.40 

-1.06 
-1.06 

-0.14 
-0.14 

-0.57 
-0.59 

-0.53 
-0.55 

-0.51 
-0.52 

-0.66 
-0.67 

-1.24 
-1.24 

-0.53 
-0.56 

-0.94 
-0.97 

-1.11 
-1.11 

-0.82 
-0.82 

-0.49 
-0.52 

-0.43 
-0.47 

-0.39 
-0.40 

-0.64 
-0.67 

-1.28 
-1.29 

-0.84 
-0.85 

-0.56 
-0.58 

-0.80 
-0.81 

-0.34 
-0.34 

-1.42 
-1.38 

-1.30 
-1.27 

-1.43 
-1.41 

-1.66 
-1.65 

-1.80 
-1.80 

-1.17 
-1.13 

-1.35 
-1.31 

-1.58 
-1.57 

-1.40 
-1.36 

-1.08 
-1.06 

-1.58 
-1.53 

-1.70 
-1.68 

-0.94 
-0.92 

-1.61 
-1.57 

-1.73 
-1.72 

-0.78 
-0.78 

0.82 
0.45 

0.70 
0.45 

0.63 
0.45 

0.52 
0.45 

0.43 
0.45 

0.87 
0.49 

0.87 
0.45 

0.42 
0.45 

0.58 
0.45 

0.79 
0.45 

0.95 
0.49 

0.69 
0.49 

0.90 
0.45 

0.64 
0.45 

0.66 
0.49 

0.85 
0.45 

0.53 
0.45 

0.44 
0.49 

0.0124,1.09 NELG 

0.0119,0.73 NELG 

0.0108,0.52 NELG 

0.0086,0.20 NELG 

0.0088,0.00 NELG 

0.0316,1.13 S2 

0.0703,1.13 NELG 

0.0034,0.00 NELG 

0.0195,0.37 SBG 

0.0160,1.01 NELG 

0.0513,1.38 S2 

0.0506,0.61 S2 

0.0408,1.32 NELG 

0.0023, 0.55 H n 

0.0213,0.49 S2 

0.0150,1.18 NELG 

0.0026,0.24 NELG 

0.0265,0.00 S2 

aThe uncertainty in z varies from +0.0002 to +0.0005. 
b Other names: Mrk 111 = Arp 300, Mrk 111 comp = Arp 300, Mrk 1040 comp = NGC 931. 
cPublished data: Mrk 490: De Robertis and Osterbrock 1986; Mrk 1388: Osterbrock 1986. 
dSecond Byurakan Spectral Sky Survey Objects (Markarian, Lipovitsky, and Stepanian 1983): Mrk II1125 + 581 = SBS 1125 + 581, Mrk II1133 + 572 = SBS 

1133 + 572. 
eThis is an outlying H H region of NGC 4204. 
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TABLE 4 
Measured and Corrected Emission-Line Ratios for Starburst Galaxies: Image-Dissector 

Spectrograph, 1 Meter Telescope 

w, , [Om] [Nu] [Su] [Oí] Mrk log log —— log — log ■ 
Uß 

326b ... 

363b ... 

529b ... 

545b ... 

909 .... 

1002b .. 

-0.39: 
-0.41: 

-0.01 
-0.04 

+ 0.48 
+ 0.44 

-0.32: 
-0.33: 

+ 0.16 
+ 0.16 

-0.36 
-0.37 

Ha Ha Ha 
Ha 

l0g H/? 
z, c 

-0.29 
-0.30 

-0.61 
-0.62 

-0.69 
-0.69 

-0.24 
-0.25 

-0.75 
-0.75 

-0.40 
-0.40 

-0.50 
-0.52 

-0.50 
-0.52 

-0.52 
-0.54 

-0.55 
-0.56 

-0.40 
-0.40 

-0.51 
-0.51 

< -1.27 
< -1.24 

-1.25 
-1.21 

<-1.45 
<-1.41 

< -1.18 
< -1.16 

< -1.10 
< -1.10 

<-1.31 
< -1.30 

0.65 
0.45 

0.73 
0.45 

0.74 
0.45 

0.54 
0.45 

0.46 
0.45 

0.51 
0.45 

Class 

0.0116,0.59 SBG 

0.0096,0.82 SBG 

0.0118,0.86 SBG 

0.0150,0.27 SBG 

0.0143,0.01 SBG 

0.0104,0.16 SBG 

aThe uncertainty in z varies from +0.0002 to +0.0005. 
bOther names: Mrk 326 = NGC 7677, Mrk 363 = NGC 694, Mrk 529 = NGC 7532, Mrk 

545 = NGC 23, Mrk 1002 = NGC 632. 

Fig. 1.—Reddening-corrected [O m] A5007/H/2 vs. [N n] A6583/Ha intensity ratios. Symbols for types of objects are as shown in keys to this figure 
and Fig. 2. Four short-dashed lines are H n region models of Evans and Dopita (1985) for T* = 56,000, 45,000, 38,5000, and 37,000 K from the top to 
bottom respectively. Long-dashed curve represents H n region models of McCall, Rybski, and Shields (1985). Solid curve divides AGNs from H ii 
region-like objects. 
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Fig. 2.—Reddening-corrected [O ill] \5001/Hß vs. [S il] (X6716+ X6731)/Ha intensity ratios. Symbols and curves as in Fig. 1. 

indication of its uncertainty; large symbols represent objects 
for which both plotted line ratios are accurate to better than 
± 30%, while smaller symbols represent objects where either 
one of the line ratios is uncertain by more than 30%. 

