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ABSTRACT

We present evidence that the emission spectra and radio structures of low-redshift quasars are
related statistically. Our sample comprises 34 quasars with z < 0.70 and known radio structures.
Objects with the broadest and most irregular emission lines are associated with extended radio
sources, while those with relatively narrow emission lines with smooth profiles tend to have compact

radio structures. There is also a significant tendenc
tially in quasars with compact radio structure.

Subjéct headings: quasars — radio sources: general

I. INTRODUCTION

Until now few connections have been found between
the optical and radio properties of quasars. In this
Letter we shall present evidence for the existence of
some relationships between the optical emission-line
spectra and the radio structures. About half of all
quasars found in low-frequency radio surveys (e.g., 3C,
4C, PKS, B2) have relatively symmetric double-lobed
radio structure extending to more than 100 kpc from
the QSO. Often called D, quasars (Miley 1971), their
radio structures are indistinguishable from those of
most high-luminosity radio galaxies (e.g., Cygnus A),
except that on the average they have stronger compact
nuclear radio cores (Miley and Hartsuijker 1978). A
typical example is 3C 47. About one-third of low-
frequency quasars are dominated by their variable,
flat-spectrum nuclear components. These are often
isolated compact sources (e.g., PKS 1510--08), but
sometimes there is also extended structure present. In
this case the extended structure is usually smaller than
50 kpc and one-sided, that is, distributed asymmetrical-
ly with respect to the optical QSO. Examples of these
asymmetric (Ds) quasars are 3C 273, 3C 345, and 3C
454.3. Finally, there are a smaller number (~109%,) of
quasars, like 3C 48 and 3C 147, which have compact
radio structures (<100 pc) and radio spectra which do
not vary appreciably and show cutoffs at frequencies
below 1 GHz (LFC quasars).

A search for extended radio components close to
several compact quasars (Miley and Hartsuijker 1978)
failed to detect any emission with an upper limit of 19,
of the central compact source, indicating that there are
definite qualitative differences between the various
structural types. We therefore decided that an attempt
to seek connections between the different radio mor-
pholgies and other QSO parameters might prove
fruitful.

* Lick Observatory Bulletin, No. 817.

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

L535

y for Fe 11 emission lines to be found preferen-

II. EMISSION SPECTRA

Although the emission spectra of low-redshift QSOs
differ considerably from object to object, the Balmer
series of hydrogen is always present, and helium lines
are also often seen. These permitted H and He lines
usually have widths corresponding to velocities of
several thousand kilometers per second. Provided the
redshift is large enough, Mg 11 A2800 is also generally
visible and usually has a width similar to that of the
Balmer lines. The broad permitted lines contrast with
the narrow forbidden lines of O 111, O 11, S 11, Ne 111, and
Ne v which are commonly seen in low-redshift QSO
spectra.

In addition to the usual forbidden and permitted
emission lines discussed above, the spectra of a few
low-redshift QSOs show blended lines of several per-
mitted multiplets of Fe 11 between 4450-4650 A and
5100-5600 A (Phillips 1978). These features are very
common in Seyfert 1 galaxies, but are considerably
rarer in QSOs.

We have tried to accumulate all spectra of low-
redshift quasars having known radio structures which
have been taken at Lick Observatory over the last few
years. The spectra were obtained with the image-tube
scanner (ITS) at the Cassegrain focus of the 3 m Shane
telescope (Robinson and Wampler 1972; Miller, Robin-
son, and Wampler 1976). The resolution of the spectra
is about 8 A.

We have restricted our sample to low-redshift
quasars (g < 0.7) since in general their radio structures
are better determined. Our cutoff z = 0.70 was chosen
so that HB could be observed with the ITS. The result-
ing sample of 34 quasars, though not complete or
uniform, involves no known bias with respect to their
radio properties. Column (1) of Table 1 lists the quasars
in the notation of the catalog of Burbidge, Crowne, and
Smith (1977), some alternative names by which the
objects are known are in column (2), and the redshifts
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are in column (3). The largest angular size (LAS)
observed for the radio structure is given in column (4),
and the appropriate reference and corresponding linear
size are listed in columns (5) and (6). Column (7)
indicates whether the source size is smaller than 30
kpc (C), or, if more extended, whether it has symmetric
(SE) or asymmetric (AE) structures.

