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ABSTRACT

Models for the emission-line region of 3C 48 are derived by using calculated ionization distributions.
Estimates are given of the parameters that characterize the emission-line regicn and of the relative abun-
dance of H, He, O, Ne, and Mg.

I. INTRODUCTION

We describe the results of some calculations of the ionization distribution’in the emis-
sion-line region of the quasi-stellar radio source 3C 48 (Zemission = 0.37 [Greenstein and
Matthews 1963}). This work is a continuation of our earlier study of 3C 273 (Bahcall and
Kozlovsky 1969). Previous models of the emission-line regions of quasi-stellar sources
in which the ionization distribution was assumed not calculated have been described by
Greenstein and Schmidt (1964), Shklovsky (1965), Osterbrock and Parker (1966), and
Burbidge et al. (1966). The new feature that is present in the spectrum of 3C 48 that was
not observed in 3C 273 is the strong line due to the highly forbidden transition [O 11]
A3727. We find that the required strength of A3727 cannot be obtained in our models
unless (¢) the oxygen abundance is an order of magnitude larger than the solar value
or (b) the O1r emission comes from a different region than the O 1, Ne v, and
Mg 11 lines. The possibility that more than one region would be required to explain the
spectra of quasi-stellar sources was discussed earlier by Osterbrock and Parker (1966)
and Woltjer (1967). It would be informative to measure the shapes of emission lines in
3C 48 to see if there is any indication that, for example, the lines [O 11] A3727 and [O 111]
A5007 arise in different regions.

In § II we summarize briefly some of the characteristics of our models, and in § IIT we
present the results of calculations of the emission-line strengths for models that are
homogeneous spheres of filaments. In § IV we describe the results of similar calculations
carried out for hollow spheres (shell models). The results of considering two-region mod-
els are described in § V. Our principal results are summarized in § VL.

II. BASIC FEATURES

Our models, following Greenstein and Schmidt (1964), consist of a small central ob-
jects that emits a strong continuum flux and a large gas cloud that surrounds the central
source and emits the observed line radiation. We assume that the continuum intensity in
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the far-ultraviolet emitted by the central source can be obtained from the observed in-
tensity in the visual part of the spectrum by a smooth extrapolation that is not very
steep. In particular we assume that the central object emits a continuum flux F,dv, in
ergs sec™, that has the form

F, = Fo(A\/2500 A)'4, X < 2500 &, (1)

where (cf. Oke 1966) F, = 7 X 10® ergs sec™. The calculated ionization distributions
for 3C 273 (cf. Bahcall and Kozlovsky 1969) were found not to be very sensitive to the
precise value of Fy and the exponent in equation (1). They are completely insensitive to
the long-wavelength form of F, which we have therefore grossly characterized by equa-
tion (1). The radius of the line-emitting region was chosen so that the calculated strength
of Mg 11 72798 agreed with the observed line strength. Further details of the models, in-
cluding the atomic parameters used, the assumed “‘solar” composition (Zirin 1966), and
the calculational method, can be found in Bahcall and Kozlovsky (1969).

TABLE 1
HOMOGENEOUS MODELS

Model 1 Model 2 Medel 3
Ao (#e=10° cm~3; (ne=5X10% em=3; (me=2 5X10% cm=3;
Ion (A) R=42.5 pc) R=625 pc) R=102 pc) Observed Intensity

6 4 G.S.

Hsg . . 4861 66 6.3 60 17 Oke

He11.. 4686 0 39 0 37 0 37 < 23Oke('§18969)
.1 GS.

Mg 11 2798 35 34 35 {3 168

1011} .. 3727 0 09 0.11 014 3.3 G.S.

[0 111} 5007 12 i1 8 40 Oke

{Nerr . 3869 019 018 0 16 <2 Oke (1969)

[Nev] . . 3426 56 54 50 17GS.

Note.—Emission-line strengths are given in units of 1042 ergs sec™! for three spherical models The temperature in all cases
is 17 X 104° K, and the filling factor is ¢ = 1073, The ratio of helium to hydrogen by number is 7 XX 1073; all other abundances
are equal to their solar values Here #, is the electron number density and R is the radius of the sphere The last column contains
the observed values of the line strengths (also in 104 ergs sec™); the abbreviation G S indicates values taken from Greenstein
and Schmidt (1964), and Oke indicates values taken from Oke (1966)