The uncertainty of the line ratios depends on many factors, 
such as the strength of the lines, the type of instrument used, 
and whether or not the lines are blended with other lines. 
Costero and Osterbrock (1977), Koski (1978), French (1980), 
Shuder and Osterbrock (1981), Keel (1983), and Osterbrock 
and Dahari (1983; line ratios measured in the present paper) 
all used the IDS system at Lick Observatory, which is known 
by experience to give line ratios of the stronger lines with an 
accuracy of about ±10%, and of the weaker lines of about 
±20%. These uncertainties are also typical of the values 
stated by McCall, Rybski, and Shields (1985) and Dinerstein 
and Shield (1986). Working at somewhat lower spectral reso- 
lution, Balzano (1983) estimated the uncertainty of her mea- 
sured line ratios to be 20%-30%. The errors of the line ratios 
of objects with the CCD grism spectrograph at the Shane 
telescope are less well known but appear to be only slightly 
larger than those obtained with the IDS (Osterbrock and De 
Robertis 1985). The necessity of deblending Ha from [N n] 
XX6548, 6583 usually causes the estimated error of Ha to be 
roughly equal to that of H/?, in spite of the greater strength of 
Ha (Koski 1978). Another source of uncertainty that can be 
quite important in some objects results from the underlying 

integrated stellar absorption component. To remove it from 
the emission-line spectrum is not straightforward. If the emis- 
sion lines are weak and the galaxy absorption-line spectrum is 
moderately strong, the process can be highly subjective. In 
order to minimize this source of uncertainty in our newly 
analyzed galaxies, we have preferentially measured objects 
with spectra in which the emission-line intensities (particu- 
larly Hß) were not greatly affected by the underlying stellar 
component. 

The sample used in this study is not complete in any sense. 
The distributions of data points in Figures 1-3 are certainly 
affected by selection effects. Only objects with emission lines 
strong enough to measure are included in these diagrams. 
Figure 3 includes fewer data points than the other two figures 
because only very few measurements of [O i] \6300 have been 
published for H n region galaxies. This situation should be 
improved in the near future. Some regions of the diagram 
seem deserted: we do not have any objects with [O in] 
X5007/Hjß < 0.3 and [N n] X6583/Ha > 0.5, or [S n] (X6716 
+ X6731)/Ha > 0.5. 

These empty regions in the diagrams may be due to selec- 
tion effects. Galaxies with very low ionization tend to have all 
their emission lines very weak. In such cases the difficulty in 
removing the stellar absorption spectrum would prevent us 
from making reliable measurements of line fluxes (especially 
Hß). Likewise, the seemingly “bimodal” distribution of AGNs 
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(Seyfert 2 and radio galaxies with high [O ni] X5007/H/? on 
the one hand versus LINERs with low [O m]/H/? on the 
other) very probably results from fewer measurements of 
objects with intermediate [O m] \5007/Hß. 

The diagrams of Figures 1-3 show a clear separation 
between H n region-like objects and narrow-line AGNs. The 
distribution of NELGs, however, is not like the distribution 
of either class of objects. Instead, some NELGs are clearly 
H ii region galaxies, while others are narrow-line AGNs. The 
ratio [O ni] À5007/H/? alone is a good indicator of the type 
of object, because there is a considerable overlap of the value 
of [O in] À5007/H/? for H n region-like objects with the 
value of this same ratio for narrow-line AGNs. 

When we compare Figure 1 with Figure 5 of BPT, we note 
that the dichotomy between high-ionization narrow-line AGNs 
([O ni] X 5007/Hß > 3) and low-ionization narrow-line AGNs 
has been reduced considerably. This is another indication that 
LINERs probably constitute the lower part of a sequence of 
ionization that extends up to the Seyfert 2 and narrow-line 
radio galaxies (see § lllb). Finally, in Figures 1-3 there is no 
systematic difference between the positions of the H n region 
galaxies and the H n regions of McCall, Rybski, and Shields 
(1985). The low-luminosity galaxies of French (1980) occupy 
the high-ionization end of this H n region galaxy sequence, 
while the starburst galaxies of Balzano (1983) are located near 
the low-ionization end of it. 

