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ABSTRACT 

The spectra of two quasi-stellar radio sources, 3C 48 and 3C 273, have been studied in detail. We 
present as full conclusions as we can derive from the redshift, luminosity, emission-hne, and continuous 
spectra. Together with the radio-frequency data and the light variability, these indicate the presence 
of very large total energies in a relatively small volume of space. We deliberately have not attempted 
to discuss the origin of these large energies, nor do we discuss the numerous other physical problems 
concerned with suggested mechanisms in the quasi-stellar objects. 

We first consider other explanations for the large redshifts, in particular the possibility of gravita- 
tional redshift. The presence of relatively narrow emission fines excludes objects near 1 Mq which are 
stable because of the small emitting volume. The presence of forbidden fines sets an upper limit to the 
gas density. Together with a limit to gravitational perturbations on our Galaxy, this leads to a lower 
limit of 1011 Mo, condensed to a 1017-cm radius. Whether such large masses can be even quasi-stable 
has not yet been demonstrated. 

We then adopt the interpretation that the redshifts are cosmological in origin. The absolute visual 
magnitudes are about —26 for 3C 273 and —25 for 3C 48. The forbidden fines of high ionization poten- 
tial are quite strong in 3C 48 relative to hydrogen. By analogy with planetary nebulae and assuming 
normal abundances, with astrophysical details given in the appendices, we derive the electron density, 
Ne, probably near to or less than 3 X 104 cm-3; the electron temperature is not very high, and the mass 
is about 5 X 106 Mo within a radius of 10 pc or more. The emitting volumes are obtained from Né 
and the observed luminosity in H/5 and Mg n. The forbidden fines and the Bahner fines are optically 
thin, but Mg n is optically thick, leading to discussions in the appendices. For 3C 273, in which the 
forbidden fines are weaker, the surprising weakness of [O n] permits a closer estimate of Ne near 3 X 
106 cm-3 and a mass of 6 X 106 Mo within a radius of about 1 pc. 

The fight variations observed in both, with cycles of 10 years or less, suggest the presence of a source 
of optical continuum with a diameter of 1 pc, possibly much less. We urgently need continued observa- 
tions of the absolute intensities of fines and continuum and their variations. The thermal energy supply 
in the H n region is small. The ionized gas must be of low density in the region in which the radio fre- 
quencies are generated, because of free-free absorption and Faraday rotation, i.e., N9 < 10 cm-3 if 
R = 500 pc for the radio source. 

We explore models for synchrotron generation of radio and optical frequencies. If R = 500 pc, total 
energies required for radio emission are relatively low, about 1067 erg at equipartition. The lifetimes 
for exhausting the total energy supply are about 106 years. If we wish to obtain optical synchrotron 
from the same volume as produces radio frequencies, the equipartition energy reaches 1068 erg. If optical 
synchrotron radiation is to arise within a volume 1 pc3, however, the total energy is small, 1054 erg, the 
fife about a year, and serious problems arise, such as cosmic-ray proton colfisional loss, and inverse- 
Compton effect electron loss. Models for the jet radio source 3C 273A offer no particular difficulty. 

We review conditions under two possible age estimates of the inner components of the quasi-stellar 
objects. At 103 years, the object can be in expansion, with a velocity compatible with the emission- 
fine width, about 1000 km/sec. The energy supply is sufficient for the radio spectrum, and the kinetic 
energy of the H n region is nearly enough to maintain the optical emission. On this hypothesis, the 
jet in 3C 273 and the nebular wisps in 3C 48, which are 150000 light-years in size, must have origi- 
nated in a separate event. 

If the age is 106 years, the H n region energy is much too small; in addition, its small radius and 
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2 JESSE L. GREENSTEIN AND MAARTEN SCHMIDT 

large internal motion would need to be stabilized by a gravitational mass near 109 TTo, inside the H n 
region. The radiated energy in 106 years is near 1060 erg, so that nuclear-energy sources of 109 Mq are 
required. The simplest model of the quasi-stellar sources is one in which a small mass of 109 Mq is 
surrounded by shells of increasing radius in which the optical continuum, the emission lines, and the 
radio continuum, respectively, originate. The relation of these objects to the most intense radio gal- 
axies is unclear. The quasi-stellar sources have small optical size, a high ratio of optical to radio emis- 
sion, and an optical luminosity so high that, if their age exceeds 1000 years, continued input of energy 
is required from some not directly observable source. Table 11 gives a brief résumé of numerical results. 

I. INTRODUCTION 

The present paper deals with optical objects of stellar appearance that have been as- 
sociated with radio sources. The first radio source so identified was 3C 48, for which 
Matthews, Bolton, Greenstein, Münch, and Sandage (1960) announced the stellar ap- 
pearance of the associated optical object. Subsequently, the radio sources 3C 196 and 
3C 286 were identified with similar optical objects (Matthews and Sandage 1963), as 
was the source 3C 147 (Schmidt and Matthews 1964). The optical spectra of these four 
quasi-stellar objects appeared quite dissimilar, and no satisfactory identifications of the 
emission features could be obtained. The identification of the radio source 3C 273 with 
a bright object of stellar appearance provided a clue when it was found that its spectrum 
could be understood on the basis on an unexpectedly large redshift (Schmidt 1963). The 
spectrum of 3C 48, although of a rather different nature, could be explained by an even 
larger redshift (Greenstein and Matthews 1963). 

The present discussion is limited to the quasi-stellar radio sources 3C 48 and 3C 273; 
the observational data are given in Sections II and III. The possibility of interpreting the 
redshift as the gravitational effect of either very dense or very massive objects is dis- 
cussed in Section IV. The finally adopted interpretation of these quasi-stellar radio 
sources as distant, superluminous objects in galaxies, or intergalactic objects, is discussed 
in the remaining sections. 

II. THE SOURCE 3C 273 

A*' remarkably detailed study of the radio source 3C 273 has been made by Hazard, 
Mackey, and Shimmins (1963) using lunar occultations. They found that the source is 
double, with a separation of 19.5" between the components. Component A has a diameter 
of 4" at 400 Mc/s, ánd a spectral index of 0.9. Component B has a diameter of 3" at 
400 Mc/s, with a spectral index near zero. This component has a core with a diameter of 
about 0.5" which contributes about half the flux at higher frequencies (Hazard, private 
communication). The position of each of the components was determined with an ac- 
curacy of around 1". 

The two components coincide almost precisely with a thirteenth-magnitude star and 
the end of a faint jet. Figure 1 shows an enlarged portion of a 200-inch photograph taken 
by Sandage. The star is 1" east of Component B and the end of the jet 1" east of Com- 
ponent A. The jet is between 1" and 2" in width, begins 11" and ends 20" from the star. 
This is one of the few radio sources where one of the two components coincides with the 
optical object. Another case may be M87 where an asymmetric jet is also present. 

Spectra of the star were taken in December, 1962, and January, 1963, with the prime- 
focus spectrograph at dispersions of 190 and 400 A/mm. Figure 2 shows a spectrum with 
original dispersion of 400 Â/mm. The broad emission lines were found in a pattern re- 
sembling the Balmer series with an unexpectedly large redshift, z = AX/X0 = 0.158 
(Schmidt 1963). The identification with the Balmer oseries was confirmed by Oke’s 
(1963) observation of Ha redshifted to X 7590 ± 10 Â. The wavelength of 7590 Â is 
strongly affected by its chance superposition on the head of the atmospheric A-band of 
02. An infrared spectrum taken by Schmidt shows Ha as an asymmetrical double wide 
line, the faint red component at 7617 A corresponding with the first minimum in the 
absorption of the 02-band. Thus, the wavelength of Ha cannot be obtained with high 
accuracy. 
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Fig. 1.—Enlarged portion of 200-inch photograph of 3C 273 (from a 103a-D plate taken by 
A. R. Sandage); north is up, east to left. The weak narrow jet visible in position angle 223° 
reaches to about 20" from the quasi-stellar object. 
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QUASI-STELLAR RADIO SOURCES 3 

Table 1 contains the observed wavelengths and identifications. Besides the Baimer 
lines, the identifications involve the Mg n doublet at about 2800 Â, and the strongest 
forbidden line of [0 m]. The fit is quite satisfactory for the identifiable lines. The mean 
redshift is 0.1581 ± 0.0004; this internal mean error corresponds to about + 4 Â per line 
and is quite reasonable for the dispersion and line quality. The identified lines are about 
50 Â wide. No detailed explanation of the broad lines can be given, although the XX 4490- 
4675 group (possibly also present in 3C 48) could be the blend of He n, C m, C iv, and 
N in found in hot emission-line stars or in Type II supernovae. Interstellar Ca n ab- 
sorption lines have been found by Preston (private communication), and subsequently 
also on a Palomar spectrum with a dispersion of 85 Â/mm. This plate also shows a 
weak, sharp emission line at 4318 A, corresponding to X 3727 of [O n]. It has the correct 
shift, but cannot come from the same physical volume or have been formed under the 
same excitation conditions as the other lines. 

TABLE 1 

Emission Lines in 3C 273 

Wavelength* 

Xo 

Identification X/Xo 

3239  
4595  
4753  
5032  
5200-5415. 
5632  
5792  
6005-6190. 
6400-6510. 

2798 
3970 
4101 
4340 

(4490-4675) 
4861 
5007 

(5186-5345) 
(5527-5622) 

Mg II 
He 
HÔ 

H/3 
[O III] 

1.1576 
1.1574 
1.1590 
1.1594 

1.1586 
1.1568 

Weighted mean . . . .1.1581+0.0004 

* A sharp, weak line at 4318 Â is possibly X 3727 [O n] emission. 

The continuum is blue with a nearly flat energy distribution, bluer than that of the 
quasi-stellar objects discussed by Matthews and Sandage (1963). The apparent bright- 
ness of the star is mv — +12.6, or a flux of 3.5 X 10-25 erg cm-2 sec-1 (c/s)_1 at X 5600, 
according to Oke (1963). According to new measures by Oke, the Balmer gradient is not 
steep. His further measurements provide information on the excitation mechanism, and 
on the relative importance of Paschen, Balmer, and synchrotron continua. 

Smith and Hoifleit (1963) have inspected the Harvard Patrol plates and found that 
the brightness of the star is nearly the same as it was 80 years ago. They report fluctua- 
tions up to 0.4 mag. with a rough period of about 10 years and scattered brightenings of 
a month’s duration. Sharov and Efremov (1963) reported similar variations. 

The proper motion is less than 0.01"/yr according to Luyten (1963), and less than 
0.001"/yr according to Jefferys (reported at the Dallas Conference on Gravitational Col- 
lapse and the December 1963 AAS meeting). 

III. THE SOURCE 3C 48 

The radio source is smaller than 1" and apparently single. The photographic image of 
3C 48 is stellar except for faint reddish wisps about 12" N.-S. by 5" E.-W. The star is 3" 
north of the center of these weak features, whose distribution of intensity is irregular 
(Matthews and Sandage 1963). 
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4 JESSE L. GREENSTEIN AND MAARTEN SCHMIDT 

The first spectra of the stellar object, obtained in October, 1960, by Sandage, were suf- 
ficiently abnormal to show that this object was not an ordinary star or an extragalactie 
nebula of moderate redshift. An excellent spectrum at dispersion 190 Â/mm by Münch 
and several by Greenstein at dispersions of 190 and 400 Â/mm in 1961 established the 
existence of a nearly featureless continuum extending far into the ultraviolet and of weak, 
broad, emission lines not observed in normal or peculiar stars. Some details were reported 
by Greenstein and Münch (1961). 

Figure 3 shows two spectra (6-hour exposures) of the blue region, original dispersion 
190 Â/mm; the faint emission features are real, broad, and of low contrast. The colors 
(B — V = +0^41, U — B = — 0^59) are not far from those of a cool white dwarf and 
indicate the extension of the spectrum into the ultraviolet. A trace of weak, sharp, Ca n 

TABLE 2 

Probable Real Lines with Identifications in 3C 48* 

10 
1 
1 
1 
2 
1 
0 
0 
1 
0 
3 
0 
3 
5 
5 
1 
3 

10 
2 

20 

Int. X Xo Quality Identification X/Xo 

E. 
A. 
A. 
A. 
E. 
E. 
A. 
A. 
E. 
E. 
E. 
A. 
E. 
E. 
E. 
E. 
E. 
E. 
E. 
E. 

3832.3 
3892 
3934.7 
3969 
4048.2 
4065.7 
4139 
4151 
4166 
4205.3 
4356 
4553.7 
4575 
4685.0 
5097 
5136 
5288 
5935 
6349: 
6646 

/2796\ 
\2803/ 

3933 
3968 
4047 
2975: 

4358 

3346 
3426 

|3726\ 
\3729/ 

3869 
4340 
4640-50 
4861 

Broader than 
average 

Sharp 
Sharp 
Sharp 
Broad 
Broad 
Broad 
Broad 
Broad 
Sharp 
Sharp 
Broad 
Broad 
Broad 
Sharp 
Sharp 
Sharp 
Broad 
Broad 
Very broad 

Mg II 1.3697: 
? 
Ca II, interstellar? 
Ca II, interstellar? 
Hg I, night sky 
[Ne v] 1.3667: 

Probably night sky 

Hg I, night sky 

[Ne v] 
[Ne v] 

1.3673 
1.3676 

[O II] 1.3676 

[Ne III] 1.3668 
1.3675 

H/3 1.3672 

Weighted mean (X/Xo) . . .1.3675 + 0.0002 

* It is possible that [O in] is present and strong at the extreme red end of the plate sensitivity. 

absorption lines is seen, and also, on one plate, a line near X 3888. The stationary H- and 
K-lines are interstellar and are somewhat strong for the high latitude and low dispersion 
used. 

Table 2 contains a list of lines, measured at least twice, from which all obvious night- 
sky lines and dubious stellar lines have been omitted. Most of the features of Table 2 are 
probably real. Figure 4 is a sketch of the most significant featues, in the blue, derived 
from the mean of direct-intensity tracings of two plates at 190 Â/mm, uncorrected for 
plate sensitivity. The exposures, 5-6 hours in length, have airglow features, the Herzberg 
bands of 02, some city mercury lines, and slight traces of N2 and N2

+ (low-latitude 
aurorae). Broad minima are suspected in the blue, at observed XX 4230, 4310. The X 3832 
feature has a half-width of 35 Â, as compared to the other weaker emissions, which aver- 
age 23 Â. 