One of the potentially most useful and least model-
dependent parameters of a broad-line emission spectrum
is the line profile. In our sample, the shape of the HA
profile varied considerably from object to object. In
some cases it was relatively simple, but in others it
appeared quite complex; a few objects had a composite
Hg profile with broad and narrow components super-
posed. Examples are shown in Figure 1. We have graded
the complexity of the HB profile of each object on a
scale from O (simple) to 3 (very complex), and these
values are given in column (8) of Table 1. It should be
stressed that these assessments are rather qualitative
and are definitely influenced by the signal-to-noise
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ratio in the data, so the numbers should be taken as
rough indicators only. More than half the profiles were
significantly more extended to the red than to the blue.
Such an asymmetry has been noted previously for the
broad lines in some Seyfert galaxies and QSOs (e.g.,
Osterbrock 1977). We graded the degree of asymmetry
on a scale from 0 (symmetric) to 3 (highly asymmetric)
and list the values in column (9). Again, these are
approximate, visual estimates. In columns (10) and (11)
we list two parameters which characterize the widths of
the Hp profiles: the rest-frame velocities corresponding
to the full width at half-maximum intensity (FWHM)
and the half-width at quarter-maximum intensity on
the blue side of the line (HWQMb). We restrict the
measurement of the HWQMb to the blue side because
the red part of the quarter intensity is usually confused
by [O 111] AA939, 5007. The FWHM and HWQMb are
illustrated in Figure 1. Their uncertainties in the table
are typically a few hundred km s~*. When both the
Hg and Mg 11 lines were observed, there was usually

TABLE 1

QUASARS IN SAMPLE

Hg LinE WinTHS

LINEAR  STRUC- (103 km s71)
OTHER LAS Size TORE CoM- AsvyM-
OBJECT NAMES 3 (arcsec) REF. (kpc) CLass PLExITY METRY FWHM  HWQMb

1) )] 3 (4) 5 (6) (7 (8 () (10) (11)
0003+4-158..... 4C 15.01, PHL 658 0.450 32 i 133 SE i 1 3.5 3.2
0133+4207..... 3C 47 0.425 68 1 276 SE (2) 0 3.2 9.0
01344-329. . ... 3C 48 0.367 ~0.2 2 ~0.8 C * 0 2.4 2.0
0155—109..... PKS 0.616 <7 3 <32 C 1 0 1.1 1.3
0349—146. .. .. 3C095 0.614 114 i 521 SE 0 0 10.9 6.2
0403—132..... PKS 0.571 <7 8 <30 C (0) 2 3.9 2.7
07364-017..... PKS 0.191 <0.1 4 <0.3 C * 0) 3.2 2.1
0738+4313..... B2 0.630 <6 i <28 C * 1) 3.5 2.7
07424-318..... 4C 31.30, B2 (0.462 115 & 431 SE 3 3 5.0 4.0
0837—120..... 3C 206 0.200 169 1 454 SE 3 3 4.0 3.3
0903-4-169. .... 3C 215 0.411 32 1 128 SE 3 3 1.2 1.8
0955+4-326... .. 3C 232 0.533 <5 3 <22 C 0 0 1.4 0.9
10044-130..... 4C 13.41, PKS 0.240 115 1 347 SE 2 0 8.2 7.9
11004772, . ... 3C249.1 0.311 48 1 168 SE Ot ot 7.2¢ 5.6t
1104+167..... 4C 16.30 0.634 6.8 6 31 C 0 3 4.0 2.9
1137+660. . ... 3C 263 0.652 46 1 212 SE 0 2 4.1 3.3
1226-+023. .. .. 3C 273 0.158 21(Ds) 1 48 C * 0 2.7 1.8
12504-568. . ... 3C277.1 0.321 <4 3 <15 C 0 1 1.5 1.4
1253—055..... 3C 279 0.538 11(D,) 7 48 C 3.1% 2.1%
13054-069. .. .. 3C 281 0.599 35 1 160 SE (0) ) 7.6 4.9
14254267, . ... B2, Ton 202 0.366 218 1 820 SE 0 1 6.7 6.1
1510—089. .. .. PKS 0.361 <0.05 8 <0.2 C * 2.7 2.4
15124-370..... 4C 37.43, B2 0.371 55 1 210 SE 2 2 4.8 4.3
15454210, .. .. 3C 323.1 0.264 69 1 221 SE 3 3 4.9 3.4
15464027, . ... PKS 0.413 <0.1 EW 4 <0.4 E-W C () ) 4.7 2.5
1618+177..... 3C 334 0.555 49 1 218 SE [(0)} 2 4.1 5.2
1641+399..... 3C 345 0.595 2.1(Dy) ¢ 9.5 C (V)8 it 4.5 t 3.4%
17044-608. .. .. 3C 351 0.371 58(D3) 1 221 AE 3 2 1.2,12.5% 1.8,10.0%
17214-343. .. .. 4C 34.47 0.206 220 10 603 SE 2 3 1.8 1.8
17414279, . ... 4C 27.38 0.372 4.5 1 17 C 0 1 1.4 1.8
1828-1-487..... 3C 380 0.692 1.4 12 7 C (V)8 ()3 3.4% 3.6t
2135—147. . ... PKS, PHL 1657 0.200 150 1 403 SE 3 1 4.4 4.4
22014-315..... 4C 31.63 0.297 <4 6 <14 C * 2 3.2 2.4
23441092 .. .. 4C 09.74, PKS 0.677 <5 a <23 C (4] 2 3.0 2.3