A few objects have line ratios atypical of their class. They 
will be discussed in § IV, where we will present a more 
quantitative description of the difference between H n re- 
gion-like objects and narrow-line AGNs. 

m. MODELS 

In this section we will discuss models photoionized by the 
radiation emitted from hot stars and by a power-law con- 
tinuum. Shock-heating models will be discussed briefly be- 
cause this process may also play a role (though probably not a 
dominant one) in LINERs. The goal of this section is to 
provide as firm a theoretical framework for distinguishing 
H ii region-like objects from narrow-line AGNs as is possible 
with available models. The classification presented in the next 
section is based on the observational data interpreted on the 
basis of the models. 

a) Photoionization by Hot Stars 

In BPT, the simplified models of Searle (1971) were used to 
represent the calculated line ratios of H n regions in their 
diagrams. Although these models give relatively good predic- 
tions in terms of line ratios, recent models have been shown 
to be much more useful for studying H u regions in more 
detail (particularly their composition). 
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Evans and Dopita (1985) have published an extensive, 
homogeneous grid of photoionization models with conditions 
appropriate to observed H n regions. Using recent atomic 
data, they computed models of dust-free, steady state spheri- 
cally symmetric nebulae with unit filling factor and uniform 
density (AfH=10 cm-3; they note that, in the low-density 
limit, the effect on the spectrum of changing AfH by a factor 
D is equivalent to changing the mean ionization parameter U 
by a factor 1/D). The stellar-atmospheric models of Hummer 
and Mihalas (1970), with log g = 4.0, were used to calculate 
the input spectrum of the ionizing radiation. The spatial 
integration was continued until NH+/AfH was smaller than 
1%. Evans and Dopita (1985) developed extensive grids of 
models with different ionization parameters U and stellar 
effective temperatures T*. (The cluster of stars was replaced 
by a single ionizing star of effective temperature T7* yielding 
the cluster-average emitted photon energy. T* corresponds to 
a temperature close to the effective temperature of the hottest 
star in the cluster.) The metal abundances in the model stellar 
atmospheres matched those in the model nebulae. Evans and 
Dopita’s results for model of solar metallicity are shown as 
short-dashed lines in Figures 1 and 3. [They did not give 
explicit predicted intensities for [S n] (X6716+X6731).] In 
each diagram the predicted line ratios are shown for four 
different stellar temperatures. The ionization parameter U 
varies along each curve from 107/c to 109/c, where c is the 
speed of light in centimeters per second. 

The behavior of the curves in Figure 1 can be understood 
qualitatively as follows. The number of photons capable of 
ionizing 0+ depends on U and T7*; it decreases as we progress 
from high to low U and T*. Consequently, the size of the 
0++ zone and the total [O m] emission also decrease. For a 
given T*, as U decreases, the zone containing a singly ionized 
species such as N+ therefore becomes steadily larger and 
eventually fills the whole volume of the ionized H+ zone. The 
curves in Figure 3 can be interpreted similarly, comparing this 
time the size of the thin, partly ionized transition zone (in 
which [O i] A6300 is emitted) with the [O in] emission zone. 
The models with the hottest 7* have the largest fraction of 
high-energy photons, and thus the largest transition regions. 

Using their diagnostic diagrams of [O i] À6300/[0 m] 
À 5007 versus [O n] \3727/[0 m] \5007 and the data sample 
used by BPT, augmented by the spectrophotometry of McCall 
(1982), Evans and Dopita (1985) concluded that H n regions 
are characterized by a considerable range in U and an effec- 
tive stellar temperature 7* Ä 41,000 K, with relatively small 
scatter. They interpreted this behavior as resulting from the 
fact that the stars principally responsible for the ionizing 
photons are those located approximately at the main-sequence 
turnoff, and that theoretical isochrones for clusters of typical 
H ii region ages, 4-8 X106 years, have main-sequence turnoffs 
which occur at nearly constant temperature. We cannot com- 
ment on the conclusion because there are no measurements of 
[O i] A6300 for the H n regions of the later data sample 
(McCall, Rybski, and Shields 1985) that we used. We note, 
however, that if H n region-like galaxies are characterized by 
a single stellar effective temperature, it seems to be at least 
7* > 45,000 K, that is, 4000 K higher than the typical stellar 
temperature of ordinary H n regions. We also note that many 

of the so-called NELGs fall in a region characterized by lower 
effective stellar temperatures. These particular “NELGs” evi- 
dently represent a selection of lower ionization H n region 
galaxies. 

Next we consider the [O m] A5007/H/? versus [N n] 
A6583/Ha diagram of Figure 1. There is a better agreement 
between the models and the data if the model is translated to 
weaker [N n] line strength by about 0.1 dex (Evans and 
Dopita 1985). To maintain that the distribution of H n 
region-like objects is characterized by a single effective stellar 
temperature (7* « 41,000 K), it is necessary to assume an 
anticorrelation between ionization parameter and metallicity. 
On this picture for large U the metallicity is smaller than the 
solar value, the line opacity in the model stellar atmospheres 
is less efficient, and hence there are more far-ultraviolet 
photons, resulting in a larger 0++ zone and a smaller N+ 

zone. We thus expect, for high values of U, a larger [O in] 
A5007/H/? and a smaller [N n] A6583/Ha than predicted by 
the model with Z = Z0. At small £/, the opposite is expected 
(Evans and Dopita 1985). 

Next we discuss the H n region models of McCall, Rybski, 
and Shields (1985). The physics of these models is sum- 
marized in their Table 11. The behaviors of [O m] À5007/H/? 
as a function of [N n] A6583/Ha, of [S n] (A6716 + 
\6731)/Ha, and of [O i] A6300/Ha are shown as long-dashed 
lines in Figures 1, 2, and 3, respectively. 