The coincidence in wavelength of the strong emission feature in 3 C 48 (at 4685 Â) with 
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QUASI-STELLAR RADIO SOURCES 5 

the X 4686 line of He n figured importantly in earlier attempts to explain the spectrum 
as that of a star of zero redshift. After the discovery by Schmidt of a large redshift in the 
Balmer spectrum of 3C 273 it was found that the strongest lines in 3C 48 can be identi- 
fied (see Table 2) using a redshift AX/X0 = 0.3675 + 0.0003 (Greenstein and Matthews 
1963). The wavelength of the blended Mg n resonance doublet is somewhat discrepant, 
possibly caused by self-absorption in an expanding envelope. A recently obtained low- 
dispersion spectrum at 760 A/mm in the red shows the redshifted hydrogen lines H7 and 
H/3. A direct-intensity tracing is shown in Figure 5. The rapid drop in the 103a-F plate 
sensitivity at longer wavelengths and the presence of the atmospheric B-band make 
identifications from X 6700 to X 6850 difficult. But there is some evidence for a broad 
sensitivity maximum here, not measured, but corresponding to the redshifted wave- 

x 

Fig. 4.—Mean of two microphotometer tracings of 3C 48 (not on an intensity scale). There is a 
possible slight contamination of XX 3935, 3969 by moonlight. NS means night-sky emissions. Red- 
shifted lines of Mg 11 and [Ne v] are indicated. 

lengths of the N1 and N2 [O m] lines. These have been confirmed by spectral scans by 
Oke. The hydrogen lines are 80 Â wide near the continuum level, suggesting a Doppler 
half-half-width of 1100 km/sec. There is a possible broad feature whose corrected wave- 
length is near X 4643. 

IV. THE POSSIBILITY OF GRAVITATIONAL REDSHIFTS 

Redshifts as large as those found for 3C 48 and 3C 273 have thus far only been en- 
countered in distant galaxies. Both sources have a dominant optical component with an 
angular diameter of less than l", simulating the appearance of a star. The observed red- 
shifts cannot be explained as velocity shifts of ordinary stars; the low upper limit to the 
proper motion of 3C 273 in conjunction with a transverse velocity of the same order as 
the observed redshift would lead to a minimum distance of 10 Mpc, and an absolute 
magnitude higher than —16. We shall discuss in the present section a possible interpreta- 
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6 JESSE L. GREENSTEIN AND MAARTEN SCHMIDT Vol. 140 

tion in terms of gravitational redshifts. We divide the considerations into those relevant 
to collapsed “neutron” stars and to very massive objects. 

Let us investigate the consequences of assuming that the redshift is of gravitational 
origin. The gravitational redshift is 

AX _GM 

X0 *Rc* 

= ,.47X10."^, 

Fig. 5.—Microphotometer tracing of a low-dispersion spectrum of 3C 48 in the red, November 19, 
1963. The source was near V = 16“5 on all dates for which spectra of 3C 48 are reproduced. 

where R is the mean radius in centimeters. The width w of the emission lines, though con- 
siderable, is but a small part of the redshift AX. If the line width is due solely to the varia- 
tion of gravitational potential over the region containing ionized gases, they must be 
confined within a shell with thickness Ai?, such that 

AR/R = w/A\ . (2) 

Table 3 shows some relevant data for the two sources. 
Stars of very high density (approaching that of compressed nuclear matter) may re- 

sult from the collapse of a massive star or of a supernova of Type II. A stable stellar 
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No. 1,1964 QUASI-STELLAR RADIO SOURCES 7 

nucleus could remain surrounded by a gaseous envelope. The gravitational potential 
energy of such dense objects approaches the rest-mass energy. The star will contain neu- 
trons or, at higher densities, protons and hyperons. Work by Wheeler (1958), Cameron 
(1959), and Salpeter (1961) gives stable models in the range of central densities, pc, 1015 

to 1019 gm/cm3. The gravitational redshift at their surface gives z in the range 0.1 up to 
about 0.6 (with considerable uncertainty at the upper bound). Unfortunately, the theory 
of collapsed stellar configurations is still in doubt and incomplete. Oppenheimer and 
Volkoff (1939) give a maximum redshift near 2 = 0.11 for a neutron gas with degenerate 
pressure. Cameron’s models, with a specific nuclear repulsion law, apparently permit a 
larger mass and redshift. Cameron found for pc = 1013 gm/cm2, z = 0.002; for pc = 1015, 
2 = 0.14 (near 3C 273); and for pc = 2 X 1015, 2 = 0.35 (close to 3C 48). Ambartsumian 
and Saakyan (1961) have also studied the properties of the neutron-baryon stars and 
found an error in Cameron’s application of his equation of state. Essentially, Am- 
bartsumian and Saakyan (1961) first found that the maximum mass lay near 1.03 Mo, 
at a density where hyperons were the most abundant constituent. Saakyan (1963) found 
that Cameron’s masses, even with the latter’s equation of state, were too large by a fac- 

TABLE 3 

Interpretation Involving Gravitational Redshift 

3C 48 3C 273 

AA/Ao  
w (Angstroms).... 
R (cm)  
AR/R  

0.367 
^30 
4.0X106 M/Mo 
0.016 

0.158 
~50 
9.3X106 M/Mq 
0.07 

tor of approximately f. Ambartsumian and Saakyan find a maximum value oî Mo/ 
Rkm = 0.28 for an incompressible baryon gas, which gives a maximum 2 = 0.42. This is 
just above the observed value (0.37) for 3C 48. A general discussion by Bondi apparent- 
ly will make possible evaluation of the maximum possible 2. His present limit, 2 < 1.5, 
involves negative density gradients. A more useful limit, as low as 2 < 0.6, seems within 
the range of plausibility. 

A much more positive argument arises from evaluation of the emission from ionized 
hydrogen. At an electron temperature Te and electron density Ne the emissivity in Hß 
is (Aller 1956) 

E(Hß) = 2.28 X IO"19 Ne
2Te-*

/2bt exp (0.98 X 104/re) , (3a) 

where ¿>4 measures the deviation from equilibrium population of the upper level of Hß. 
We assume Te = 104 0 K, and a typical average nebular value of ¿>4 = 0.16. Then we 
compute 

E(Hß) = 1.0 X 10~25 N? erg sec-1 cm-3. (3b) 

The observed brightness of Hß in 3C 273 is 3.4 X 10~12 erg cm-2 sec-1. Equating this to 
the emission from a volume, V, of ionized hydrogen at a distance, r, yields the relation 

IO-25 V N2 = 3.4 X 10-12 47rr2. (4a) 

Here V = 47ri£2Ai£, and Ai£ = 0.07 R is obtained in Table 3 from the width of the 
emission lines. Finally we have 

N 2R?f~2 = 4 X 1014 cm-5. (4b) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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8 JESSE L. GREENSTEIN AND MAARTEN SCHMIDT Vol. 140 

Let us first consider the possibility of a collapsed body of nearly normal stellar mass. 
The absence of observable proper motion makes a distance less than 100 pc very unlikely. 
Introducing this minimum distance into equation (4b) leads to the inequality 

N?RZ > 4 X 1055 cm-3. (4c) 

If the mass of the object is 1 Mo, then R « 106 cm, from Table 3, and we need iVe > 6 X 
1018 cm-3. This density is very much larger than the maximum electron density of about 
108 cm-3 which is imposed by the appearance of a forbidden line in the spectrum. This 
enormous discrepancy cannot be removed by any other choice of Te, or of ¿4, in equation 
(3a), and we are forced to the conclusion that the spectrum of 3C 273 cannot be explained 
by gravitational redshift near a star of about 1 Mo. Similar conclusions can be reached 
with regard to 3C 48, in which the forbidden lines are very strong, making the upper 
limit to Ne even lower. 

The total luminosity in Hß at Afe = 6 X 108 cm-3 exceeds 1030 erg sec-1. A black 
body oîR = 106 cm and T — 104 ° K emits 7 X 1024 erg sec-1; therefore the emission-line 
flux exceeds that from a black body, which is impossible. In fact, so high an electron 
density would result in a largely neutral gas opaque to its own radiation. The mono- 
chromatic flux at Earth from an object of radius R cm at a distance of rpC, using the infra- 
red approximation to the black body, is 

Fydv = 10-73 Tv2dv erg sec-1 cm-2(c/s)-1. (S) 
V ^pc / 

With R = 106 cm, rPc = 102, v = 6 X 1014, we have 7% — 4 X 10-36 T erg sec-1 cm-2 

(c/s)-1 at 5000 Â. Since the observed Fv ^ ^X 10-25 for 3C 273, we require that T = 
1011 ° K if the black-body radiation of a 10-km star is to produce the continuum. 

The discovery of hyperdense stars would be of great interest in theoretical physics; 
our conclusions suggest that optical detection is hopelessly difficult. From the theoretical 
physics side, in addition, if only neutron degeneracy determines the pressure, the red- 
shifts already observed are too large to be explained in this manner. 

Another possible interpretation of a gravitational redshift, from equation (1), is that 
it arises in an object of very great mass and moderate radius, e.g., 108 Mo and R = 1014 

cm. We disregard for the moment questions regarding the stability of such a configura- 
tion. If such an object is located in or near our Galaxy, an additional limiting condition 
on its distance can be derived from its gravitational perturbations on the local dynamics 
of the Galaxy. The acceleration for stars near the Sun due to a single radio source cer- 
tainly should be less than 10 per cent of that of the whole Galaxy, which gives 

M/Mo < 10-35 r2. (6) 

The emission in Hß, from equation (3b), yields a flux at the Earth of 

F(Hß) = 10-26 Ne
2R2 AR r~2. (7) 

Combining equations (1), (6), and (7), 

r4 > Ne-
2{AR/R)~l (AX/Xo)310114*5F(Hß) , (8a) 

M/Mo > Ne~l (AÆ/Æ)-1/2(AX/X0)3/2 1022-2 [F(Hß)]1/2. (8b) 

The Hß fluxes are 3.4 X 10-12 and 4.4 X 10-14 erg cm-2 sec -1 for 3C 273 and 3C 48, re- 
spectively; the redshifts and AR/R from Table 3 give approximately the same results 
for the two sources: 
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No. 1,1964 QUASI-STELLAR RADIO SOURCES 9 

fpc > 8 X 10e Ne~ll\ 
(9) 

M/Mo > 7 X 1016 Ne~l. 

We will see that the spectra, containing forbidden lines, are not consistent with an Ne 

very different from 107 cm-3 for 3C 273, and a somewhat lower value, 106 cm-3 for 3C 48. 
The resulting values are for 3C 273, rvc > 2500, M/Mo > 7 X 108 and for 3C 48 
fpc ^ 25000 and if/If o > 7 X 1010. These minimum values are derived for the unhkely 
case of a gravitational perturbation 10 per cent that of the attraction of the Galaxy. 
From the structure of the equations, when we lower this upper limit to the perturbation, 
we increase the mass and radius in equation (9). The high latitude of 3 C 273 (b= 60°) 
and the fact that the above mass and distance are minimum values make it quite safe to 
conclude that the interpretation of the redshift as a gravitational effect also requires an 
extragalactic nature for these quasi-stellar objects. We are reminded here of the gravita- 
tionally collapsing masses investigated by Hoyle and Fowler (1963; see also Fowler and 
Hoyle 1964) with a view to gaining some understanding of the origin of the very large 
energies required in the strong extragalactic radio sources. At present, there is no as- 
surance from the theory, and it may even be viewed as unlikely, that 1011 Mo within a 
radius of 0.01 pc are stable. If gravitational implosions should occur, it is difficult to see 
what train of theoretical arguments would lead to a gaseous shell of fixed radius and 
10“4 pc thickness. Under large gravitational attraction, only a very narrow range of 
temperature (or explosion velocities) could produce such a scale height. It is difficult also 
to understand why the density distribution would be such as to make the emission lines 
quite symmetrical. On this hypothesis the red wing would originate in the inner part and 
the blue wing in the outer part of a thin shell. 

We believe that the postulation of stable, or nearly stable, objects of size less than 1 
pc, with masses near those of galaxies, in nearby intergalactic space is not really justified 
at present. Consequently, we reject gravitational redshift as a basis for explanation of the 
large redshifts observed in 3C 48 and 3C 273. If stable, massive configurations exist, we 
must re-examine this possibility. The mass-radius relation would have to be such as to 
give larger gravitational redshifts for fainter objects. Although the range of shifts is small 
(a factor of 3 with recent discoveries), if we interpret the shifts as cosmological we de- 
duce consistent optical and radio absolute fluxes for sources at various redshifts. The 
unprecedented combination of redshift, apparent luminosity, and appearance of 3C 48 
and 3C 273 will require an unorthodox explanation. 

V. EMISSION LINES IN A SUPERLIJMINOUS GALAXY 

Let us assume as the surviving hypothesis that the redshifts for 3C 48 and 3C 273 
are cosmological redshifts. With a Hubble constant of 100 km sec-1 Mpc-1 the distances 
are 1100 and 474 Mpc, respectively. The absolute visual magnitudes become about —25 
and — 26, respectively, making these objects the brightest yet known in the universe. 

The upper limits for the angular diameters of the optical starlike components, from 
visual inspection, are 1" for 3C 48, and for 3C 273, corresponding to 5 kpc, and 1 kpc, 
respectively. The southern end of the optical wisps of 3C 48 is at a distance of about 50 
kpc in projection. The end of the jet in 3C 273 is also at a projected distance of about 50 
kpc from the quasi-stellar object. If these features have been ejected from the central ob- 
jects, this event took place at least 2 X 105 years ago. 

At these distances, corrections to luminosities depend on the specific world model. For 
an approximate determination of the fluxes in the emission lines we use the formulae 
given by Sandage (1961) based on Mattig (1958). For the energy contained within an 
emission line, in which we integrate over the entire profile, the correction to the inverse- 
square law is of the form (1 + z/2)2 if the cosmological constant and deceleration param- 
eter are zero. It is (1 + z)2 for the steady-state model. We use the (1 + z/2)2 correction 
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in Table 4 to obtain the luminosity, L, in each line from the measured equivalent widths, 
JV. Note that the emission-equivalent widths, in units of the neighboring continuum, are 
only poorly determined, because of the low contrast and width of the lines. In addition 
we used interpolated estimates of the flux in the continuum, as measured by Matthews 
and Sandage (1963) for 3C 38 and Oke (1963) for 3C 273. 