1I1. HOMOGENEOUS MODELS

We first investigated models of the kind that were found satisfactory for 3C 273,
namely, homogeneous spheres containing line-emitting filaments all at the same tem-
perature and density. In Table 1 we present some results calculated for three models
with different values for the density of the filaments. We see from Table 1 that even for a
particle density as low as 2.5 X 10* cm—3, for which collisional de-excitation of the ex-
cited 2D state of O 11 is small, the calculated energy in [O 11] A3727 is less than the ob-
served value by more than a factor of ten. The agreement between the observed and cal-
culated luminosities for the other lines is satisfactory and similar to that obtained for
3C 273: Table 1 was calculated for a ratio of helium to hydrogen by number of 7 X 10~3.
This is a factor of 10 lower than the most recent estimates of the solar ratio of helium
to hydrogen inferred from solar-model calculations (Bahcall, Bahcall, and Ulrich 1969);
a similarly low value for the helilum abundance was required in our models of 3C 273.
For both 3C 48 and 3C 233 the absence of He 11 A4686 in the observed spectrum réquires
a low helium abundance in our models, although for 3C 48 the observations are not sensi-
tive enough to say whether or not the réquired deficiency is as large as a factor of 10.

We tried cutting off exponentially the extrapolated form of the photon flux at various
frequencies in order to obtain a model in which the calculated strength of [O 11] A3727
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was closer to the observed value. We were unable to obtain a satisfactory model in
this way, since no matter where we cut off the flux, additional discrepancies were pro-
duced between the calculated and observed line intensities. For example, a cutoff in the
range 10-20 eV caused HB to be much too small and made the line [Ne v] A3426 disappear
completely. A cutoff in the range 40-100 eV actually decreased the calculated strength of
N3727, since Mg 11 is more strongly affected by the cutoff than O 11; the radius of the
emission-line region was fixed, as stated earlier, by matching the calculated and observed
strengths of Mg 11 X\2798.

IV. SHELL MODELS

We then investigated shell models (hollow spheres) in which the line-emitting material
is concentrated in a shell around the central object (as suggested by Shklovsky 1965).
Such models are plausible since it is reasonable to expect that the material close to the
central object will be blown away by the strong radiation pressure from the continuum

TABLE 2
SHELL MODELS

Model 4 Model 5 Model 6
(ne=10° cm~3; (e=5X10* cm™3; (ne=9X10% cm~5:
Ao R1=42 5 pc; R1=065.5 pc; R1=62 5 pc; Observed
Ion (A) Rs=353 pc) R =80 pc) R2=190 pc) Intensity*
- 6.4 G.S.
Hg. . 4861 58 51 56 17 Oke
He1l . 4686 0 36 0 33 0.34 <230ke (1969)
1 G.S.
Mg 11 2798 35 3.2 33 {3‘3 &5
[0 11). 3727 0.06 0 04 0.2 3.3 GS.
[O 111} 5007 11 7 7 40 Oke
{Ne 111] 3869 0 18 0 16 0.16 <2 Oke (1969)
Nev] . 3426 55 54 56 1.7 G.S.

Notr.—FEmission-line strengths are given in units of 104 ergs sec™! for three shell models Here R is the inner radius of the
shell and R» is the outer radius The temperature, filling factor, chemical abundances, and references for observed intensities are
all the same as for the models described in Table 1

* See Table 1 for key to abbreviations

source. The material in the shells was still assumed to be in filaments all of which had the
same temperature and density. In Table 2 we present some results calculated with the
aid of three representative shell models (models 4, 5, and 6). In models 4 and 35, the
[O 11] A3727 line is even weaker than in the corresponding homogeneous models. Model 6
has a low particle density (z = 9 X 103 cm™3) and a large outer radius (R, = 190 pc),
but the calculated strength of the [O 11} line is still an order of magnitude lower than the
observed value.

One possible solution to the problem of the strength of the [O 11] N3727 line is suggested
by the results for model 6 given in Table 2. Note that the calculated strengths, in this
model, of both [O 11} N3727 and [O 111} N5007 are smaller than their observed values by a
factor ~5-10. Thus a reasonable fit to the observed line strengths cah be obtained by
adopting model 6 and assuming that the oxygen abundance relative to hydrogen is a
factor of 5-10 times larger in 3C 48 than in the Sun. The strengths of the neon lines are
roughly the same in all our models (cf. Tables 1 and 2) and are consistent with a solar
ratio of neon to hydrogen. The results are also very roughly consistent with a solar ratio
of magnesium to hydrogen.

A similar solution could also be obtained with a low-density homogeneous model that
had a high oxygen abundance. We have not constructed such a model in detail because
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the computer time required is rather long, but extrapolations of our other homogeneous
models indicate that it would not be too different from the acceptable shell model, num-
ber 6 of Table 2.