The model is a spherical nebula of uniform density (Ah = 
140 cm-3, the average value obtained for all theory objects 
from the [S n] ratio). McCall, Rybski, and Shields (1985) 
show that the emission-line spectra of H n regions form a 
one-parameter sequence with the O abundance as the funda- 
mental parameter. The value of every other parameter is 
determined by it. In order to reproduce the range of the 
spectral properties observed in their sample, the abundance 
ratio O/H was assumed to vary from less than 0.5 solar to 
more than 3.5 times solar. McCall, Rybski, and Shields (1985) 
assumed that the effective stellar temperature varies as a 
power law in O/H when O/H <1.9(0/H)G, but is constant 
for higher O/H. The entire range of the effective stellar 
temperature is relatively small, 38,500-47,000 K, and thus is 
not inconsistent with the conclusion of Evans and Dopita 
(1985). McCall, Rybski, and Shields (1985) assume that N/H 
varies as (O/H)2. On the basis of observation of high-ioniza- 
tion H ii regions (low metallicity), a base value of N/H of 
10-6 was chosen. The abundances of all other heavy elements 
were assumed to vary linearly with O/H, while He was held 
fixed at the “solar” value. 

In Figures 1-3 we see that these models provide a good fit 
to the H ii region galaxies of our sample, as well as to the H n 
regions for which it was developed. It appears, however, that 
the models have difficulty accounting for the [O i] A6300/Ha 
ratios of the H n region galaxies plotted in Figure 3. [O i] 
A6300 was not measured for the H n regions by McCall, 
Rybski, and Shields (1985). 

b) Photoionization by a Power-Law Continuum 

The source of heating and ionization in Seyfert 2 galaxies 
and in narrow-line galaxies appears to be a “power-law” 
nonthermal continuum (Koski 1978). In the last decade many 
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Fig. 4.—Reddening-corrected [O m] À5007/H/? vs. [N il] A.6583. Ha intensity ratios. Symbols for types of objects are as shown in key to figure. 
Short-dashed curves are power-law models of Ferland and Netzer (1983) for solar and 0.1 times solar abundances (upper and lower, respectively). 
Ionization parameter varies along curves from 10“15 to 10-4. Long-dashed line is composite, two-component (A^=102 and 106 cm-3) model of 
Stasinska (1984h). Ionization parameter varies along curve from 10“2 to 10“4. Dot-dash curve represents shock-wave models of Shull and McKee (1979). 
Shock velocity varies along the curve from less than 80 to 130 km s-1. Solid curve divides AGNs from H n region-like objects. 

attempts have been made to model Seyfert galaxies. To the 
present time the models have reached only partial agreement 
with the observational data Our incomplete understanding of 
the central energy sources in AGNs is at least partly responsi- 
ble for this situation. The major improvements of current 
models over earlier ones (see Davidson and Netzer 1979 for a 
review) have come in part from the inclusion of important 
X-ray ionization effects (such as inner-shell ionization, Auger 
effects, secondary ionization by suprathermal electrons, and 
so on) in the calculations and from better atomic data. Also, 
the earlier calculations failed to reproduce the strengths of 
some of the low-ionization lines (Koski 1978) because they 
did not include important charge-transfer reactions. 

In order to understand the distribution of the narrow-line 
AGNs in our diagrams, we have compared the same observa- 
tional data with recent photoionization power-law model 
calculations in Figures 4-6. In these three diagrams all the 
same data are plotted, but here all AGNs are plotted as filled 
circles, and all H ii region-like objects as open circles. The 
NELGs are again plotted as asterisks, and the few special or 
peculiar objects discussed in the text as half-filled circles. 
Ferland and Netzer (1983, hereafter FN) published a set of 

models with a large range of ionization parameter U. Using 
these results, the predicted behavior of [O m] \5007/Hß is 
plotted as a function of [N n] A6583/Ha for two metal 
abundances as short-dashed lines in Figure 4. The high-ioni- 
zation line [O m] A 5007 decreases in strength with decreasing 
I/, while the low-ionization line [N n] À6583 increases in 
strength. 

Figures 5 and 6 show the same series of models in the other 
two diagrams, plotting [O m] A5007/H)8 as a function of 
[S il] (A6716+ A6731)/H<x and [O i] A6300/Ha, respectively. 
Most of the observed narrow-line AGNs fall between the 
solar abundance and the 0.1 solar abundance models. Hence, 
an interpretation based on these models suggests that the 
observed narrow-line AGNs are characterized by metal abun- 
dances that are on the average lower than solar. FN arrived at 
essentially this conclusion using a somewhat smaller sample 
of Seyfert 2 galaxies, narrow-line radio galaxies, and LINERs, 
together with the narrow-line regions of some broad-line 
objects (Seyfert 1 galaxies, broad-line radio galaxies, QSOs). 
The narrow-line AGNs of our sample are matched by models 
with a large range of ionization parameters, from U «10-1 to 
I/« 10“35 for the Seyfert 2 galaxies and U <10~35 for 
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Fig. 5.—Reddening-corrected [O in] A5007/Hß vs. [S il] (X6716+ X6731)/Ha intensity ratios. Symbols and curves as in Fig. 4. 