The spectra observed are not too different from those of planetary or diffuse nebulae, 
except for the presence of Mg n, hitherto undetected because of terrestrial ozone absorp- 
tion, but probably present in other nebulae. In the study of spectra of emission regions it 
is the distribution over various levels of ionization that introduces the greatest uncer- 

TABLE 4 

Emission-Line Luminosities 

3C 48 3C 273 

r Mpc  
(1+2/2)2  
47rr2(l+2/2)2 cm2. . . 
W (Angstroms) : Hß. 

L (erg sec 9 : 

Mg II. 
[Ne v]. 
[O II]. 
[O III] 
H/3. . . 
Mg II. 
[Ne v]. 
[O II]. 
[O III] 

1100 
1.40 
2.0X1066 

28 
10* 
6* 

12* 
Present 
6.4X1042 

3.1X1042* 
1.7X1042* 
3.3X1042* 
Present 

474 
1.16 
3.1X1066 

86 
11* 
Absent 
Absent? 
24* 
8.8X1043 

4.0X1043* 

3.1X1043* 

* The sum of W of the two lines of each doublet is given, except for ÍV of [O m], 
which is for X 5007 only. L is the sum over each doublet. 

tainty in the determination of element abundances. This problem exists even more 
strongly for the spectra at hand, since the ultraviolet radiation field is unknown.1 We have 

1 Note added in proof.—The levels of ionization of common elements have been computed approximate- 
ly by House (Ap. J. Suppl., 8, 307, 1964) for coronal conditions, far from Boltzmann equilibrium in the 
absence of ultraviolet quanta. Colhsional ionization is balanced by colhsional and radiative recombina- 
tions. House’s computations were made specifically for laboratory or solar plasma, i.e., very high electron 
density, 1016 cm-3. At lower electron density, they are incorrect if radiative ionization rates are in any 
way appreciable. For us, the most critical question is whether the weakness of [O n] in 3C 273 could arise 
from such anomalous colhsional ionization; we give below his values of the logarithm of the fractional 
concentration of an ion, in units of the total number of all ions of that element present, as a function of 
Te in eV (1 eV = 11600° K). 

LOG N(lON)/iV(ELEMENT) 
Equilibrium 

r = l eV 1.8 eV 3 eV 6 eV 10 eV 

OVO  
0+VO  
Ne+VNe. . . 
Ne+++VNe. 
MgVMg. . . 

—1.5 0.0 
—4.5 
—5.0 

—0.2 
—0.8 
—1.4 

0.0 —0.7 —2.6 

—1.9 
—0.3 
—0.1 
—5.0 
—3.8 

—4.9 
—1.7 
—1.5 
—0.8 
—4.9 

Inspection shows that there is no Te which makes 0+ weak and leaves present without highly ioniz- 
ing Mg+. Consequently, the weakness of [O u] in 3C 273 is confirmed as a density effect even if the ioniza- 
tion is colhsional. The presence of [Ne in] and [Ne v] in 3C 48 requires Te> 2 eV, i.e., higher than we 
used, and their weakness in 3C 273 suggests Te < 3 eV. The probable values of electron temperature in 
the colhsional case do not differ much from those obtained by our use of an analogy with planetary 
nebulae. 
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tried to circumvent the problem as well as possible by comparing the spectra with those 
of planetary nebulae and normalizing our computations to give intensities observed in 
plane taries of similar excitation. We assume that the chemical composition of the emit- 
ting regions is “normal/7 and that the electron temperature is de = 0.3 (slightly higher 
than normal). (See Appendix I for a detailed discussion of Be.) 

We have revised and improved the expressions given by Aller (1954) for ??2, the devia- 
tion from thermodynamic equilibrium in the levels producing the nebular lines; we use, 
in particular for [O n], the work of Seaton and Osterbrock (1957) and compute the 
populations of the 2A>/2 and 2D3/2 levels separately before adding the intensities. The 
predicted emission per cubic parsec is given in Table 5 on a scale where 0+ and O"1-1" have 
the same abundance, taken as 10-4 that of hydrogen, and where 'Ne++ and Ne++"H' are 
taken as 10-5 that of hydrogen; we assume iV(H+) = Ne. Where more than one nebular 
line is present, the sum of the intensities is given. Elements like Ne and O have a con- 
centration near this value, and the distribution over the various ionization levels could re- 

TABLE 5 

Predicted Luminosities in Forbidden Lines, B.ß and Mg ii 
(de = 0.3; log E(x) in erg sec-1 pc-3) 

LOG Ne 
CM“3 

LOG p 
Mq pc-3 

LOG E(X) 

[0II]5 [O in]5 [Ne ni]t [Ne v] f H/3 Mg ii í 

0.4 
1.4 
2.4 
3.4 
4.4 
5.4 
6.4 

35.1 
37.0 
38.7 
40.0 
41.0 
42.0 
43.0 

35.7 
37.7 
39.7 
41.7 
43.5 
44.8 
45.8 

34.8 
36.8 
38.8 
40.8 
42.7 
44.6 
46.1 

34.7 
36.7 
38.7 
40.7 
42.7 
44.6 
46.2 

34.0 
36.0 
38.0 
40.0 
42.0 
44.0 
46.0 

33.4 
35.4 
37.4 
39.4 
41.4 
43.4 
45.4 

* The ions of oxygen, 0+/0++, vary greatly from one planetary nebula to another; the ratio is often less than 0.1. We adopt 
O/H = 10-3, 0+/H = 3 X 10-5, and 0++/H = 5 X lO“*. 

f The mean abundance used is Ne/O = 0.2 and the ions are spread evenly over Ne++ to Ne++++, i.e., Ne++/H = 7 X lO-6. 
Lower excitation planetaries have Ne++/Ne++++ greater than unity. 

X The abundance Mg/H is taken as 3 X lO-5. The very rough ionization equilibrium in planetaries varies enormously at the 
low ionization-potential end, but (1 — *mk+) is taken as 10-3, withMg++ assumed dominant. 

suit in Table 5 being approximately correct. The table also contains the predicted in- 
tensity of the hydrogen line, Hß, per pc3, derived from equation (3a). We use higher 
temperature 6e = 0.3, ¿>4 = 0.16, and normal composition instead of equation (3b) to 
give results tabulated in Table 5. 

The Appendix contains a detailed study of the [Ne v] and Mg n lines. A very serious 
problem, comparable to that of Lyman-a, is raised by the high opacity in the Mg 11 
lines. The strength of Mg 11 results from its high abundance, the low energy required, 
4.42 eV, and the large collisional cross-section, Í2 « 25. The latter has been estimated by 
van Regemorter (1960a, b) for collisions of moderate energy. From his work, the Ca n 
resonance doublet has fí « 6, and since the normal abundance ratio Ca/Mg is near 0.06, 
the product of abundance times cross-section is near 0.015. The ionization of Ca+ would 
also be greater than that of Mg+, so that the great strength of Mg 11 is not completely 
unexpected; Daub (1963) had derived its intensity in discussing planetary nebulae. In 
the rocket solar spectra, the Mg n resonance doublet is outstandingly strong (Friedman 
1963). The collisional de-excitation of the upper level of the Mg 11 line is negligible for 
Ne < 1016 cm-3. The emission of Mg 11 summed over the two lines is 

£(Mgn) = N2hvA2i= Ni(Mg+)Ne — ChpiO-i-^e1 (io) 
Si 
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where 
c = 8.54 x io-6 re-

i/2. 

Let iV¿(Mg+) be ZxNe, where ZxNe represents the Mg+/H ratio. Then if Mg+ were the 
dominant stage of ionization of Mg, log Zx = —4.5 using its normal solar abundance. 
Retaining ^Mg+, its level of second ionization as a parameter, gives the effective number 
log Ari(Mg+) = — 4.5 + log (1 — #Mg+) + log Ne* We neglect recombination as a source 
of population of the upper level of the X 2800 doublet. Finally, the emission per cubic 
parsec in the Mg n doublet is 

£(Mg n) = 2.6 X 1032 ^(1 - *Mg+) . an 

It is very difficult to estimate the level of ionization of Mg+ as compared to 0++ or Ne-^ 
or Ne'l",-H'. The latter are usually the dominant states of ionization in high-excitation 
planetary nebulae. The results given by Aller and Menzel (1945) and Aller (1954) indi- 
cate a quite flat distribution of concentration over the various ions with 0+/0++ near 
0.1. The data on NGC 7009 and 7027 obtained by Aller suggest, after considerable 

TABLE 6 

Comparison of Observed and Predicted Line Intensities 
(Normalized to Hß) 

LOG E(X)/(H/S) 

[O n] [O m] [Ne m] [Ne v] 

3C 48  
NGC 7027  
Table 5, A^IO6  
Correction based on NGC 7027 

IC418  
Table 5, Ne= 103  
Correction based on IC418  

-0.3 
-0.8 

0.0 
-0.8 

+0.3 
+ 1.0 
-0.7 

Present 
+ 1.2 
+ 1.7 
-0.5 

+0.2 
+1.7 
-1.5 

(-0.6) 
-0.1 
+0.8 
-0.9 

-1.5 
+0.8 
-2.3 

-0.6 
-0.1 
+0.7 
-0.8 

Abs. 
+0.7 
-2.3 

extrapolation, that Mg+, with an ionization potential of 15 eV, is 10~3 of total Mg, the 
balance being Mg^4", with an 80-eV ionization potential. Consequently, in Table 5 we 
have assumed 1 — XMg+ = 10~3. 

The energies are large enough so that only a few cubic parsecs are needed, if JVe > 
105, to match the observed emission-line strengths. We cannot view the predicted relative 
intensities as final, because of the uncertainties of abundances and concentration of ions. 
In Table 6 we give observed line intensities (O’Dell 1963) in the high-excitation planetary 
nebula, NGC 7027 (which has log JVe = 3.7, 0e = 0.3) and repeat the row, log A* = 5 
from Table 5. Note that 3C 48 runs parallel to NGC 7027, except that it has stronger 
[O n], weaker [Ne v], and possibly weaker [Ne m], for which only a rough estimate can 
be given. The corrections to Table 5 suggested by NGC 7027, on the average, are a factor 
of —0.8 in the logarithm, but the variations are smaller than a factor of 10. Just as in 
planetary nebulae, we have a considerable range of ionization level, with 3C 48 and 
3C 273 differing very appreciably. The presence of strong [O m] in 3C 48 may be sug- 
gested by the results shown in Figure 5 where there seems to be a strong, excess emission 
longward of Hß. Oke kindly informs us that photoelectric scans have, in fact, shown 
that [O m] is present. The rough intensities in 3C 48 give corrections which are not very 
different from those suggested by NGC 7027 and suggest a slightly lower level of ioniza- 
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tion, since [O ii] is stronger and [Ne v] weaker. We adopt a set of corrections shown in 
the fourth line of Table 6 and recompute part of Table 5, shown in Table 7A. No correc- 
tion to the predicted Mg n intensities is made, since observations in planetary nebulae 
are not available. The correction to the O and Ne ionic concentrations may reflect 
peculiarities of ionization, a slightly lower than normal abundance, or most probably 
a wide variation in density and size of the emitting region for different ions. 

The spectrum of 3C 273 is similar to that of a low-excitation planetary nebula in that 
it shows no [Ne v] or [Ne m]. However, no low-excitation plane taries are known in 
which the X 3727 line of [0 n] is weak or absent, as is the case in 3C 273. The most likely 
explanation is that the electron density is considerably higher than the values of 103 to 
104 cm-3 usually encountered in planetary nebulae. 

In Table 6 we attempt to obtain corrections for 3C 273 also, with less certain results. 
The [O in] line X 5007 is present, but is not strong. No clear evidence for the presence 
of [O n] X 3727 is found, although on one higher-dispersion plate (85 Â/mm) a trace of a 

TABLE 7A 

Corrected Predicted Emissivities for 3C 48; Radius and Hydrogen Mass 
Derived from Observed Rß Luminosity 

LOG Ne 
CM" 3 

LOG E(X), ERG SEC-1 PC" 

[0 II] [O III] [Ne m] [Ne v] Mg ii H/S 
LOG Rv LOG M(H)/ 

Mq 

log L(X) ob- 
served. . . 

34.3 
36.2 
37.9 
39.2 
40.2 
41.2 

35.2 
37.2 
39.2 
41.2 
43.0 
44.3 

33.9 
35.9 
37.9 
39.9 
41.8 
43.7 

33.9 
35.9 
37.9 
39.9 
41.9 
43.8 

33.4 
35.4 
37.4 
39.4 
41.4 
43.4 

34.0 
36.0 
38.0 
40.0 
42.0 
44.0 

+2.73 
+2.06 
+1.39 
+0.73 
+0.06 
-0.61 

42.5 (Strong) (Present) 42.2 42.5 42.8 

9.2 
8.2 
7.2 
6.2 
5.2 
4.2 

sharp line is seen at the correct wavelength, allowing for redshift. We compare the spec- 
trum of 3C 273 with that of the low-excitation planetary nebula IC418. The planetary 
shows weak [Ne m] (3C 273 shows none), and the [O m] line X 5007 is about 1.5 
times H/3 in strength. In 3C 273 this line is about J Hß in strength, suggesting either 
lower ionization of O or a very high density. Table 5 shows that the low ratio of [O n]/ 
[O m] requires very high density. It seems best to use the corrections to Table 5 derived 
from IC418 in Table 6; Table 7B gives the predicted emissions. The [O n] line seems to 
be present, but very faint and with anomalous structure; the predicted [O nJ/[0 m] 
ratio changes by 60 from Ne = 104 to Ne = 107 cm-3. While our observations do not 
require so large a ratio they are consistent with the high-density case. 

Comparing relative line intensities in C3 48 with a planetary nebula suggests that it 
has a high ionization level. A high density, less than that at which forbidden lines weaken 
with respect to permitted lines, is suggested by data in Table 7A. An upper limit, Ne < 
3 X 105 cm-3, is suggested, with Ne < 105 cm~3 a more probable value. For 3C 273, 
in Table 7B, with fewer lines observed, a lower limit, Ne> 3 X 105 cm-3, is suggested 
by the weakness of [O h], and Ae < 3 X 107 cm~3 is suggested by the presence of [O m]. 
The upper limit of A* in 3C 273 can also be estimated2 from the observed wavelength of 
H7, which for high density would be affected by the X 4363 line of [O m]. For 6e = 0.3 

2 We owe this remark to Dr. N. Woolf, 
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and Ne 
= 3 X 107 we derive from formulae given by Aller (1956) that the X 4363 line 

would have a strength about 60 per cent of that of Hy, leading to a shift of +10 Â rela- 
tive to Hy in the observed, redshifted wavelength of the blend. As may be seen from 
Table 1, the value of sofor Hy is larger than the average redshift by an amount cor- 
responding to about 6 A in observed wavelength. Since the individual wavelengths are 
not better than about 4 Â, an electron density of 3 X 107 cm“3 is just possible for the 
assumed Te of 16800° K. 