V. TWO-REGION MODELS

We were also able to construct more complicated models in which the calculated and
observed line strengths were in agreement and the abundance ratio of oxygen to hydro-
gen in 3C 48 was the same 2s in the Sun. These models consisted of two regions: (1) an
inner region which was one of the homogeneous or shell models discussed in §§ IT and
111, and (2) a surrounding outer layer in which the ionization was primarily collisional.
In the inner region, the continuum radiation from the central object is primarily respon-
sible for the ionization structure. Only at the outer edge of the inner region has the
ionizing, ultraviolet radiation been sufficiently depleted so that collisional ionization is
important. We chose a uniform density and a uniform temperature for the outer layer
such that only [O 11] A3727 and Hp were produced in this region. We assumed for this
layer the kind of steady state that exists in the solar corona, i.e., the ionization structure
was determined by equating collisional ionization to recombinations.

TABLE 3
OUTER REGIONS

QOuter Region 1 Outer Region 2 Outer Region 3
Ao (e=5X10° cm™3; (e=7X10% cm™3; (e=1X10% cm™3;
Ton (A} Router =73 DC) Router =715 DC) Router =69 pC)
Hg. 4861 16 18 22
Mgir .. 2798 0.11 0.13 0.15
[O 11}. 3727 3.3 3.3 3.3
[O 1. .. 5007 0.03 0 04 0.04

Note —Emission-line strengths are given in units of 1042 ergs sec™? for three outer regions cen-
structed so as to'fit onto model 2 of Table 1. The temperature of the outer regions is 2.5 X 104° K,
and the outer radius is denoted by Router. The intensity of the neon lines produced in this region is
negligible,

In Table 3 we present some results for outer atmospheres for model 2 of Table 1. The
inner radius was fixed at 65.5 pc in order to join on the homogeneous model, and the outer
radii were determined by requiring that the calculated energy in the O 11 line equal the
observed value. The temperature in the outer region was chosen to be 2.5 X 10t ° K in
order that there be no contribution to the line Mg 11 A2798 from this area. At 2.5 X 10*°
K, almost all of the oxygen is in the form of O 11, but very little of the Mg is in the form
of Mg 11 (House 1964). The ions Ne 111 and Ne v are also quite rare at this temperature.
It was not necessary to assume a filamentary structure in this region, since the opacity
to electron scattering is small.

A satisfactory fit to the observed line strengths is obtained if, for example, the homo-
geneous model 2 of Table 1 is combined with the outer region 1 of Table 3. The results are
compared with observations in Table 4. Note that the agreement between calculated and
observed strengths of the Hp line, as well as the O 11 line, is much improved in the com-
bined model.

The two-region model described above is not unigue. In particular one could obtain
results similar to those shown in Table 4 by combining the shell model 5 of Table 2 with
the outer region 1 of Table 3. In either case, the characteristic parameters are approxi-
mately the same. Since the results for the three outer regions given in Table 3 are all
approximately the same, one could, in fact, use equally well any of the three outer re-
gions shown.
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VI. SUMMARY

The observed emission-line spectrum can be represented satisfactorily by two kinds of
models that we have investigated. First, either a sphere of filaments or a shell is satisfac-
tory if the oxygen abundance relative to hydrogen is a factor of 5-10 greater than the
solar value. The required density is then ~10* cm™3, the outer radius ~2 X 10? pc, and
the filling factor e ~ 107%, Second, one can also fit the observed line strength with an
abundance ratio of oxygen to hydrogen that is the same as the solar value if the emission
of [O 11] N3727 is assumed to originate in a region that is shielded from the strong lonizing
flux of the central source and is at a temperature ~2.5 X 10* ° K. In both classes of
models, the ratio of helium to hydrogen must be less than the solar value by a factor of 2
or more, and the abundances of neon and magnesium are approximately equal to their
solar values. Our most striking result can be summarized as follows: We have not yet
encountered a case in our analysis of either 3C 273 or 3C 48 in which the abundance of

TABLE 4
COMBINED INTENSITIES FROM TWO REGIONS

Ao Combined Observed
Ion &) Intensity Intensity™*
; 6 4 G.S.
Hg . . 4861 22 17 Oke
Heir . . 4686 04 <2 Oke (1969)
Mg 11 2798 35 $1GS.
gt 3 3 Oke
[O 11]. 3727 3 4 33 GS.
{011 . 5007 11 40 Oke
[Ne 111} . 3869 0.2 <2 Oke (1969)
Nev] . 3426 54 1.7 G.S.

Note.—The calculated emission-line stiengths from modei 2 of Table 1
plus the Quter Region 1 of Table 2 are compared with the observed strengths
All intensities are given in units of 1042 ergs sec™?

# See Table 1 for key to abbreviations

any element relative to hydrogen was required to differ by more than a factor cf 10 from
its solar value.

All of our models are optically thick for wavelengths greater than 912 A. Hence the
observed continuum is expected, on the basis of our models, to change its form at 912 A.
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