LINERs. This sequence of models also seems to agree with 
the [N ii] X6583/Ha ratios of Figure 4, but with the higher 
metallicities. As FN noted, this suggests that the depletion 
factor of N is not as large for O and S. 

Stasinska (1984¿z, b) investigated the consequences of a 
change of the spectral index a of the assumed photoionizing 
power-law spectrum v~a on the preceding line ratios. As a 
becomes smaller, ionization by X-ray photons becomes more 
important and [O i] \6300/Ha, [S n] (X6716+X6731)/Ha, 
[N ii] X6583/H«, and (to a lesser extent) [O m] X5007/H/? 
all become larger. Since the average (horizontal) position of 
Seyfert 2 nuclei and narrow-line radio galaxies does not seem 
to be systematically different from the average position of 
LINERs (with respect to the same models), we cannot draw 
any conclusions as to whether or not the ionizing continuum 
in high-ionization AGNs is flatter than in low-ionization 
AGNs (Binette 1985). A difference in heavy-element abun- 
dances between high- and low-ionization AGNs could smear 
out any observable effects of the form of the spectrum (see 
below). 

The models of FN and of Stasinska (1984 a) are one- 
component models that do not include possible density-stra- 
tification effects. Recent observations indicate a correlation 
between the line widths of forbidden lines and the critical 
densities of their upper levels for collisional de-excitation in 
Seyfert 2 galaxies (De Robertis and Osterbrock 1986). This 

can be explained only if the photoionized gas has a range of 
densities. Several photoionization models that include density 
stratification have been published in recent years (Stasinska 
1984/?; Péquignot 1984; Binette 1985; Ferland and Osterbrock 
1986). Although the predictions of these models agree qualita- 
tively with those of single-component models, important dif- 
ferences are also apparent. In particular, estimates of the 
abundances of heavy elements based on strong optical lines in 
AGNs with a wide range of densities will be underestimated if 
the observations are compared with the predicted line intensi- 
ties from a one-component (low-density) model. The strong 
observed nebular lines begin to be affected by collisional 
de-excitation at various densities in the range 103-105 cm-3. 
Models with a uniform density of 103 cm-3 (or, similarly, 
models with constant pressure and initial density of 103 cm-3 

such as those of FN) assume the relevant lines to be emitted 
at their maximum efficiency; if they actually are emitted in 
less favorable conditions because of stratification, then the 
abundances (with respect to H) will automatically be under- 
estimated (Péquignot 1984). 

In order to investigate semiquantitatively the effects of 
density gradients in narrow-line AGNs, we have used one of 
the composite models of Stasinska (1984/?). In Figures 4-6 
the predictions of these models are represented by the long- 
dashed curves. The composite models include two compo- 
nents of different densities (7V1=102 cm-3, N2 =106 cm-3) 
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with the same ionization parameter, which varies along the 
curve from U = 10~2 to U = 10-4. The abundances are as- 
sumed to be solar. Although these models are undoubtedly a 
highly simplified representation of the stratification in nar- 
row-line AGNs, we see that the abundances of the heavy 
elements can be underestimated by quite large factors. This is 
especially true for the [O in] X5007/H/? versus [S n] (X6716 
+ A6731)/Ha diagram, where the metallicity estimated from 
the two-component models is greater than the solar value, 
while from the models of FN it would clearly be less than 
solar. The [O i] A6300/Ha predictions from the model of 
Stasinska do not greatly differ from the models of FN. It also 
appears that there are larger variations of [N n] X6583 among 
the LINERs than among the Seyfert 2 galaxies. This may 
indicate a larger variation of the N abundance in low-ioniza- 
tion AGNs than in high-ionization ones. 

Finally, it is important to mention that these comments 
concerning the abundances of heavy elements in AGNs are 
only first-order indications, because the models used here, 
although better than the one-component models, are still too 
crude to be reliable for accurate abundance analyses. Binette 
(1985) has investigated the metal abundances in LINERs 
using photoionization models with density stratification 
(Gaussian centered at the origin). He found that the best 
choice of a power-law photoionizing continuum had a = 2, 
and deduced that the metallicity in the LINERs is approxi- 

mately solar. Estimates of the average heavy-element abun- 
dances in narrow-line AGNs are at present very uncertain. 
More accurate estimates will be possible only with more 
reahstic photoionization models. 

c) Shock Heating 

In the interests of completeness, shock heating should be 
considered as an alternative ionization mechanism in narrow- 
line AGNs. Many models of interstellar shocks have been 
published. Dopita (1976, 1977) and Raymond (1979) calcu- 
lated plane-parallel models in which the ionization state of 
the preshock gas was essentially a free parameter. Shull and 
McKee (1979) improved on this assumption by constructing 
theoretical models in which they paid special attention to the 
transfer of ionizing radiation and to the effects of the emer- 
gent ultraviolet radiation on the ambient preshock gas. 