We adopt an electron density Ae = 3 X 104 cm-3 in 3C 48, and Ae = 3 X 106 cm“3: 

in 3C 273. The uncertainty in each value of Ne is a factor of 10 on either side. The volume 
emissivity in H/3 is 1030 A6

2 erg sec“1 pc“3. We obtain the form of the relationships be- 
tween R, N€i and the observed £(Hß) as 

log Rpc = i log ¿(H/3) - § log Ne - 10.21, 
(12) 

log M(K)/Mo = log L(Kß) - log Ne - 31.61 . 

Radii and hydrogen masses computed from the observed Hß luminosities of 3 C 48 and 
3C 273 are listed in the last columns of Tables 7A and 7B. For 3C 48, with Ae = 3 X 

TABLE 7B 

Corrected Predicted Emissivities for 3C 273; Radius and Hydrogen Mass 
Derived from Observed Uß Luminosity 

LOG N« 
CM“* 

LOG E(X), ERG SEC“1 PC“* 

[O n] [O m] [Ne m] [Ne v] Mg ii H/S 
LOG Rr LOG M (H)/ 

Mq 

38.0 
39.3 
40.3 
41.3 
42.3 

38.2 
40.2 
42.0 
43.3 
44.3 

36.5 
38.5 
40.4 
42.3 
43.8 

36.4 
38.4 
40.4 
42.3 
43.9 

37.4 
39.4 
41.4 
43.4 
45.4 

38.0 
40.0 
42.0 
44.0 
46.0 

+ 1.75 
+ 1.08 
+0.42 
-0.25 
-0.91 

8.3 
7.3 
6.3 
5.3 
4.3 

log L(X) ob- 
served. . . (Weak) 43.5 43.6: 43.9 

104 cm“3 we find R = 11 pc, M = 5 X 106 Mo, while for 3C 273, Ne = 3 X 106 cm“3 

leads to R = 1.2 pc, M = 6 X 105 Mo. The effect of the uncertainty in Ae, which we 
estimate to be +1 in the logarithm, on the final R and M of the gas cloud is easily esti- 
mated from equation (12). 

VI. AGES, LIGHT VARIATIONS, AND ENERGY SUPPLY 

The southern end of the optical wisps of 3C 48 is at a distance of about 50 kpc, in 
projection, from the quasi-stellar object. The end of the jet of 3C 273 is also at a pro- 
jected distance of about 50 kpc from the quasi-stellar object. If these features have been 
ejected from the central object, this must have taken place at least 2 X 106 years ago. 

The upper limits to the angular diameters of the optical, starlike components from 
visual inspection are 1" for 3C 48 and 0.5" for 3C 273, corresponding to diameters of 
5 kpc and 1 kpc. The widths of the emission lines correspond to 2000 and 3000 km/sec, 
respectively. These speeds are much larger than the escape velocities of about 100 km/ 
sec, determined from the mass of hydrogen and the radius of the emission-line region. If 
material is indeed escaping from a very small inner region with the observed velocities, 
and if we may assume that these velocities represent the mean expansion velocity in the 
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Fig. 2.—The radio source Centaurus A. The outer radio contours are taken from Bolton and Clark {P.A.S.P., 72, 29. 1960). The model of the inner double source was determined by Maltby {Nature, 
191, 793, 1961). 
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past, we obtain from the upper limit of size a maximum age of 2 X 106 years for 3C 48 
and of 3 X 105 years for 3C 273. It would be more realistic to use here the diameters of 
the gaseous emission regions as determined in the preceding section. Together with the 
above velocities, these lead to ages of 104 and 103 years for 3C 48 and 3C 273, respec- 
tively. 

These ages are considerably smaller than the minimum ages mentioned above. One 
possibility is that several events have occurred, one 2 X 105 years earlier than the other. 
Alternatively, the ages derived from the size of emission regions and the line widths 
would be meaningless if the emission regions are wôî expanding.3 In that case there must 
be a mass of about 109 Mo at the center of the gas cloud. The presence of a mass of this 
order is also attractive in view of the energy requirements to be discussed presently. 

The discovery of light variations in 3C 48 by Matthews and Sandage (1963) and in 
3C 273 by Smith and Hoffleit (1963) imposes quite stringent conditions on the light- 
travel time across these objects. The brighter object, 3C 273, has been studied for a long 
period. Smith and Hoffleit (1963) and Smith (1964) give results which may be sum- 
marized as follows: (1) there are small cyclic variations with a period of about 13 years; 
(2) flashes lasting of the order of a week or a month may occur, during which the object 
is up to 1 mag. brighter; and (3) in 1929 a sharp drop in brightness of occurred, 
after which normal brightness was restored by 1940. The cyclic variations with a period 
around 13 years present no problems as far as the light-travel time is concerned; the 
diameter of the optical model of the gas cloud for 3C 273 found in Section V is 7 light- 
years. 

Were the 13-year period a rotation at 1500 km/sec, which is compatible with the line 
width, the object would be only 1016 cm in radius. If there is an “oscillation,” it does not 
follow the Pp1/2 law for the mass and radius deduced. If there were an oscillation, it would 
require information transfer at nearly the velocity of light. 

The flashes, which may last for a week or a month, do not necessarily put a restriction 
on the size of the object as a whole. Consider a region one light-month, i.e., 7 X 1036 

cm, in radius. An event affecting this entire volume would be blurred by light-travel 
time over about one month. The matter is quite transparent when highly ionized. But 
when compressed, when recombination occurs, its hydrogen will be opaque in the ultra- 
violet. At Ne = 107 cm-3 the recombination time is about 3 days; there are 5 X 1023 

atoms per cm2, and if neutral, the hydrogen will have an ultraviolet opacity of 5 X 106. 
But an opaque sphere of this size radiates about 1046 erg sec-1 at T = 104 ° K, compa- 
rable to the visual luminosity of the flashes in 3C 273. (We have obviously neglected 
the problem of transfer and of the conversion of ultraviolet quanta into visual radiation, 
but the order of magnitude of the energy radiated is satisfactory.) A sudden cooling and 
density condensation thus results in a large and rapid increase of the thermal continuum. 
There would seem to be no severe problem in understanding the short duration of light 
flashes if there is such a filamentary or condensation structure, but there is an energy- 
content problem. Let the gas have m electron volts per proton-electron pair. A sphere 
one light-month in radius at Ne = 107 cm-3 contains 3 X 1046 m ergs, so that the energy 
supply is sufficient for 3w seconds. Thermal energies give w ~ 3, ionization energies 
m — 13, and kinetic energies (at 1000 km/sec) m ~ 6000. Thus a maximum flash dura- 
tion of only a few hours is possible for a region a light-month in radius. Larger total 

3 Electron scattering broadens emission lines when the density is high. The scattering optical depth, t, 
would be near 10 for 3C 273 and 1 for 3C 48. At a fixed hydrogen-fine strength, t varies as R-1/2; thus the 
effectiveness of scattering arises from the small size. Thermal electron velocities are 600(re/104)1/2 km/sec, 
so that an initially sharp emission fine would be broadened to a width, at half-intensity, of 1000 km/sec at 
10000° K. Multiple electron scattering slows the diffusion of quanta out of the H n region and, therefore, 
further slows the fight variations. In both sources the emission fines have greater velocity widths, and in 
addition the fine profiles seem to vary from fine to fine. For example, [O m] is sharper than Hj8 in 3C 273, 
and [O n] is sharper than Hy or [Ne v] in 3C 48. Only if Te were greater than 106 ° K and the sizes less 
than a parsec would electron and Compton scattering dominate the fine widths. 
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available energies and lifetimes occur only when velocities of 104 km/sec or larger are 
present. 

Brief consideration of known means of supplying energy to produce light variations 
in the gas cloud yields largely negative results. Secondary nuclear-energy sources could 
be found in shock waves colliding at high velocities, heating to an equivalent tempera- 
ture of 108°K at 1000 km/sec. The reaction rates (Milford 1959; Greenstein 1957) 
are such as to yield about 1034 M/Mo erg sec-1, where M is the mass of gas involved in 
the collision, from such nuclei as deuterium (lower temperatures) or C12 colliding with 
protons. Obviously only a small fraction of Me2 is so released. Supernova explosions 
usually produce about 1050 ergs of visible radiation in the 106 sec of their maxima; this 
is a barely detectable addition to the light of even 3C 48, for example. Supernovae may 
be sources of radioactive elements produced in the so-called r-process, sources too small, 
however, to maintain the enormous observed luminosities of the gas cloud for the total 
life span, 105 years. Short-lived decays yield about 2 X 1040 M/Mo erg sec-1, for a 
mean lifetime near 30 days, but this is small compared to the energy required for the 
light flashes, unless multiple supernova detonations occur. 

Colgate and Cameron (1963) have computed the efficiency and rate of conversion into 
visible light of the kinetic energy of a supernova shock wave colliding with an interstellar 
gas cloud of 10-16 gm cm-3 density. They assume that supernovae of 100 Mo are formed 
and release 3 X 1054 ergs in their explosion, i.e., about 2 Mo c2, mostly in fast particles. 
This is very large compared to the observable radiative output of a supernova. They 
can obtain, by an ingenious mechanism, up to 5 X 1046 erg sec-1 total light, of which 
about one-tenth might be in the visible. It should be remembered that the large en- 
ergy output of 2 Mo c2 is not justified by any observed feature of a supernova light- 
curve or spectrum. The total input from the explosion of many such objects could explain 
the total light and its variability. Whether their model of multiple Type II supernova 
explosions really applies to these objects, for which nothing is known thus far about 
stellar content (if any), remains an open question. Their suggestion for rapid conversion 
of shock-wave energy into light may be an important one when the physical conditions 
within the gas cloud are better known. Similarly, shock waves around the outer fringe 
of the gas cloud may be the site of high-energy particle production for synchrotron emis- 
sion. 

While short-lived flashes can be thought of as localized phenomena, this does not 
apply to long-term decreases below the normal level of brightness. Such a steep drop 
occurred in 1929, with a decrease of 0.4 mag. for 3C 273 within a period of 7 months. 
This requires a light-travel time of 7 months across a volume containing at least 40 per 
cent of the source’s radiation, implying a radius of not more than 0.3 pc. The gas cloud 
would have just this radius for the upper limit of the electron density, 3 X 107 cm-3, 
derived in Section V. 

For 3 C 48 less detailed information is available over long periods (Smith and Hoffieit 
1961). No secular variation and no fluctuations exceeding 0.3 mag. were found. How- 
ever, photoelectric observations (Matthews and Sandage 1963; Sandage 1964) have 
shown it to be variable. The optical flux has changed by a factor of 1.4, apparently inde- 
pendent of wavelength, over a period of 600 days. This variation is too large to be caused 
by the emission lines only. The radius of the object emitting the continuum cannot be 
more than 1 pc. If the emission lines originate in this body, the electron density from 
Table 7A would have to be 106 cm-3. This density is somewhat higher than the upper 
limit of 3 X 105 cm-3 derived from the emission-line spectrum in the previous section. 

The above discussion suggests that the continuum radiation in 3C 48, and probably 
also in 3C 273, originates from a smaller volume than the emission-line spectrum. Per- 
haps the continuum is connected with the body of about 108 or 109 Mo, which we sus- 
pect to be present in these sources (see below, and Sec. IX). The optical continuum in 
3C 48 may be synchrotron radiation according to Matthews and Sandage (1963). This 
would shift the burden of explaining the light variations to models concerned with the 

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



1 9
64

A
pJ

. 
. .

 1
40
 

IG
 

No. 1,1964 QUASI-STELLAR RADIO SOURCES 17 

non-thermal radiation. Obviously, continuing accurate spectrophotometry in absolute 
units of the emission lines and their intensity relative to the continuum in both ob- 
jects would be of great value in further studies of the light variations. Increases in elec- 
tron temperature or in synchrotron background decrease the apparent emission-line 
strength; the added synchrotron optical continuum could disappear in a few days. In- 
crease in the thermal electron density causes a quadratic increase in brightness of hydro- 
gen lines and continua but no relative change. The decay time is inversely proportional 
to the density, with a time constant of aHiV^ According to Aller (1956), aH — 2 X 10-8 

days-1 cm3. Thus if > 107 cm3, hydrogen light variations would occur in 5 days or 
less, after a sudden brightening caused by an increase of The time dependence of 
relative concentrations of ions of oxygen is shown by Aller (1956, Fig. IV:6). He finds 
recombination rates near one day for Ne = 107 cm-3, permitting rapid variations in 
3C 273. At the lower density of 3C 48, variations with a time scale of a year are plausible. 
The low intensity of [O n] in 3C 273 cannot be explained as a non-equilibrium ionization 
level, frozen in for the full 105-year time scale, without an unacceptably low Ne- 

We have noted several times the fundamental question of the total energy supply. 
The total radiation from 3C 273 amounts to about 1054 ergs per year. If the sources are 
at least 2 X 105 years old, at constant luminosity, we are faced with the inescapable fact 
that the energies in the observable gas are insufficient. Thermal and ionization energies 
are trivial, only a few electron volts per proton. For a source of mass M/Mo and luminos- 
ity L/Zo, the total energy released in / years needs to be 10-16 t(L/Lo)/{M/Mo) ergs 
per proton. Since, for 3C 273, the gas cloud has an L/M or more than 107 and t > 105, 
each proton must supply 10-3 ergs, of about 109 eV. From nuclear physics, only com- 
plete annihilation of matter is adequate. If the ordinary nuclear yield of a few MeV per 
nucleon is the energy source, there must be a nuclear-energy reservoir of several hundred 
times greater mass than the gas cloud we observe. If gravitational collapse were capable 
of yielding radiant energy near Me2, only 105 Afo is required; but if the more plausible 
value of the efficiency is only a few per cent (Fowler and Hoyle 1964) we require the 
energy from gravitational collapse of more than 107 Mo. Energy production through 
nuclear processes is less efficient by another factor of 10. If all the energy has come from 
nuclear fusion, we require a mass of at least 108 Mo. We saw above that a mass of about 
109 Mo would stabilize the fast-moving gas; this object may well be the source of the 
total energy emitted by the quasi-stellar components of 3C 48 and 3C 273. Continued 
flow of energy from this massive component into the gaseous nebula is required, and 
thence into the large radio-emitting region. 