* Spectrum confused by Fe 11 emission.
1 Parameters measured from Mg 11 A2800.

1 Miley and Hartsuijker 1978. 2 Palmer ef al. 1967. 3 Miley 1971. * Bentley et al. 1976. ¢ Fanti et al. 1977. ¢ Wardle and Miley 1974.
7 Lyne 1972. ® Donaldson ef al. 1969. ¢ Davis ef al. 1977.  Conway ef ol. 1977. ! Stannard and Neal 1977. 12 Wilkenson e al. 1974,
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F16. 1.—The spectral region of HB and [O 11} AN4959, 5007, in
3C277.1 and 3C 323.1 in the emission frame. Note how the
FWHM and HWQMDb are defined.
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reasonable agreement between the two profiles; the
only exception was 3C 351 (see below). In three cases
for which no Hp data were available, we have therefore
listed parameters for the Mg 11 lines instead. Values in
Table 1 that have particularly large uncertainties are
enclosed in parentheses.

III. DISCUSSION OF THE OBSERVATIONAL DATA

Table 1 contains 17 extended and 17 compact radio
sources. Examination has revealed significant differ-
ences in the optical spectra of the two classes of sources.
The most striking difference involves the shape and
width of the profiles. Figures 2¢ and 25 show compari-
son histograms for the FWHM and HWQMb of the
two radio classes. All with the broadest lines, the six
with the largest FWHM and the 10 with the largest
HWQMDb, are quasars with symmetric extended radio
structures. One of the most powerful methods of testing
whether two distribution functions represent the same
population is the Kolmogorov-Smirnov test on the
cumulative distributions (Knuth 1969). Applying the
two-tailed version of this test to the data in Figure 2,
we find that there is about a 19 chance that the two
FWHM distributions have been drawn from the same
population; for the HWQMb the chance is less than
0.19,. Thus it appears that the width of the wings
separates the two groups most clearly, since the
HWQMb is more sensitive to these wings than is the
FWHM. Note that 3C 351 has been omitted from this
comparison. Its Mg 11 profile is extremely broad, but
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Fic. 2.—Histograms showing the differences in Hg line widths for the extended and compact sources. The line widths are velocities in
the emitted frame corresponding to the full width at half-maximum intensity (FWHM) and the half-width at quarter-mazimum intensity
on the blue side (HWQMb). The latter is more sensitive to weak broad components. Note that almost two-thirds of the extended sources,
but none of the compact sources, have HWQMDb greater than 4000 km s™1 (dotted line).
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its HB profile is dominated by a very narrow component

1 surrounded by a weak broad feature. The source 3C
) 351 also has a highly anomalous radio structure. At 3

GHz the flux ratio for the two extended components is
more than 20, compared with a typical value of 2 or 3.