In a subset of seven models they studied the effects of 
varying the shock velocity without varying the preshock con- 
ditions. In Figures 4-6 the predicted intensity ratios obtained 
from this series of models are plotted as dot-dash lines. The 
shock velocity increases along these curves from less than 80 
to 130 km s-1. [O in] A5007/H/? increases rapidly with 
shock velocity, while [N n] X6583/H«, [S n] (X6716 + 
A6731)/Ha, and [O i] X6300/H« increase only slightly, the 
latter two actually decreasing as the shock velocity changes 
from 60 to 80 km s-1, and then increasing again. 
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Since there is no doubt that the emission lines in high- 
ionization AGNs are produced by photoionization, we direct 
our attention to the lower-ionization AGNs (LINERs). If 
these objects are shock-heated, the shock velocity must be at 
least 80 km s-1. Since the sample is probably incomplete for 
log [O in] A5007/H/? < -0.25, additional data will probably 
lower this limit and thus the lower limit of shock velocity. 
Most of the LINERs have [N n] A6583/Ha larger than the 
predicted values from the “standard” model of Shull and 
McKee (1979). The discrepancy between observations and 
theory may be diminished if the N abundance is larger than 
solar. The same interpretation may apply to O and (to a 
smaller extent) to S. 

Although models photoionized by a power-law spectrum 
(FN; Stasinska 1984Z?, and others) give a better fit to the 
observed line intensities of LINERs than shock-heating mod- 
els, it is impossible to choose between the two excitation 
mechanisms on the basis of Figures 4-6 alone. Other tools 
must be used to identify securely the source of ionization in 
LINERs. Early papers interpreted individual “LINERs” as 
shock-heated on the basis of specific line ratios such as [O m] 
\4363/A5007 (Koski and Osterbrock 1976; Fosbury etal 
1978). More recent papers have attacked this interpretation. 
Keel and Miller (1983) and Rose and Tripicco (1984) discuss 
the large uncertainties in the determination of the [O m] 
A4363/A5007 ratio. Important sources of error are the ab- 
sorption features due to CN and Hy near [O m] A4363 and, 
at low redshift, the Hg I À4358 night-sky light-pollution 
emission line. The high-ionization line He n A4686, observed 
even if only very weakly, is an indicator of photoionization by 
a power-law spectrum rather than shock heating in galaxies 
with ionization of O as low as in LINERs (Osterbrock and 
Dahari 1983). Goodrich and Keel (1986) discuss the possible 
detection of a nonthermal UV continuum in NGC 4579. 
Finally, the presence of weak, broad wings to the narrow 
emission lines in many LINERs, including even NGC 1052 
(Heckman 1980; Stauffer 1982; Keel 1983; Filippenko and 
Sargent 1985), strongly favors the continuity with Seyfert 
galaxies and hence the photoionization interpretation. Thus, it 
seems increasingly likely that the dominant excitation mecha- 
nism in LINERs is photoionization by a power-law con- 
tinuum, and that it is justified to classify them as narrow-line 
AGNs similar to Seyfert 2 galaxies and narrow-line radio 
galaxies. On the other hand, there are many signs of shock- 
wave heating in extended ionized regions in apparently merged 
and distorted galaxies. 

IV. CLASSIFICATION OF NARROW-EMISSION-LINE 
GALAXIES 

The physical difference that distinguishes a narrow-line 
AGN from an H n region-like galaxy is the photoionizing 
continuum. In narrow-line AGNs the ionizing radiation is 
well approximated by a power-law continuum v~a with spec- 
tral index a ~ 1.0-1.5 (see, for example, Koski 1978; Ferland 
and Osterbrock 1986) or by a combination of two such power 
laws, with a « 0.5 at higher energies (see, for example, Kwan 
and Krolik 1981). In H n regions the ionization is due to UV 
photons emitted by hot OB stars. So, in contrast with H n 
region-like objects, narrow-line AGNs have a significant frac- 
tion of their energy in the X-ray domain. These X-ray pho- 

tons have important consequences for the ionization structure 
of the nebula. Because the absorption cross sections of H°, 
He0, He+, and all other ions decrease rapidly with increasing 
energy, kilovolt X-rays penetrate deeply into the predomi- 
nantly neutral region. There they produce a large partly 
ionized zone, with characteristic fraction of ionized hydrogen 
H+/H - 0.2-0.4 (see, e.g., Weisheit, Shields, and Tarter 1981; 
Netzer 1980; Osterbrock 1984). These results apply qualita- 
tively to Seyfert 2 galaxies, narrow-line radio galaxies, and 
LINERs. 

In this partly ionized region, H°, H, and free electrons 
coexist with neutral atoms of other elements, as well as with 
ions having an ionization potential similar to that of H. The 
dominant forms of O, S, and N in the partly ionized zone are 
O0, S+, and N°, while smaller fractions of N+ and 0+ are 
also present. Hot free electrons produced in this region by 
X-ray photoionization and by Auger processes can have a 
positive effect on the strengths of lines produced by collisional 
excitation. Important lines such as [O i] X6300, [S n] AA6716, 
6713, [N i] A5199, and [N il] A6583 are of this type. This 
extended zone of partly ionized H does not exist in H n 
regions photoionized by hot stars (e.g., Osterbrock 1974). 