VII. FREE-FREE EMISSION, ABSORPTION, AND FARADAY ROTATION 

The enormous strength of the hydrogen emission lines in 3C 273 and 3C 48 suggests 
that free-free emission may be large in either optical or radio wavelengths. An expression 
for the absorption, per cm, including stimulated emission was derived by Elwert (1948) ; 
it does not differ substantially from those more recently derived, e.g., by Oster (1961). 

^ Zire^N2 T3V2 (2¿rj3/2 1 
3 ( ÓTr)1/2^ ( m&re)

3/V L Tr n 4.22w1/2eV_r 

If we denote the bracketed term as gm, we get in cgs units 

r/^O.OlTgmJp, (14a) 

gm = 10.6 +1.9 log re — 1.3 logv . (i4b) 

From radio to optical frequencies with de = 0.3, gm drops from about 8, at 100 Mc/s, 
to unity in the optical range. There, a quantum-mechanical expression for the Gaunt 
factor replaces equation (14b) for gm. 
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Since the emissivity in a Balmer emission line (eq. [3a]) and r// (eq. [14]) at radio fre- 
quencies both depend primarily on Ne

2 re“
3/2, we can determine their ratio practically 

independently of Ne and Te. For de = 0.3, ¿>4 = 0.16, gm = 8, the ratio is 

Tff/EQlß) = 1.3 X 1018 v~2 R, 

T/f = 1.3 X 1018 z'—2 R L(Jlß)/V , (15) 

T/f = 3 10-20 L(H.ß)(v Rvc)-K 

We found in the preceding section that the radius of the emission region of 3C 273 
may be about 1 pc. The luminosity in H/3 is 9 X 1043 erg/sec. The opacity will be large 
for frequencies less than 1012 c/s, i.e., over the whole radio spectrum down to wavelengths 
of 0.3 mm. If we were to give the radius the maximum value, 500 pc, permitted by the 
stellar appearance and radio diameter, the opacity would still be large for frequencies 
less than 3 X 109 c/s. This would require that the flux density below 3000 Mc/s be pro- 
portional to y2. However, the observations show Component B of 3C 273 to have a flux 
density almost independent of frequency (Hazard, Mackey, and Shimmins 1963). 

The probable radius of 3C 48, if A* = 3 X 104, is about 10 pc. In that case the gaseous 
emission region would be optically thick in free-free for frequencies below 104 Mc/s. At 
the upper limit to its size, near 1500 pc, it would become optically thick and the spectrum 
would turn downward below 300 Mc/s, well within the usual radio-frequency range. 
This is also not observed. Thus, that part of the volume of these sources containing the 
gases emitting the optical line spectrum (as well as the continuous spectrum of 3C 273) 
cannot also produce the radio-frequency spectrum. Any radio-frequency emission pro- 
duced in the dense gas cloud is therefore limited to the black-body radiation of an optical- 
ly thick cloud, i.e., to a brightness temperature equal to the relatively low electron tem- 
perature. 

No substantial optical emission can occur from the volume containing the radio- 
frequency synchrotron electrons. The radio-frequency optical depth 77/ > 1 if NeRpc 1/2> 
2v Mc/s. Thus, if a volume of radius 500 pc produces non-thermal radio noise at v = 102 

Mc/s, then Ne < 10 cm-3. Thus our dense, massive, expanding or turbulent gaseous 
nebula must be surrounded by a relatively low density region containing high-energy 
electrons. A model with shock fronts expanding into a near vacuum and maintaining 
this very large density gradient could provide the necessary geometry for particle ac- 
celeration, with the massive gas clouds providing some of the driving force required. 

There exists a large effect of the thermal electron cloud and the magnetic field re- 
quired by synchrotron theory on the original polarization of the synchrotron radiation. 
The Faraday rotation is, in radians, 

A0= 81\2/Ae£||dRpc, (16) 

where X is in cm, B| | is the parallel component of the field, and the integral is taken over 
dR in parsecs. Thus in our typical model for the gas, with Rpc ~ 1 and Ae ~ 3 X 106 

in 3C 273, and RpC — 10, Ae — 3 X 104 in 3C 48, the rotations are Ad « 109 X2J5 and 
107 \2B, respectively, when B\ \ = B. So large a rotation could depolarize the radiation 
rapidly within the normally used decimeter band widths, if B is greater than 10-5 gauss. 

Thus on two grounds, the absence of free-free absorption and the existence of intrinsic 
source polarization and only moderate Faraday rotation, as is observed in these sources 
(see Sec. VIII), we can exclude models in which the radio-frequency synchrotron radia- 
tion comes from the same volume of space as the emission lines. The optical synchro- 
tron radiation could do so, but if it does, its good fit in 3C 48, after reasonable extrapola- 
tion onto the radio-frequency curve, would be accidental. Since according to Oke the 
optical continuum in 3C 273 is largely free-free, the radio and optical continua are quite 
unrelated in 3C 273. We will see that a satisfactory synchrotron model can be derived 
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for the energy and magnetic field. For 3C 48, at least, the optical and radio continuum 
could be produced in the same volume, possibly just outside the dense gas cloud. With 
our upper limit of Ne = 10 cm-3 in this outer region, collisional losses by higher-energy 
particles need not be large. 

The existence of spatial inhomogeneities of density and temperature under these cir- 
cumstances is quite plausible. Threadlike, filamentary structures are common in super- 
nova shells, radio sources, and solar prominences. The emission lines could arise in cool 
condensations in a much hotter and more massive envelope. At 108 ° K and the same 
N?R, the opacity from equation (14a) is reduced by a million. The hot gas is optically 
thin except for v < 500 Mc/s, and has a nearly flat spectrum. For 3C 273, with N? = 
2 X 1013, 

Lv{ff)dv=2 X\^e-h'/kTeTe-V*dv , 
(17) 

L(ff) = 3 X 10427y/2 erg sec“1 . 

At Te = 104 ° K most of the energy is in the visible, but at Te = 108 ° K, it lies in the 
far ultraviolet. If the quantity Ne2Rz were the same for the hot and cold gas, the hot 
gas would have one-tenth the visual luminosity, but one hundred times the total radiated 
energy. A lower Te for the hot gas gives too low a brightness temperature and a wrong 
energy distribution for free-free emission to be the source of the observed radiation. The 
reason for so great a temperature differential, from 108 to 104 ° K, is hard to find, as is the 
energy source to balance the high value of L// = 3 X 1046 erg sec-1 from the hot gas. The 
large ultraviolet flux would be a source of excessive ionization, since 108 ° K is equiva- 
lent to 10 keV, rather than the observed ionization level, which is below 0.1 keV. There- 
fore, the hypothesis of large temperature fluctuation leads to no useful model. Density 
fluctuations are very plausible, and require that proper averages be taken over the 
quantities N?RZ in emission, N?R or NeR in absorption. 

vm. MODELS EOR EIELD AND PARTICLE ENERGIES EROM SYNCHROTRON EMISSION 

Our goal is to determine the order of magnitude of the energies in magnetic field and 
particles required to explain the radio continuum, and perhaps the optical continuum, 
as synchrotron radiation. Matthews and Sandage (1963) have shown that the energy 
distribution of 3C 48 at radio wavelengths can be extrapolated smoothly to also account 
for the optical continuum. This allows interpretation of the whole continuum radiation 
as synchrotron radiation with critical frequency of about 6 X 1014 sec-1. The optical 
continuum of 3C 273 cannot be smoothly joined with the radio continuum of Source B. 
The source has a flux density at radio wavelengths that is several hundred times larger 
than the flux density at optical wavelengths. Yet the latter shows a slight increase with 
increasing wavelength, according to Oke (1963). This does not rule out the possibility 
that part of the optical continuum is synchrotron. Conversely, the smooth fit of radio 
and optical continuum in 3C 48 does not guarantee the synchrotron origin for the 
latter. We will consider models of magnetic field and particle energies with and without 
optical synchrotron radiation. 

An investigation of the bolometric correction for optical synchrotron emitters has 
been made by Greenstein (1964), who has also studied the far-ultraviolet synchrotron 
radiation as a possible source of ionization in radio galaxies. The results are that there is 
a minimal value to the bolometric correction, near 1.3 mag., when the cutoff frequency 
lies near the optical frequency, i.e., vc — 1015 sec-1. If a high-energy tail is added to the 
distribution of energies of the relativistic electrons, sufficient ultraviolet synchrotron 
radiation can be emitted to account for ionization up to 100 eV without greatly increas- 
ing the bolometric correction. The absolute visual magnitude of 3C 48 is about —25; for 
3C 273, Mv is of the order of —26, and since 3C 273 is quite blue it is bolometrically the 
brighter of the two by far. The minimum bolometric correction for synchrotron radia- 
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tion raises Mb to —27.4. Consequently, we must consider the problem of producing over 
1046 erg sec“1 of optical synchrotron radiation in a small volume. The energy distributions 
of 3C 48 and 3C 273B place quite different requirements on the cutoff frequency; vc — 
6 X 1014 sec“1 for 3C 48 and either a larger value for 3C 273B, if its blue continuum is 
synchrotron, or a much lower value if it is free-free. We will study different values of vc, 
from 6.3 X 1014 sec“1 to 6.3 X 1010 sec“1, and obtain models for the luminosities cor- 
responding to the cutoff energies. In addition, we cannot be certain that the optical and 
radio continua arise from the same volume. The light variability, probably largely in the 
continuum, suggests a much smaller volume if the optical radiation is synchrotron in 
origin. 

Assume that the relativistic electrons giving radiated energy of power-law index n = 
(w — l)/2 have a number density given by a power law: 

N(E)dE = —j^j— • as) 

The total particle energy content in electrons and protons is 

U^p/By(E)EdE-I^E- (19) 

where we have assumed that heavy particles carry (ÿ — 1) times the energy of the elec- 
trons. The total synchrotron radiation over all frequencies is approximately 

L = 2.4 X 10-3£2 £3-m 

3 — m 
(20) 

The cutoff frequency vc is defined by a dimensionless parameter ß, 

ß= — =BEo2. (2i) p 6.3 X1018 2 

The lifetime, in days, of an electron of energy E, in ergs, is 

¿i/2(£) = (206B2E)-1 . (22) 

The energy content in the magnetic field is 

UM 

B2V 
Sir 1 

(23) 

and for convenience let the total particle energy Up = aUm- 
For values of m well below 2, only E2 is needed in equations (19) and (20), since £2 )>> 

Ei. It is of interest to investigate briefly the case w = 1, corresponding to a fiat spectral 
energy distribution (w = 0), such as that exhibited by the bluer quasi-stellar objects. The 
luminosity is then 

L = 0.03 UmUp 
E^ 
Vp' 

(24) 

and we obtain 
0.03 a U2

Mß1/2 

p VB1/2 
(25) 

For a quick reconnaisance, equation (25) is useful. We will assume that the optical and 
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radio emission arises in the same region, of radius Rpo (in parsecs). The magnetic field B 
(in gauss) is given as a function of L (in erg sec_]) and the parameters a, ß, and p as 

log 5 = I log — — A log Rpc — A log /3 — 14.7 9 . (26) 
CL 

We have an upper limit to i?pc from the angular diameter, and L is known. The total 
energy, (1 + o)Um, is obtainable from 

log U = log ( 1 + a ) + A log — + A log J?pc — A log ^+ 25.11 . (27) 
' a ' 

Yor p = 1 (no protons) and a = 1, the usual equipartition assumption, we obtain values 
of B which may at first seem reasonable. Using Z = 2.5 X 1046 erg/sec for 3C 273, ß = 
10~4 (i.e., vc = 6.3 X 1014 sec-1) and adopting i£pc = 500 (see below), we find the value 
oí B = 5.4 X 10-4 gauss. The most energetic “optical” electrons present have E2 = 0.4 
erg or 250 BeV and a lifetime, /i/2, of 100 years. But the derived U (the sum of Up and 
Um) is too small—only 3 X 1056 erg, an energy supply sufficient to maintain the present 
total optical energy output for only 400 years. (This maximum time scale is evaluated 
from ¿o = U/Z, i.e., assuming constant luminosity and complete conversion of both Up 

and Um into radiation.) If the total particle energy is 100 times that of the electrons, i.e., 
p = 100, then for a = 1 the field is B = 2 X 10-3 gauss, and the total energy content 
4 X 1057 ergs, sufficient for at most 5000 years at the present rate of radiation if the en- 
tire proton energy can eventually be converted into relativistic electrons. The total 
energy can be increased if we admit non-equipartition of energies of field and particles, 
but the gain is by a factor of less than 10 for values of a between 0.01 and 100. In non- 
equipartition cases, there is possibly some preference for values of a less than unity, if we 
think that the magnetic fields cause particle acceleration, i.e., B greater than in the 
equipartition case. 

In further considerations of the properties of 3C 273, and in finding the energies in- 
volved in a model for 3C 48, we will account for the properties of each source specifically. 
We have adopted p = 100, i.e., the relativistic proton (or heavy particle) total energy 
store 99 times that of the electrons. Burbidge (1956) evaluated the direct production of 
electrons or positrons from meson decay in energetic stationary proton-cosmic-ray col- 
lisions, giving p ^ 30. At the very best, neutrino- and gamma-ray losses insure that 
Z > 10. Only a direct electron injection could give small ÿ. We give the parameters of 
interest in Table 8. For given values of w, vc, Z, and E\ the field strength B determines 
Z2, NqV, and Up through equations (19)-(21). For 3C 48 we use n = 0.67 and v = 
6.3 X 1014 sec-1 (ß = 10-4) from a discussion by Matthews and Sandage (1963) to 
derive data given in Table 8 for Case A. Case B in the table is based on vc = 6.3 X 1010 

sec-1 {ß = 10-8), i.e., the optical continuum has a non-synchrotron origin or arises in a 
smaller volume with larger B. Because n is larger than 0.5, the total particle energy 
depends strongly on the lower-energy cutoff of the relativistic electron spectrum, Ei. 
We will take this as 100 MeV for electrons, assuming that at lower energy they are lost 
by inelastic collisions so that Ei « 1.6 X 10-4 erg. Since the volume occupied by the 
radio emission is not directly measured, in order to make the problem concrete, for the 
energy-supply time scale, ¿0, we have assumed an undetectably small synchrotron process 
volume of 109 pc3 for Cases A and B, the same as the observed radio volume of the core 
of 3C 273B (see below). Lovell (private communication) informs us that 3C 48 is still 
unresolved at 180000 X. 