Not only do the line widths differ for compact and
extended quasars, but the degree of complexity of the
profile is also significantly different on average. All 10
of the complex profiles (complexity definitely > 2)
occur in extended quasars. This effect seems to be
independent of the correlation involving the line widths,
since extended quasars with the narrowest lines are as
likely to be complex as those with the broadest lines.

We encountered two other suggestive differences
between the emission spectra of the compact and
extended quasars in Table 1. Five of the objects show
strong Fe 11 emission, and one, B2 07384313, probably
has weak Fe 11 emission. None of these objects has
radio emission extending more than 50 kpc from the
center. Thus there seems to be a strong tendency for
Fe 11 emission to occur preferentially in quasars having
compact radio structures. From the available data,
there is about a 39, chance that this result is an
accident. All five strong Fe 11 quasars (about one-third
of our compact sample) and about one-half of all
Seyfert 1 galaxies have Fe m (A4570 4 25190 -+ A5320)/
HB > 0.5, but no spectrum of a Seyfert 2 or radio
galaxy or an extended radio quasar has such a relatively
large contribution from Fe 11 (e.g., see Osterbrock 1977).
The second difference concerns the ratio of [O 111] AS007
to [O 11] A3727. There are indications in our data that
this is significantly larger for the extended quasars than
for the compact objects. Further work is in progress,
and a more detailed discussion of this effect is deferred
to a subsequent paper.

Differences between quasars having extended and
compact radio emission could be related to a number of
properties which differ between the two classes. Among
the possibilities are the following: (¢) the presence of
extended radio emission; (#) the different luminosities
of the radio cores, which are typically two orders of
magnitude less luminous in the extended radio sources;
and (c) the ratio of radio core to optical emission, which
is also less in the extended systems. If either (&) or (c)
was the main cause, one might expect the observed
relations also to appear in the compact and extended
objects treated separately. To pursue this, we plotted
the line widths against both the radio core luminosities
and the ratio of radio to optical emission in the core for
each of the two groups; we did not see any effects in
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these relatively small samples. One method of narrow-
ing the alternatives would be to compare our sample
with a similar low-redshift sample of radio-quiet QSOs.
These resemble extended sources in the sense that they
have relatively weak core radio emission, though of
course they do not have associated extended radio
emission.

We can think of speculative explanations for the
tendency for the widest and most irregular Hp profiles
to be preferentially associated with the extended radio
sources. For example, since the extended sources could
be older (>108 yr) than the compact ones (~10* yr),
there could be larger energies involved in their produc-
tion and maintenance. If the broad-line emitting region
is closely connected with the primary energy source,
the larger observed widths may be indicative of these
larger energies. Also, during the 10® yr of activity, the
extended source generation process may have carved
out a region of relatively low pressure into which the
broad-line emitting plasma can move more easily and
faster. Another possibility is that the compact sources
have considerable amounts of dust in their nuclei which
prevent our seeing the broad-line emitting regions;
older, extended sources could have dispersed or de-
stroyed the dust.

We have considered objects having a relatively nar-
row range of optical luminosities [P(HB) ~ 102-10%
W m2 Hz™!]. Since the emission spectra are believed
to be produced predominantly by photoionized gas, it
is likely that the effects discussed here are intimately
connected with the characteristics of the ionizing
source. In the case of narrow-line radio galaxies, which
generally do not have bright nuclei, there is presumably
insufficient energy at their centers to power the broad-
line regions. It is important to make further analyses
over a larger range of luminosities. Also, our sample is
small and should be enlarged to provide a stronger basis
for the relationships discussed here. Qur object in this
Letter has been to point out several suggestive correla-
tions and to stimulate further work. A more systematic
program to investigate these various effects is now
under way at Lick.
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