The critical densities for collisional de-excitation of [O i] 
A6300, [O in] A5007, [S n] AA6716, 6731, [N i] A5199, and 
[N il] A6583 are respectively 2X106, 7X105, 2xl03, 4X103, 
2xl03, and 9X104 cm-3, using the atomic parameters col- 
lected by Mendoza (1983). Note the low values for [S n] and 
[N i]. Measured line ratios of [S n] AA6716, 6731 show that in 
nearly all Seyfert 2 and narrow-line radio galaxies these lines 
are appreciably colhsionally de-excited. The same must be 
true of [N i] A 5199. Evidently [S il] AA6716, 6731 are 
nevertheless strong, because nearly all S is S+ and because of 
the large collisional-excitation cross sections for these lines. 
[N i] has a much smaller excitation cross section, and al- 
though it is no doubt strengthened in AGNs with respect to 
H ii regions, it is still weak. 

We can now understand the distribution of data points in 
Figures 1-6. The intensities of [O i] A6300, [S n] AA6716, 
6731, and [N n] A6583 are larger with respect to Ha in 
narrow-line AGNs than in H n region-like objects because 
collisional excitation of these lines is more important in 
objects with extended partly ionized zones. Since the ioniza- 
tion potential of O0 matches the ionization potential of H 
very well, we should expect a large difference between the 
[O i] A6300/Ha ratios of H n region-like objects and of 
narrow-line AGNs exactly as found in Figures 3 and 6. The 
effect is also important for [S il] (A6716 + A6731)/Ha as seen 
in Figures 2 and 5, but the fact that S+ can also exist within 
the H+ zones of H n regions and AGNs somewhat attenuates 
the difference between the two classes of objects. 

The behavior of [N n] A6583 is more difficult to interpret. 
N+, like other singly ionized elements with ionization poten- 
tials greater than 13.6 eV, is present in the outer partly 
ionized zone but is not the predominant stage. Hence it is 
expected to be strengthened, but not as greatly as [S n], in the 
absence of collisional de-excitation. Perhaps [N n] is 
strengthened as greatly as it is because it is not appreciably 
colhsionally de-excited, as [S n] is. Simple one-density models 
do not show this effect and therefore suggest that AGNs may 
possibly have higher N abundances. More sophisticated pho- 
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toionization models incorporating physically plausible mix- 
tures of electron densities must be explored before this inter- 
pretation can be regarded as proved. 

Photoionization by high-energy photons and Auger 
processes are especially efficient in heating the gas in AGNs, 
which therefore must have a somewhat higher equilibrium 
temperature than the gas in H n region galaxies photoionized 
by stars. This effect may also explain in part why [N n] X6583 
is relatively strong in narrow-line AGNs than in H n region- 
like galaxies. 

Finally, 0++ is produced predominantly by UV photons 
(hv> 35 eV) well inside the partly ionized zone and close to 
the ionizing source. The effects of the most energetic X-ray 
photons are not very important in that region. However, the 
relatively larger numbers of photons that can ionize 0+ to 
0++ in the power-law type spectra generally make [O m] 
A5007/Hß larger in the AGNs of our sample than in all but 
the highest excitation H n region-like objects. Contrary to 
early statements (Shuder and Osterbrock 1981), there are H n 
region galaxies with [O m] \5007/H/?>3, but they are 
relatively uncommon. 

With this understanding of the distribution of data points 
in our diagrams, we are in a good position to define quantita- 
tive limits separating the H n region-like objects from the 
narrow-line AGNs. The positions of these boundaries that 
best divide the NELGs into H n region-like galaxies and 
narrow-line AGNs are shown as solid lines in Figure 1-6. The 
general shapes of these curves were based directly on the 
photoionization models of § III, which present the same kind 
of behavior. Of course the positions of these boundary curves 
are not perfectly determined. This is especially true of the 
extremities of the curves. Considering the uncertainties of the 
line intensity ratios and of the positions of the curves, the 
nature of any object within the “transition zones” within 
±0.15 (horizontally) of these boundaries is very difficult to 
determine. Such galaxies may be either pure H n region-like 
objects or pure narrow-line AGNs that because of errors in 
the line ratios have been shifted toward the boundary. It is 
also quite possible that both types of excitation mechanism 
are present in the same galaxy (Binette 1985). Another possi- 
bility is that the ionization in the nuclei of these objects is 
caused by a central “power-law” source, while outside the 
nuclei ionization by hot stars is predominant. The ratios of 
line intensities measured through finite-size apertures are 
weighted averages of the line intensities produced by two 
different ionization processes. This blending of the emission 
lines of the nucleus with those of H n regions in the disk of a 
galaxy is especially serious for distant and therefore angularly 
small galaxies (Dressier, Thompson, and Shectman 1985). 

In trying to decide whether an object is an H n region 
galaxy or a narrow-line AGN, more weight should be given to 
the diagram of [O in] À5007/H/? versus [O i] \6300/Ha 
than to the other two diagrams, because, for the reasons 
stated above, the separation between the two classes of ob- 
jects is much more distinct in the diagram involving the [O i] 
line. 