From our analysis of the emission lines, and from the light variations, we believe that 
the optical radiation of 3C 48 comes largely from a small volume that is less than about 
10 pc in radius. In Case C we assume that the optical continuum is of synchrotron origin, 
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has n = 0.67 and vc = 6.3 X 1014 sec-1, but arises from a volume F = 4 X 103 pc3. The 
radio-frequency spectrum has low total luminosity in 3C 48, compared to that in optical 
frequencies, so we can still use L = 2 X 1046 erg sec-1. 

The source 3C 273 has a more complicated structure at radio wavelengths. We shall 
not here consider Source A that is associated with the optical jet. Source B, associated 
with the quasi-stellar object, has an extended part with a diameter of about 4" with a 
central component with a diameter of about 0.5" (Hazard 1964), or about 1.1 kpc. We 
shall only be concerned with this core of 3C 273B. Accordingly, we have adopted for the 
source of continuum radiation in Cases A and B a volume of 109 pc3, corresponding to a 
radius of about 500 pc. Observations at Michigan (Dent and Haddock 1964) suggest 
that 3C 273B may have a flat radio-frequency spectrum at very high frequencies. We 

TABLE 8 

Particle and Magnetic Energies in Ergs for 
Synchrotron Models of 3C 48 

(n = 0.67, m = 2.34) 
CASE A 

Luminosity All Synchrotron; vc = 6.3 X 1014 sec-1, L = 2 X 1046 erg sec-1; 
Radio and Optical Continuum from 109 pc3 Volume 

log B LOG Ei 
(erg) log NoV LOG Up log Um 

Time Scales 

log tll2(Ei) 
(days) 

log h 
(yrs) 

— 2.0 
—1.5 
-1.0 
-0.5 

0.0 
+0.5 

50.1 
51.7 
53.4 
55.1 
56.7 
58.4 

53.8 
55.5 
57.2 
58.8 
60.5 
62.2 

63.1 
61.1 
59.1 
57.1 
55.1 
53.1 

-0.3 
+ 1.2 
+2.7 
+4.2 
+5.7 
+7.2 

9.3 
7.3 
5.3 
5.0 
6.7 
8.4 

CASE B 
Luminosity of Synchrotron Origin Only at Radio Frequencies; vc = 6.3 X 1010, 

Volume V = 109 pc3; L = 1046 erg sec-1 

4.0 
3.5 
3.0 

■2.5 
2.0 
1.5 

48.7 
50.4 
52.1 
53.8 
55.4 
57.1 

52.5 
54.2 
55.8 
57.5 
59.2 
60.8 

63.1 
61.1 
59.1 
57.1 
55.1 
53.1 

1.7 
3.2 
4.7 
6.2 
7.7 
9.2 

10.6 
8.6 
6.6 
5.1 
6.7 
8.3 

CASE C 
Luminosity of Synchrotron Origin at Optical Frequencies; vc = 6.3 X 1014 

from 4 X 103 pc3 Inner Core; L = 2 X 1046 erg sec-1 

+ 1. 
0. 

-1. 
-2. 

2.5 
2.0 
1.5 
1.0 

48.4 
50.1 
51.7 
53.4 

52.2 
53.8 
55.5 
57.2 

59.7 
57.7 
55.7 
53.7 

-1.8 
-0.3 
+ 1.2 
+2.7 

5.9 
3.9 
2.1 
3.4 
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have assumed for 3C 273B (core) a flux density of about 10-25 W m-2 (c/s)-1, independ- 
ent of frequency (i.e., w = 0, m = 1). At the distance of 3C 273 this corresponds to a 
flux of about 3 X 1033 erg sec-1 (c/s)-1. We have actually used the total luminosities 
given in Table 9, Case A for vc = 6.3 X 1013 sec-1, and Case B with vc = 6.3 X 1010 

sec-1. In Case A the cutoff was arbitrarily placed in the infrared, in such a way that 
synchrotron radiation is negligible in the visual range. Since m is rather smaller than 1, 
the values of Up and L depend mostly on E2, very little on Ei. We have again used p = 
100, in deriving data given in Table 9. 

TABLE 9 

Particle and Magnetic Energies, in Ergs, for 
Synchrotron Models of 3C 273B 

(w = 0, m = 1) 
CASE A 

Luminosity All Synchrotron;* vc = 6.3 X lO1^ sec-1, L = 2 X 1047 erg sec-1; 
Radio and Optical Continuum prom 109 pc9 Volume 

log B log £2 
(erg) log NoV LOG Up LOG UM 

Time Scales 

log /1/2(£2) 
(days) 

log /o 
(yrs) 

-2.5 
-2.0 
-1.5 
-1.0 
-0.5 

0.0 

55.2 
56.2 
57.2 
58.2 
59.2 
60.2 

54.7 
56.2 
57.7 
59.2 
60.7 
62.2 

63.1 
61.1 
59.1 
57.1 
55.1 
53.1 

0.2 
1.7 
3.2 
4.7 
6.2 
7.7 

8.3 
6.3 
4.3 
4.4 
5.9 
7.4 

CASE B 
Luminosity of Synchrotron Origin Only at Radio Frequencies; vc = 6.3 X 1010 sec-1, 

L = 2 X 1044 erg sec-1; Volume = 109 pcs 

4.0 
3.5 
3.0 
2.5 
2.0 
1.5 

55.2 
56.2 
57.2 
58.2 
59.2 
60.2 

53.2 
54.7 
56.2 
57.7 
59.2 
60.7 

63.1 
61.1 
59.1 
57.1 
55.1 
53.1 

1.7 
3.2 
4.7 
6.2 
7.7 
9.2 

11.3 
9.3 
7.3 
6.0 
7.4 
8.9 

CASE C 
Luminosity of Optical Core Is of Synchrotron Origin from Small Volume = 1 pc^, 

vc = 6.3 X 1015 sec-1; L = 5 X 1046 erg sec-1 

+ 1. 
0. 

-1. 
-2. 
-3. 

-2.0 
-1.5 
-1.0 
-0.5 
+0.5 

51.6 
52.6 
53.6 
54.6 
55.6 

51.6 
53.1 
54.6 
56.1 
57.6 

56.1 
54.1 
52.1 
50.1 
48.1 

-2.3 
-0.8 
+0.7 
+2.2 
+3.2 

+ 1.8 
-0.2 
+0.3 
+ 1.8 
+3.3 

* The very high luminosity in Case A arises as follows: There is considerable difficulty in assuming the optical 
radiation to be of synchrotron origin, according to Oke. In this model we extrapolate the flat radio spectrum 
to the infrared and set a cutoff energy such that it does not contribute to the visual and blue continuum. If vc is reduced, L is reduced in proportion. 
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Inspection of Tables 8 and 9, Cases A and B, shows that in all cases equipartition be- 
tween field and total particle energies (with the assumed p = 100) is reached at a mag- 
netic-field strength of between 10-3 and 3 X 10-3 gauss. The corresponding upper limits 
to the lifetime h = {Um + U^)/L at present luminosity for optical synchrotron radia- 
tion are almost 105 years and 104 years for 3C 48 and 3C 273, respectively. The maxi- 
mum lifetime /0 for radio radiation in 3 C 48 is barely larger than that for the optical 
synchrotron radiation, i.e., about 105 years. The maximum lifetime ¿o for radio radiation 
in 3C 273 is 106 years. The decay times for the “optical” electrons in 3C 48 are 10 years, 
for £ = 3 X 10“3 gauss, and about 100 times longer for the highest-energy electrons 
producing radio frequencies. Thus variability of the continua is plausible on optical but 
not on radio frequencies. 

There is no particular reason why in these sources there should be equipartition be- 
tween field and particle energies. The range of magnetic field which is plausible for these 
non-equipartition cases is limited by the following considerations. If there is a magnetic 
field in the gaseous emission-line region, we might interpret the line broadening as an 
Alfvén velocity. Since « 2.2 X 1011 BNe~

112, from the observed v = 108 cm sec-1, we 
obtain B = 0.1 gauss for the inner region of 3C 48. It is improbable that B in the radio- 
emitting region is larger than in the gas clouds, so we should use B < 10-1 gauss. We 
have already shown from Faraday rotation and from the lack of free-free self-absorption 
at radio frequencies that Ne is small in the outer region; an Alfvén velocity q times that 
of light requires that B = 0.14 giVe

1/2, again setting the upper limit to the field at B < 
0.5 q gauss. 

The observed Faraday rotation also carried information about B (cf. eq. [16]). Gardner 
and Whiteoak (1963) give for 3C 273 a Faraday rotation of —8.2 radians per m2. The 
polarizations observed, ranging from 2§ per cent at 21-cm wavelength to 4 per cent at 
10-cm wavelength, must be due to Component B, which has a much flatter spectrum 
than Component A. Seielstad (1963) derived a rotation of +11 + 6 radians per m2 for 
3C 273, and +48 ± 9 radians per m2 for 3C 48. We find from these small rotations and 
equation (16) that NeB is about 10~8 to 10-7 for both sources, if Æ ^ 500 pc. The require- 
ment that no free-free absorption in the radio-emitting region occurs sets an upper limit 
to Ne of about 10 cm-3 (cf. Sec. VII). The corresponding lower limit of 10~8 in B is quite 
low. Since the field must be larger, the small rotation observed requires very low Ne- 

Arguments leading to the value of the field strength B in these sources will involve the 
age of the objects and the possibility of a steady renewal of the high-energy electrons 
from some unknown central source, as in the Crab Nebula. This very interesting ques- 
tion of evolution of radio sources and the interchange between energy modes, Up and 

is outside the scope of the present paper. If there is a steady renewal from an un- 
known energy source of the high-energy electrons, the values of /o listed in Tables 8 and 9 
are lower limits. It should be noted that, if there is no such steady injection of high- 
energy particles and magnetic energy from the unknown source, /o must be a quite gener- 
ous upper limit to the past lifetime, because it assumes complete conversion of the total 
energy content of the source into synchrotron radiation from electrons, neglecting col- 
lisional losses in Up and the dissipation of the field, Um, by loss of flux lines, when, in 
fact, the efficiency is probably quite low. 

One most interesting case for which we may evaluate the energy density is given in 
Tables 8 and 9 and labeled Case C. Here the optical continuum is interpreted as synchro- 
tron radiation from the same inner volume containing a gas nebula which produces the 
emission lines. In 3C 48 the radius was 10 pc or more; in 3C 273, less than 1 pc. The 
differences in the derived properties arise largely from the difference in volumes. The 
equipartition values of B are near 0.1 gauss, and the total energies are 1056 and 1053 erg, 
respectively. The lifetime of the high-energy electrons is a few days, but /0 is 100 years 
and 1 year for 3C 48 and 3C 273. These total lifetimes, based on exhaustion of the energy 
supply, are near the radius, measured in light years, i.e., relativistic particles, even 
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traveling in straight lines, would barely traverse the volume before their energy must 
be exhausted. 

Even more startling is the energy density of relativistic particles. At equipartition in 
3C 273B (Case C, a = 1, ^ = 100), we find B ~ 0.5 gauss, Up = 3 X 1053, i.e., 0.01 erg 
cm-3, 6 X 109 eV cm-3. If we evaluate an equivalent temperature from Z7P, we find T = 
1000° K. The gas has NekT ^ 10~5 erg cm-3, but if we include translational energy Jpz)2, 
it has 0.05 erg cm-3. Thus, the cosmic rays have nearly the same energy as the observable 
gas. The energy density of radiation near the surface is «0.05 L/R2cc^l 0.02 erg cm~3 

also. The loss rate to the high-energy protons can be evaluated from the nuclear col- 
lisions with stationary protons, which have a cross-section of 4 X 10-26 cm2. The lifetime 
of the protons against collision is 10 years. The synchrotron lifetime for high-energy 
electrons is near 105 sec. The inverse Compton effect is large and should be evaluated. 
The energy loss is measured by ccoT2«, where cro is the Compton cross-section, 6.6 X 
10-26 cm2, 7 = E/moc2 is the electron energy and u is the photon energy density. With 
values used of L and R in Case C, an electron loses energy at the rate of 4 X 10~8 erg 
sec-1, or has a lifetime of 2 X 106 sec. If we slightly increase « or 7 the inverse Compton 
effect can be very important compared to synchrotron losses. It is suggestive that the 
balance is so close; if inverse Compton effect dominates, the photons are “heated” by 
the cosmic rays, and therefore the thermal gas will also be heated. The proton nuclear 
collisions produce an energy loss of Uv/t where r is their nuclear-collision lifetime; this 
is about 1045 erg sec-1, less than the luminosity by 1-2 orders of magnitude. Thus the 
small radius model for optical synchrotron radiation is nearing the boundaries of the 
plausible. At much higher energy concentrations (i.e., higher luminosities from so small a 
volume), other physical effects may provide a limit. 

DC. THE JET, 3C 273A 

The stronger radio source in 3C 273 is associated with a visible jet about l.S” X 10”. 
We have no conclusive spectroscopic or colorimetric data as to the nature of its con- 
tinuum, nor even an accurate apparent magnitude. The radio-frequency observations 
suggest an index n = 0.77 and a flux of 4.2 X 10-25 W m-2 (c/s)-1 at 400 Mc/s. Let us 
assume that the entire radiation is synchrotron and has vc = 6.3 X 1014 sec-1, as does 
3C 48. We then predict the optical apparent magnitude of the jet and find it to be 16^6, 
brighter than seems plausible for an object not much brighter than the sky background. 
A spectral index of ^ = 0.9 and the same vc predicts an apparent magnitude near 19m, 
which is probably more nearly correct. The total luminosity of the jet is not very sensi- 
tive to the frequency range adopted, varying as v?'1, and is found to be 2 X 1044 erg 
sec-1. The volume producing optical radiation is observed to be about 3 X 10n pc3. If we 
use our equations for the case a = 1, we find £ « 6 X 10-4 gauss, E2 ~ 200 BeV, the 
total energy U = 2 X 1060 erg. For other values of B, with p = 100, the results are given 
in Table 10. Note that especially if Um > Uv the lifetime of the highest-energy electrons 
becomes short, suggesting that the electron acceleration processes must continue, even 
in this source of very low energy density, 10-7 erg cm-3. The total lifetime, ¿0, however, is 
very long, more than 108 years, so that a single event storing 1060 erg and occurring 105 

years ago could easily piovide the required energy. At constant luminosity, the total 
radiation in 105 years is 1067 erg, a small fraction of the minimum U of 1060 erg. We can- 
not yet make a full study of 3C 273A. The details of radio structure of the jet are not as 
simple as the simple cylindrical model we adopt. There is a brightening at the far end, 
and there consequently may be density and field fluctuations. 

If the optical luminosity is not of synchrotron origin, our analysis would be modified 
only slightly. Cutting to 6 X 1010 sec-1, and using the radio power-law index of 0.77 
gives L = 1044 erg sec-1. If we examine analogous solutions for 3C 48 and 3C 273B in 
Tables 8 and 9 (Case B) and change the volume to 3 X 1011 pc3, the minimum energy is 
then 4 X 1058 erg, B = 3 X 10-4 gauss and /0 is 107 years. 
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It is of course possible that the jet has hydrogen emission rather than synchrotron 
continuum. From equation (3b) the Hß luminosity from 3 X 10n pc3 is 1042 N? erg 
sec-1, the total hydrogen emission is about 3 X 1043 N? erg sec-1. From L = 1044 erg 
sec-1 we obtain Ne — 1.7 cm-3, or a mass of 1010 Mo, a rather high value; such an Ne 

is not excluded by considerations of radio-frequency opacity (eq. [15]), but could give 
large Faraday rotation (eq. [16]). So far, one spectrum of the far end of the jet has been 
obtained. It shows only a weak, bluish continuum. 

x. DISCUSSION 

We have considered the explanation of the observed redshifts in terms of (1) Doppler 
effect from a high-velocity star, (2) gravitational redshift, and (3) cosmological redshift. 

The first two alternatives have been shown to lead to an extra-galactic nature of the 
object. In case 1 the small proper motion results in a distance measured in megaparsecs 
and a luminosity closer to that of galaxies than of stars. The four quasi-stellar objects 
with known velocity are all receding from us (Schmidt and Matthews 1964). These facts, 

TABLE 10 

Synchrotron Radiation from the Jet, 3C 273A 
(L = 2 X 1044 erg sec-1; vc = 6.3 X 1014 sec-1; 

n — 0.9; volume = 3 X 1011 pc3) 

LOG B LOG Ê2 
(erg) LOG NoV LOG U7 LOG UM 

Time Scales 

log l\Ji{E<i) 
(days) 

log to 
(yrs) 

—1.0 
— 0.5 

0.0 

52.4 
54.3 
56.2 

57.4 
59.3 
61.2 

62.2 
60.2 
58.2 

2.7 
4.2 
5.7 

10.4 
8.5 
9.4 

when combined with the problem of how to accelerate an apparently very large star (or 
stellar system) to velocities that are an appreciable fraction of that of light, make case 1 
an exceedingly unlikely interpretation. 

We have shown that alternative 2 also leads to an extra-galactic nature of these ob- 
jects. In fact, the mass would have to be of the order of that of a galaxy or more. It 
seems rather likely on the basis of current theoretical work that objects of such a mass, 
condensed to a diameter of less than 1 pc, cannot be stable and thus cannot exist for any 
length of time. The thinness of the surrounding emission-line shell would also be a prob- 
lem. Altogether, we believe that it is quite unlikely (but not definitely disproven) that 
gravitational redshifts explain the spectrum of the quasi-stellar objects. 

Accordingly, we have adopted the interpretation of the redshifts as cosmological red- 
shifts. The ensuing lengthy astrophysical discussion of the emission spectra gave radii for 
the gaseous nebulae of about 1 pc for 3C 273, and 10 pc or more for 3C 48. The light 
variations seem to require even smaller sizes for the source of optical continuum radia- 
tion, especially for 3C 48. The non-thermal character of the radio spectrum shows that 
it must originate outside the gas cloud which emits the emission lines. We find it attrac- 
tive to think of a model in which a small inner core produces most of the optical con- 
tinuum, surrounded by a gas cloud producing the emission lines and thermal continuum. 
This would itself be surrounded by the radio-emitting regions. 

The models for optical continuum synchrotron radiation from an inner volume small 
enough to admit of the light variations encounter serious difficulties. The high energy- 
density in a region containing a gaseous nebula produces rapid loss of cosmic-ray pro- 
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tons; the electrons are lost rapidly by either inverse Comp ton-effect or synchrotron 
radiation, so that it is nearly impossible to maintain the high-energy particle supply. 

An important parameter in further considerations regarding the quasi-stellar objects 
is their age, i.e., their lifetime as objects producing large optical luminosity from an 
intrinsically small volume. Let us consider the consequences of two quite different esti- 
mates of their age, namely, 103 years and 106 years. 

Age 10d years.—This is the age, to an order of magnitude, that follows from the size of 
the gaseous nebula and the interpretation of the widths of the emission lines as caused 
by expansion. It also seems a lower limit to the possible age of 3C 273, because the secular 
decrease in optical light amounts to less than 0.1 mag. per century (Smith 1964). The 
total energy output would amount to 1057 ergs, or the rest-mass energy of about 500 
suns. This amount can be supplied by nuclear fusion of 105 Mo of hydrogen to helium. 
Such a mass is less than that of the gases producing the emission lines; the expansion of 
the fast-moving gas would be unimpeded. Any of the synchrotron emission models in 
Tables 8 and 9 (Cases A and B) would have sufficient energy content to maintain present 
radiation over 103 years. Not explained by so short an age would be the radio halo of 
3C 273B, the radio source 3C 273A and the jet, or the optical wisps near 3C 48. We 
assume here that all these features originated in what is now the quasi-stellar object. 
Their existence requires either a number of separate events, or a much larger age. 

Age 1Œ years.—The above objections are met if we assume an age of about 106 years. 
Total energy output would amount to 1060 ergs, requiring gravitational collapse of a 
large mass or the nuclear energy for 108 Mo of hydrogen. This would probably involve 
a total mass of some 109 Mo. Such a mass could stabilize the large internal motions of the 
observed H n region at the radius of a few parsecs, derived from the electron density and 
the intensity of the emission lines. Synchrotron emission models (Tables 8 and 9) with 
B m 10-3 gauss (close to equipartition of energies) do not have sufficient energy content 
to last for 106 years at present luminosity. Either there is a steady injection of high- 
energy particles or a non-equipartition of energy. In the latter case we would consider 
held of 0.01-0.1 gauss most likely. 

We discussed above a model of the quasi-stellar objects consisting of an optical- 
continuum source (radius < 1 pc) surrounded by an emission region (radius ^ 1 pc 
[3C 273], 10 pc [3C 48]) and by a radio-emitting region. If there is indeed an object with 
a mass of about 109 Mo present in these objects, then, presumably, this would be inside 
the small optical-continuum source. The radius of the 109 Mo object could have any 
value below 1 pc. Its gravitational redshift, if any exists, cannot easily be observed be- 
cause the observed redshift of emission lines refers to a distance from this mass of about 
1 pc, where the gravitational effect is negligible. The radius of a Schwarzschild sphere is 
2GM/c2, about 10-4 pc for such a mass. It would be important to know whether con- 
tinued energy and mass input from such a “collapsed” region are possible. 

It is not yet possible to establish the role of these quasi-stellar radio sources in the 
evolution of galaxies or radio galaxies. No trace of a galaxy around these objects has 
been found as yet. It is not certain at present that this really excludes the possibility of 
a galaxy being present; seeing and scattering in the photographic emulsion make detec- 
tion of a low surface-brightness galaxy, containing a stellar object 100 times brighter, 
very difficult. 

The quasi-stellar sources might have been thought to be a precursor stage of the radio 
galaxies. Their radio luminosities are about equal to that of the most intense radio gal- 
axies. However, the linear sizes of the radio-emitting regions in the quasi-stellar sources 
show a range quite similar to that seen in the radio galaxies (Schmidt and Matthews 
1964). This does not support the idea that radio galaxies start their radio life as a quasi- 
stellar source. Either the quasi-stellar stage can occur at any time in the life of a radio 
galaxy, or the two phenomena may be completely unrelated, with the quasi-stellar 
objects primary intergalactic condensations. 
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In Table 11 we give a final résumé of the properties of possible models. The “distance” 
r is obtained simply from czH~l, with ¿T = 100 km sec-1 Mpc-1. The Hß luminosity is ob- 
served; the Ne refers to the H n regions producing permitted and forbidden lines, the 
internal velocity, v, is deduced from the line widths. The A'e in 3C 273 is determined from 
the weakness of [O n]; in 3C 48 a wide range is possible, and we give nearly the largest 
acceptable. The angular diameter gives the sizes, but i?(H n) is derived from LQüß) and 
Ne, so the masses depend on NeRs. The total luminosity is well determined for the visual 
region, but bolometric corrections may be large. If the radiation is of synchrotron origin, 
for various vc, the L becomes fixed, and the total L and U are given in the last columns. 

TABLE 11 

Résumé of Data on Quasi-Stellar Sources 

3C 48 3C 273 

r (Mpc)  
Luminosities (erg sec-1) : 

H/3  
Visual  

Radii (Rpc) : 
Optical  
Radio  
H II region  

H II region: 
Ne cm-3  
M/Mq  
v (km/sec)  

Equipartition synchrotron models 
L (erg sec-1) : 

Case A  
Case B. 
Case C. 

U (erg): 
Case A. 
Case B. 
Case C. 

0.367 
1100 

6X1042 

1046 

<2500 
<2500 
>10 

<3X104 

>5X106 

1000 

2X1046 

1046 

2X1046 

1058 
2X1057 

4X1066 

0.158 
474 

9X1043 

4X1046 

<500 
500 
1 

3X106 

6X106 

1500 

2X1047 

2X1044 

5X1046 

2X1068 

3X1067 

4X1063 

We are much indebted to J. B. Oke for as yet unpublished information on the photo- 
electronic scans of the continuum of 3C 273 and of the red region of the spectrum of 
3 C 48; we are grateful to many colleagues for very stimulating discussions and for much 
observational data before publication. 

APPENDIX I 

ELECTRON TEMPERATURES 

Although the present material is not sufficient for a quantitative analysis, the appearance on 
three plates of what seems to be the auroral line, X 2973 of [Ne v], gives the possibility of estimat- 
ing the electron temperature in 3C 48 by a new method. The situation is the same as for X 4363 
of [O m] except that X 2973 will be important at higher electron temperatures. It may be observ- 
able in planetary nebulae from rockets or satellites. Consequently, an approximate derivation of 
the ratio of the auroral to the nebular lines of [Ne v] was made. The various terms in the general 
expression for ¿3/62, the populations of states 3 and 2, were evaluated approximately to determine 
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which could be neglected. The collisional cross-sections are only poorly known. The results are 

¿3 C ( Œ12 + Œ23 ) “b ^4 21 &2 

'32 
E 

= 1.13 X 10-4 

Z>2 C(fíi3 + fí23) + ^32^3Î 

l + 4.5X10-6Ae/re
1/2 

ne. 
21 (i + 2.2XlO-6^/reV2. ) 

(AM) 

(AI. 2) 

Equation (AI.2) gives the ratio of the intensity of the auroral line E32 to E2i, the sum of the 
intensities of the two nebular lines. Note that if the term involving Ne/T^2 is less than unity, 
i.e., low Ae, one asymptotic limit to the intensity ratio for one of the nebular lines, X 3426, is 

E(X2973) 
£(X3426) 

and if Ne is very high, the other limit is 

£(X2973) 

1.55X10-4 . no. 

£(X3426) 
3.2 X 10-4-17V 

(AI.3) 

(AI. 4) 

As a function of Ne the coefficient of lO_21000/:77e changes only by a factor of 2. The crossover to 
equation (AI.4) occurs for Te = 20000° at Ae > 6 X 107 cm-3, a very high electron density, so 
that equation (AI.3) is the expression for most nebulae and for 3C 48. Consequently, the un- 
certainty of the cross-sections proves not to be a serious factor. If X 2973 appears at all (i.e., with 
an intensity ratio to X 3426 of even 0.1), we know that Te is above 15000° K. It can become quite 
strong if > 20000° K; since X 2973 is weak in 3C 48, it is improbable that Te > 40000° K. 

From observation of planetary nebulae, we find associated with the small changes of Te large 
changes in the relative intensity of forbidden lines of different ions ; the direct effects of change 
of Te are relatively small in the excitation of the nebular lines. In the absence of knowledge of 
the source of ionization (radiation from stars or synchrotron electrons or by collision), it seems 
impossible to do more than set a lower limit to Te from the relative intensity of the forbidden 
lines. Inspection of spectra of planetary nebulae shows large variations in the [O n]/[0 in] and 
[O ii]/[Ne v] ratios, although no low-excitation objects resemble 3C 273 in the small [O 11]/ 
[O m] ratio, which is here a density effect. But if the auroral line of [Ne v], and other nebular 
and permitted lines of 3-4.4 eV excitation are to be present, very low Te is excluded. 

The hydrogen-line spectrum of 3C 273 excludes very high Te, because of the reduced visibil- 
ity of a hydrogen line superposed on the Paschen and free-free continua. The addition of syn- 
chrotron continuum will reduce the intensities predicted here. We can derive a rough theoretical 
expression for the ratio of H/3 to the continua on which it is superposed, and for the discontinuity 
in emission at the Balmer limit. The bound-free plus free-free, neglecting the quantum-mechani- 
cal g-factors, is 

Ne
2hdp _ / ¿T , 

Eff+bfdv^ T 3/2 
-hp /k 

T< 2Rh n '3 (AI.5) 

with R the Rydberg. The summation is to be taken over those series whose w'th limits are long- 
ward of the observed frequency, v. The bound-bound is 

(AI. 6) 

where n' is the lower level and n the upper level. Let us write Ebb = E/z+b/A^, so that Ay is the 
equivalent width, in frequency units, of a line, in terms of the neighboring hydrogen 
continua (neglecting two-photon emission). Then we obtain for Hß, with w = 4, = 2, and 
è4 = 0.16 (assumed constant) an expression for Ay independent of Ae, 
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Ap = 2.2 X 1012 X 103-39^ 
62.40, 

l+62.40eS(l/n,3)lO13-54^'2* 
(AI. 7) 

The exponential dominates for large and the equivalent width of H/3 is large; if 0, < 0.1 
the free-free emission (represented by unity in the denominator) becomes large and the lines 
are weak. The values of A^ are 4 X 1014 sec-1 at 0, = 0.5, 1014 sec-1 at 0e = 0.3, and 2 X 1013 

sec-1 at 0, = 0.1. The summation permits evaluation of the Balmer emission discontinuity, 
which is a factor of over 20 at 0, = 0.5; no such jump is observed. The predicted and observed 
equivalent widths do not agree until 0e = 0.05, where Av = & X 1012 sec-1, as compared to 86 Â 
in 3C 273, which gives the same Ay. This value of 0, is a minimum value because any non- 
thermal or additional thermal component in the continuum over that predicted from equation 
(AI. 5) would reduce the observed strength of H/3 in units of the total continuum. The use of 
04 = 0.16 is also questionable; this is an average “observed” value in typical planetaries. Per- 
haps the range 0.1 < 0, < 0.3 is a reasonably correct first approximation. Oke is discussing his 
photoelectric scans of the 3C 273 continuum and hydrogen lines in detail, including the two- 
photon emission, which is very blue. 