A few objects in our sample fall in the domain of H n 
region-like galaxies in certain diagram(s), but in the region of 
AGNs in other diagram(s). An outstanding example is the 
object observed as the radio galaxy 3C 178 by Costero and 

TABLE 5 
Classification of Narrow-Emission-Line Galaxies 

Narrow-Line AGNs H ii Galaxies 

M 81 
NGC 5005 
Mrk 266 NE 
Mrk 833 
Mrk 938 
Mrk 945 
Mrk 1127 
Mrk 1133 
Mrk 1144 
IZw 81 

Uncertain 

NGC 6764 
Mrk 185 
Mrk 378 
Mrk 739 Wa 

Akn 160 

NGC 4670 
Mrk 111 
Mrk 111 comp 
Mrk 432 W 
Mrk 490 A + B 
Mrk 490 C 
Mrk 540 
Mrk 724 
Mrk 1040 comp 
Mark 1149 
Mrk 1158 
Mrk 1178 
Mrk 1212 
Mrk 1259 
Mrk 1308 
Mrk 1414 
Mrk 1459 
Akn 145 
Akn 179 
Akn 534 
Kaz 26 
Kaz 27 
UM 60 
UM 71 
UM 213 

aMrk 739 E is a Seyfert 1 galaxy. 

Osterbrock (1977) on the basis of an identification believed 
valid at that time. It is plotted as a narrow-line radio galaxy 
in Figures 1-3, and as a half-filled circle in Figures 4-6. In 
the first three diagrams it is the one narrow-line radio galaxy 
that appears out of place. Its ratios are typical of an H n 
region galaxy. However, a more recent accurate radio position 
determined by Haschick et al. (1980) shows that the object 
Costero and Osterbrock (1977) observed is not the radio 
galaxy 3C 178. The object they observed is an H n region 
galaxy that is by no means exceptional, while 3C 178 is 
presumably a much fainter and still unidentified quasar. This 
is a striking confirmation of the classification scheme. 

Two Seyfert 2 galaxies are also interesting. Mrk 298 has a 
small [N ii] X6583/Ha which puts it into the H n region area 
at log [O in] X5007/H/? = 0.29 in Figures 1 and 4. However, 
its relative intensities of [S n] (X6716+X6731) and [O i] 
X6300 are typical of narrow-line AGNs. The other exceptional 
Seyfert 2 is the very high-ionization galaxy Mrk 1388 
(Osterbrock 1985), at log [O m] X5007/H/? = +1.03, but with 
quite weak [S n]. 

Four objects in Keel’s (1983) sample are not positively 
classified as narrow-line AGNs according to these diagrams. 
They are NGC 3627, NGC 2639, NGC 4102, and NGC 4569 
(with log [O in] X5OO7/H0 = 0.69, -0.59, -0.42, and -0.22, 
respectively). They are shown as LINERs in Figures 1-3 but 
as half-filled circles in Figures 4-6. The exceptional behavior 
of NGC 3627 is probably due to instrumental problems (Keel 
1983). Keel notes that the H/? flux of NGC 4102 is uncertain. 
The line ratios [O m] X5007/H/? of the other two objects 
were based on the assumption that Ha/Hß = 3.0, since VLß 
was not measured in these objects. These four points are thus 
all fairly uncertain. 
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Among the H n region-like objects, three objects deserve 
comment. They are also shown as half-filled circles in Figures 
4-6. Mrk 213 is a starburst galaxy with line ratios log [O in] 
A5007/H/? = 0.51 and log [N n] A6584/Ha = -0.36 (Balzano 
1983). Its position among the narrow-line AGNs in Figure 4 
is probably due to the large uncertainty of its line ratios. The 
position of the H n region in NGC 4395 is near the region 
occupied by Seyfert 2 nuclei (log[0 m] A5007/FIß = 0.76). 
This may be an indication that a nonthermal continuum (or 
shocks) also contributes to the ionization, since this H n 
region is only 5'.T from the center of the galaxy. 

Finally, on the basis of the boundaries between H n region 
galaxies and AGNs as drawn in these diagrams, we can 
attempt to reclassify the galaxies previously published as 
NELGs. Their line ratios are taken from the data referenced 
in Table 1. Their new classifications are Usted in Table 5. Five 
objects, as Usted, are stiU uncertain, too close to the boundaries 
to be definitely called either H n region-like galaxies or 
AGNs. 

V. SUMMARY 

Large sets of intemaUy consistent data on emission-Une 
galaxies have been compiled from the Uterature. Whenever 
possible, a single dereddening procedure was appUed to these 

data. The newly measured line ratios in the spectra of 50 
additional emission-line galaxies were also included in the 
study and are presented in Tables 2-4. It was shown that the 
reddening-insensitive line ratios [O m] À5007/H/?, [N n] 
\6583/Ha, [S m] (A6716+ A6731)/Ha, and [O i] A6300/Ha 
are very useful in classifying emission-Une galaxies into nar- 
row-Une active galaxies and H n region galaxies. The results 
of this classification along with the prediction of recent photo- 
ionization models by power-law spectra and by hot stars are 
presented in Figures 1-6. It was shown that the diagram of 
[O ui] A5007/FI/? versus [O i] A6300/Ha is probably the 
best single tool presently available for discriminating between 
the two types of objects, in spite of the fact that very few 
measurements of [O i] À6300 have to date been pubUshed for 
H ii region galaxies. It has also been shown that most of the 
so-called NELGs of Shuder and Osterbrock (1981) are either 
H ii region galaxies or low-ionization narrow-line active 
galaxies (LINERs), as Usted in Table 5. 
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