The effect of increasing the electron temperature above the value of 17000° (0, = 0.3) 
adopted in this paper is to reduce the predicted H/3 fluxes by T1,-3^. The behavior of the for- 
bidden lines is quite complicated. If we could continue to use the standard expressions for 
b2/b1 (the deviations from Boltzmann populations), then the important terms are of the form 

b 2 1 — æ  ;  . (AI. 8) 
bl 1 + const. Te

1/2/Ne 

Note that the “high-density” limit (02/0i—> 1) is approached when Ne/Te
l/2 becomes large. 

Therefore, an increase from Te to Te' causes the high-density limit to be reached at a new value, 
Ne'2 = Ae2(7V 17000). The weakness of [O n], X 3727, was critical in our discussion of 3C 273. 
Raising Te to 50000° results in an increase of Ne' by 3l/2; the H/3 emission-line luminosity is given 
by Ne'2/Te

,3/2, which is now 3-l/2 of the originally adopted values. Not all forbidden fines would 
change in the same way, since more complicated formulae than equation (AI.8) are required as 
the higher states become well populated. The very high electron temperatures might more 
grossly change the various ionization equilibrium. Another effect is strengthening of the auroral 
line of [O m] at 4363 Â. We derived in Section V an upper limit to the electron density of 3 X 
107 cm-3 from the observed wavelength of the blend of H7 and the X 4363 fine. If Te were high, 
this upper limit to the electron density would be reduced to a value between 107 and 3 X 106 cm-3. 

A very high electron temperature, say 0, < 0.1, has still another consequence if the helium/ 
hydrogen ratio is normal. Lines of a hydrogenic element like He 11 arise from levels of binding 
energy Z2R/n2. The fine of He 11 corresponding to H/3 has w' = 4, w = 8, Z = 2, and an emission 
proportional to 

n) NeZ
&b8 1Q13.54Z20e/n2. (AI>Q) 

Te
z/2n'znz 

If 0s(He 11) = 04(H), the Pickering series fine equals H/3 only if iV(He 11) = Ne; however, for 
X 4686, w' = 3, w = 4, the binding energy is larger, and X 4686 = H/3 at A7(He 11) = 0.03 A,, 
if 0, = 0.1. Since neither He 1 or He 11 is observed so far, the electron temperature may not be 
very high. 

APPENDIX II 

SELF-ABSORPTION 

A few additional considerations of the possible self-absorption of the emission fines, forbidden 
and permitted, are necessary. The large broadening suggests that the problem is less serious than 
in planetary nebulae; the velocity width of ± 108 cm/sec in 3C 48 and 3C 273 spreads the ab- 
sorption coefficient over a frequency width Avd = 4 X 1012 sec-1. If there are Ni{X) ions of 
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element X per cm3, the mean optical depth across a sphere of radius R, in a forbidden line arising 
from the ground state, is 

■we* 2RNi{X) gtAu me* 
< T>„ 

m c Aï/d gi &Tr2e2v2 
(An.i) 

Converting to ÆpC, gi/gi = 1, Ni(X) ^ KC4 Ne for strong forbidden lines, and evaluating (r)y 

at the undisplaced frequency v = 7 X 1014 sec“1, we find 

<T>p^ 10-M2l^pc^e - (A11*2) 

The values of A2i range from about 10“1 to 10“4 sec“1, so that <t>„ approaches unity for such 
strong fines as [Ne v] and [O m] only if RpJSfe > 109 and for [O n] if RpJVe > 1012. Thus, in 
general, the forbidden fines have low mean optical depth of 10^2 to 10^5. 

Are the emitting volumes also transparent in the Bahner fines? This may depend on the 
method of excitation, radiative or collisional. Consider first recombination in a nebula optically 
thick in Lyman-a. Then the population of the level n = 2 is given by 

Ni = Ne2 03'39^rc-
3/2 . (All.3) 

2 \2Trmk/ 

Since Lyman-a is optically thick, b2 ^ 1. We obtain the mean absorption in Hß proportional 
to N2 from equations (AII.l) and (AII.3) as 

<r),(Hß) ~ 7.8X10-12b210*-™deTe-*/2RpCNe2 . (ah.4) 

Note that if b2 ~ 1, 0e — 0.3, — 4 X lO^17 RpJSfe2- From Table 7B, or equation (12), 
note that Ne

2Rpc ~ 2 X 104 iVe
4/3, which is about 5 X 1013 for Ne = 107 cm“3. Therefore, (t)v 

(H/3) is at most 0.002, at the high-density limit of Ne suggested by the weakness of [O n]. Since 
lower values of density are probable for 3C 48, it appears that Hß, and also H7 and the Bahner 
continuum are optically thin. 

A separate consideration is needed for the case where the radiation field is neglected and the 
ionization as well as the excitation is by collision. For collision, b2^ 1. Chamberlain (1953) 
computes the collisional ionization and excitation of hydrogen over suitable ranges of de. His 
values of bn are compared with those in the recombination case in his Tables 2 and 3. For low n, 
collision and recombination differ by about a factor of only 2 if the nebula is optically thick in 
the Lyman fines. The Balmer decrements also do not differ greatly, especially at high Te. No 
modification in the conclusions drawn from equation (AII.4) are necessary. 

APPENDIX III 

THE INTENSITY OF Mg h EMISSION IN 
AN OPTICALLY THICK NEBULA 

We find from equation (AH.2) that the optical thickness of the Mg 11 resonance fine is large, 
since ^42i ^ 108 sec“1. The concentration of Mg n is Z(Mg)(l — %Mg±)Ne, which we will denote 
by aNe; the number of atoms per cm3 in the ground level is then N\ = aNe. Let us first consider 
the standard collisional treatment, which we will find leads to a significant contradiction. We 
resolve this by study of the effect of the nebular radiation itself on the population of the upper 
level. Consider a two-level atom with collisional excitation and de-excitation rates Fi2 and F2i, 
respectively, and a spontaneous decay probability of A2i. The population of the upper level N2 

is obtained from a collisional value, è2(coll.), given by the steady-state condition 

N 2A 2i -b F2i — F 12 
and the collisional rates 

8.54X 10“6 YiYAMO-0* 
F12 = 

8.54X10“6 N2Netl 
T!/2 

£1 
21 r 1/2 £2 

(Ain.i) 

(AIII.2) 
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The value of ¿>2(coll.) so obtained is small, and therefore collisional de-excitation can be neg- 
lected, so that ¿2(colL) simplifies to 

8.54X10-6 Nett 
Z>2(C011.) Tl/2 g2A 

10-15iVe. (Am. 3) 
21 

The rate of emission for the optically thin case is obtained from either the total number of col- 
lisions within the volume V, or from the number of atoms in the upper state times A 21. The 
lumnosity in Mg+ is then, as used before in equation (10), 

w™ 4.x 8.54Xl0-6aiVe2^fel0-4-42^ 47t£3 , ^ N 
£(Mg ) = —  3-(t,<1). 

(Am. 4) 

But the optical depth is, in fact, very large; through an object of radius R, with a total Doppler 
width of Avd, the mean line absorption averaged over the line is N1B12 hv 2R/Avd ^ 10~2 Ne R^c. 
We can show that unless the synchrotron radiation is much larger than the black-body radiation, 
we can neglect both the normal black-body-stimulated emission and that stimulated by the 
synchrotron radiation. 

The atomistic equation of transfer valid over the frequency range Avd within the line can be 
taken as 

i y   -o i T j i NzAzihvds 
dl v — NiBi2hv I yd s “j 

which leads to 
dL 

= IV 

4x 

g2&2(c0ll.)¿21 g-hv/kT,' 
hvNiBi2ds " " gi47r£i2 

With the optical depth defined as dtv = —hvN\ Buds the transfer equation becomes 

dly T 62(coll.) 2hp* 
dtv 

Iv = 
47T 

, —hv /k T g 

(Am. 5) 

(Am. 6) 

(Am. 7) 

If we take the simple geometry of a plane-parallel slab, the emergent intensity is 7,(0), constant 
over Apd, 

/,(0) 
2hvz 

e-h,/kTe M-foH.) t x _ e-tp{2R) ] 
¿ 47T 

(AHI. 8) 

where tv(2R) is the total optical thickness. The energy emitted, as evaluated from equation 
(AIII.8), must be multiplied by the band width Avd and proves to be the thermal emission times 
62, if tv(2R) is very large. For a plane the flux is 7r7„(0). The total luminosity is then, for ¿„=00, 

? hv* 
£(Mg+) lO-^^TT^èsicolDA^ . (Am. 9) 

We have here integrated over the entire line width Avd, and evaluated a surface emission, in 
contrast to the volume emission given by equation (AIII.4). It can be shown that if ¿„(2i£) is 
small in equation (AIII.8), the total luminosity approaches that given by equation (AIII.4) 
within a trivial factor of 27t/ (47t/3). If a spherical geometry had been used this factor would be 
unity. 

Returning to the optically thick case of equation (AIII.9), we compute the surface emissivity, 
which is now linearly dependent on Ne but independent of the abundance of Mg, as essentially 
that of a black body reduced by the factor 62(coll.), i.e., 

£(Mg+) 
8.54X 10 -62VeO 2fe3 

Te^g,An c2 lO-ivW&AvD 
(Am. 10) 

« 8 X IO^AvdAGRpc2 ~ 3 X lO^iVeiípc2 erg cm-3 sec-1 . 
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If we apply this result to 3C 273, with E = 4 X 1043 and Ne = 107, we find the large radius of 
140 pc, where all other lines gave 1 pc. We believe that the radius is 1 pc and that a new 
approach to the excitation mechanism is required by the intense radiation field of the line itself. 
The actual flux at the surface in the Mg n line reaches the enormous value of 106 erg cm-2 sec-1, 
approximately equal to daylight. 

The absorbed radiation within the Mg+ resonance line is multiply scattered, as long as ioniza- 
tions or absorptions from its upper level can be neglected. The problem of the emergent intensity 
of the diffused light is equivalent to the largely unsolved problem of Lyman-a in a planetary 
nebula with internal motions. The diffusion of the X 2800 radiation differs from that of Ly-a in 
that its upper level is populated easily by collision (only 4.4 eV excitation) as against recombina- 
tion for Ly-a (10.2 eV). The upper level of the resonance lines of Mg+, (XX 2795.5, 
2802.7) communicates by the absorptions of 32P°-32D (XX 2798.0, 2790.8) to levels which can 
reradiate these strong, nearly coincident ultraviolet lines or, by forbidden transitions 32D-4:2S 
or 32D-32S, return to the ground state. The population of 32P0, however, seems to be too small 
at reasonable Ne to complicate the situation in any significant way beyond the two-level pure 
scattering problem. At Ne = 107 cm-3 and b2 — 1CT9 if the optical depth is of the order of 105, 
only one scattering in 104 leads to an “absorption” process, i.e., the scattering albedo is very 
near unity. 

We cannot neglect, therefore, the effect of radiative excitation on the population of the upper 
level, and proceed to re-evaluate b2y including both radiative and collisional effects. Equation 
(AIII. 1) should be rewritten as 

Nzi .421+Æ214x7,,) -\-F21 = ^1^124x7^ + ^12, (Am. 11) 

where 7„ is the mean intensity in the line over all directions. The terms involving the stimulated 
emission {N2 B2i 4x 7„) and collisional de-excitation F2\ are, in fact, small. We follow an analysis 
by Münch (1962) to whom we are indebted for several interesting discussions. We obtain the re- 
sult that ¿>2(rad. + coll.) « ¿>2(rad.) is 

Ô2 (rad. + coll.) 
[ ( 8.5 X 10-6 Ae12 ) / ( V2 giA21)] + S eh'/k Te 

[ (8.5 X 10-6AA2)/(77/2gi,4 2i) 1 + 3 + 1 ‘ 
(Am. 12) 

Here the effective mean intensity is 

3 = 
cHir /, 
2hvz Avd 

(Am. is) 

and must be derived from the radiation field in the line itself. In equation (AIII. 12) in the 
numerator, only the second term proves to be appreciable and in the denominator only unity. 
Therefore, the best estimate of ¿>2(rad. + coll.) is 

Z>2(rad. + coll. ) 
c2 

2hvz 4:TrJvehv/kTe. (Am. 14) 

As before, the line width is Avd, so that the luminosity for an optically thick nebula from equa- 
tion (AIII. 8) becomes 

/„(Mg+) = Jv . (Am.is) 

Equation (AIII. 15) represents merely the conservation of energy, i.e., that every resonance 
quantum absorbed within the volume ultimately is emitted at the surface, except for the small 
neglected factors in equation (AIII. 12). The b2 derived in equation (AIII. 14) is linear in 7„; if 
we take the observed flux from 3C 273 at the surface and compute 7„ from Jv « ±FV, we find 
¿>2(rad. + coll.) « 2 X 10-5, or 62(rad.) ^ 2 X 10l° &2(coll.)/Ae. Thus we have an increase in 
the predicted radiation by about 2000, or a required radius of P ~ 1 pc, as computed earlier 
from the total volume emissivity. A more detailed study of this problem would involve us in a 
very difficult problem. A major simplification in this case is that the Mg+ analog of Bahner-a is 
here coincident with the Ly-a transition of Mg+, because of the wide spacing of the 32S) 32P°, 
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and 32D levels. We have neglected recombination in the population of 32P° throughout this 
paper. No computations have been made of the value of 62 for recombination; the energy levels 
are widely split and the degeneracy which makes hydrogen relatively simple is absent. If we treat 
the Mg+ ion as if it were hydrogenic, the approximate value of the recombination emission is 
1032 b%Ne“Rp(^ or about 1045 erg sec-1 for 3C 273. Thus unless è2(recombination) exceeds 10~2 

there is little likelihood of pure recombination being important. If recombination computations 
can be carried through for this complex case and fr2 is large, it is possible that an additional 
emission varying as Ne

2R3 would then be found. In that case the Ne
2R3 required would be less 

than that predicted in this paper. 
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